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Synergistic Fe-Mn-Cu ternary alloys
enhance bifunctional activity and
stability for alkaline water splitting

Amir Kazempour, Saleh Moradi-Alavian, Habib Ashassi-Sorkhabi & Elnaz Asghari™*

Developing cost-effective, high-performance electrocatalysts for water splitting remains a critical
challenge for advancing renewable energy technologies. Herein, we present a novel ternary alloy
catalyst, 20Fe-80Mn-20Cu, designed and optimized for hydrogen evolution (HER) and oxygen
evolution reactions (OER). The catalyst, synthesized via electrodeposition, demonstrates exceptional
bifunctional activity and stability, outperforming binary (20Fe-80Mn) and benchmark electrodes, such
as Pt and DSA. Linear sweep voltammetry (LSV) revealed that 20Fe-80Mn-20Cu requires a remarkably
low overpotential (without iR drop correction) of 172 mV for HER and 147 mV for OER to achieve a
current density of 10 mA cm™2, significantly surpassing the performance of binary alloys and bare
substrates. Tafel slope analysis further confirmed the catalytic efficiency, with values of 53 mV dec™?
for HER and 56 mV dec™! for OER. Electrochemical impedance spectroscopy (EIS) revealed low charge
transfer resistance, highlighting the alloy’s excellent electron transport properties. Raman and XRD
investigations revealed the catalyst’s unique structural and compositional features, including extra
crystallographic reflections indicating increased surface activity. Stability tests conducted at +250 mA
cm~2 over 4 days demonstrated excellent durability, with only 7% (HER) and 5% (OER) performance
drops. Post-stability characterizations, including XRD and EDX, revealed Mn and Fe redistribution and
Cu enrichment on the surface, as well as the formation of stable copper oxides under OER conditions.
These findings establish 20Fe-80Mn-20Cu as a promising candidate for scalable water splitting,
offering an energy-saving potential of up to 5.5V per cm? of the electrode surface. This study increases
our understanding of alloy-based catalysts and demonstrates a feasible approach for efficient and
sustainable hydrogen production.
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Research on effective methods of utilizing renewable energy sources has increased due to global demand
for clean and sustainable energy'™. Among various alternatives, hydrogen stands out due to its high energy
density and zero emissions during use®>-®. However, there are significant obstacles to clean hydrogen production,
particularly from water splitting’. The development of water-splitting technologies still depends on the efficient
hydrogen evolution (HER) and oxygen evolution reactions (OER), which call for highly efficient, stable, and
reasonably priced catalysts!®1°.

Traditional catalysts, which are frequently based on noble metals such as platinum and iridium, have
remarkable HER and OER performance but are expensive and restricted in availability, making them unsuitable
for large-scale applications'®-2°. To overcome this issue, researchers are increasingly focusing on earth-abundant
transition metals, especially elements like iron (Fe), copper (Cu), and manganese (Mn)?!-2%, These elements
not only provide cost savings but also possess synergistic properties that could enhance catalytic efficiency and
stability when combined. Fe and Cu, for example, are well-studied in binary alloy systems for electrochemical
applications, whereas Mn brings unique electronic configurations that might further improve the material’s
performance, particularly in terms of OER activity?>~>’.

Recent advances in non-noble electrocatalysts have highlighted the potential of transition metal alloys for
water splitting, yet achieving bifunctional activity and long-term stability remains challenging. While binary
Fe-Mn systems exhibit promising OER activity?®*° and Fe-Cu alloys show excellent HER performance®, their
single-function nature and susceptibility to degradation limit practical applications.

In this work, we report a novel Fe-Mn-Cu ternary alloy catalyst synthesized via electrodeposition. This
approach leverages the catalytic strengths of Fe and Cu, while Mn improves active site density and structural
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Fig. 1. Schematic presentation of electrodeposition steps of alloys.

Fe2+ Mn2+ Cu2+

Samples (mM) | (mM) | (mM)
20Fe-80Mn 20 80 0

40Fe-60Mn 40 60 0

50Fe-50Mn 50 50 0

60Fe-40Mn 60 40 0

80Fe-20Mn 80 20 0
20Fe-80Mn-xCu | 20 80 x=10, 20,40,80

Table 1. Different concentrations of coating metals and samples name.

integrity under reaction conditions. The resulting alloy features a uniform morphology and high metal
dispersion, minimizing phase separation typically observed in multi-metal systems.

To the best of our knowledge, this is among the first studies to report a Fe-Mn-Cu ternary alloy for overall
water splitting, addressing both HER and OER in a single material platform. The simultaneous optimization
of cost, bifunctionality, and structural integrity makes this alloy system distinctly innovative in the growing
field of non-noble-metal-based electrocatalysts. Furthermore, our study offers a rare combination of synthesis
simplicity and multifunctionality, backed by a comprehensive set of electrochemical characterizations. The
unique compositional tuning and observed high performance establish this material as a competitive and
scalable candidate for green hydrogen production.

