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In a water-electrolysis system for hydrogen production, the kinetics of hydrogen evolution reaction (HER)
critically depend on the exchange current density (J,) of the electrode. Noble metals, e.g., Pt, Ir, Rh, and
Au, offer a significant J, when used as electrodes, assisting faster HER. However, instead of using expensive
noble metals as electrodes, a thin layer on conventional electrodes, e.g., Ni, Cu, Ag, and Mo, also increases
Jy. An electrode’s J, during HER is calculated from the free energy of hydrogen adsorption (4Gy), which
is determined from hydrogen adsorption energy (E,;) on the electrode surface. This work considered an Ir
atomic monolayer as an electrocatalyst on the (111) plane of conventional Ni, Cu, Ag, and Mo electrodes,
producing modified Ir/Ni(111), Ir/Cu(111), Ir/Ag(111), and Ir/Mo(111) electrodes. This work calculated E,; of
the modified electrodes using the density functional theory (DFT). In addition, this work develops an advanced
kinetic model for the exchange current density considering the concentration of hydrogen ions (Cy.) and
partial pressure of hydrogen gas (P;,). The dependence of activation overpotential (1,) vs. J; relationship on
Cy- and Py in HER is investigated. For the modified electrodes, J, increases by 10>-10° times compared to

the conventional electrodes, resulting in efficient H, production with low losses.

1. Introduction

The worldwide energy demand is growing tremendously with the
rapidly increasing population, a significant concern nowadays due to
the limitations of fossil fuels, such as scarcity, emission of greenhouse
gases, and negative impacts on the environment [1]. Hydrogen (H,) is a
better alternative to fossil fuels to meet the energy demand [2-4]. H, is
a promising energy source that meets zero carbon emissions and has no
adverse environmental impact during operation, as the byproducts are
simply heat and water. [5-7]. The dynamic range of global H, demand
is rising rapidly, with estimates from 73 to 158 Mt by 2030, 300 Mt by
2040, and 568 Mt by 2050, based on the present scenario [8]. H, can
be produced by electrocatalytic or photoelectrocatalytic water splitting
in an electrochemical cell (EC) or a photoelectrochemical cell (PEC),
respectively, through a cathodic hydrogen evolution reaction (HER). In
HER, protons (H*) from an electrolytic solution react with electrons
at the electrode surface to produce chemically adsorbed hydrogen
atoms (H*), eventually producing H,. Here, the electrode is crucial in
adsorbing H* and charge transfer kinetics with the electrolytic solution.

During the past decade, there has been renewed interest in HER
dynamics, and researchers are exploring low-cost alternatives to noble
metal-based electrodes [3,4,6]. Du et al. developed a unique datura-
shaped electrode using Ni-HG-rGO-Ni, incorporating Ni nanoparticles,
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hydrophilic graphene (HG), and reduced graphene oxide (rGO) layers
on Ni foam, and the developed electrode exhibited effective charge
transfer efficiency and good HER performance in alkaline solution [9].
(N, P) co-doped in Ni metal electrode had been developed by a mul-
tifaceted heteroatom-doping method, exhibiting higher HER activity
with lower overpotential and good electronic structure similar to no-
ble metal-like catalytic properties [10]. Transition metal-based alloy
NiFeMo electrode designed by Hsieh et al. exhibited good HER and OER
activities in basic media with a cell voltage of 1.47 V and a current
density of 10 mAcm~2 for overall water splitting, outperforming the
Pt/C and IrO, catalytic properties [11]. High charge kinetic activities,
durability, and stability of electrodes are crucial in PECs for efficient
H, generation. Recently, several electrocatalysts have been reported to
enhance HER [5,7,12-16].

