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 A B S T R A C T

The rational design of non-noble transition-metal bimetallic substrates represents a promising approach for 
developing efficient and tunable electrocatalysts for the hydrogen evolution reaction. In this work, we employ 
density functional theory calculations with van der Waals corrections combined with the computational 
hydrogen electrode model to investigate how hydrogen–substrate interactions govern the Gibbs free energy 
of hydrogen adsorption (𝛥𝐺H∗ ) on ordered bimetallic surfaces. We investigated ordered bimetallic compounds 
FeNi, FeCu, and NiCu with varying atomic ratios (3:1, 1:1, and 1:3) to establish adsorption-site environment 
activity relationships. Our results reveal that FeNi exhibits a nearly linear dependence between 𝛥𝐺H∗  and the 
substrate ratio, showing that the catalytic activity changes by controlling the ratio of the transition-metal 
species. This linear scaling behavior provides a predictive framework for the rational design of experiments 
aimed at improving hydrogen adsorption energetics, which are governed by modulation control of the chemical 
species directly interfacing with the reaction environment. In contrast, although FeCu and NiCu compounds do 
not exhibit a linear trend as a function of specific ratios due to the local environment at the adsorption sites, 
the FeCu3(112) and NiCu3(111) substrates still demonstrate favorable activity. Moreover, hydrogen exhibits a 
strong energetic preference for hollow sites, where the adsorption energy, the dominant contribution to the 
Gibbs free energy, correlates directly with the chemical identity of the local catalytic site environment.
1. Introduction

The increasing global demand for energy, combined with the esca-
lating environmental crisis, requires urgent advances in renewable and 
sustainable technologies. These technologies should provide clean and 
reliable alternatives to fossil fuels while minimizing carbon emissions 
as much as possible [1]. Promising strategies for sustainable energy 
conversion include transforming abundant molecules such as water 
(H2O), carbon dioxide (CO2), and nitrogen (N2), into high-value-added 
chemicals using renewable energy sources such as solar and wind 
[2]. Among these approaches, molecular hydrogen (H2) stands out 
as a clean, high-energy-density carrier and an efficient alternative to 
carbon-based fuels [3]. However, most current hydrogen production 
still relies on steam methane reforming, a process dependent on fossil 
fuels that generates significant CO2 emissions, in contrast to global 
sustainability goals [4].

Abbreviations: DFT, Density Functional Theory; PBE, Perdew–Burke–Ernzerhof; VASP, Vienna Ab initio Simulation package; PAW, Projector 
augmented-wave; CHE, Computational Hydrogen Electrode; HER, Hydrogen Evolution Reaction
∗ Corresponding author.
E-mail address: juarez_dasilva@iqsc.usp.br (J.L.F. Da Silva).

Water electrolysis (WE) has emerged as a greener method for pro-
ducing high-purity hydrogen with a minimal carbon footprint [5]. This 
chemical process involves two half-reactions: the oxygen evolution 
reaction (OER) at the anode and the hydrogen evolution reaction (HER) 
at the cathode. In principle, HER is thermodynamically favorable at 
0V versus the standard hydrogen electrode (SHE). However, kinetic 
barriers arising from electrode polarization require highly active and 
stable electrocatalysts to achieve efficient hydrogen production [6]. 
Currently, platinum-based catalysts are the most efficient materials 
for HER, but their high cost and scarcity can severely limit large-
scale applications in the future [7]. Consequently, efforts have been 
increasingly directed towards non-noble transition metals (TM) such 
as Fe, Ni and Cu. Their abundance, tunable electronic properties, 
and good catalytic performance make them promising candidates as 
sustainable electrocatalysts [8]. Combining or alloying these TMs with 
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small amounts of noble metals, such as Pt, has proven effective in 
reducing catalyst costs while preserving high catalytic activity [9,10].

In particular, bimetallic TM alloys exhibit synergistic effects that 
enhance electronic conductivity, surface reactivity, and long-term sta-
bility, all of which are critical for efficient water electrolysis [11]. From 
an electronic standpoint, the 𝑑-orbitals filling of TMs plays a pivotal 
role in proton adsorption and activation during HER [12]. Empty or 
low-occupancy 𝑑-states can accept electron density from the hydro-
gen 𝑠-orbital during adsorption, forming metal–hydrogen bonds that 
govern reaction kinetics. Alloying provides a means to engineer these 
electronic states, thus tailoring the adsorption strength and catalytic 
activity.

Several experimental studies have explored how alloy stoichiometry 
and synthesis environment can affect HER performance. For example, 
Oliveira et al. [13] synthesized FexCu1 – x alloys in aqueous and deep 
eutectic solvents, finding that Fe-rich alloys exhibited superior cat-
alytic activity when prepared in the latter medium. Similarly, Zhang 
et al. [14] reported that structural modification, such as N-doped 
carbon encapsulation in FeNi@NC – NG nanocages, significantly im-
proved the durability of FeNi alloys during electrochemical cycling. 
Solmaz et al. [15] demonstrated that NiCu coatings on Cu substrates 
showed substantially enhanced current densities compared to their 
monometallic counterparts. They attributed this effect to surface poros-
ity and synergistic interactions between Ni and Cu. Moreover, NiCu 
alloy nanoparticles embedded in carbon frameworks exhibit multi-
functional catalytic behavior for OER and HER, maintaining stable 
performance over extended operation [16].