Experimental

Preparation of catalysts

The Fe-Mn-Cu alloy electrodes were made via electrodeposition at constant potentials on a 1 cm? steel substrate.
The alloy formation was facilitated by the presence of 1.12 M ammonium chloride (NH,CI), 1.03 M sodium
chloride (NaCl), 0.03 M boric acid (H3BO%), and 0.01 M citric acid (CsHsO5) in the deposition bath. The
average catalyst loading mass on the 1 cm* substrate for the best-performing electrode was approximately
25 mg, determined from three independent measurements. Schematic electrodeposition of prepared electrodes
is shown in Fig. 1.

As shown in Table 1, different concentrations of FeSO » MnSO,, and CuSO , were added to the bath to tailor
the elemental composition of the electrodeposited alloy. Controlled deposition of Fe, Mn, and Cu was made
possible by conducting electrodeposition for 1200 s at various potentials of -1, -1.5, -2, and — 2.5 V. This range of
potentials was chosen in order to assess how the applied potential affected the catalytic performance of the alloy.
To provide a clean, consistent surface, the steel substrate was polished, cleaned with deionized water, and dried
before deposition. The coated electrodes were carefully cleaned with deionized water after electrodeposition and
allowed to air dry before being subjected to electrochemical testing and further characterization.

Electrochemical measurement
Electrochemical tests were carried out to assess the catalytic efficacy of the Fe-Mn-Cu alloy coating for HER and
OER. Linear sweep voltammetry (LSV) was performed in a three-electrode configuration with a potential range
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of -2 to +2 V and a scan rate of 1 mV s~!, using 1 M KOH solution as the electrolyte. A graphite sheet was used
as the counter electrode, a saturated calomel electrode (SCE) as the reference electrode, and a Fe-Mn-Cu-coated
steel substrate as the working electrode. The generated LSV curves are shown without the iR drop correction.
Electrochemical impedance spectroscopy (EIS) measurements were used to determine the charge transfer
resistance during HER and OER. Nyquist plots were taken at potentials of -1.2 V for HER and +2 V for OER
over a frequency range of 100 kHz to 10 mHz, with a sinusoidal amplitude of 10 mV. Chronopotentiometric
measurements in 1 M KOH solution were used to examine electrode stability in a two-electrode arrangement
with a graphite sheet serving as anode or cathode. The coated electrodes were evaluated for 4 days with a steady
current of -250 mA for HER and +250 mA for OER. The electrochemical active surface area (ECSA) was
determined using the procedure described in our previous work.

Characterization techniques

The morphologies and chemical structures of prepared catalysts were analyzed using the MIRA3 FEG Tescan
field emission scanning electron microscope (FESEM) equipped with an EDX and MAP spectroscope, Tensor 27
Bruker Fourier transform infrared (FTIR) spectrometer, and X-ray diffractometer (Philips PW1730) with Cu-
Ka radiation (A =1.540°A). Furthermore, Raman spectroscopy was carried out with the Andor BT127AL Raman
spectrometer, which had a 532 nm laser wavelength. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Model 5000DV, PG Instruments, UK) was used to assess the concentration of metal ions released
during electrochemical stability tests.

