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Oxygen Evolution Reaction on 2D Ferromagnetic Fe3GeTe2: 
Boosting the Reactivity by the Self-Reduction of Surface 
Hydroxyl
Yinghe Zhao, Jinxing Gu, and Zhongfang Chen*

Fe3GeTe2 is a water- and air-stable, metallic, and layered material. Very 
recently, few-layer and single-layer Fe3GeTe2 have been successfully exfoliated 
from its bulk and revealed as 2D ferromagnets (Nature 2018, 563, 94; Nat. 
Mater. 2018, 17, 778). Here, the basal plane of Fe3GeTe2 is demonstrated to 
be of high electrocatalytic activity towards oxygen evolution reaction (OER) 
without resorting to any chemical modifications, by means of systematic den-
sity functional theory computations. The Fe3GeTe2 nanosheet preserves the 
metallic character of the bulk, and its 2D layered structure provides abundant 
exposed active sites to catalyze OER. All these unique characteristics suggest 
that the Fe3GeTe2 nanosheet may be an excellent catalyst for electrochemical 
OER. More importantly, it is found that the self-reduction of surface hydroxyl 
into water can significantly reduce the overpotential for OER, which greatly 
boosts the OER activity. This work not only reveals new mechanisms for OER 
but also opens the door for the application of emerging 2D ferromagnets in 
the field of energy storage and conversion.
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contact with reaction intermediates usu-
ally results in a rather low atom utiliza-
tion efficiency.

Since the discovery of graphene,[13] 
2D van der Waals (vdW) materials have 
emerged as new frontiers of electro-
catalysts.[14–18] With extremely high spe-
cific surface areas, the electrocatalysts 
based on 2D vdW materials combine the 
advantages of both homogeneous and 
heterogeneous catalysts. Unfortunately, 
the large-area basal planes of most pris-
tine 2D vdW materials are inert towards 
electrochemical reactions, and surface 
modifications, such as doping,[19–34] 
interfacial engineering,[35–37] and defect 
engineering,[14,38–44] are often required 
to use the basal planes as catalytic active 
sites. Remarkably, if the basal plane of a 
metallic 2D vdW material has high OER 
activity without resorting to any surface 

modifications, it will significantly promote the development of 
the OER-related energy technologies.

The newly discovered vdW materials may offer excellent can-
didates for us to achieve high-performance metallic 2D electro-
catalysts for OER. Especially, ferromagnetic ordering has been 
experimentally observed in bilayer Cr2Ge2Te6

[45] and monolayer 
CrI3

[46] exfoliated from their bulks, making 2D vdW ferromag-
nets a new horizon in materials science.[47–50] These new mate-
rials not only could be excellent candidates, but also may refresh 
our understanding to the reaction mechanisms. Interestingly, 
the electrochemical performance of magnetic materials can be 
further enhanced under an external magnetic field.[51–54] There-
fore, it is highly desirable to explore whether the emerging 
2D vdW ferromagnets can be used as OER electrocatalysts. 
In contrast to Cr2Ge2Te6,[45] CrI3,[46] and some newly proposed 
2D vdW ferromagnets,[55–57] Fe3GeTe2 shows metallic character 
due to itinerant electrons.[58–60] Providing that the basal plane 
of Fe3GeTe2 owns high OER activity, Fe3GeTe2 will have great 
potential to be an excellent electrocatalyst towards OER.

In this work, by means of density functional theory (DFT) 
calculations, we systematically explored the potential of 
Fe3GeTe2 nanosheet as an OER electrocatalyst. Our computa-
tions revealed that the basal plane of Fe3GeTe2 exhibits high 
activity towards OER with an overpotential of 0.30 V, the OER 
activity and metallicity of Fe3GeTe2 are independent of the spin 
orientation, and the metallic behavior of Fe3GeTe2 can be well 

Electrocatalytic Water Oxidation

1. Introduction

Electrochemical water oxidation, also denoted as oxygen evo-
lution reaction (OER), is a critical reaction in many energy 
storage and conversion technologies, such as water splitting 
and metal-air batteries.[1–10] OER is intrinsically a four-electron 
and uphill reaction, leading to a large overpotential and slug-
gish kinetics. An electrocatalyst is required to decrease the 
overpotential and speed OER up.[1–10] The design of electrocat-
alysts mainly follows two parallel frontiers—homogeneous and 
heterogeneous catalysis, each of which has its own advantages 
and drawbacks.[11,12] High atom utilization efficiency renders 
homogeneous electrocatalysts intriguing, but poor durability 
and recyclability impede their applications. In contrast, het-
erogeneous electrocatalysts are of excellent stability and recy-
clability, and easy to be integrated with electrodes. However, 
the limited surface area of heterogeneous electrocatalysts to 