Together, these findings underscore that bimetallic alloys constitute 
a versatile and tunable platform for designing efficient HER catalysts. 
As such, their performance can be systematically optimized by con-
trolling both composition and surface structure, i.e., atomic species 
exposed to chemical reactions. Beyond alloying advantages, obtaining 
systems with predictable properties is central in catalyst design. In 
particular, identify an ideally linear relationship between the alloy 
ratio and the Gibbs free energy of hydrogen adsorption (𝛥𝐺H∗ ), as 
it determines the activity of the hydrogen evolution reaction. Such 
a stoichiometry–activity scaling relation enables rational modulation 
of catalytic performance by selecting specific atomic ratios. Thus, it 
provides a direct means to optimize hydrogen binding thermodynamics.

In this context, adjustment of the local electronic environment by 
stoichiometry control alters the 𝑑-band center position and charge 
redistribution between the constituent metals. In turn, this governs 
the adsorption energetics of hydrogen intermediates. Identifying and 
understanding bimetallic compounds that follow such linear 𝛥𝐺H∗ -
stoichiometry correlations would offer valuable predictive power for 
the design of catalysts. Thereby, enabling systematic control of the ad-
sorption strength through stoichiometry engineering. This conceptual 
framework represents an important step toward the development of ra-
tional catalysts based on descriptors. Thus, atomic ratio, structure, and 
property relationships are exploited to optimize adsorption energetics, 
charge transfer, and catalytic stability under electrochemical conditions 
[8,17].

Building on these insights, we employ density functional theory 
(DFT) calculations with van der Waals corrections combined with the 
computational hydrogen electrode (CHE) model. Within this approach, 
our objective is to unravel how the atomic ratio and the local atomic 
environment of the adsorption site modulate 𝛥𝐺H∗  on the ordered 
closed-packed non-noble bimetallic substrates. We investigated a series 
of ordered bimetallic FeNi, FeCu, and NiCu compounds with varying 
atomic ratios (3:1, 1:1, and 1:3) to establish stoichiometry–activity 
relationships and identify scaling trends. These transition metals were 
chosen for their abundance, sustainable synthesis methods, and recov-
ery ability from electronic waste [18,19]. Our analysis reveals that the 
bimetallic FeNi substrate exhibits a nearly linear dependence between 
𝛥𝐺H∗  and its ratio. This may allow the catalytic activity to be adjusted 
by varying the atomic ratios of the metallic species that interact with 
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the reaction environment. Although the FeCu and NiCu compounds do 
not follow a linear trend, specific stoichiometries, namely FeCu3(112)
and NiCu3(111), demonstrate favorable HER activity. In all evaluated 
systems, hydrogen adsorption is energetically favored at hollow sites, 
where the adsorption energy, the dominant term in 𝛥𝐺H∗ , correlates 
directly with the identity of atoms within the chemical environment of 
the local catalytic site.

2. Theoretical approach and computational details

2.1. Total energy calculations

Our total energy calculations were based on the spin-polarized DFT 
framework using the semi-local generalized gradient approximation 
(GGA) as formulated by Perdew–Burke–Ernzerhof (PBE) [20] for the 
exchange–correlation energy functional, as implemented in the Vienna
Ab initio Simulation Package (VASP), version 5.4.4 [21,22]. To enhance 
the description of the long-range van der Waals (vdW) interactions, the 
semi-empirical vdW D3 correction was applied for all calculations [23]. 
The interactions between core and valence electrons were modeled em-
ploying the projector augmented wave (PAW) method, [24,25]. At the 
same time, the Kohn–Sham states were expanded using a plane-wave 
basis set.

We performed stress-tensor calculations to determine the equilib-
rium lattice parameters of bulk Fe in the body-centered cubic (bcc) 
structure, as well as bulks Ni and Cu in the face-centered cubic (fcc) 
structure, employing cutoff energies of 642.014, 714.646, and 834.078 eV, 
respectively. These values represent twice the maximum recommended 
cutoff energy for the specified PAW projectors (ENMAX), which are re-
quired due to the lower convergence of the stress-tensor components as 
a function of the cutoff energy. For the remaining bulk properties, the 
cutoff energy was set to 12.5% higher than the recommended maximum 
value, resulting in cutoff energies of 361.132, 401.998. and 469.169 eV for 
Fe, Ni and Cu, respectively. In the case of ordered bimetallic surfaces 
and hydrogen adsorption, we used a cutoff energy of 401.998 eV for 
systems containing FeNi, and a cutoff energy of 469.169 eV for the FeCu 
and NiCu systems.

Integration of the Brillouin zones was performed using equivalent
k-mesh sampling using the automatic generation process defined with 
a parameter 𝑅𝐤 = 40Å. The same parameter 𝑅𝐤 was applied to 
the evaluated slabs in the 𝑎 and 𝑏 directions, resulting in a k-mesh 
of 9× 9× 1 for the surfaces (111) and (110) and 9× 5× 1 for (112). 
The equilibrium configurations were obtained using a total energy 
self-consistency criterion of 10−6 eV and an atomic force convergence 
criterion of 0.025 eV∕Å for each atom. Additional computational details 
are summarized in the electronic supporting information.

2.2. Computational hydrogen electrode model

The hydrogen evolution reaction (2H+ + 2 e – ←←←←←←←←←←←←←←←←←→ H2) is a two-
electron transfer process that proceeds through a catalytic reaction 
intermediate, known as the Volmer step: H+ + e –  + * ←←←←←←←←←←←←←←←←←→ H*, where 
* denotes the catalytic site [26]. To investigate HER, we calculate 
the adsorption energy of the reaction intermediate using the following 
equation: 

𝐸H∗

𝑎𝑑 = 1
𝑛
(𝐸𝑛H∕𝑆𝑙𝑎𝑏

𝑡𝑜𝑡 − 𝑛
2
𝐸H2
𝑡𝑜𝑡 − 𝐸𝑆𝑙𝑎𝑏

𝑡𝑜𝑡 ) , (1)

in which 𝐸𝑛H∕𝑆𝑙𝑎𝑏
𝑡𝑜𝑡  is the total energy of the system with adsorbed 

hydrogen. 𝐸H2
𝑡𝑜𝑡  is the total energy of the H2 molecule in the gas phase, 

while 𝐸𝑆𝑙𝑎𝑏
𝑡𝑜𝑡  is the total energy of the clean substrate, and 𝑛 is the 

number of adsorbed species H. We assumed a surface coverage of 0.25, 
considering the most stable adsorption site (hollow fcc or hcp) for all 
the systems investigated.