Transition metal carbides (TMCs), transition metal phosphides
(TMP), transition metal chalcogenides (sulfides and selenides), and
carbon-based electrocatalysts have received extensive attention in the
development of non-noble metal-based electrocatalysts to achieve de-
sirable catalytic activity and stability in both acid and basic solu-
tions [17,18]. Notably, noble metal-based electrocatalysts exhibit out-
standing electrocatalytic activity during HER due to their ranks at
the top of the volcano curve [19,20]. The electron work function,
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crystal structure, Pauling electronegativities, and the free energy for
H, adsorption (4Gy) of electrode materials primarily determine the
HER electrocatalytic activity [21-28]. The rate of charge transfer
kinetics in equilibrium is defined as the exchange current density (J,).
Hence, J, represents the rate of H evolution per surface area at the
electrode and is typically used to evaluate an electrode’s capacity to
catalyze the HER. In practice, the electron exchange rate during HER
between the electrode and the electrolytic solution is calculated using
the kinetic model proposed by Norskov et al. that relates Jy, rate
constant (kq), and AGy [21,29]. A greater J,, results in a faster HER
and minimizes the associated losses, e.g., activation overpotential (1,),
hydrogen crossover, and ohmic losses [30].

Electrode materials have variable J;,. The earth-abundant and low-
cost conventional transition metal electrodes, e.g., Ni, Cu, Ag, and
Mo, have a small J;, due to their large AGy [21,31]. Conventional
electrodes also suffer from low electrical conductivity in HER, a limited
number of exposed active sites, sacrificial oxidation on surfaces, and
relatively unstable and high overpotential, significantly limiting their
catalytic performances for HER [32-35]. Platinum, a noble metal, and
other Pt-group materials, e.g., Ir, Rh, and Au, are most suitable for
HER. Unfortunately, Pt-group noble metals’ low natural abundance
and high expenses limit their massive deployment for H, generation.
Therefore, the design and fabrication of electrocatalysts on conven-
tional electrodes for HER by utilizing minimum noble metal usage
are in urgent demand. Various electrocatalysts have been developed
to realize this goal in recent years [34,36]. Zhang et al. developed a
noble metal (Ag, Au, Cu, Pd, and Pt)-doped MoS, electrode, which
exhibited excellent performance in HER by reducing the activation
energy of water splitting [37]. The smaller amount of Pt nanoparti-
cles deposited on carbon-based materials enhanced adsorption active
sites and electrical conductivity, which allows fast charge transfer
during HER kinetics [38,39]. An atomic monolayer of a noble metal
grown on conventional electrodes can be an excellent electrocatalyst
for HER with high charge transfer kinetics, durability, and stability.
Both spontaneously and electrochemically deposited monolayers on
conventional electrodes substantially increase the active surface area
and can produce a highly HER-active electrode [34,40]. Notably, the
monolayer can impose its electronic properties on the overall surface
electronic properties [41].

Recently, AGy has been studied for conventional electrodes with
noble metal monolayers, e.g., Ru, Pt, Rh, and Au, using the density
functional theory (DFT) [42,43]. In earlier works, Madey et al. and
Schrider et al. reported electrodes with the deposition of atomically
thin two-dimensional (2D) Pt layers on W and Cu substrates, respec-
tively, exhibiting an increase in active surface area and stability [44,
45]. In addition, 2D Rh nanosheets with a thickness of 0.8 nm corre-
sponding to 6 atomic layers deposited on carbon nanotubes (CNTs) had
~20.40-fold enhancement in mass-activity for hydrolysis [46]. Ir has
several remarkable advantages, e.g., high electrocatalytic activity, elec-
trical conductivity, chemical stability, and corrosion resistance com-
pared to the other noble metals [42]. Using a first principles approach,
this work investigates utilizing Ir atomic monolayer on the (111)
plane of low-cost earth-abundant conventional electrodes, e.g., Ni, Cu,
Ag, and Mo, for HER. This work chose the (111) plane as it has
a tightly packed arrangement of atoms, forming equilateral triangles
with the highest atomic density. Here, conventional electrodes with Ir
atomic monolayer are considered modified electrodes, i.e., Ir/Ni(111),
Ir/Cu(111), Ir/Ag(111), and Ir/Mo(111) electrodes.