This paper is dedicated to Professor Walter Thiel on the occasion of his 70th birthday

Adv. Funct. Mater. 2019, 1904782



www.afm-journal.dewww.advancedsciencenews.com

1904782  (2 of 7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

preserved from bulk to single layer. The high OER activity 
and metallicity, together with the 2D layered structure, endow 
Fe3GeTe2 nanosheet great potential as a high-performance OER 
electrocatalyst. Remarkably, we found that the self-reduction of 
surface hydroxyl into water plays a crucial role in lowering the 
OER overpotential. Such new insights not only underscore the 
importance of surface hydroxyl in OER and gain us new under-
standing towards the reaction mechanisms, but also may guide 
further development of efficient OER electrocatalysts.

2. Results and Discussion

2.1. Geometric Structure and Electronic and Magnetic 
Properties of Fe3GeTe2

Fe3GeTe2, first synthesized by Deiseroth and co-workers 
in 2005,[61,62] is a water and air-stable layered material with 
good thermal stability (thermal decomposition occurs at over 
800 °C).[62] Magnetic measurements revealed that that Fe3GeTe2 
is ferromagnetic with high Curie temperature and itinerant 
magnetism.[61–63] According to our computations, the mag-
netic moment of Fe3GeTe2 is dominantly contributed by the 
Fe atoms, and its magnetic moment is 1.49 µB per Fe atom, 
in good agreement with previous experimental and theoretical 
studies.[61,63,64] Fe3GeTe2 consisting of an ABAB stacking has a 
hexagonal symmetry with a space group of P63/mmc (no. 194) 
(see Figure S1, Supporting Information). The optimized lattice 
parameters are a = b = 3.89 Å, and c = 15.87 Å, which agree well 
with the previous explorations.[64] The distance between A and 
B layers, namely the nearest interlayer distance h (Figure S1,  
Supporting Information), is around 3.0 Å, while the nearest 
Te–Te distance between two adjacent layers is slightly over  
3.5 Å, both of which are in the typical vdW interaction range.

Excitingly, the exfoliation of few- and single-layer Fe3GeTe2 
has been achieved by Zhang’s[58] and Xu’s groups.[59] The 
Fe3GeTe2 monolayer consists of two Te sublayers, two Fe sub-
layers, and one mixed sublayer of Fe and Ge atoms (Figure 1a). 
Figure S2 of the Supporting Information shows charge den-
sity distributions of the optimized Fe3GeTe2 monolayer in the 
spin-up and spin-down channels. Note that the Fe atoms in 
the monolayer are located in two inequivalent Wyckoff sites, 
denoted as FeI in the Fe sublayer and FeII in the mixed sublayer. 
Our DFT computations showed that the magnetic moment 
of FeI is ca. 0.7 µB larger than that of FeII, which agrees with 
the previous study.[64] The valence states of Fe3GeTe2 can be 
regarded as (Te2−)(FeI

3+)[(FeII
2+)(Ge4−)](FeI

3+)(Te2−). The contri-
bution of all atomic orbitals is shown in Figure S3 of the Sup-
porting Information. Each Te atom is bound to four Fe atoms, 
including three FeI atoms and one FeII atom. One Te atom and 
three FeI atoms constitute a trigonal pyramidal. The TeFeII 
bond is just perpendicular to the mixed sublayer consisting 
of FeII and Ge atoms. Ge and FeII atoms form a graphene-like 
honeycomb structure in the mixed sublayer. Each Ge atom is 
also connected to six FeI atoms. From bulk to single layer, the 
hexagonal symmetry is maintained in Fe3GeTe2. The optimized 
lattice parameters of single-layer Fe3GeTe2 is a = b = 3.91 Å, in 
line with the previous exploration.[64] The bond length can be 
found in Table S1 of the Supporting Information, and the bond 

angle can be derived by visualizing the structure (Table S2, Sup-
porting Information).

