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evolution reaction with computationst

*bcd

The design of stable and active alternative catalysts to iridium oxide for the anodic oxygen evolution reaction
(OER) has been a long pursuit in acidic water splitting. Tantalum pentoxide (Ta,Os) has the merit of great
acidic stability but poor OER performance, yet strategies to improve its intrinsic OER activity are highly
desirable. Herein, by using density functional theory (DFT) calculations combined with aqueous stability

assessment from surface Pourbaix diagrams, we systematically evaluated the OER activity and acidic stability
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of 14 different metal-doped Ta,Os catalysts. Apart from the experimentally reported Ir-doped Ta,Os, we

computationally identified Ru- and Nb-doped Ta,Os catalysts as another two candidates with reasonably

DOI: 10.1039/d4sc03554b

rsc.li/chemical-science

1. Introduction

Water splitting for hydrogen (H,) production driven by sustain-
able energies plays a vital role in the roadmap of carbon neutrality
due to the high energy density and zero emission during the
utilization of H,."® Currently, multiple strategies with different
devices have been developed for effective water electrolysis, such
as alkaline water electrolyzer (AWE)," polymer electrolyte
membrane water electrolyzer (PEM-WE),” solid oxide water elec-
trolyzer (SOWE)® and anion exchange membrane water electro-
lyzer (AEM-WE).” Among them, PEM-WE shows advantages of
high current densities, high compatibility to intermittent elec-
tricity from sustainable energy and a compact cell with a small
footprint.® Unfortunately, the large-scale application of PEM-WEs
is hindered by the heavy reliance on the scarce noble-metals
platinum (Pt) and iridium (Ir) as the cathode for the hydrogen
evolution reaction (HER) and anode oxygen evolution reaction
(OER) catalyst, respectively.”*> Indeed, this fundamental obstacle
hampering the further development of PEM-WEs triggered
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high stability and activity in acidic OER. Our study also underscores the essence of considering stable surface
states of catalysts under working conditions before a reasonable activity trend can be computationally achieved.

extensive research efforts in developing earth-abundant catalysts
as alternatives to Pt and IrO,.

Currently, a group of non-noble metal oxides, particularly 3d
transition metal oxides, have been experimentally identified as
promising acidic OER catalysts,”**” such as CoMnO,,"® vy-
MnO,,"? Ti-MnO,,2! C0;0,,22** CoFePb0,,>* Mn,Sb, ,0,,%
and LaMn@Co-ZIF.*® In principle, the ideal OER catalyst should
have high acidic stability, high activity, and low cost, while most
candidates only meet two of the three merits. From the view-
point of practical application, high acidic stability should be the
highest priority. Among the reported non-noble metal oxides in
the literature, tantalum pentoxide (Ta,Os) is extremely stable in
acid but has poor OER activity.>”*® In principle, Ta,O5 would be
an ideal candidate if adequate strategies could be used to
improve its OER activity while preserving its high stability,
despite having a wide bandgap in the bulk and poor charge
transport.”® Noteworthily, economic viability should be consid-
ered before using Ta,Os as a practical OER catalyst because Ta
also has essential applications in resistive switching memories
as a high-tech material.** Indeed, doping has offered a prom-
ising avenue for improving the catalytic activity of materials by
altering the d-orbital electronic structure, which governs bond
formation or breakage involving oxygen-containing intermedi-
ates at active sites.**** Cationic doping and anionic doping have
already been extensively explored to enhance the intrinsic OER
activity of Ru- and Ir-based oxides.***® Doping with various
metal elements, including Ti,*” Ni,***® Co,* La,*® Fe,"®* Zn,*
Cu,* Ce,* Mn,**** and Nb,***” has shown the ability to enhance
the acidic OER activity and stability of pristine materials.
Meanwhile, recent advancements in computations and
machine learning have played a crucial role in understanding
the fundamental principles governing acid-stable OER catalysts
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and also facilitated the rational design of materials with
improved performance and durability.>*%¢

In this work, we focus on levering computational approaches
combined with the doping strategy to understand the acidic
OER mechanism and activity of metal-doped Ta,O5 (M = Ti, V,
Cr, Mn, Fe, Co, Ni, Zr, Nb, Mo, Sn, Sb, Ru, and Ir). Our
systematic density functional theory (DFT) calculations of the
adsorbate evolution mechanism (AEM) on the 14 M-doped
Ta,Os catalysts, as well as aqueous stability evaluation, clearly
revealed their stability and activity trend in acidic OER, where
the Ir-, Ru-, and Nb-doped Ta,Os systems were theoretically
predicted to be promising candidates with good performances.
Our stability analysis with surface Pourbaix diagrams indicates
the essence of considering the stable surface state of catalysts
under working conditions when conducting computational
screening of electrocatalysts.