Results and discussion

Characterization of catalysts

The Raman spectra of the 20Fe-80Mn and 20Fe-80Mn-20Cu alloys (Fig. 2a) show a few important differences that
are consistent with the literature on metal alloying and structural modification effects in catalytic materials. Peaks
at 206, 265, 366, 447, 578, 640, and 1282 cm™! indicate Fe-O and Mn-O vibrational modes in the binary 20Fe-
80Mn alloy. These peaks are largely consistent with the predicted modes for Fe and Mn oxides or mixed oxides,
indicating that the binary alloy may include some oxide surface passivation. We see variations in peak locations
for the ternary alloy (20Fe-80Mn-20Cu), including at around 213, 277, 381, 589, and 622 cm™!*1-3¢, Notably, the
lack of the 447 cm~! peak indicates that the local bonding environment is altered by the addition of Cu, possibly
inhibiting a particular Mn-O vibrational mode. According to published research¥’, the addition of Cu may cause
the lattice symmetry of Fe-Mn oxide to be broken, changing vibrational modes or suppressing certain Mn-
related peaks as a result of lattice strain or Cu-introduced electronic interactions. Shifts in Raman peak locations
are frequently related to alloy formation since atomic bonding lengths alter with Cu inclusion. The occurrence of
the 1282 cm™! peak in both binary and ternary alloys may suggest a stable vibrational characteristic connected to
a specific structural motif or Fe-Mn bonding environment, which remains mainly unaffected by the addition of
Cu. Overall, the Raman spectroscopic analysis confirms the successful synthesis and structural modification of
the 20Fe-80Mn-20Cu ternary alloy. The characteristic shifts in Fe-O/Mn-O vibrational modes (206-640 cm™)
and the disappearance of the 447 cm™ peak upon Cu incorporation demonstrate significant alterations in the
local bonding environment, consistent with effective alloy formation. The preservation of the 1282 cm™ feature
indicates structural stability of the Fe-Mn matrix, while the observed peak shifts and mode suppression verify
Cu-induced lattice distortion and electronic interactions. These spectroscopic signatures collectively validate
the formation of a true ternary alloy system with modified structural properties, rather than a simple mixture
of constituent metals, confirming the success of the synthesis protocol in creating a homogeneous, chemically
integrated material.
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Fig. 2. Electrodeposited electrode’s characterizations: (a) Raman and (b) FT-IR spectra.
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The IR spectra of 20Fe-80Mn and 20Fe-80Mn-20Cu alloys (Fig. 2b) show similar prominent peaks, indicating
a fairly constant structural framework across both compositions; however, small shifts to lower wavenumbers in
the ternary alloy reflect Cu inclusion alterations. The relatively wide peak at 3464 cm™!, caused by O-H stretching
vibrations of surface hydroxyl groups or adsorbed water, indicates a small change in the ternary alloy, presumably
due to altered hydrogen bonding or hydration states impacted by Cu. Peaks at 2974 and 2905 cm™!, indicating
C-H stretching (perhaps from leftover organics), and the band at 1653 cm~ !, linked with H-O-H bending,
show modest redshifts, indicating changed surface interactions. Furthermore, the 1472 cm~! peak, which may
relate to surface carbonate species®®, along with bands at 1110, 885, and 617 cm™! (attributed to M-O lattice
vibrations), are all marginally shifted in the ternary alloy®*. These shifts suggest slight changes in the metal-oxide
lattice and surface structure. These changes are consistent with literature observations that Cu incorporation can
impact the bonding and electrical environment in Fe-Mn systems, implying that the alloy’s catalytic surface may
display improved interaction dynamics with adsorbed species in the presence of Cu®’. Overall, the FTIR analysis
confirmed the successful synthesis of the 20Fe-80Mn-20Cu ternary alloy while revealing subtle Cu-induced
modifications to the material’s surface chemistry. The preservation of major vibrational features (3464 cm™
O-H, 1653 cm™ H-O-H, and 617 cm™* M-O modes) confirms structural consistency with the binary alloy, while
systematic redshifts in key peaks (C-H, carbonate, and lattice vibrations) demonstrate Cu’s electronic influence
on the Fe-Mn matrix. These spectroscopic changes - particularly the modified metal-oxygen vibrations and
altered surface hydroxyl behavior - provide clear evidence of Cu incorporation into the alloy structure rather
than simple physical mixing. The observed shifts in surface-adsorbed species (water, carbonates) and lattice
modes collectively verify the formation of a homogeneous ternary system with distinct interfacial properties,
suggesting the potential for enhanced catalytic interactions at the alloy-electrolyte interface.

The XRD patterns of both the 20Fe-80Mn and 20Fe-80Mn-20Cu alloys (Fig. 3) show a strong, noticeable
peak at 45°, which is normally associated with Fe and Cu phases*!. The peak located at 65° is related to Fe and
two peaks presented at 52° and 74° are attributed to Cu, respectively*>*3. This peak in the ternary alloy is wider
than in the binary alloy, signifying a smaller crystallite size or an increase in lattice strain, which might result
from Cu integration into the alloy matrix*.

Furthermore, the slight shoulder seen on this peak in the ternary alloy implies phase segregation or the
creation of a secondary phase, most likely connected to Cu, which is consistent with Cu’s known ability to modify
crystallographic environments in Fe-based systems®’. The extra peak detected at 74° in the ternary alloy, which
was lacking in the binary, might represent a new phase formation or increased crystallinity of Cu-rich areas, as Cu
integration can cause crystallographic changes that appear at higher diffraction angles. Furthermore, while Mn
may not produce distinct peaks due to its low crystallinity or tendency toward amorphous states, the literature
suggests that Mn incorporation can still influence lattice structure by broadening peaks and subtly altering phase
characteristics in the absence of distinct diffraction peaks. This view is consistent with prior observations that
Mn may integrate into the alloy in a less crystalline state, possibly improving the alloy’s catalytic capabilities by
increasing defect sites and lattice strain®.

The coming sections will cover certain other characterizations of the alloys, such as SEM images and EDX
analysis.

Results from LSV diagrams
Binary Fe-Mn alloys with varying Fe and Mn concentrations were first investigated to optimize the catalyst
composition for the highest electrochemical activity. Figure 4a depicts the LSV diagrams for these alloys,
specifically 20Fe-80Mn, 40Fe-60Mn, 50Fe-50Mn, 60Fe-40Mn, and 80Fe-20Mn, where the numbers represent
the millimolar concentrations of Fe and Mn salts in the electrodeposition bath. The catalysts were produced at a
constant potential of -1 V, and their HER and OER activities were evaluated.

The catalytic performance of each Fe-Mn alloy was compared at defined current densities. For HER, the
overpotentials (without the iR drop correction) at -100 mA cm~2 were recorded as -872 mV for 80Fe-20Mn,
-672 mV for 40Fe-60Mn, -633 mV for 50Fe-50Mn, -597 mV for 60Fe-40Mn, and — 565 mV for 20Fe-80Mn.
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Fig. 3. XRD patterns of different electrodeposited coatings.
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Fig. 4. LSV diagrams of electrodeposited electrodes in KOH 1 M: (a) Optimization of concentration at —1 V
electrodeposition potential and (b) 20Fe-80Mn electrode at different electrodeposition potentials.