Metallicity that allows the high-speed transport of electrons 
is an important precondition of high-performance electro-
catalysts.[14,15] The computed density of states (DOS) of bulk 
Fe3GeTe2 (Figure S4a, Supporting Information) confirms 
its metallic character as revealed experimentally.[61,63] Bulk 
Fe3GeTe2 exhibits metallic behavior both in the spin-up and 
spin-down channels, and the projected DOS (PDOS) anal-
ysis demonstrates that the metallicity is mainly contributed 
by Fe’s d orbitals. Though the bulk Fe3GeTe2 is metallic, this 
does not ensure the metallic character of few- or single-layer 
Fe3GeTe2, since the electronic properties of 2D vdW materials 
are often dependent on the layer number.[65–73] For example, 
the bandgap of black phosphorus nanosheets decreases 
with increasing the thickness.[65–67] For some layered mate-
rials, even a metal–semiconductor transition can occur with 
reducing the layer number.[68,71,72] Thus, we examined the elec-
tronic properties of Fe3GeTe2 nanosheets with different thick-
ness. Fortunately, Fe3GeTe2 remains metallic upon exfolia-
tion: trilayer, bilayer, and single-layer Fe3GeTe2 are all metallic 
according to the DOS analysis (Figure S4b,c, Supporting 
Information and Figure 1b), and their DOS show similar pro-
files with the bulk DOS around the Fermi level (Figure S4a,  
Supporting Information).

2.2. OER Activity of Fe3GeTe2 along the Classical Pathway

Next, we will explore whether the basal plane of Fe3GeTe2 owns 
high OER activity. First, we examined OER following the clas-
sical pathway:[74] * + OH− → OH* + e− (1), OH* + OH− → O* +  
H2O + e− (2), O* + OH− → OOH* + e− (3), OOH* + OH− → 
OO* + H2O + e− (4), OO* → * + O2 (5), where * stands out 
the catalytic site. Note that if oxygen cannot be chemisorbed 
on the site, the fourth step will be denoted as OOH* +  
OH− → * + O2 + H2O + e−, and the fifth step will not exist. The 
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Figure 1.  a) Top and side views of the Fe3GeTe2 monolayer where Te, 
Fe, and Ge atoms are denoted by red, blue, and green balls, respectively.  
b) Spin-polarized PDOS of single-layer Fe3GeTe2 with respect to Fermi 
level (EF). The DOS ranges in the spin-up and spin-down channels are 
0.0–7.0 and −9.0 to 0.0, respectively.
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configurations of the involved OER intermediates are presented 
in Figure  2a. The adsorption bond lengths of intermediates 
OH*, O*, OOH*, and OO* are 2.045, 1.835, 2.153, and 2.253 Å, 
respectively (Table S3, Supporting Information).

Along the classical pathway, the overpotential of OER on 
Fe3GeTe2 is 0.86  V. ΔG1, ΔG2, ΔG3, and ΔG4 were calculated 
to be 0.59, 0.40, 1.26, and −0.46  eV, respectively (Figure  2b). 
Obviously, the third step, namely O* + OH− → OOH* + e−, is 
the rate-limiting process, leading to an overpotential of 0.86 V 
(Figure 2b). In other words, the step involving the OO combi-
nation determines the whole OER along the classical pathway. 
Such a large overpotential means that Fe3GeTe2 is not an excel-
lent OER electrocatalyst providing that the reaction proceeds 
along the classical pathway.

2.3. OER Activity of Fe3GeTe2 along Surface  
Hydroxyl-Boosted Pathways

Though the classical pathway can well describe OER on a 
single catalytic site, but it may be difficult to depict the cases 
where OER occurs on two sites, such as the most commonly 
used noble metal oxide IrO2

[75] and RuO2,[76] the perovskite-type 
material CaMnO3,[77] and the Fe-doped NiOOH,[78] one of 
the most efficient noble metal-free electrocatalyst under alka-
line conditions.[78] These cases involve the splitting of either 
H2O or hydroxyl ion on two neighboring sites, which is beyond 
the classical OER pathway.