In a PEC, the improvement of electrodes significantly impacts the H,
generation. We analyze AGy, H adsorption energy (4E,y,), electrocat-
alytic activity, and the impact of #, for HER. AGy; and electronic density
of states (DOS) of the modified electrodes have been determined using
the DFT calculations. The impacts of electrodes’ surface coverage by
H* (6,.) are investigated considering the atop, fcc, and hep adsorption
sites. The obtained AGy values for the modified electrodes are approx-
imately twice smaller than those of the conventional electrodes. This
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work develops an advanced kinetic model to predict J, considering
ambient temperature (7T), the concentration of H* (Cy+), and the
partial pressure of H, (Py,) in the context of practical scenario in a
water-splitting system. The calculated J, of the modified electrodes is
~102-10° times greater than conventional electrodes considering T =
298.15 K, Cy+ = 0.5 M, and Py, = 1 atm. The effects of 5, on HER have
been investigated by calculating J,, from the Butler-Volmer equation
in PECs. 7, is significantly smaller in the modified electrodes than in
conventional electrodes due to improved J,.

2. Advanced kinetic model for exchange current density

In HER, H, is produced at the cathodic electrode. The total HER
reaction can be written as

_ 1
H+ +e - EHZ (l)
This reaction takes place in the active sites of the electrode surface. The
intermediate reactions are

H" +e” +* - H, (2a)

2H* - H,, (2b)

where the superscript “*” denotes the active site of the electrode
surface and H* denotes the adsorbed hydrogen. The final step of HER
and the net current density (J) due to charge transfer between the
electrode surface and the electrolytic solution are

H* +e” + H* = H,, (3a)

J = —er. (3b)

In Eq. (3), r = rp =Ty is the net reaction rate of HER, where r 7 and
r, are the forward and backward reaction rates, respectively. When the
total reaction, as given in Eq. (1), reaches equilibrium, the forward and
backward current densities become equal so that Jy = J; g = Jpeq =
—er, where r; is the equilibrium reaction rate [31,47,48].

In HER, the electrocatalytic activity at electrodes proportionately
depends on J,,. Ngrskov et al. proposed a simple kinetic model for HER
on transition electrode surfaces to predict J,, so that J, = k, X f(4Gy),
where k is the electrocatalytic rate constant and f(4Gy) is a function
of AGy [31]. Nerskov model relates J;, with k, and AGy for adsorption
and desorption of hydrogen on electrode surfaces by

Jo = ekgexp(—AGy /kgT)Cy (1 — 0) for AGy >0, (4a)

Jo = ekoCpop(1 = 0) for AGy <0, (4b)

where C,, kg, e, and 6 stand for the total adsorption sites per area,
Boltzmann constant, electronic charge, and adsorption coverage of H,
respectively. The rate constant k, is determined from experimental
data considering electrolyte concentration, reaction rates of HER, and
transfer coefficient of electrons between electrode and electrolyte with
the micro-kinetic model [49]. It is assumed that k, has a universal rate
constant value, which equals 200 s~'site™! for all electrodes [31,50].
Jy is related to 6 for both AGy < 0 and AGy > 0. The findings of
the “ab initio thermodynamic study” show that 6 reaches its maximum
and forms a complete surface coverage when AGy is negative, helping
attraction to H [21,51]. On the contrary, 6 is minimum when AGy is
positive, showing repulsion to H. Langmuir model describes that § =
K/(1+ K), where K = exp(—AGy/kgT) [21,52]. The above description
related to the model leads to [31]
exp(—A4Gy /kgT)
= RO T exp(—AGy JkpT)
H/XB
= _ek();Clol
1 +exp(—AGy/kgT)

Jy for AGy >0, (5a)

Jo for AGy <O0. (5b)
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The difference in free energy between H in its gas phase and when
it is adsorbed, AGy, is calculated by [31]

AGy = AE, + AEzp; — TAS. )