For OER, at a current density of 100 mA cm™2, the overpotentials without the iR drop correction were observed
as 797 mV for 80Fe-20Mn, 695 mV for 40Fe-60Mn, 648 mV for 50Fe-50Mn, 628 mV for 60Fe-40Mn, and 600
mV for 20Fe-80Mn. These results demonstrated that the three catalysts 50Fe-50Mn, 60Fe-40Mn, and 20Fe-
80Mn had roughly equal HER/OER catalytic performance (and significantly better than 80Fe-20Mn and 40Fe-
60Mn), with 20Fe-80Mn having somewhat greater activity. As a result, 20Fe-80Mn was selected as the optimum
one at this stage for further investigations. Some interconnected variables may be responsible for the higher
catalytic activity of 20Fe-80Mn than the other compositions. First, there could be more active sites as a result of
the greater Mn content. Manganese can improve catalytic performance in alloy form, especially when alloyed
with transition metals like iron, even though it is frequently less catalytically active when employed alone. By
changing the electrical environment of nearby Fe atoms, Mn atoms in the Fe-Mn alloy may produce structural
changes that improve surface reactivity. By enhancing the adsorption of intermediates essential for HER and
OER, this electrical modulation probably lowers overpotentials and energy barriers. Additionally, the higher Mn
concentration in the 20Fe-80Mn alloy could enhance oxygen affinity and make it easier for oxygen-containing
intermediates to stabilize during OER. By stabilizing surface-bound oxygen intermediates, manganese is known
to aid in OER; this is especially advantageous at higher Mn contents. This may help to explain why 20Fe-80Mn
has a lower overpotential for OER than other Fe-Mn alloys with lower Mn contents. The HER pathway is
probably also impacted by the alloying effect because Fe and Mn may work together to balance the energy
requirements of hydrogen adsorption and desorption. Because 20Fe-80Mn optimizes the adsorption/desorption
kinetics, it may provide a favorable binding strength for hydrogen intermediates, thereby facilitating HER.
Because effective desorption is limited by higher hydrogen binding energies, the surface of alloys with a higher
Fe content (like 80Fe-20Mn) may be less conducive to efficient hydrogen evolution. In the subsequent phase of
the study, the influence of electrodeposition potential on the catalytic efficiency of the optimized 20Fe-80Mn
alloy was systematically examined; with LSV measurements obtained for catalysts deposited at potentials of -1,
-1.5,-2,and - 2.5 V (refer to Fig. 4b). Among the tested catalysts, the specimen deposited at -2 V demonstrated
higher performance in both HER and OER, as indicated by the lowest overpotentials recorded.

The SEM images (see Fig. 5) illustrate significant morphological variations in the 20Fe-80Mn alloys deposited
at -1 and —2 V, with the alloy deposited at -1 V exhibiting a pronounced rough surface texture, whereas the one
deposited at -2 V presents a markedly smoother surface morphology. The alloy deposited at -2 V exhibited
better catalytic activity, which may be explained by the surface composition and morphology, both of which are
affected by the deposition potential. A more uniform, dense, and fine-grained deposition might enhance electron
transfer and reveal more catalytically active sites?’*8, when electrodeposition potentials are lower, such as -2 V.
This smooth, uniform surface likely reduces the barrier to electron flow, thereby lowering the overpotential for
both HER and OER.

The rougher morphology produced by deposition at -1 V, however, may be the result of slower nucleation rates
and larger particle formations. This can reduce the number of exposed active sites and obstruct effective electron
transport. Furthermore, a deposition potential of -2 V would provide a more advantageous alloy composition
as, under these circumstances, more Mn might integrate into the Fe matrix, maximizing the electronic structure
for catalysis. According to EDX analysis and mapping images for 20Fe-80Mn at the two potentials (see Figs. 6
and 7), the Mn content increased from 12w% at —1 V to 18w% at —2 V. Previous studies* suggest that the alloy’s
catalytic efficiency is enhanced when the Mn and Fe atoms are more uniformly distributed, as this can promote
desirable electronic interactions and active site exposure. Therefore, the reaction kinetics for both HER and OER
are improved by the smooth morphology and maybe improved Fe-Mn alloying at —2 V, illustrating why this
deposition potential is favorable for catalytic activity.

To interpret the effect of Cu addition on the catalytic performance of the Fe-Mn alloy for water splitting, Cu
salt was introduced into the deposition bath in varying concentrations (10, 20, 40, and 80 mM) to form a ternary
20Fe-80Mn-xCu alloy at a constant potential of -2 V. Figure 8a presents the LSV diagrams of 20Fe-80Mn-

Scientific Reports |

(2025) 15:17294 | https://doi.org/10.1038/s41598-025-02607-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SEM HW 150 kv WD: 7.00 mam I

Vs fiokd; 254 pm 00 nm
kx| Daingmvdylk 10/4023

B

S f
SEM HV: 15.0 KV Wi £ 55 man | 5C F150K VI £.56 mm MIRAD TESCAN
Ve Bebd: 254 pm Det: SE 00 nm E

SEN MAG: 500 kx| Daiemvayk 101023 Datejmiik 104023

Fig. 5. FE-SEM images of electrodeposited 20Fe-80Mn at different potentials: (a) electrodeposited at —1 V and
(b) electrodeposited at -2 V.