2. Methods and models

All calculations were carried out by spin-polarized density
functional theory (DFT) as implemented in the Vienna Ab initio

@ ||
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Simulation Package (VASP) interfaced with the atomistic
simulation environment (ASE) within the projector augmented
wave method (PAW).*%® The generalized gradient approxima-
tion (GGA) in the scheme of revised-Perdew-Burke-Ernzerhof
(RPBE) was employed to describe the exchange and correlation
interaction.®”® A plane-wave basis set with a kinetic energy cut-
off of 500 eV is used for all calculations. The convergence
criteria for electronic energy and forces during structural opti-
mization are 1.0 x 10~ ° eV and 0.02 eV A~%, while those for
frequency calculation are 1.0 x 1077 eV and 0.02 eV A~
respectively.

Ta,0s has several crystalline structures, while the A phase with
the Pbam space group was chosen for further calculation in this
work. The optimized bulk structure had lattice parameters of a =
6.29 A, b = 7.47 A, and ¢ = 3.84 A, which agreed well with
experimental values (@ = 6.22 A, b = 7.36 A, and ¢ = 3.90 A).”"7*
The (100) surface was chosen as the model for OER mechanism
simulation due to its high stability and wide experimental char-
acterization, while both Ta (Ta;604) and O (Ta;60.,,) termina-
tions were considered. The p (1 x 2) slab contained four metal
layers, while the top two layers were relaxed and the bottom two

(b) ‘

Fig.1 The side (a and b) and top (c and d) views of Ta- and O-terminations of Ta,Os, as well as the metal-doped Ta-termination (e and f) and O-
termination (g and h) of Ta,Os. (The red, grey, and bright blue spheres represent O, Ta, and dopant atoms, respectively).
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layers were fixed. A vacuum layer of 15 A is applied in the z-
direction of the slab to avoid interactions. A 3 x 3 x 1 gamma
centered k-point meshes was used to sample the Brillouin zone.
The vibrational frequencies of adsorbates on the surfaces were
analyzed, while free energies were calculated within the
harmonic approximation. The OER mechanism was simulated
within the framework of the computational hydrogen electrode
(CHE),” which is detailed in the ESIL.} The stability of the metal-
doped Ta,Os5 was evaluated by using formation energy (Er) and
cohesive energy (E.on), where a more negative value of E; indicates
higher synthetic feasibility and a more positive value of E.qp
indicates higher thermodynamic stability.**”® More details for
calculating Er and E,,, are summarized in the ESL}

3. Results and discussion

3.1 Structure and stability of metal-doped Ta,O5 (100)
surfaces

To evaluate the roles of transition metals in tuning the prop-
erties of the Ta,0O5 catalyst for the high-performance OER, we
applied the substitutional approach by replacing the surface Ta
with different metals (M = Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Nb, Mo,
Sn, Sb, Ru, and Ir). As shown in Fig. 1a-d, the A-Ta,O5 (100)
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surface has both Ta (Ta;6040) and O (Ta;604,) terminations. For
the Ta-termination shown in Fig. 1c, there are two types of
surface Ta atoms with five coordination environments. There-
fore, we considered two substitutional models in Fig. 1e and f
(M-Ta;504). For the O-termination shown in Fig. 1b and d,
there are also two types of Ta atoms with different coordination
environments on the surface shown in Fig. 1d (M-Ta;50,,).
Based on the doping sites shown in Fig. 1e-h, we systematically
evaluated the stabilities of various metals on these sites, where
the most stable doping structures of each metal on both Ta- and
O-terminations are summarized in Table S2.t

In principle, the thermodynamic stability of the catalyst will
determine whether it could be easily synthesized experimen-
tally. Therefore, we calculated the formation energy (Ef) and
cohesive energy (E.on) of all the doped systems. As shown in
Fig. 2, the early transition metals (Zr, Ti, Nb, V, and Cr) doped
systems generally have very negative values of E; (Table S2t),
indicating their high stabilities. Systems doped by the magnetic
Fe, Co, and Ni metals, as well as the noble metal Ir and Ru
metals, showed positive values of E¢ which indicates their
relatively lower stabilities than the early transition metal doped
Ta,0s. Considering that the Ir-doped Ta,Os has been success-
fully synthesized and found to be stable and active for the OER
experimentally,”” we anticipate that catalysts with lower E; than
Ir-doped Ta,Os will show reasonable feasibility to be synthe-
sized experimentally. In this respect, most of these 28 M-doped
structures have reasonable synthetic feasibility, at least from
a thermodynamic perspective. Meanwhile, the E,j, values for all
28 M-doped structures shown in Fig. 2b and Table S21 are
higher than 0.5 eV, suggesting their potential high stability
upon synthesis.