The zero-point energy (ZPE), AE,pg, represents the energy of the H
molecule when it is in a free or unbound state before it interacts with
the electrode surface. The value of AE,p is typically less than 0.05
eV for all electrodes [31]. Furthermore, AS is the entropy difference
between H in its gas phase and when it is adsorbed, referring to the
change in the degree of disorder of H molecules as they transition from
a gas phase to an adsorbed phase on an electrode surface. It is typically
included as a correction term for AGy;. At room temperature, hydrogen’s
gas phase entropy, —%SH2 0 is ~1.35 meV/K [53]. This work considered
AE,pg — TAS = 0.24 eV for all electrodes [21,31]. AGy is critically
correlated to AE,,, which depends on the electrode’s material. AE,
can be calculated by DFT using the following relationship [21]

n
5 Ey,).

where Eg, is the relaxed and optimized electrode surface energy,
Egap e+ is the system energy when adsorbed H* is placed on the
electrode surface, Ey, is the H, energy, and n is the total adsorbed
H,. Considering the above phenomena of ZPE, entropy, and adsorption
energy, Eq. (6) becomes [31]

1
AEads = ;(Eslab/nH* - Es]ab - @)

AGy = AE

ads

+0.24 eV. (8

Although some disparities exist between the experimental and DFT-
computed k, values, the difference can be significantly minimized
if ky is considered electrode-dependent rather than universal, as in
the original Norskov model. Timothy and his colleagues created a
kinetic model that increases fidelity by incorporating k, dependency
on electrode [21]. They showed that the kinetic prefactor k, depends
proportionately on AGy. Another reason for the dissimilarity between
the experimental and computed J, values is not considering Cy+ and
Py,

Theoretical descriptions of a PEC’s current density—voltage (J-V)
characteristics that depend on Py, and Cy+ are still being developed. It
is acknowledged that Py, and Cy+ are significant determinants of HER
kinetics [54-57]. The effects of Py, are significant at larger J due to
the faster reaction kinetics of HER. Consequently, Py, affects J,,, which
increases with the higher Py, for faster adsorption and desorption of
H [55,57]. Furthermore, Py, affects equilibrium potential in a low pH.
However, the impact of Py, is negligible with high pH values due to
a smaller Cy+ [58-60]. The Nernst equation can be used to explain
the pH dependency for HER kinetics, as given in Section 3 within the
supplementary. The relationship suggests that the pH of the electrolytic
solution and Cy+ affect J,.

Therefore, this work developed an advanced kinetic model of J;, by
incorporating kg exp(4Gy) instead of k, and by inserting Cg , and Pliz

in Eq. (5). Now, this equation can be written as
exp(—AGy /kT)

Jo = kg exp(4Gy)Ch, P, T+ exp(CaGy kT for AGy >0, (9a)
1
Jo = ekf exp(AGy)Cl. P}, qu for AGy <0, (9b)

where «, f§, and y are parameters that are associated with k, Py,
and Cy+. These parameters are calculated from previous experimental
reported data using Eq. (9). A selection of experimental data for J, is
presented in Table S2 to evaluate the advanced kinetic model.

Fig. 1 shows two curves used to compute J,, values. Fig. 1(a) shows
log(Jy /Acm’z) vs. AGy calculated using Eq. (5). On the other hand,
Fig. 1(b) shows log(/J, /Acm™?) vs. AGYy calculated using Eq. (9), consid-
ering a, Cfl ., and P}V12 parameters. Both curves display the correlation
between HER’s AGy and log(J,/Acm™2). The range of § used in this
work was 0.1-0.3. It was found that p had a minimal effect when
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Fig. 1. Correlation between log(J,/Acm™2) and AGy; calculated using (a) Eq. (5), and
(b) using Eq. (5) utilizing reported data in Table S2.

AGy > 0 but none at all when AGy < 0. For 4Gy < 0 and AGy > 0,
a values were 1.65 and 1.85, respectively. In addition, y was found to
be 0.4 for both AGy < 0 and AGy > 0, while y can be measured in the
range of 0.3 to 1 experimentally [61].