Our above computations have shown that along the clas-
sical pathway, the combination of O* and the hydroxyl ion into 
OOH* is the rate-determining step, resulting in a large over-
potential. Providing that the hydroxyl ion is split by two sites, 
i.e., the oxygen atom of the hydroxyl ion combines with O* 
to achieve the OO bonding while its hydrogen atom is cap-
tured by the neighboring site, will the overpotential be signifi-
cantly reduced? Among the three possible sites to capture the 
hydrogen atoms (*, O*, and OH*), energetically OH* is the 
most favorable to combine with the hydrogen atom. Thus, such 
an OER pathway is named as surface hydroxyl-boosted pathway 
(Figure  3a,b). In the surface hydroxyl-boosted pathway, there 
are two possible ways to form the intermediate O*+OH*. In the 
first case (OH-boosted I, Figure  3a,c), O*+OH* is formed by 
2OH* + OH− → O*+OH* + H2O + e−, while in the second case 

(OH-boosted II, Figure  3b,d), O*+OH* is generated by O* + 
OH− → O*+OH* + e−.

Following the OH-boosted I pathway, the OER overpotential 
on Fe3GeTe2 can be reduced to 0.30 V. The adsorbed OH spe-
cies on the Fe3GeTe2 surface can stabilize the adsorption of the 
neighboring species. As shown in Figure  3a,c, ΔG for OH* + 
OH− → 2OH* + e− is only 0.22 eV, lower than that from * to 
OH* (see Figure  2). The adsorption bond lengths of surface 
hydroxyls of intermediate 2OH* are 2.171 and 1.964 Å, respec-
tively (Table S3, Supporting Information). The next step is 
2OH* + OH− → O*+OH* + H2O + e− (Figure 3a), and the cal-
culated ΔG is 0.28 eV (Figure 3c), which is also lower compared 
with ΔG from OH* to O* (Figure 2). The lengths of two TeO 
bonds of intermediate O*+OH* are 1.884 and 1.926 Å, respec-
tively (Table S3, Supporting Information). From the configura-
tions of the intermediates 2OH* and O*+OH* (Figure 3a), the 
lowered ΔG should be due to the hydrogen bonding. If along the 
classical pathway, the following step will involve the OO com-
bination of the intermediate O* and the hydroxyl ion accom-
panied by the electron transfer, namely O*+OH* + OH−  → 
OOH*+OH* + e−. However, unlike the intermediate OOH*, 
OOH*+OH* cannot survive and it will directly transform 
into OO* and H2O by the structural optimization (Figure S5,  
Supporting Information). This process is extremely similar 
with OER proceeding on RuO2(110), where the intermediate 
OOH*+O* is also unstable and will barrierlessly transform 
into OO*+OH*.[76] As a result, similar to OER on RuO2(110), 
the following process should be denoted as O*+OH* + OH− → 
OO* + H2O + e− (Figure  3a) whose ΔG was calculated to be 
0.70  eV (Figure  3c). In other words, the OO combination is 
accompanied by the electron transfer and the self-reduction 
of the adsorbed OH species into water. Obviously, the rate-
limiting process along the OH-boosted I pathway (Figure 3a) is 
the step from O*+OH* to OO* (Figure 3c) with ΔG of 0.7 eV, 
and thus the overpotential is 0.30 V. Compared with the large 
overpotential determined from O* to OOH* (Figure 2), the self-
reduction of the surface hydroxyl into water plays a crucial role 
in lowering the overpotential.

Following the OH-boosted II pathway, the overpotential 
for OER on Fe3GeTe2 is also 0.30 V since the same rate deter-
mining step (O*+OH* + OH− → OO* + H2O + e−) is involved. 
Like the classical pathway (Figure  2a), the first two steps of 
the OH-boosted II pathway are * + OH−  → OH* + e− and 
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Figure 2.  a) Classical pathway of OER on the basal plane of Fe3GeTe2 under alkaline conditions and the configurations of the involved reaction inter-
mediates. b) Free energy diagram at U = 0 V and pH = 14 along the pathway in a), where U and η represent the electrode potential and overpotential, 
respectively.
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OH* + OH− → O* + H2O + e− (Figure 3b). Their ΔG are 0.59 
and 0.40 eV, respectively, as shown in Figure 3d. The following 
step is the formation of the intermediate O*+OH*, i.e., O* + 
OH− → O*+OH* + e− whose ΔG is 0.10 eV (Figure 3b,d). The 
fourth step involves the OO combination accompanied by the 
electron transfer and the self-reduction of surface hydroxyl into 
water (Figure 3b). The more details on the step have been dis-
cussed above, and its ΔG was calculated to be 0.70  eV. Thus, 
the fourth step is still the rate-determining process (Figure 3d), 
resulting in the same overpotential as OER proceeding along 
the OH-boosted I pathway (Figure 3b).