xCu catalysts exhibiting varying Cu concentrations, wherein the 20Fe-80Mn-20Cu alloy exhibited the highest
catalytic activity for both HER and OER. Based on EDX analysis and corresponding mapping images (Figs. 9
and 10), this optimal alloy composition was found to comprise approximately 8wt% Mn and 43wt% each of Fe
and Cu, whereas the SEM images (Fig. 11) revealed a significant shift in surface morphology from the smooth
texture of the binary 20Fe-80Mn alloy to a unique granular structure with spherical-like features. The spherical
structure of TEM images 20Fe-80Mn-20Cu alloy illustrated in Fig. 12. TEM analysis of the electrodeposited
20Fe-80Mn-20Cu alloy reveals grain sizes ranging from about10 to 100 nm.

Figure 8b presents the 20Fe-80Mn-20Cu alloy polarization curves obtained at different scan rates. Based
on the LSV results, the HER region shows negligible changes in the voltammograms with increasing scan
rate. In contrast, the OER region exhibits a slight current enhancement, particularly at higher potentials. In
the intermediate potential range between the onset of HER and OER, the increase in scan rate leads to a rise
in current, attributed to the adsorption/desorption of intermediates and the background current from the
electrolyte. Figure 8c demonstrates the electrochemical performance of the synthesized electrode in different
electrolytes. The highest current density is observed in the acidic medium compared to other electrolytes, with
the HER activity surpassing that of OER under acidic conditions. In contrast, the alkaline environment exhibits
the lowest onset potential for the OER.

The enhanced catalytic performance observed in the 20Fe-80Mn-20Cu alloy is probably due to a combination
of morphological and compositional variables. Because of its well-known catalytic activity in HER and OER,
copper is typically used to improve electrochemical stability and facilitate effective charge transfer. By adding
more active sites and maximizing the adsorption energy of reaction intermediates for water splitting, the
addition of Cu to the Fe-Mn system probably alters the alloy’s electrical environment. According to published
research®®!, Cu can contribute electron density and modify the oxidation states of nearby Fe and Mn atoms to
create synergistic electronic effects when alloyed with these metals.

This could result in more efficient stabilization of catalytic intermediates and lower energy barriers for both
reactions. Additionally, the morphological change associated with the inclusion of Cu is noteworthy. Cu may
predominate the surface morphology, providing its distinctive grain structure and probably increasing surface
roughness, as seen by the change from a smooth surface in 20Fe-80Mn to one with spherical grains in 20Fe-
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Fig. 6. Mapping images of electrodeposited 20Fe-80Mn at different potentials: (a) electrodeposited at -1 V
and (b) electrodeposited at -2 V.
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Fig. 7. EDX analysis of electrodeposited 20Fe-80Mn at different potentials: (a) electrodeposited at -1 V and
(b) electrodeposited at —2 V.

80Mn-20Cu. Common to high-surface-area catalysts, its granular shape exposes more catalytic sites to the
electrolyte by increasing the electrochemically active surface area. According to research on copper- and nickel-
based catalysts, spherical grain shapes can enhance active site accessibility and promote gas release, both of
which are advantageous for reaction kinetics®>~>. The adsorption energy of oxygen intermediates (O*) in OER
and hydrogen intermediates (H*) in HER is also probably decreased by the presence of Cu at the surface, which
maximizes desorption and lowers overpotentials. Furthermore, the catalyst’s higher performance is probably
influenced by the particular elemental distribution in the 20Fe-80Mn-20Cu alloy. According to this composition,
Fe and Cu are mostly present, with Mn playing a supporting function at a lower percentage. Every component
contributes unique benefits to the catalytic processes: While Mn is present in lower concentrations, it can help
with extra oxygen intermediate stability for OER, Cu optimizes hydrogen adsorption for HER and adds to charge
transfer efficiency, and Fe improves oxygen evolution by stabilizing oxygen-containing intermediates. The alloy’s
structural stability may be further preserved by the lower Mn content, which also helps avoid problems with
excessive oxophilicity that Mn may cause at greater concentrations and which could otherwise hinder HER™.
Therefore, with Fe and Cu as the main components and Mn as a strategic additive, the optimal ratio seems to
successfully balance both HER and OER activities, resulting in a catalyst surface that is perfect for water splitting.
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Fig. 8. (a) LSV diagrams of the electodeposited electrodes with different concentrations of Cu added to the
electrodeposition bath 20Fe-80Mn electrode in KOH 1 M, (b) LSV diagrams of the electodeposited 20Fe-
80Mn-20Cu electrode at different scan rate in KOH 1 M, (c) LSV diagrams of the electodeposited 20Fe-80Mn-
20Cu electrode in different electrolytes, (d) LSV diagrams of different electrodes under study in KOH 1 M, (e)
Tafel slopes of different electrodes— HER part in KOH 1 M, and (f) Tafel slopes of different electrodes— OER
partin KOH 1 M.