Meanwhile, to analyze HER, the proton-coupled electron transfer 
reaction involved in the mechanism of reaction intermediate forma-
tion is evaluated using the computational hydrogen electrode model 
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Fig. 1. Molecular top-view representations of the Fe, Ni, Cu, FeCu, FeNi, 
and NiCu substrates are shown. The key high-symmetry H adsorption sites 
identified on the unary and ordered bimetallic surfaces are indicated. The size 
of each supercell is outlined with lines.

[27,28]. In this framework, the zero-voltage reference is defined by 
the reversible hydrogen electrode, where the 1

2 H2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H+ + e−

reaction is considered to be in equilibrium at U = 0V at all pH 
values and temperatures. Consequently, the chemical potential of the 
proton–electron pair equals half the chemical potential of H2 gas under 
standard conditions (𝜇H+ + 𝜇𝑒− = 1

2𝜇H2
). The CHE approach enables 

the explicit incorporation of U into the free-energy change of each 
elementary reaction step.

Therefore, the free energies are obtained as follows: 

𝐺 = 𝐸𝑡𝑜𝑡 + 𝐸𝑍𝑃𝐸 + ∫ 𝐶𝑝𝑑𝑇 − 𝑇𝑆 , (2)

in which 𝐸𝑡𝑜𝑡 is the total electronic energy, 𝐸𝑍𝑃𝐸 is the zero-point 
energy, ∫ 𝐶𝑝𝑑𝑇  represents the contribution of the constant pressure 
heat capacity, 𝑇  is the temperature, and 𝑆 is the contribution of 
entropy. These contributions are calculated for the gas-phase molecule 
using the ideal gas approximation and for the adsorbed system using 
the harmonic limit at a temperature of 298.15K, as implemented in 
the Atomic Simulation Environment package [29]. Further details on 
each contribution used to evaluate the thermodynamic properties are 
provided elsewhere [29,30].

2.3. Atomic structure configurations

Bulk structures. The bimetallic alloy substrates under investigation 
were derived from ordered bulk alloy phases in which the constituent 
atomic species occupy specific well-defined crystallographic lattice 
sites in a long-range periodic fashion throughout the material; that 
is, a non-random occupation of the atomic sites. For example, the 
binary FeCu compounds show distinct phases of either bcc or fcc 
structures depending on the atomic fraction involved [31]. In contrast, 
the fcc phases of 𝐿10 FeNi and 𝐿12 FeNi3 represent the ground states 
for ordered bimetallic FeNi compound [32]. Consequently, structural 
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prototypes of both bcc and fcc were selected to develop ordered 
bimetallic FeNi, FeCu, and NiCu substrates with varied atomic ratios: 
3:1 and 1:1. The ordered bcc-type prototypes chosen include 𝐷03
(AlFe3, 𝐹𝑚3̄𝑚 space group) and 𝐵2 (CsCl, 𝑃𝑚3̄𝑚 space group), while the 
fcc-type prototypes encompass 𝐿10 (AuCu, 𝑃 4∕𝑚𝑚𝑚 space group), 𝐿12
(AuCu3, 𝑃𝑚3̄𝑚 space group), 𝐿11 (CuPt, 𝑅3̄𝑚 space group) [33], and 𝑍1
((001) Fe3/Ni superlattice) [34]. Furthermore, PBE+D3 computations 
revealed that, across all examined ordered bimetallic structures, the 
fcc-type structures represent the lowest-energy configurations.

Surface terminations. The (111) surface is widely recognized as the most 
stable termination for fcc metals due to its high atomic packing density 
and correspondingly low surface energy [35]. In this work, we focus 
on ordered bimetallic substrates designed so that bulk stoichiometry 
is preserved in all atomic layers. This constraint naturally leads to 
the selection of closed-packed facets, most commonly the (111) plane, 
because they allow the intrinsic bimetallic ratio to be faithfully ex-
posed on the surface. Each slab model consists of five atomic layers 
and includes a vacuum region of 15Å to avoid spurious interactions 
among the slabs. In addition to the unary references Ni(111) and 
Cu(111), the bimetallic surfaces considered in this study comprise: 
𝐿12 Fe3Cu(111), 𝐿10 FeCu(111), 𝑍1 FeCu3(112), 𝑍1 Fe3Ni(112), 𝐿10
FeNi(111), 𝐿12 FeNi3(111), 𝑍1 Ni3Cu(112), 𝐿11 NiCu(110), and 𝐿12
NiCu3(111). Among these, the only non-close-packed termination is 
the Fe(110) surface, which is nevertheless included because it rep-
resents the thermodynamically most stable facet for bcc iron [36]. 
To ensure consistency in lateral dimensions, which will affect the 
adsorbate-adsorbate interactions, all (111) and (110) ordered bimetallic 
surfaces were constructed as 2× 2 supercells, while the termination 
(112) required a larger 4× 2 supercell due to their lower symmetry. This 
unified modeling strategy enables direct and controlled comparison 
of the adsorption behavior across different bimetallic substrates while 
physically preserving meaningful surface stoichiometries.

