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Abstract: Recently, two-dimensional metal-organic frameworks have received increasing interest
due to their flexible components with adjustable structures, abundant accessible active sites, and high
conductivity. In this paper, the thermal stability and electronic structure of 2D transition metal-organic
framework (TM-O MOF, TM = Mn, Fe, Co, Ni) single-layer structures are systematically explored
using first-principles calculations. Theoretical results reveal that these TM-O MOF systems exhibit
good thermal stability due to sufficient 7-electron conjugation and effective interaction between the
transition metal and the organic ligands. They all show metallic behavior with spin magnetism.
The catalytic property of TM-O MOFs depends on the d-electron occupations in the TM atoms.
Interestingly, the active sites of HER and OER are O atoms and TM atoms, respectively, enhancing the
water splitting process. The Co-O MOF shows a good HER and OER catalysis performance with the
Gibbs free energy of adsorbed hydrogen atoms AGspy = 0.02 eV and the over potential 7R = 0.53 V.
The insights confirm the stability and highlight the outstanding water splitting catalytic performance
of 2D MOFs under normal reaction conditions.

Keywords: water splitting; single-atom catalysts; two-dimensional metal-organic framework; density
functional theory

1. Introduction

With the increase in demand and consumption of fossil fuels, scientists urgently desire
the development of alternative energy to maintain the rapid development of society [1,2].
Recently, scientists have paid much attention to hydrogen production by water splitting
because it provides a sustainable solution to the energy crisis and environmental pollu-
tion [3,4]. This overall water splitting process can be driven by electricity or light [5,6],
which consists of the hydrogen evolution reaction (HER) at the cathode and oxygen evolu-
tion reaction (OER) at the anode, respectively. However, there are large overpotentials in
two-electron-transfer HER and four-electron-transfer OER processes, which require highly
efficient electrocatalysts to overcome the overpotential and expedite the electrochemical
reactions [7]. Considerable study efforts have been devoted to developing efficient water-
splitting electrocatalysts [8]. Until now, noble metals and metal oxide catalysts (e.g., Pt,
RuO,, and IrO,) have been dominant in water splitting processes thanks to their moderate
absorption energy [9,10]. To commercialize this technology, it is essential to develop low-
cost, high atomic efficiency, and durable electrocatalysts to enhance the processes for both
cathodic HER and anodic OER [11,12].

By successfully synthesizing a single Pt atom anchored in FeOy, Zhang et al. first
introduced the concept of a single-atom catalyst (SAC) in 2011 [13], stimulating intense
efforts in chemistry and materials science to explore SACs as one class of the next generation
electrode candidates for various catalysis [14-16]. In principle, SACs would be developed
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as efficient and low-cost heterogeneous catalysts due to 100% metal dispersion on the
substrate and maximization of the metal utilization [17-19]. Recently, a new class of
two-dimensional materials composed of metals and organic ligands have emerged, defined
as two-dimensional metal-organic frameworks (2D-MOF) [3,20,21]. The MOF materials
possess open channels, large porosity, and high specific surface area, indicating that they
could provide abundant active sites [22]. 2D-MOFs and their derived materials have
been extensively reported as having great potential electro/photocatalysis for chemical
reactions [23-25]. According to the differences in the substituted ligands, 2D-MOFs can
be divided into metal-Oy4-linked, metal-NHjy-linked, and metal-S4-linked m-conjugated
systems [20,26-28]. Therefore, the different metal atoms and substituted ligands result in
structural diversity [29,30].

Based on the synthesis of the oxygen analog of CuzC;,01; [31], herein, four TM3C;,017
with different central transition metals, including Mn, Fe, Co, and Ni, were designed. The
effects of central transition metal sites on the HER and OER catalysis performance were
studied in association with the electronic structures. We systematically investigated the
thermal stability and electronic properties of 2D TM-O MOF single-layer structures. The
results reveal that these TM-O MOF systems exhibit sufficient m-electron conjugation and
strong interaction between the transition metal and the organic linker, which endow their
high thermal stability. The calculated density of states indicates that the TM-O MOFs all
show metallic behavior with spin magnetism. The free energy diagrams show that the
Co-O MOF exhibits good HER and OER catalysis performance with AGy of 0.02 eV and
1OFR of 0.53 V. Interestingly, the active sites of HER and OER are located at the O atoms
and TM atoms, respectively. The investigation confirms the stability of 2D TM-O MOFs
and highlights the promising catalytic performance in energy conversion.