The catalytic performance of the optimized ternary alloy 20Fe-80Mn-20Cu was compared to that of the binary
alloy (20Fe-80Mn), the bare steel substrate, and benchmark electrodes—pure Pt for HER and dimensionally
stable anode (DSA, with 30% Ir and 15% Ru) for OER. The 20Fe-80Mn-20Cu alloy achieved a performance that
was comparable to or better than those of Pt and DSA in both HER and OER, as seen in Fig. 8d, considerably
outperforming both the binary alloy and the bare substrate. This demonstrates the exceptional potential of this
ternary alloy as an affordable substitute for catalysts made of noble metal.

The Tafel slopes (Fig. 8e and f) further elucidate the mechanistic pathways of HER and OER on these electrodes.
For HER, the Tafel slope of 20Fe-80Mn-20Cu (53 mV dec!) was significantly lower than those of Pt (86 mV
dec!), the binary alloy (76 mV dec!), and the steel substrate (197 mV dec!). We attribute this to synergistic
effects: Fe and Mn stabilize the alloy matrix, while Cu optimizes hydrogen binding energy, thereby influencing
intermediate coverage and the rate-determining step. For OER, the 20Fe-80Mn-20Cu alloy exhibited the lowest
Tafel slope (56 mV dec!) compared to DSA (87 mV dec!), the binary alloy (68 mV dec™!), and the steel substrate
(149 mV dec™!). The reduced slope implies a mechanistic advantage, likely due to the alloy’s ability to stabilize
oxygen-containing intermediates. Here, Cu promotes electron transfer, while Fe and Mn increase active-site
availability and intermediate stabilization, collectively lowering the energetic barrier for oxygen evolution. For
the HER, the Volmer-Heyrovsky mechanism dominates®, where water dissociation (H,0+e™ > H* + OH")
occurs preferentially at Fe/Mn sites, followed by hydrogen recombination (H* + H,O + e~ > H, + OH") facilitated
by Cu’s optimal H* adsorption properties - consistent with the observed 52.9 mV/dec Tafel slope (Fig. 8) and low
charge-transfer resistance (Fig. 12a). For the OER, lattice oxygen participation occurs via sequential steps: (1)
M-OH deprotonation to form M-O* (rate-limiting step at Mn/Fe sites, 56 mV/dec slope), (2) nucleophilic OH~
attack on M-O* to form M-OOH (stabilized by Cu-induced charge redistribution), and (3) O, release - where
post-test XRD (Fig. 3) shows Cu,O formation preserves the active interface. This dual functionality stems from

Scientific Reports |

(2025) 15:17294 | https://doi.org/10.1038/s41598-025-02607-6 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(@)

(b)

©

Fig. 9. Mapping images of electrodeposited 20Fe-80Mn-20Cu at -2 V (a) 20Fe-80Mn-20Cu electrode before
stability test (b) 20Fe-80Mn-20Cu after stability (Chronopotentiometry at —250 mA for 4 day) (c) 20Fe-80Mn-
20Cu after stability (Chronopotentiometry at +250 mA for 4 day).

the ternary system’s unique electronic structure, where Mn optimizes OER intermediates while Cu tunes HER
energetics, as demonstrated in comparable systems.

EIS and ECSA analyses

The EIS data (Figs. 13a and b) show the charge-transfer resistance and capacitive behavior of each electrode
during HER and OER. The semicircle diameter in these Nyquist diagrams represents the charge-transfer
resistance (Rct), which has a direct impact on the efficiency of catalysts. Smaller semicircle diameters show
reduced charge-transfer resistance, which means that electrons may flow more easily between the electrode
surface and the electrolyte’s reactants, promoting catalytic processes.

The 20Fe-80Mn-20Cu alloy showed a much smaller semicircle diameter for HER (Fig. 13a) than both Pt and
steel, indicating a lower R, and more effective electron transfer. The semicircle diameter of 20Fe-80Mn-20Cu
was slightly lower than that of 20Fe-80Mn, indicating the additional improvement in catalytic performance that
Cu brought to the ternary alloy. The enhanced electronic conductivity and optimized active sites in 20Fe-80Mn-
20Cu, where the inclusion of Cu probably enhances the adsorption and desorption of hydrogen intermediates,
are responsible for the decrease in R, for HER. The smaller Tafel slope for 20Fe-80Mn-20Cu in the HER LSV
analysis is consistent with faster reaction kinetics created by this efficient electron transport. The potential of Fe-
Mn-Cu systems to provide competitive HER performance at a fraction of the price of noble metals is highlighted
by the lower semicircle diameter of these alloys when compared to Pt.

In the OER Nyquist diagrams (Fig. 13b), a similar trend is observed; however, the impact of Cu addition
becomes even more pronounced. The 20Fe-80Mn-20Cu alloy composition showed a smaller semicircle diameter
than both the 20Fe-80Mn alloy and the DSA, which is often used as a standard to assess the effectiveness of OER
catalysis. The notable distinction between the semicircle diameters of the 20Fe-80Mn-20Cu alloy and the 20Fe-
80Mn alloy, especially when compared to the properties of HER, suggests that Cu plays an even more crucial
role in enhancing electron transfer mechanisms that are particularly important to OER. It is commonly known
in the area that Cu can stabilize oxygen intermediates, which subsequently improves the efficiency of charge
transfer while lowering the energy barrier linked to the OER route. These elements directly contribute to the
further reduction in the charge transfer resistance for the OER, which indicates that the 20Fe-80Mn-20Cu alloy
can more effectively support the reactions of oxygen intermediates, which will ultimately speed up the overall
reaction kinetics®’.