Hydrogen adsorption on substrates. We performed H adsorption on both 
sides of the slab to mitigate dipole moment effects in supercells, since 
each atomic layer has the same atomic fraction, resulting in an equal 
electrostatic potential along the 𝑧-direction. The surface coverage of the 
0.25 monolayer was evaluated for all systems. For the 4× 2 supercell, 
an additional H atom was adsorbed on the substrate. Fig.  1 presents the 
surface sites assessed for adsorption. Initially, adsorption was assessed 
using a fully constrained substrate, with relaxation permitted only for 
the H atom due to the significant mass difference between hydrogen 
and transition metal atoms and also the large mobility on (111) surfaces 
[37]. Subsequently, different low-energy adsorption site configurations 
within a range of 5meV∕atom were identified for relaxation, this time 
constraining only the middle atomic layer of the substrate. Ultimately, 
to assess the thermodynamic properties related to HER for the lowest 
energy systems, vibrational calculations were performed that allow for 
finite displacements of 0.015Å exclusively for the adsorbates. Further-
more, the gas-phase H2 molecule was relaxed via 𝛤 -point calculations 
within a cubic box of 20Å. Additional details on the theoretical ap-
proach and computational framework are reported in the electronic 
supporting information.

3. Results and discussion

To understand the HER on the evaluated substrates, we structured 
our discussions around energetic properties. First, we focus on hy-
drogen (H) adsorption, followed by thermodynamic contributions and 
application of the CHE model. Furthermore, we explain the energetic 
behavior by analyzing the electronic properties, which deepens our 
comprehension of these systems.
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Table 1
Hydrogen adsorption site description, adsorption energy (𝐸H∗

𝑎𝑑 ), and average 
distance between the adsorbed H and surface chemical species at the adsorp-
tion site (𝑑H−TM

𝑎𝑣 ), where TM = Fe, Ni, Cu, and the vertical distance between the 
adsorbate and plane composed by the adsorption site (𝑑H−Surf

𝑎𝑣 ). All distances 
are given in angstroms (Å).
H/Substrate Adsorption site 𝐸H∗

𝑎𝑑  (eV) 𝑑H−Fe
𝑎𝑣 𝑑H−Ni

𝑎𝑣 𝑑H−Cu
𝑎𝑣 𝑑H−Surf

𝑎𝑣

Fe(110) FeFeFe −0.84 1.78 0.95
Ni(111) NiNiNi −0.66 1.69 0.91
Cu(111) CuCuCu −0.34 1.73 0.91
Fe3Cu(111) FeFeFe −0.88 1.77 1.02
FeCu(111) FeFeCu −0.71 1.76 1.79 1.01
FeCu3(112) FeFeCu −0.69 1.72 1.83 0.97
Fe3Ni(112) FeFeFe −0.83 1.75 0.99
FeNi(111) FeNiNi −0.75 1.79 1.70 0.95
FeNi3(111) NiNiNi −0.68 1.70 0.91
Ni3Cu(112) NiNiNi −0.71 1.68 0.89
NiCu(110) NiNiCu −0.74 1.66 1.80 0.91
NiCu3(111) NiCuCu −0.60 1.62 1.75 0.90

3.1. Hydrogen adsorption on non-noble metallic substrates

As discussed in the previous sections, the Volmer step plays a central 
role in the hydrogen evolution reaction, as it governs the formation 
of the key reaction intermediate, H*. Consequently, the free energy of 
H adsorption is widely considered the primary activity descriptor that 
influences the overall reaction rate [2]. Because the adsorption energy 
represents a substantial fraction of the energetic cost associated with 
generating H*, its accurate determination is essential to reliably assess 
catalytic performance. In this work, the adsorption energy is calculated 
with respect to the H2 molecule, following Eq.  (1). The resulting 
adsorption energies, along with the characterization of the most stable 
adsorption sites and key geometric parameters, are summarized in 
Table  1. To maintain clarity in the nomenclature, we adopt the general 
designation AB to represent the ordered bimetallic substrate family 
that includes the stoichiometries A3B, AB, and AB3. However, for each 
specific substrate, the exact chemical composition and corresponding 
crystallographic orientation (Miller index) are explicitly reported.

For unary substrates, the absolute adsorption energies at the most 
stable surface sites exhibit the following trend Fe > Ni > Cu, which 
is consistent with previous PBE+D3 calculations [38]. The hollow 
site consistently emerges as the most stable site for H binding. Each 
hollow site comprises a threefold coordinated configuration, which 
may encompass atoms of a singular element or a composite of a 2:1 
atomic ratio. In the case of bimetallic FeNi and FeCu, the binding 
energy is influenced by synergistic effects, representing the propor-
tional contribution of each chemical species at the catalytic site. This 
behavior is absent in NiCu compounds, wherein the inclusion of at 
least one Ni atom within the hollow site causes the adsorption energy 
to approximate that of the pristine Ni(111) substrate. In addition, the 
pristine Cu(111) exhibits the weakest H adsorption energy, reflecting 
a weak H – Cu interaction. This weak interaction is also present in 
bimetallic substrates based on Cu, which affects hydrogen adsorption. 
Specifically, on substrates where the Cu atomic ratio is predominant, 
this process favors hollow sites composed of mixed elements over unary 
Cu, thus increasing the adsorption energy. In contrast, for substrates 
where Fe or Ni has the highest atomic ratio, adsorption of H will occur 
in hollow sites consisting exclusively of Fe or Ni, respectively. In these 
cases, the adsorption energies will be close to those of their pristine 
substrate counterparts.