The absolute error (o, ,,,) and standard deviation (o4) of calculated
Jy in the log scale when compared with experimental values show that
the associated equation of Fig. 1(b) is more precise in calculating J;,.
The simulated J,, values in Fig. 1(a) show o, ,,, = 1.6264 and o4
2.2004, while those of Fig. 1(b) are 1.5691 and 2.1321, respectively.
The decreased o, ,,; and o4 of Fig. 1(b) clarify a stronger correlation
between the experimental data and the advanced kinetic model. Hence,
the equation presented in this work is more accurate at predicting the
kinetics of HER and can be utilized to precisely calculate J;, values
under various Cy+ and Py, circumstances. Notably, the empirical pa-
rameter, «, allows varying k, under AGy < 0 and AGy > 0, supporting
the alignment of the electrocatalytic activity with experimental data.

3. Computational methods

This work performs DFT calculations using the self-consistent ab
initio method on the Quantum Espresso software [62]. The exchange-
correlation energy was determined using the general gradient approx-
imation (GGA) applying Perdew—Burke—Ernzerhof (PBE) functional to
generate ultrasoft pseudopotentials [62,63]. Projected augmented wave
(PAW) was used to describe the ionic cores, and the valence states were
expanded in a basis set of plane waves with a cut-off kinetic energy of
544 eV. The charge density cut-off kinetic energy has been assumed to
be twelve times greater than the wavefunction cut-off kinetic energy.
The DFT-D3 function was utilized for Van der Waals correction. The
Brillouin zone has been sampled by a 7 x 7 x 1 set of k points mesh
using the general Monckhorst-Pack scheme [64].

The (1 x 1) hexagonal supercell geometry was used for modeling
electrodes’ (111)-plane surfaces with seven atomic layers. An Ir atomic
monolayer has been placed on the (111)-plane surfaces. A vacuum
of 10 A was kept above and below the electrode material to avoid
the external interaction that occurs for periodicity along the electrode
thickness. The H adsorption was allowed on both sides of the electrode
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0 o0
H atom at atop —0°, 0%

(2)

Fig. 2. (a) Different adsorption sites on (111) plane of the electrode. (b) Electrode with Ir atomic monolayer hydrogen adsorption system at atop site.

surface to prevent the periodicity from being electrostatically linked.
The geometry of the electrode with Ir monolayer and adsorbed H
molecules has been optimized by variable-cell relax calculation with
the tolerance of atom-acting forces remaining below 0.05 eVA™'. Three
specific sites were used to investigate the adsorption: fcc and hcp
(three-fold sites) and atop (single-fold site), as shown in Fig. 2(a).
The presence of water molecules has a negligible effect on H ad-
sorption and desorption on metal electrode surfaces [65]. Therefore,
this work performs calculations without water molecules to analyze
the electrocatalytic performances for HER. The complete diagram of
the atomic system with Ir atomic monolayer is shown in Fig. 2(b).
In this work, Egp/mes Eqgay, and Ey, have been computed using the
procedure discussed in this section. AE,;, and AGy have been cal-
culated using Egs. (7) and (8), respectively. J;, has been determined
using the developed advanced kinetic model given in Eq. (9) for HER.
Finally, a comprehensive comparison of the conventional and modified
electrodes has been investigated based on 7, using the Butler-Volmer
equation [66].

4. Result and discussion
4.1. Density of states and hydrogen adsorption energy

In PECs, cathodic electrodes play a key role in producing H,.
Therefore, studying electrodes’ physical and chemical properties is
crucial for efficient water splitting. The density of states (DOS) is
the number of available electron states per unit volume and energy,
determining conductivity. The modified electrodes have good electrical
properties, e.g., high electrical conductivity, resistance to corrosion at
high temperatures, and no bandgap within the energy band. Fig. 3
shows the DOS of Ir/Ni(111), Ir/Mo(111), Ir/Cu(111), and Ir/Ag(111)
electrodes. The d-orbitals are significant in transition metals to describe
their degeneracy. Fig. 3 also shows the d-DOS of Ir and the modified
electrodes. The modified electrodes show high DOS within a broad
energy band due to a larger surface-to-volume ratio than conventional
electrodes. Therefore, the modified Ir monolayer-based electrodes will
offer high conductivity, enhancing HER significantly [67].