2. Computational Details

All the spin-polarized and periodic DFT simulations were performed on the Vienna
Ab-initio Simulation Package (VASP 5.4.4) code [32]. The Perdew—Burke—Ernzerhof (PBE)
functional with the generalized gradient approximation (GGA) and the projector aug-
mented wave (PAW) pseudo-potentials were selected [33,34]. The cutoff energy was
500 eV. The van der Waals interactions were described using the DFT-D3 method [35]. For
geometry optimization and electronic structure, the Brillouin zone k-point Monkhorst-Pack
meshes were 5 x 5 x 1 and 7 X 7 x 1, respectively. The related electronic properties were
analyzed with the VASPKIT code [36]. The convergence criterion of each atom for the force
and energy was set to 0.01 eV/A and 107 eV, respectively. The vacuum space along the
z-direction was 20 A. The thermal stability of 2D TM-O MOF systems was performed
through ab initio molecular dynamics (AIMD) simulations with the canonical (NVT) en-
semble [37]. The solvent effect was considered via an implicit solvation model in the
VASPsol code [38]. Gibbs free energy change and diagrams were calculated from [39]:

AG = AE 4+ AEzpg — TAS + AGy + AGpp, 1)

where AE is the electronic energy difference. AGy is determined by the electrode potential L.
AGy =el, 2

where e is the transferred electrons. AGpp is the free energy derived from the solution pH.
AGpy =kgT x In10 x pH, 3)

where kg is the Boltzmann constant. In this study, pH = 0. By calculating the frequencies,
the zero-point energy AEzpg and entropies TAS were calculated via the VASPKIT code [36].
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3. Results
3.1. Geometry and Stability

As depicted in Figure 1, the representative atomic structure of the studied 2D TM3C1,01
(TM = Mn, Fe, Co, Ni) single-layer structures is atomically thin like graphene. The hexago-
nal unit cell of TM-O MOF single-layer structures is made of 3 transition metal (TM) atoms,
12 oxygen atoms, and 2 benzene rings. The lattice constants of the energy minimized TM-O
MOF structures, as well as the TM-O and C-O bond lengths and pore size in these systems,
are displayed in Table 1. The optimized lattice parameters of TM-O MOF vary by altering
the metal atom, which displays a decreased trend for Mn (13.25 A) —Fe (13.15 A) — Co
(13.04 A) — Ni (12.98 A). The variation in the C-O bond length in different structures is
negligible, and the maximum difference is 2%. While the bond lengths of TM-O (Drmp-0)
exhibit a strongly decreased trend from Mn to Ni. As a result, different MOF structures
show different lattice constants, which originate mainly from TM-O bonds. The separated
distance (Dry) of the nearest two TM atoms is more than 6.49 A, indicating that the TM-O
MOF single-layer structures can be considered SACs. The calculated pore size (Dp) of
TM-O MOF single-layer structures is also dependent on the TM atomic centers, exhibit-
ing the same change trend as the lattice constants and the TM-O bond length, which are
13.25 A (Mn-O MOF), 13.15A (Fe-O MOF), 13.04 A (Co-O MOF), and 12.98 A (Ni-O MOF),
respectively. It should be noted that these porous structures are beneficial to the diffusion
of protons and ions and facilitate the water splitting course.

Figure 1. The representative (a) top and (b) side views of TM-O-MOF single-layer structure.

Table 1. Calculated geometric parameters including the lattice constants (1), the bond length of
TM-O (D1m-0), C-O (Dc.o), the pore size (Dp), the distance between the metal atoms (D1y)l,
total magnetic moment (Mot), Bader charge [QrMm, Qol, and d-band center (¢q) of TM-O-MOF
single-layer structures.