In Table  1, we also show the average distance between hydrogen 
and exposed atoms at the surface site, as well as the vertical distance 
between adsorbed H and the plane composed of hollow atoms, con-
sidering only the middle atomic layer of the frozen substrate. The 
average distances follow the trend 𝑑H−Ni𝑎𝑣 < 𝑑H−Cu𝑎𝑣 < 𝑑H−Fe𝑎𝑣 . The vertical 
distance agrees with calculations from the previous literature [39–41]. 
Besides, 𝑑H−Fe, 𝑑H−Ni, and 𝑑H−Cu approach the values observed on the 
𝑎𝑣 𝑎𝑣 𝑎𝑣

4 
corresponding unary substrates as the atomic fraction increases. The 
stronger the interaction H – TM on the unary metal substrate, the closer 
H will adsorb to that metal in ordered bimetallic systems, except for 
FeNi(111).

The surface sites incorporating Fe demonstrate the greatest vertical 
separations between H and the atomic plane containing the adsorption 
site, with these separations decreasing as the atomic fraction of Fe de-
creases. Atoms of Fe possess the largest atomic radius among the atomic 
species considered, influencing surface corrugation. Additionally, Fe 
atoms at the surface site exhibit a slightly more positive charge relative 
to their unary counterparts. Bimetallic substrates based on NiCu exhibit 
vertical distances similar to those found in unary substrates, and both 
chemical species have a similar atomic radius.

3.2. Effect of bimetallic ratio on HER activity

In the preceding section, we examined the energetic characteristics 
of ordered bimetallic substrates upon H adsorption. The Gibbs free 
energy of the reaction intermediate (𝛥𝐺H∗ ), in relation to the reactant 
at equilibrium potential within the CHE model, is one of the crucial 
parameters for evaluating catalytic activity [42,43].

The thermodynamic properties related to the hydrogen evolution 
reaction (HER) are presented in Table  2. Entropic contributions exhibit 
uniform variation across all cases, as noted in 0.20 eV. The variation 
in zero point energy influences the reaction enthalpy by an amount 
ranging from 0.04 to 0.06 eV. In turn, the variation in the heat capacity 
contributes approximately −0.04 eV. Consequently, given a consistent 
zero point energy and entropic contribution, the differences observed 
in the HER activity among the substrates are primarily attributed to 
the inherent electronic characteristics of each system. In other words, 
the fluctuations in free energy from one system to another are largely 
dependent on the binding energy of each system when the CHE method 
is employed.

In Fig.  2, we show the free energy diagrams for HER in the ordered 
bimetallic substrates. Depending on the Cu atomic fraction, the cat-
alytic HER activity can be enhanced. At an atomic fraction of 25%, the 
strength of the adsorption of H increases slightly for FeCu and NiCu 
systems compared to Fe(110) and Ni(111), respectively, resulting in a 
lower HER activity. At 50% of Cu, 𝛥𝐺H∗  for FeCu increases, while it 
decreases for NiCu. For higher concentrations of Cu, the 𝛥𝐺H∗  increases 
for all systems, thus increasing the HER activity. The state-of-the-art 
Pt catalyst exhibits on the (111) surface a 𝛥𝐺H∗ = −0.18 eV (RPBE) 
and −0.25 eV (PBE) [44,45]. Among the non-noble ordered bimetallic 
compounds, NiCu3(111) is the most active for HER, as described by the 
thermodynamic descriptor 𝛥𝐺H∗ = −0.39 eV.

Santos et al. [46] showed that incorporation of Cu into CoMo alloys 
improved the catalytic activity for HER by lowering the overpotential 
required to reach a current density of −10mAcm−2 from 156mV (CoMo) 
to 119mV (CoMoCu). This behavior was also reported for Cu-doped 
cobalt pyrite (CoS2), in which the dopants weaken the bond strength 
of H – S, thus enhancing HER activity [47]. From our results, we can 
see that high Cu loading usually helps increase 𝛥𝐺H∗ , so lower overpo-
tentials would be required for HER. In addition, the unary substrate Cu 
presents the highest 𝛥𝐺H∗ .

PBE+D3 free energies for the adsorption of H on Cu(111) approxi-
mate zero; however, it is well established that Cu demonstrates weak 
adsorption properties and manifests low catalytic activity for HER 
[48]. Moreover, PBE+D3 tends to overestimate adsorption energies 
for various adsorbates [49,50]. In addition, close to and at the Fermi 
level, Cu(111), dominated by 𝑑-states, has a negligible density of states. 
Consequently, the overlap with the hydrogen 𝑠-orbital falls below the 
distance typically required for electron transfer [45,51]. Our calcula-
tions were performed without a solvent environment. Implicit models 
offer an affordable way to include these effects; however, they can lead 
to an inaccurate description of the interfacial electric field, resulting 
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Table 2
Thermodynamic data of H* adsorption on ordered bimetallic substrates considering 
a coverage of 0.25. The data correspond to 1 bar, pH = 0 at 298.15K.
Substrate 𝐸H∗

𝑎𝑑  (eV) 𝛥𝐺H∗  (eV) 𝛥(∫ 𝐶𝑝𝑑𝑇 ) (eV) −𝑇𝛥𝑆H∗  (eV) 𝛥𝑍𝑃𝐸H∗  (eV)
Fe(110) −0.84 −0.64 −0.04 0.20 0.04
Ni(111) −0.66 −0.45 −0.04 0.20 0.05
Cu(111) −0.34 −0.14 −0.04 0.20 0.04
Fe3Cu(111) −0.88 −0.67 −0.04 0.20 0.05
FeCu(111) −0.71 −0.51 −0.04 0.20 0.04
FeCu3(112) −0.69 −0.48 −0.04 0.20 0.05
Fe3Ni(112) −0.83 −0.61 −0.04 0.20 0.06
FeNi(111) −0.75 −0.54 −0.04 0.20 0.05
FeNi3(111) −0.68 −0.47 −0.04 0.20 0.05
Ni3Cu(112) −0.71 −0.49 −0.04 0.20 0.06
NiCu(110) −0.74 −0.53 −0.04 0.20 0.05
NiCu3(111) −0.60 −0.39 −0.04 0.20 0.05
Fig. 2. Free energy diagram for HER on ordered bimetallic substrates with 0.25 coverage.
in erroneous reaction energies [52]. Additionally, implicit models for 
a series of reaction intermediates do not show improvement when 
compared with vacuum calculations [53]. On the other hand, explicit 
solvent modeling is computationally demanding and requires further 
investigation.