AE,, values represent the adhesiveness of an atom to the electrode’s
surface in different phases, such as gas, liquid, or dissolved solid. In a
PEC system, E,, is crucial for the reaction coordinate of H* to H, by
accepting electrons from the electrode surface. The surface has atop,
fee, hep, and bridge adsorption sites. This work considered only the
atop, fcc, and hcp sites for H adsorption. 6, is defined as the ratio
between H* and the available active sites for H. This work considered
0, = 1 ML, i.e., fully-covered, and 6,, = 0.5 ML, i.e., half-covered
modified electrodes for each site (see Fig. S1).

atop
fcc
hep
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Table 1
AE,y of conventional electrodes modified by Ir atomic monolayer.
Electrodes Adsorption AE,; (eV)
Sites 60, =0.5 ML 6, =1.0 ML
atop —-0.131 —0.441
Ir/Ni(111) fee 0.145 -0.222
hep -0.086 -0.268
atop 0.471 —0.251
Ir/Cu(111) fee 0.325 —0.365
hep 0.341 —0.399
atop 0.190 —-0.268
Ir/Ag(111) fee -0.025 -0.528
hep -0.037 —0.550
atop —-0.304 —-0.561
Ir/Mo(111) fee —-0.266 -0.255
hep —-0.267 —0.280

Table 1 presents the calculated AE,; at the atop, fcc, and hcp
sites on Ir/Ni(111), Ir/Cu(111), Ir/Ag(111), and Ir/Mo(111) electrodes.
The positive AE,; indicates that the system energy is higher than the
adsorbent energy, i.e., endothermic adsorption. By contrast, negative
AE,y indicates that the system energy is lower than the adsorbent
energy, i.e., exothermic adsorption. The high adsorption energy (4E,4 >
|1 eV]) means that the adsorbate is strongly chemically bonded with the
adsorbent and H* does not convert to H, gas [68]. The presented AE,4
values in Table 1 are preferable for HER. The maximum and minimum
AE,, values are 0.145 eV at the fcc site and —0.131 eV at the atop site,
respectively, for Ir/Ni(111) electrode, when 6, = 0.5 ML. For 6, = 1.0
ML, the maximum AE,, is —0.222 eV at the fcc site, and the minimum
AE,y is —0.441 eV at the atop site. The maximum AE,; is at the atop
site for both 6., = 0.5 and 1.0 ML for Ir/Cu(111) electrode, but the
minimum AE,, is found at the fcc site for 6, = 0.5 ML and at the hcp
site for 6., = 0.5 ML. For Ir/Ag(111) and Ir/Mo(111) electrodes, the
maximum and minimum AE,; occurs at the same sites for both 6, = 0.5
and 1.0 ML.

The distance of H* from the electrode surface is shown in Fig. 4
for 6. = 0.5 and 1.0 ML. In both cases, the distance of the H-atom at
the atop site is approximately the same for each modified electrode.
At the fcc and hcp sites, the distance of the H-atom is the same
for Ir/Ag(111), Ir/Cu(111), and Ir/Ni(111) electrodes but different in
different electrodes. For the Ir/Mo(111) electrode, the distance of H* is
different at the fcc and hcp sites since Mo has a BCC crystal structure,
whereas Ag, Cu, and Ni have FCC crystal structures.
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4.2. Exchange current density of modified electrodes

Jy is a crucial parameter governing the HER rate in water splitting.
The reaction between H* and e~ occurs faster on the electrode surface
with a higher J,. Therefore, the charge transfer kinetics between the
electrode and the electrolytic solution improves if J;, increases. In this
work, J, is calculated using Eq. (9) based on AGy of the modified
electrodes, kg, Cy+, and Py, parameters. Here, Cy+ = 0.5 M, Py, =1
atm, and T 298 K are considered to calculate J,. The detailed
calculation results of E,,/y+, 4Gy, and J, at the atop, fce, and hep

sites on the modified electrodes are presented in Table S3.