3.2 OER activity on the metal-doped Ta- and O-terminations
of Ta,05 (100)

To have a direct comparison of the OER activity among different
catalysts, we systematically simulated the classical adsorbate
evolution mechanism (AEM)”® on these M-doped Ta,O5 systems
within the framework of computational hydrogen electrode
(CHE) as developed by the Norskov group” (more details in the
ESIt). As shown in Fig. 3a, the catalytic cycle starts with the
deprotonation of H,O on the active site to form *OH species,
followed by another deprotonation step to form the surface *O
intermediate. Then, the O-O bond formation takes place via the
reaction of *O with another H,O molecule to form the *OOH
intermediate, accompanied by a deprotonation step. Finally, O,
is formed through the deprotonation of *OOH with the regen-
eration of the active site.

Based on this mechanism, the reaction free energy change
(AG) for each step was calculated at 0 V, pH = 0, and T = 298.15
K within the framework of the CHE model. Then, the potential-
determining step (PDS) is typically the last step to go downbhill
in free energy as the potential increases. In other words, PDS is
the step with the largest AG (AGpps) among the four-step OER
mechanism in Fig. 3a. The theoretical overpotential (n) can be
expressed as (AGppg)/e — 1.23 V. Using the pristine and Ir-doped
Ta,0s as examples, we plotted the potential free energy
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(a) Classical adsorbate evolution mechanism (AEM) for the oxygen evolution reaction; (b) free energy diagrams of the OER on the two

pristine and Ir-doped terminations of the Ta,Os (100) surface; theoretically predicted activity trends toward the OER on metal-doped (c) Ta
termination (M—Ta;5040) and (d) O termination (M-Ta;5045) of the Ta,Os (100) surface.

diagrams of the OER in Fig. 3b. It shows that each system has
a different PDS and 7, i.e., the PDS in the case of Ta termina-
tions of Ta;6040 and Ir-doped Ta,0s is *O — *OOH with the n
values of 1.66 V and 0.76 V, while that in the case of the O-
termination of Ta;s04, and Ir-doped Ta,Os becomes *OH —
*O with the n values of 0.78 V and 1.08 V, respectively.

As per the Sabatier principle, an ideal catalyst requires the
binding strength of the key intermediate to be neither too
strong nor too weak. Based on the framework established by the
Norskov group,” there is a volcano-shaped relationship
between nogr and the value of AG+o — AG+oy among a group of
materials. Our analysis in Fig. 3c and d also shows the volcanic
OER activity trend among 28 M-Ta,O5 systems, but the two
terminations have quite different trends. On the Ta termination
in Fig. 3c and Table S3, most of the cases are located at the left
leg of the volcano due to the lower deprotonation energy of
surface hydroxide, where the formation of *OOH species is the
PDS. At the right leg of the volcano, the weak binding strength
of *O makes the deprotonation of *OH species the PDS. Among
these doped systems in the case of Ta termination, Fe-doping
has the lowest 7 of 0.69 V, followed by Ti (0.71 V), Co (0.72 V),
Ni (0.73 V), Ir (0.76 V), Mn (0.77 V), Sn (0.97 V), and Zr (0.78 V),
while the rest of them are higher than 1.0 V.

14374 | Chem. Sci,, 2024, 15, 14371-14378

In the case of the O-termination shown in Fig. 3d and Table
S4,7 all the metal-doped systems are located at the right leg of
the volcano due to the weak binding strength with oxygen, while
the deprotonation of *OH species is the PDS. Meanwhile, the
activity trend of these 14 doping metals is quite different from
that of the Ta termination. Among them, the Sb-doped O-
termination has the lowest n of 0.72 V, followed by the pris-
tine Ta;504, (0.78 V).

3.3 Surface structures and OER activity of M-Ta,05 under
working conditions

The above mechanism studies on the two terminations have
clearly revealed that the OER activity is tightly related to the
surface structure of M-Ta,0s. Then, the question becomes,
what is the real surface structure of the catalyst under working
conditions? To clarify this, we further applied the surface
Pourbaix diagram to describe the surface states of each M-
Ta,Os system at different pH and working potentials.