Fig.  3 illustrates the correlation between 𝛥𝐺H∗  and the substrate 
stoichiometry. The increase in 𝛥𝐺H∗  with increasing atomic fraction 
𝑥 indicates the incorporation of a transition metal that interacts more 
weakly with H. The FeNi substrates demonstrate a pronounced linear 
correlation between 𝛥𝐺H∗  and atomic ratio, which is an important 
behavior in the development of low-cost electrocatalysts. The 𝛥𝐺H∗

values of the unary metals delineate the energetic boundaries of the 
FeNi compounds, with Fe and Ni representing the lower and upper 
limits, respectively. This behavior is attributed to the local atomic 
environment of the catalytic site. In the FeNi substrates, the chemical 
environment of the catalytic site progressively changes from Fe to Ni, 
as indicated in Table  1. However, this transformation is not evident 
in bimetallic compounds containing Cu, as a catalytic site constituted 
exclusively of Cu is less energetically favorable for adsorption. Con-
sequently, HER activity, when based on the descriptor 𝛥𝐺H∗ , can be 
modulated first by chemical composition; secondly, and invariably, by 
increasing the atomic fraction of a transition metal whose unary form 
interacts less strongly with H, thus enhancing HER activity.

3.3. Electronic origins of HER activity in ordered bimetallic alloys

To gain deeper insights into the influence of electronic properties 
on HER performance, we studied the local density of states (LDOS), 
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𝑑-band center, effective charges computed using the density-derived 
electrostatic and chemical (DDEC) method [54,55], and the electronic 
density difference (EDD) of the evaluated ordered bimetallic substrates.

Fig.  4 shows the LDOS of the catalytic site for each substrate 
before hydrogen adsorption and the element-weighted 𝑑-band center. 
We evaluated adsorption trends using the 𝑑-band model developed by 
Hammer and Nørskov [56]. According to this model, the closer the 
center of the 𝑑-band lies to the Fermi level, the more likely the catalyst 
will exhibit strong adsorption activity [57]. The adsorption energy 
follows the trend of the 𝑑-band center. From Fe to Cu, the number 
of 𝑑-electrons increases, filling the 𝑑-states and causing a shift of the 
band center to lower energy, which weakens the reactivity. The mixture 
of transition metals alters the electronic structure, and the presence 
of different chemical species at the adsorption site modifies both the 
filling of the 𝑑-band and the bandwidth. In Fig.  5, we can see that 
there is a good correlation (R2 = 0.814) between the H adsorption 
energy and the weighted 𝑑-band center of the adsorption site. As the 
fraction of the transition metal whose unary counterpart interacts least 
with hydrogen increases on the substrate, the element-weighted 𝑑-band 
center shifts farther from the Fermi level. Thus, we indicate that the 
atomic environment of the catalytic site helps modulate the strength 
of hydrogen adsorption. Therefore, the 𝑑-band center is a valuable 
descriptor in the search for an efficient catalyst for HER in the case 
of ordered bimetallic systems.

In Fig.  6, we depict the LDOS associated with the adsorbed catalytic 
sites, which encompasses the 𝑑-states of the surface atoms and the 
electronic states of the hydrogen adsorbate. The states originating from 
H demonstrate a significant intensity within the energy interval of −8 to 



P.I.R. Moraes et al. International Journal of Hydrogen Energy 212 (2026) 153692 
Fig. 3. Correlation analysis between different stoichiometries, indicated by 𝑥, 
and 𝛥𝐺H∗  for 𝐴(1−𝑥)𝐵𝑥.

−5 eV, where they hybridize with the 𝑑 orbitals of the transition metals, 
which signals considerable electronic delocalization. The presence of 
Fe atoms in the catalytic site increases the spin polarization of the 
states H, indicative of the magnetic properties inherent in environments 
rich in Fe. Upon adsorption of H, the 𝑑-band center, weighted by 
the local chemical environment, experiences a shift towards lower 
energies relative to the Fermi level. This shift implies a reduction in 
the adsorption strength for successive H species, which is in agree-
ment with the notion of repulsive lateral interactions as the surface 
coverage increases. These alterations in electronic structure underscore 
the dependence of hydrogen-binding energetics on the local chemical 
stoichiometry in ordered bimetallic surfaces.

DDEC charges were determined for all systems before and after H 
adsorption. The effective charge on the outermost surface atoms of 
the unary substrates is −0.01 𝑒. The effective charges in the catalysts 
change depending on the chemical composition and ratio due to charge 
redistribution. For example, FeCu substrates exhibit minor changes 
compared to unary substrates, with the highest variation approximately 
0.03 𝑒. In contrast, the FeNi and NiCu bimetallic compounds show 
more pronounced changes in the charges of the exposed atoms, with 
positively and negatively charged atoms present. The atomic fraction 
can also intensify the charge redistribution, as observed in FeNi and 
NiCu substrates, see Figures S-36 to S-38 in the SI file. The Cu atoms 
in the bimetallic compounds are positively charged, indicating charge 
transfer to the other TM that is more negatively charged.