Figure 13c and d presents the LSV curves of the studied catalysts, normalized by their respective ECSA
values. Notably, the trends observed in the normalized LSV diagrams (Fig. 13c and d) remained consistent with
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Fig. 10. EDX analysis of electrodeposited 20Fe-80Mn-20Cu at -2 V (a) 20Fe-80Mn-20Cu electrode before
stability test (b) 20Fe-80Mn-20Cu after stability (Chronopotentiometry at —250 mA for 99 h) (c) 20Fe-80Mn-
20Cu after stability (Chronopotentiometry at +250 mA for 97 h).

those in the non-normalized data (Fig. 8d), confirming that the intrinsic catalytic activity—rather than surface
area variations—governed the performance differences among the catalysts.

Stability of catalysts

The chronopotentiometric stability evaluation of the 20Fe-80Mn-20Cu catalyst provided valuable insights into
both its durability and energy efficiency under rigorous electrochemical circumstances for HER and OER.
Figure 14 shows the chronopotentiometric curves at current densities of -250 mA cm™2 for HER and +250 mA
cm ™2 for OER. Obviously, a considerable decrease in voltage requirements was achieved when using the 20Fe-
80Mn-20Cu-coated electrode compared to the bare steel substrate. This voltage decrease of about 5 V for HER
(from 8.1 V to 3 V) and 5.5 V for OER (from 8.8 V to 3.3 V) shows the catalyst’s exceptional activity and
efficiency, which are especially important for large-scale applications that require considerable energy savings.
Given the impact of a 1 cm? electrode, scaling this system could lead to substantial energy reductions, making
20Fe-80Mn-20Cu an attractive option for commercial water-splitting.

The catalyst showed remarkable longevity over 4 days of continuous testing under these conditions, with just
alittle drop in performance—approximately 7% for HER and 5% for OER. These findings highlight the catalyst’s
robustness, which is essential for practical applications where extended use at high current densities can cause
material deterioration and activity loss. The stability of each element under HER and OER conditions may be
inferred from the SEM and EDX examinations of the catalyst surface before and after the stability tests, which
show certain compositional and morphological changes (Figs. 9 and 10). After 4 days of HER electrolysis, SEM
images showed a small peeling of the catalyst layer from the substrate (Fig. 11b), and OER showed comparable
damage (Fig. 11¢), albeit less severe. This little peeling may be a sign of a slight detachment of the material due to
physical or electrochemical stresses imposed during prolonged catalytic activity. Such a phenomenon is commonly
reported in the literature for materials subjected to high current densities in corrosive alkaline environments®*C.
The EDX data also showed minor compositional changes, which are probably the result of element redistribution
and/or dissolution during operation. Following 4 days of HER testing, Mn content decreased from 7.8 wt% to 6.4
wt%, Fe content reduced from 42.7 wt% to 33.3 wt%, and Cu content increased from 43.5 wt% to 57 wt%. This
shift suggests that Mn and Fe are more prone to dissolution or surface rearrangement during HER, whereas Cu
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Fig. 11. FE-SEM images of electrodeposited 20Fe-80Mn-20Cu at -2 V (a) 20Fe-80Mn-20Cu electrode before
stability test, (b) 20Fe-80Mn-20Cu after stability (Chronopotentiometry at —250 mA for 4 day), and (c) 20Fe-
80Mn-20Cu after stability (Chronopotentiometry at + 250 mA for 4 day).

appears to remain relatively stable, with its increased surface presence potentially because of the dissolution or
depletion of Fe and Mn. The slight reduction in oxygen content (from 5.9 wt% to 3.2 wt%) could indicate partial
removal of surface oxide species under the high reducing conditions of HER. This is consistent with published
research showing that surface oxygen and less stable alloy components tend to decrease with extended cathodic
polarization®'%2, For the OER stability, the EDX analysis post-testing indicates a similar trend, with Mn at 9
wt%, Fe at 34.3 wt%, and Cu at 49.5 wt%, implying that the high oxidative environment of OER likely leads to
modest Fe dissolution, whereas Cu and Mn maintain a stronger presence. Oxygen content, however, increased
to 7.1 wt%, showing that the anodic environment of OER promotes the formation or retention of oxides, which
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Fig. 12. TEM images of electrodeposited 20Fe-80Mn-20Cu.

have been shown to improve catalytic performance and stability in alkaline OER applications®. These findings
were complemented by the XRD data provided for the 20Fe-80Mn-20Cu sample after HER and OER stability
test. The post-HER spectrum remains nearly identical to the pre-reaction pattern, indicating excellent structural
stability during hydrogen evolution. Accordingly, the XRD spectrum exhibited a peak at 39° and 43°, indexed to
the (111) and (200) planes which is an indication of copper oxide formed on the catalyst®*. These oxides, which
have been well-documented for their better catalytic properties in OER, may contribute to the alloy’s exceptional
performance and stability in oxidative environments. Overall, it could be noted that the XRD spectra obtained
from the catalyst following the rigorous stability test revealed no significant changes, confirming that the core
crystalline structure remained fundamentally intact despite the observed compositional shifts. The ICP-OES
results revealed that the concentrations of cations released from Electrode 20Fe-80Mn-20Cu Alloy after 24 h
of chronopotentiometric testing at a current density of +250 mA cm™2 were negligible, indicating minimal
leaching of metal species from the electrode into the solution. The measured concentrations of iron, manganese,
and copper were 9.2, 7.6, and 5.5 ppm, respectively.