986

Different sites of the modified electrodes have different values of J,.
Finding preferable active sites for H adsorption on the electrodes’ sur-
face is crucial. The minimum value of E,, /- indicates the site where
adsorption and desorption have occurred. H* reacts with e~ to produce
H, gas along a reaction pathway called the reaction coordinate. Fig. 5
illustrates the preferable reaction coordinate for each electrode consid-
ering 6. = 0.5 and 1.0 ML. For 6, = 0.5 ML, the preferable active site
for Ir/Ni(111) electrode is atop, and AGy is 0.101 eV. The preferred
active sites are fcc, hep, and atop for Ir/Cu(111), Ir/Ag(111), and
Ir/Mo(111) electrodes, respectively, and the corresponding AGy; values
are 0.565 eV, 0.203 eV, and —0.064 eV. Here, the Ir/Mo(111) electrode
has the lowest activation barrier of reaction, and the Ir/Cu(111) elec-
trode has the highest activation barrier of reaction when considering
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Fig. 5. Reaction coordinate of HER for with Ir atomic monolayer on conventional
electrode considering as 6, = 0.5 and 1.0 ML.

Table 2
Comparison of AGy of the proposed modified electrodes with previously published
works with 6, = 1.0 ML.

Electrode AGy (eV)  Reference  Electrode AGy (eV)  Reference
Pdy, /Cu(111)  0.340 (691 Pty /Cu(111)  0.640 (691
Ptg, /Ni —0.380 [70] IrW (alloy) 0.340 [71]
Pd/Au(111) —0.360 [691] MoS,/Cu —-0.348 [37]
IrNC (alloy) 0.040 [72] MoS, /Pd —-0.600 [371
Ir/Ni(111) -0.201 This work  Ir/Cu(111) -0.160 This work
Ir/Ag(111) —-0.310 This work  Ir/Mo(111) -0.321 This work

0, = 0.5 ML. For 6, = 1.0 ML, the preferable active sites for the
modified electrodes are the same as 6. = 0.5 ML, except for Ir/Cu(111)
electrode, which has the preferable active site of hcp. The lowest barrier
of AGy is —0.160 eV for Ir/Cu(111) electrode and the highest barrier of
AGYy is —0.321 eV for Ir/Mo(111) electrode.

The top rank in the volcano curve (J, vs. AGy) for an electrode
should be required for efficient hydrogen production with low overpo-
tential losses in water-splitting system [19]. The modified electrodes
of this work have a better position in the volcano curve, as shown in
Fig. 6, and outperform some previously reported data of electrodes with
atomic monolayers of different materials, as illustrated in Table 2.

The improved J, are 10733 Acm=2, 10727 Acm=2, and 10~!30
Acm~2 for Ir/Ni(111), Ir/Ag(111), and Ir/Mo(111) electrodes, respec-
tively, when 6,, = 0.5 ML. However, J, of Ir/Cu(111) electrode is
approximately the same as the conventional Cu electrode due to the
larger AE,y. The larger AE,, indicates a propensity to form chemical
bonds, resulting in slow HER rates. On the contrary, at 6,, = 1.0
ML, the improvement of J, is significant for Ir/Cu(111). The value
of J, with 6,, = 1.0 ML decreases for Ir/Ni(111), Ir/Ag(111), and
Ir/Mo(111) electrodes but still is higher than those of conventional
electrodes. Fig. 6 compares J, of the conventional electrodes with the
modified electrodes. Fig. 6 also shows an error bar to estimate J,
with better precision. The error bar represents the variation of the
calculated results within 64 = 2.1321, determined from Eq. (9) with
the experimental data (see Table S2).

4.3. Activation overpotential in modified electrodes

The overpotential is the electrode potential that deviates from the
equilibrium potential required for HER. The overpotential arises from
the contact impedance between the electrode and solution, the con-
centration of the solution, and hindrance kinetics in both the cathode
and anode [73]. Ideally, water-splitting needs a redox potential of 1.23
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V. However, there is a need for an additional 0.4-0.6 V for water
electrolysis due to the overpotential losses in a practical scenario [5].
Hence, minimizing the overpotential for efficient hydrogen production
is crucial. The total overpotential comprises the activation, ohmic,
and concentration overpotentials. The Helmholtz double layer between
the electrode and the electrolytic solution in HER causes #,, which
is significant compared to other PEC losses. Notably, J, significantly
impacts on #5,. The H, generation is more effective at a lower 7,
correlated with a higher J, [66].