Adsorption of H occurs at the hollow site, where its first neighbors 
exhibited a negative charge before adsorption, with Fe or Ni as the 
closest neighbor in ordered bimetallic substrates. Therefore, a charge 
transfer occurs from the substrate to the adsorbed H, resulting in a 
negatively charged adsorbate. The charge on the adsorbed hydrogen 
ranges from −0.02 to −0.09 𝑒. In particular, systems with a higher con-
centration of Cu show a higher substrate-to-hydrogen charge transfer. 
Inspecting Fig.  6, we can see an overlapping increase between the Cu 𝑑-
band states and the hydrogen states around −6 eV as the concentration 
of Cu increases, helping to explain the charge transfer behavior.
6 
We performed an EDD analysis to confirm the presence of the charge 
transfer mechanism, using the following equation: 
𝛥𝜌(𝐫) = 𝜌𝑛H∕Slab(𝐫) − 𝜌𝑛H(𝐫) − 𝜌Slab(𝐫) , (3)

where 𝜌𝑛H∕Slab(𝐫), 𝜌𝑛H(𝐫), and 𝜌Slab(𝐫) represent the electronic densities 
of the total system, the isolated H atom in its adsorbed position, and 
the frozen substrate, respectively. In Fig.  7, we show the EDD for all 
systems studied. The charge analysis allows us to evaluate the charge 
transfer mechanism. In all cases, the charge density depletes from the 
atoms that compose the local catalytic site and accumulates on the 
adsorbed hydrogen. All are consistent with their final charges obtained, 
with positive values for TMs and negative values for H.

As we had discussed, there is an energetic pattern for the adsorption 
of H, where TM that strongly bonds to H in its unary form will also 
strongly bond to H on surfaces with higher concentrations of this TM. 
In contrast, adding another TM atom that binds to H more weakly in 
its unary form will weaken the adsorption energy. That is, the presence 
of low-energy binding species can modulate the adsorption energy, and 
FeNi ordered substrates are an example.

However, this trend does not apply to NiCu. The 1:1 atomic frac-
tion exhibits the highest adsorption energy (in absolute value) among 
the NiCu bimetallic substrates. In this case (NiCu(110)), the induced 
electron density redistribution can extend to the middle layer of the 
substrate, while in Ni(111) and Ni3Cu(112), the redistribution is ob-
served in the second layer. This characteristic may contribute to the 
highest H-substrate interaction for NiCu(110). A similar behavior oc-
curs in the adsorption of rare gases in Pd(111), where the adsorption 
energy increases from He to Xe, and the electronic redistribution ob-
served in the EDD becomes more pronounced in the inner Pd atomic 
layers in the same order as the adsorption energy [58].

4. Future of Fe, Ni and Cu alloys for HER

In general, bimetallic catalysts are designed to benefit from the 
specific properties of their monometallic counterparts. This is known as 
synergistic effects, in which the properties of each metal are generally 
combined to enhance the catalytic activity of the final material [59]. 
This effect is commonly attributed to modifications in the electronic 
structure and geometric configuration of the active material [60]. 
Theoretical calculations contribute to a deeper understanding of these 
interactions, shedding light on the nature of these effects at the atomic 
level. Furthermore, it helps rationalize the experimentally observed 
catalytic descriptors and even find optimized atomic fractions [61,62].

The synergistic interaction between Fe and other transition metals, 
such as Ni and Cu, is a recurring theme in the design of HER catalysts 
[63]. The alloying of Fe with Ni or Cu has been used as a strategy to 
modulate the electronic structure of the final system. Thus, optimizing 
the energy of hydrogen adsorption and improving catalyst activity 
[64]. For example, although Cu exhibits weak proton adsorption, it can 
improve conductivity, stability, and resistance to corrosion of the pre-
pared material, which are critical parameters for catalytic performance 
in electrochemical reactions [65].

On the other hand, Fe are known to adsorb and activate pro-
tons effectively [66]. When Fe and Cu are combined, a synergistic 
interaction results in a catalyst that balances activity, stability, and 
conductivity, outperforming individual metals [67]. For example, for 
substrates based on FeCu, we verify an improvement in the energy of 
proton adsorption at a low Fe content compared to Cu(111). This is a 
result of the better adsorption of the H to Fe sites. From the free energy 
diagram, we see that FeCu3 presents a closer to the optimal adsorption 
(𝛥𝐺H∗ ≈ 0 eV), indicating a possibly better activity for HER.

In contrast, at a low Cu content, a stronger H adsorption was 
found (Fe3Cu(111)) compared to Fe(110). Here, the effect of Fe being 
exposed to hydrogen is combined with a charge transfer from Cu to 
its surroundings, which makes the Fe sites slightly more reactive. In 
turn, this increases the hydrogen adsorption energy; consequently, its 
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Fig. 4. LDOS of the atoms that constitute the most stable adsorption site before the H adsorption for each evaluated substrate. The magenta dashed lines represent 
the weighted 𝑑-band center with respect to the chemical environment of the catalytic site.
Fig. 5. Correlation between the hydrogen adsorption energy and the catalytic 
site chemical environment weighted 𝑑-band center. The description of each 
site is in Table  1.

𝛥𝐺H∗  is far from optimal considering HER applications. In addition, 
Fe can also tune the electronic properties of Ni [68]. According to 
our models, the overall catalytic performance of FeNi can be changed 
by its stoichiometry. For example, the FeNi(111) substrate exhibited a 
hydrogen adsorption free energy of −0.54 eV, which is an intermediate 
value compared to unary Fe(110) (−0.64 eV) and Ni(111) (−0.45 eV).