Our conclusion that the self-reduction of surface hydroxyl 
into water can significantly boost the OER activity is obtained 
based on the ferromagnetic ground state. Note that the Curie 
temperature of Fe3GeTe2 is 130 K,[59] below the room temper-
ature at which the electrocatalysts are typically operated. As a 
result, Fe3GeTe2 may not be in the ferromagnetic ground state 
when used as an electrocatalyst, and it may be in the non-
ferromagnetic state. However, according to our computations, 
the Curie temperature of Fe3GeTe2 below room temperature 
has a very slight effect on the catalytic activity and does not 
affect our conclusion. More detailed discussion can be found in 
the Supporting Information.

Will the spin orientation of Fe3GeTe2 affect the OER activity 
and metallicity? Note that Fe3GeTe2 is inevitably exposed to 
the external electrical stimulation when applied as the OER 
electrocatalyst. Previous studies have shown that the external 
electrical stimulation can change the spin orientation of 2D 
magnets,[79,80] and the spin re-orientation was found to be able 
to modify the electronic properties.[81,82] Thus, it is necessary to 

explore the effect of the spin reorientation of Fe3GeTe2 on 
the OER activity and metallicity. Towards this end, we included 
the spin–orbit coupling (SOC) in our DFT calculations. Fol-
lowing the OH-boosted I pathway, ΔG1, ΔG2, and ΔG3 remain 
unchanged, and only ΔG4 is increased by 0.01 eV when rotating 
the magnetic moment from out-of-plane (Figure 4a) to in-plane 
(Figure  4b). Such a tiny change demonstrates that the OER 
activity of Fe3GeTe2 is insensitive to the spin direction. Simi-
larly, ΔG of OER along the OH-boosted II pathway are almost 
unchanged with the reorientation of the magnetic moment, as 
illustrated in Figure 4c,d. DOS analysis (Figure S6, Supporting 
Information) shows that the rotation of the spin direction does 
not break the metallic character of Fe3GeTe2. DOS of Fe3GeTe2 
with out-of-plane and in-plane spin orientations are of high 
similarity, which explains the tiny change of ΔG with the spin 
reorientation well.

Multilayer Fe3GeTe2 also owns high performance to catalyze 
OER following the same catalytic mechanism as the Fe3GeTe2 
monolayer. In general, it is difficult to obtain monolayer mate-
rials in the practical application, in particular for electrocata-
lysts. Therefore, we explored the catalytic performance and 
mechanism of the multilayer. Bilayer and trilayer Fe3GeTe2 
have high electrocatalytic performance towards OER with the 
overpotential of 0.33  V (Figures S7 and S8, Supporting Infor-
mation). Like the monolayer (Figures 2 and 3), the self-reduc-
tion of surface hydroxyl into water can significantly reduce the 
overpotential for OER, thus greatly boosting the OER activity. 
Bilayer and trilayer Fe3GeTe2 own the almost same free energy 
diagrams, which shows that the catalytic activity of Fe3GeTe2 
has been converged against the layer number. As a result, the 
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Figure 3.  a,b) Surface-hydroxyl-boosted pathways of OER on the basal plane of Fe3GeTe2 under alkaline conditions, together with the configurations of 
the involved reaction intermediates. c,d) Free energy diagrams at the conditions (U = 0 V and pH = 14) along the pathways in (a) and (b), respectively. 
The electrode potential and overpotential are denoted as U and η, respectively.
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catalytic activity of trilayer Fe3GeTe2 can well represent that of 
the multilayer Fe3GeTe2. Note that the catalytic activity of bulk 
materials cannot be directly calculated in theory, and its activity 
is often approximated by that of multilayer. Thus, it is expected 
that bulk Fe3GeTe2 also has high performance towards OER.