For HER, 7, and J are considered as cathodic overpotential (1, .) and
cathodic current density J,, respectively. The Bulter-Volmer equation
has been used to calculate 7, considering Jy, Cy+, Py, and J, [66].
This work calculates , . for the modified electrodes using the resulting
Jy and for the conventional electrode with the experimental J;, (see
Table S2), when Cy+ = 0.5 M and Py, = 1 atm. Fig. 7 illustrates the 7,
vs. J, for the modified electrodes and for the conventional electrodes
with 6. = 0.5 and 1.0 ML. In this figure, the negative sign of #, . and
J. indicates that the modified electrodes are used as cathodes for HER
in PEC. Fig. 7(a—d) also shows that the conventional electrodes have
the highest 5, ., whereas 7, significantly decreases for the modified
electrodes, except for the Ir/Cu(111) electrode at §,. = 0.5 ML due to a
higher AGy. In addition, 7, of 6, = 0.5 ML has the smaller values in
comparison with #, . of 6. = 1 ML, except for the Ir/Cu(111) electrodes.

At J, = 100 mAcm~2, the highest 5, . obtained is 0.455 V, which
is for Ir/Mo(111) electrode with 6, I ML. On the other hand,
Ir/Ni(111) and Ir/Ag(111) electrodes show 5, = 0.255 V and 0.402
V, respectively. The lowest 7, . = 0.189 V is found for the Ir/Cu(111)
electrode. At J, = 1000 mAcm~2, r, . = 0.308 V with 6, = 1 ML for
the Ir/Cu(111) electrode. Recently, Tan et al. reported 5, = 0.438 V
for a Pt-deposited Cu electrode, when J, = 1000 mAcm~2 with 6, = 1
ML [74]. Hence, this work achieves a significant decrease in fa for
Cu electrodes. Consequently, H, can be produced at a smaller applied
voltage using the modified electrodes.

Fig. 8 shows the effects of Cy+ and Py, for the Ir/Ni(111) electrode
with 6. = 1 ML. Fig. 8(a) depicts the effects of Cy+ on J; vs. 5, at
a constant Py = 1 atm. At this constant pressure, Cy+ = 0.25 M has
the highest #, ., whereas Cy+ = 1.25 M has the lowest 5, .. A higher
value of Cy+ increases J, to enhance the reaction kinetics of HER.
Consequently, 7, . decreases due to the increased J,. However, 7, . does
not vary linearly with Cy.. The decreasing of 7, is significant in the
range of Cy+ = 0.25 to 0.75 M, but eventually, the trends of decreasing
becomes less significant when the value of Cy+ reaches closer to 1.25
M. Fig. 8(b) shows the effects of Py, on J; vs. i, with Cy+ = 0.5 M.
The maximum and minimum #, . are found at Py, = 0.6 and 1.4 atm,
respectively. The changing trend of 5, . with PHZ. is analogous to the
trend of Fig. 8(a) due to the proportional relationship between Py, and
Jo. Additionally, the increased Py, helps the withdrawal of hydrogen
bubbles from the electrode surface to drive the HER kinetics faster with
low losses.

In brief, this work contributes to developing an advanced kinetic
model for J, and enhancing the electrocatalytic activity of conventional
electrodes (e.g., Ni, Cu, Ag, and Mo) in water splitting with an Ir
atomic monolayer. The advanced kinetic model accounts for the effects
of Cy+ and Py, and precisely predicts J, for HER under a practical
scenario. The atomic monolayer signifies that only a minute amount of
material is required to develop the modified electrode. Compared to the
conventional electrodes, the modified electrodes show an excellent rise
in J;, 10>~10° times, reducing 5, and increasing hydrogen production.
These contributions are significant to advancing sustainable energy,
especially in light of hydrogen gas’s potential as a fuel source to meet
the world’s energy needs.

5. Conclusion

H, produced from water-splitting is a promising option for fuel
to meet worldwide energy demand. The H, production performance
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