The complementary properties of Ni and Cu also show great advan-
tages for HER [59]. Ni is well-known for its intrinsic catalytic activity 
for the release of H2 [69]. However, it suffers from moderate conductiv-
ity and limited long-term stability [70]. In this sense, Cu can contribute 
to improving the structural stability and corrosion resistance of the ma-
terial. In addition, the interaction Cu–Ni contributes to increasing the 
catalytic site activity. Thus, increasing the hydrogen adsorption energy. 
As discussed, at higher Cu loading, the NiCu bimetallic substrate will 
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be more Cu(111)-like, decreasing the hydrogen adsorption energy. Sub-
sequently, our calculations indicated that among the stoichiometries of 
the surfaces evaluated, NiCu3 exhibits the optimal free energy for HER. 
In this regard, Ahsan and coworkers described the synthesis of NiCu3
nanoparticles that exhibited distinct activity not only for HER but also 
for oxygen reduction and oxygen evolution reactions, highlighting the 
relevance of this ratio [16].

Metal alloys as catalysts for WE, particularly transition metal-based 
catalysts, are promising due to their abundance and possible integration 
with sustainable synthesis methods with a low carbon footprint [18]. 
For example, metals such as Fe, Ni, and Cu can be recovered from sec-
ondary resources, such as nonfunctional electronic devices, commonly 
called electronic waste [71]. The process of using recycled metals to 
prepare catalyst materials supports the principles of a circular economy 
by reducing both waste generation and greenhouse gas emissions [19].

In addition, alloy catalysts can be prepared by electrochemical 
synthesis, which is generally fast, inexpensive, and easy to conduct 
in one step under ambient pressure and low temperatures [72]. Elec-
trodeposition enables precise control over the substrate material and 
geometry, as well as the electrolyte composition, making it highly 
adaptable for catalyst design [73]. The literature has reported that the 
choice of substrate for catalyst electrodeposition plays a critical role in 
determining the nucleation behavior, morphology, and ultimately the 
distribution and nature of active sites [74].

From a theoretical perspective, it is also known that the substrate 
can influence the surface energy landscape and the initial growth 
orientation of the deposited material. It can affect structural prop-
erties such as crystallinity, grain boundaries, and defect density. In 
addition to affecting the growth of the physical alloy, the substrate 
can also modulate its electronic structure and active surface sites 
through interfacial interactions [75]. In this sense, it is essential to 
note that, beyond the application of a theoretical framework to analyze 
possible substrate ratios, there is still scope to investigate the impact 
of substrate-induced effects, such as charge redistribution or strain, 
on the catalytic behavior. Ultimately, integrating computational and 
experimental approaches is essential to plan transition-metal-based 
materials as cost-effective and efficient WE catalysts, paving the way 
for their application in sustainable hydrogen production.
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Fig. 6. LDOS of the catalytic site for each substrate after the H adsorption. The magenta dashed lines represent the weighted 𝑑-band center with respect to the 
catalytic site chemical environment.
Fig. 7. Electron density difference plots using isosurfaces with 0.004 bohr−3
value for H adsorption on evaluated substrates. The red region represents 
charge accumulation, and the green region represents charge depletion.

5. Conclusions

In this work, we employ DFT calculations using the PBE functional 
with D3 van der Waals corrections, combined with the computational 
hydrogen electrode model, to investigate the stoichiometry dependence 
of the hydrogen evolution reaction on closed-packed ordered bimetallic 
surfaces. Our main goal was to delineate the role of substrate stoichiom-
etry variations and atomic-scale structure modulating the hydrogen 
adsorption Gibbs free energy and to identify descriptors that guide 
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the rational design of efficient, non-noble transition-metal catalysts. 
We examine FeNi, FeCu, and NiCu ordered bimetallic catalysts with 
different atomic ratios (3:1, 1:1, and 1:3) to establish stoichiometry-
activity relationships and to understand how the mixture influences 
local electronic environments and catalytic performance.

Our results reveal that alloying can tune the hydrogen adsorption 
energetics by modifying the local charge distribution and the 𝑑-band 
electronic structure of the catalytic site. The FeNi compounds, in par-
ticular, exhibit a nearly linear dependence between 𝛥𝐺H∗  and substrate 
stoichiometry, suggesting that catalytic activity can be predictably 
controlled by adjusting the fraction of the constituent metals. This 
linear scaling behavior provides an alternative to designing catalysts 
with optimal adsorption energetics, approaching the thermoneutral 
condition (𝛥𝐺H∗ ≈ 0 eV).

In contrast, FeCu and NiCu deviate from this linear trend due to 
variations in the chemical environment of the catalytic site. Neverthe-
less, the specific ordered configurations FeCu3(112) and NiCu3(111)
still exhibit favorable 𝛥𝐺H∗  values, indicating that the targeted stoi-
chiometry adjustment can lead to high activity even in systems without 
global linear behavior. Electronic analyses further demonstrate that 
hydrogen adsorption occurs preferentially at hollow sites, where charge 
transfer proceeds from the substrate to the adsorbate. The adsorption 
energy, dominating the Gibbs free energy contribution, correlates with 
the chemical identity of the atoms within the hollow sites and the 
position of the element-weighted 𝑑-band center relative to the Fermi 
level.

Overall, this study establishes a clear connection between substrate 
stoichiometry, electronic structure, and hydrogen adsorption energet-
ics in ordered close-packed bimetallic substrates. The demonstrated 
ability to modulate 𝛥𝐺H∗  through controlled alloying can encourage 
the rational design of non-noble transition-metal catalysts for water 
electrolysis. These insights highlight the importance of integrating elec-
tronic descriptors and chemical control in the search for cost-effective, 
sustainable, and high-performance HER electrocatalysts.
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