This remarkable stability of the crystalline configuration is consistent with various reports indicating that
alloys characterized by a robust metal matrix and stable oxide formation exhibit proper structural integrity when
subjected to extended periods of HER and OER conditions. Moreover, the preservation of the crystalline phase
implies that, although certain surface components may undergo insignificant dissolution or redistribution, the
underlying alloy matrix is steel durable, which potentially plays a significant role in enhancing the catalyst’s
overall resilience and performance during water splitting. The stability results support the possibility of employing
the 20Fe-80Mn-20Cu alloy as a high-performance, long-lasting electrocatalyst for both HER and OER. The
small morphological and compositional alterations observed point to a self-optimizing mechanism in which
selective dissolution and enrichment of Cu—an element known to improve stability in alkaline conditions—may
contribute to long-term catalytic activity. The findings suggest an alloy composition and surface morphology
that improve catalytic performance while retaining durability, making this ternary alloy a viable choice for
effective, long-term water-splitting applications.
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for HER conditions.
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Tafel slope,
Tafel slope, HER | OER (mV

Electrode Electrolyte | nio HER (mV) | ;0 OER (mV) | (mV dec™?) dec™ 1) Stability (cycles/time) Ref
Pt;Rh-Co50,/C 0.1 M HCIO, | 55 290 38 63.4 5000 cycles (MA loss: 7-17%) 65
CFeCoNiP/NF 1 MNaOH |34 210 31 34 48h @ 500 mA cm™? 66
Al-Ni-Co-Ir-Mo (HEA) 0.5 M H,SO, | 18 220 24 40 100 h @ 10 mA cm~2 67
hcp-NiFe@NC 1 M KOH N.D. 226 N.D. 41 35h @20 mA cm™2 (7.2% loss) | 8
NiFeMoCoCr HEA (FCC) | 0.5 M H,SO,4 | 107 N.D. 41 N.D. 8h @ 100 mA cm™2 (no loss) 05
NiFeMoCoCr HEA (FCC) | 1 M KOH 172 N.D. 66 N.D. Stable in alkaline/acidic 65
20Fe-80Mn-20Cu 1 M KOH 172 147 52.9 55.7 4 days @ +250 mAcm~2 (no loss) géi:k

Table 2. Comparison electrocatalytic performance for HER and OER of catalyst of this work and those of
literature.

This work introduces a novel transition-metal-based electrocatalyst that challenges the conventional
limitations of bifunctional water-splitting catalysts. As evidenced by comparative performance data (see Table 2),
our system achieves an optimal balance between hydrogen and oxygen evolution activity -a rare feat among
both noble-metal and non-precious catalysts. Unlike previous approaches that typically sacrifice either stability
or one half-reaction’s efficiency, our design maintains competitive performance in both HER and OER while
demonstrating exceptional durability under demanding operational conditions. The comparison with state-of-
the-art systems in Table 1 reveals several key advantages: (1) comparable or superior activity to specialized
HER or OER catalysts, but in a single bifunctional material; (2) significantly enhanced stability over extended
operation compared to even noble-metal-containing systems; and (3) simpler composition than complex high-
entropy alloys while maintaining similar catalytic profiles.

Conclusions

This work suggests a thorough research of the electrocatalytic characteristics of Fe-Mn and Fe-Mn-Cu alloys
for HER and OER in alkaline media. Following an initial optimization of binary Fe-Mn alloys, the 20Fe-
80Mn composition was determined as the most active, with the lowest overpotentials for both HER and OER.
The addition of Cu to the alloy improved catalytic activity even further, with the ternary 20Fe-80Mn-20Cu
alloy surpassing both the binary alloy and benchmark electrodes such as Pt for HER and DSA for OER. EIS
investigation revealed that 20Fe-80Mn-20Cu has a lower charge transfer resistance than both the binary alloy
and reference electrodes, which is likely responsible for its higher catalytic efficiency. Stability tests showed that
the 20Fe-80Mn-20Cu alloy was highly durable, with negligible activity loss over extended operating times in
HER and OER, indicating its suitability for possible practical applications. Characterization data, such as SEM,
Raman, IR, and XRD, demonstrated that the addition of Cu considerably affected the surface morphology,
composition, and crystallographic characteristics, adding structural and chemical aspects useful for catalysis.
This work provides insights into the rational design of cost-effective, high-performance ternary alloy catalysts,
suggesting that Fe-Mn-Cu systems are promising candidates for sustainable water-splitting applications.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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