More specifically, the surface of M-Ta,Os5 will inevitably be
covered by different species during the OER, such as *O and
*OH. We systematically calculated the binding of different
species on the surface of pristine and 14 M-doped models to
identify the most stable surface composition of each model at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Surface Pourbaix diagrams of pristine (a) and Ir-doped (b) Ta,Os (100) surface; free energy diagrams of the OER on the most stable surface
states of pristine and Ir-doped Ta,Os (100) surface at pH = 0 and U = 0 V (c); OER activity trend of M-doped Ta,Os (100) at the most stable

surface states determined by surface Pourbaix diagram analysis (d).

a wide range of pH and potentials. More computational details
are shown in the ESI.f We use the electrochemical potential
window (EPW) to describe the potential range in which a cata-
lyst can maintain its pristine state at pH = 0.*° As shown in
Fig. 4a, the pristine Ta,Os (100) surface shows an EPW less than
—1.1 V vs. SHE, while it will be covered by 1/4 monolayer (ML)
*OH at —1.1 Vto —0.1 Vas well as 1/2 ML *OH at —0.1-2.0 V. For
comparison, Ir-doped Ta,O;5 (100) in Fig. 4b exhibits an EPW of
less than 0.1 V, while it will be covered by 1/2 ML *OH at 0.1-
1.6 V as well as 1/4 ML *OH + 1/4 ML *O at >1.6 V vs. SHE.
Similar surface Pourbaix diagrams of the other M-doped
systems are summarized in the ESLt Clearly, it is crucial to
consider the specific surface state of the catalyst under elec-
trochemical operating conditions. In this respect, the OER
mechanism investigation was conducted on the most stable
surface state of each M-doped Ta,Os, where a potential of
~1.60 V was chosen based on experimental setups.®* The
calculated free energies of intermediates and the derived over-
potentials are listed in Table S6.}

As shown in Fig. 4c, the 1/2 ML *OH covered Ta-termination
is the most stable state of the Ta,O5 (100) surface at pH = 0 and
1.6 V vs. SHE, where the theoretical overpotential is calculated
to be 0.73 V with *OH — *O being the PDS. For the Ir-doped
system, the surface is covered by 1/4 ML *O and 1/4 ML *OH

© 2024 The Author(s). Published by the Royal Society of Chemistry

at pH = 0 and 1.6 V vs. SHE, where the calculated 7 is only
0.33 V.

Finally, we have summarized the theoretical overpotentials
calculated from the most stable surface states of each M-doped
Ta,0s in Fig. 4d for comparison. It shows that most of the
systems are located at the right leg of the volcano except the Ir-
doped and Ru-doped Ta,05. Among them, the Ir-doped Ta,Os is
closest to the peak of the volcano, which has the 5 of only 0.33 V
and an optimum AG+o — AGxoy of ~1.32 eV. Meanwhile, the
Ru-doped and Nb-doped Ta,Os also exhibit relatively low theo-
retical overpotentials of 0.62 V and 0.61 V. Noteworthily, the
calculated 7 values of these catalysts are different from those of
pure Ta- and O-terminations shown in Fig. 3, again indicating
the essence of considering the stable surface state of catalysts
under working conditions.

4. Conclusion

In summary, we conducted density functional theory calcula-
tions to systematically investigate the thermodynamic stability,
aqueous stability, and acidic OER activity of various metal-
doped (metal = Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Nb, Mo, Sn, Sb,
Ru, Ir) Ta,0O5 (100) surfaces. Our calculated formation energies
and cohesive energies of these 14 systems showed their
reasonably high stability thermodynamically, thereby, a high

Chem. Sci., 2024, 15, 14371-14378 | 14375


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03554b

Open Access Article. Published on 06 August 2024. Downloaded on 3/2/2026 6:12:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

experimental synthetic feasibility. Then, the most stable surface
state of each M-doped Ta,05 (100) surface at different pH and
potential ranges was evaluated by using the surface Pourbaix
diagrams. Further OER activity evaluations of these catalysts
were based on the adsorbate evolution mechanism (AEM),
where the Ir-doped Ta,Os with the lowest theoretical over-
potential of 0.33 V was computationally predicted to be most
promising and consistent with experimental findings in the
literature. Meanwhile, Ru- and Nb-doped catalysts were also
predicted to be stable and active for acidic OER with theoretical
overpotentials of 0.62 V and 0.61 V, respectively. Additionally,
we note that electrochemical-driven pre-adsorption of species
on the catalysts dramatically influence the OER activity.
Therefore, it is crucial to analyze the surface state of a catalyst
under electrochemical conditions with the surface Pourbaix
diagram before conducting a detailed mechanism simulation.
Our results not only adequately illustrated the general OER
activity trend of metal-doped Ta,Os catalysts but also provided
theoretical guidance for further experimental studies of these
systems.
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