3. Conclusion

In summary, by means of DFT computations, we demonstrated 
that Fe3GeTe2 nanosheet, one of emerging 2D ferromagnets, 
is an excellent OER electrocatalyst. Fe3GeTe2 remains metallic 
from bulk to single layer, ensuring efficient electron transfer in 
Fe3GeTe2 nanosheet during electrochemical reactions. The basal 
plane of ferromagnetic Fe3GeTe2 is of high OER activity, on 
which OER can be driven with an overpotential of 0.30 V. Due 
to high specific surface area, electrocatalysts based on 2D vdW 
materials can offer abundant exposed catalytic sites. Together, 
these findings strongly suggest that Fe3GeTe2 nanosheet could 
greatly advance the energy technologies related to electrochem-
ical OER. Notably, for the first time, we revealed the self-reduc-
tion of surface hydroxyl can significantly boost the OER activity: 
surface hydroxyl can stabilize the adsorption of the neighboring 
species via hydrogen bonding, and the overpotential can be 
significantly lowered with surface hydroxyl self-reducing into 
water. Such insights not only promote the understanding of 
OER, but also open a new route for the design of OER electro-
catalysts. This work is the first attempt to utilize the emerging 
2D ferromagnets in the energy-related field, and we hope that it 
will stimulate more experimental and theoretical studies toward 
exploring the potential applications of emerging 2D ferromag-
nets in the growing field of energy storage and conversion.

4. Experimental Section
All spin-polarized DFT calculations were performed by using the Vienna 
ab initio simulation package[83] within the projected augmented wave 
method.[84] Local density approximation (LDA)[85] was adopted as 
the exchange-correlation functionals since previous theoretical and 
experimental studies have demonstrated that the LDA functional alone 
is sufficient to accurately describe the Fe3GeTe2 system among all the 
tested exchange-correlation functionals.[58,64,86] Besides, the results 
obtained were provided by using Perdew−Burke−Enzerhof (PBE) 
generalized gradient approximation[87] (Figures S9–S11, Supporting 
Information). The calculated overpotential by PBE (0.39  V) is slightly 
larger than that obtained by LDA (0.30  V), but the OER mechanism 
revealed in this work, i.e., the overpotential can be remarkably lowered 
via the self-reduction of surface hydroxyl into water, is intrinsic and 
independent of the form of the functional, either LDA or PBE. The cut-off 
energy, the thickness of the vacuum space, and the k-point meshes for 
optimizing unit cells of single-layer, bilayer, trilayer, and bulk Fe3GeTe2 
are in accordance with the previous study.[58] For geometry optimizations 
of OER intermediates, a 2 × 2 supercell was used, and the Brillouin zone 
was sampled by using a 5 × 5 × 1 gamma-centered k-point mesh. The 
atomic positions in all the structures were fully relaxed until the energy 
change between two steps was less than 10−5 eV and the forces acting 
on each atom was less than 0.01 eV Å−1.

Gibbs reaction free energy (ΔG) of each step was calculated by using 
the method developed by Nørskov and co-workers.[1,88–90] According to 
their method, ΔG is defined as follows: ΔG = ΔE + ΔEZPE − TΔS − eU, in 
which ΔE is the reaction energy directly obtained by DFT calculations, 
ΔEZPE is the change in the zero-point energy, T is the reaction temperature 
(set to 298.15 K), ΔS is the entropy difference, and U denotes the 
electrode potential with respect to the standard hydrogen electrode 
(SHE). Zero-point energies of the OER intermediates were derived from 
the vibration frequencies, and the entropy difference among the OER 
intermediates was neglected.[1,90] The difference between the Gibbs free 
energies of OH− and e− was calculated as G(OH−) − G(e−) = 1/2G(H2O) +  
1/4G(O2)  − 0.40  eV. 0.40  V represents the equilibrium reduction 
potential versus SHE for O2 to OH−, i.e., O2  + 2H2O + 4e−  → 4OH−,  

Adv. Funct. Mater. 2019, 1904782

Figure 4.  Free energy diagrams of OER on Fe3GeTe2 with a,c) out-of-plane and b,d) in-plane spin orientations at U = 0 V and pH = 14 along OH-boosted 
a,b) I and c,d) II pathways, where U and η represent the electrode potential and overpotential, respectively.
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at the conditions (T = 298.15 K, P = 1 bar, and pH = 14).[91] Note that 
the high-spin ground state of O2 is notoriously poorly described in DFT 
calculations, so the Gibbs free energy of O2 was derived as G(O2) = 
2G(H2O) − 2G(H2) + 4.92 eV.[1,88,90] Zero-point energies and entropies of 
H2O and H2 were obtained from the previous study.[88] The OER activity 
is evaluated by the overpotential (η): η  = ΔGmax/e  − 0.40  V. ΔGmax is 
the maximum among ΔG of all the reaction steps involving the electron 
transfer. The smaller the overpotential is, the higher the OER activity is.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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