Materials a (A) Drm.o A Dco (A) Dp (A) Div (A) Mot (up) QtM (e) Qo (e) g4 (eV)
Mn-O-MOF 13.25 1.88 1.33 13.25 6.62 9.00 —1.54 +0.77 —-1.76
Fe-O-MOF 13.15 1.85 1.32 13.15 6.57 6.00 —1.23 +0.72 —1.97
Co-O-MOEF 13.04 1.84 1.31 13.04 6.52 3.73 —0.99 +0.71 —1.88
Ni-O-MOF 12.98 1.83 1.30 12.98 6.49 0.50 —0.88 +0.69 —2.09

The stability of these four TM-MOF single-layer structures was examined after attain-
ing their unique atomic configurations since the materials” good stability is a prerequisite
for their practical application. Their thermal stabilities were examined using a specified
rectangular super-cell (included 54 atoms) by NVT-AIMD simulations with a duration
of 3000 fs and a temperature of 500 K [37]. The variations in temperature, total energies,
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C-O and Mn-O bond lengths are presented in Figure 2. The corresponding total energies
and temperature display up and down trends along a fixed range, and the corresponding
average C-O and Mn-O bond lengths of these TM-MOF sheets oscillate slightly around
the central axis throughout the simulation, which indicates that they do not undergo
a phase change. We also depict the top and side views of the final snapshots after 3000 fs in
Figure 3. No chemical bond breakage and atomic recombination exist in the final atomic
structures from the top and side views. These slight distortions are primarily ascribed to the
oscillating of atoms, which would not influence the stability of the TM-O MOF structures.
It can be concluded from the results that all considered TM-O MOF nanomaterials stay
intact and have high thermodynamic stability.
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Figure 2. The AIMD results of (a) Mn-O-MOF, (b) Fe-O-MOF, (c¢) Co-O-MOF, and (d) Ni-O-MOF
single-layer structures at 500 K during the timescale of 3 ps.

We further computed charge analysis to study the chemical bonding character of the
as-designed TM-O MOF single-layer structures. The electron localization function (ELF)
isosurfaces with a value of 0.50 a.u. are shown in Figure 4a—d. The isosurfaces of electron
localization function (ELF) with a value of 0.50 au are shown in Figure 4a,c, in which
a larger ELF value (>0.50) implies a covalent bond or core electrons, while a smaller ELF
value (<0.50) suggests an ionic bond, and an ELF value of 0.50 corresponds to a metallic
bond. It can be deduced that the nearest neighbor C and C-O atoms form covalent bonds,
while the TM-O display ionic bond features similar to that of other MOF nanomaterials.
Moreover, Bader charge analysis implies that the TM atoms lose 0.88-1.54 ¢, and the O
atoms gain 0.69-0.77 ¢, i.e., the TM atoms could transfer electrons to their adjacent O atoms,
further confirming the considerable TM-O ionic bond atoms. The coexistence of covalent
and ionic bonds in the TM-O MOF single-layer structures endows their good structural
stability and promising catalysis activity [40].
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Figure 3. The final structures of (a) Mn-O-MOF, (b) Fe-O-MOF, (c) Co-O-MOF, and (d) Ni-O-MOF
single-layer structures after AIMD simulations.

Figure 4. Electron localization function (ELF) of (a) Mn-O-MOFE, (b) Fe-O-MOF, (c) Co-O-MOEF, and
(d) Ni-O-MOFE. The spin density of (e) Mn-O-MOF, (f) Fe-O-MOF, (g) Co-O-MOF, and (h) Ni-O-MOF
single-layer structures.
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3.2. Electronic Properties

Because the electronic structures of the catalysts significantly impact their electrocat-
alytic performance, the density of states (DOS) of TM-O MOF single-layer structures was
calculated using the DFT + U method to unveil their electronic properties [41]. Their total
DOS (TDOS) shown in Figure 5 indicates that these TM-O MOF single-layer structures
are intrinsic metallic due to some density of states at the Fermi level. Thus, high electrical
conductivity should ensure rapid charge transfer in OER and HER processes [42].
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Figure 5. Total and local density of states (DOS) of (a) Mn-O-MOF, (b) Fe-O-MOF, (c) Co-O-MOF, and
(d) Ni-O-MOF single-layer structures. The Fermi levels are set to 0 eV.

Furthermore, it can be observed that the spin-up and spin-down DOSs are asymmetric,
which results in spin magnetism. The calculated total magnetic moments (M;ot) of the
primitive hexagonal cells of Mn-O, Fe-O, Co-O, and Ni-O MOF single-layer structures
are 9.00 up, 6.00 up, 3.73 up, and 0.50 up, respectively (Table 1). Compared with the spin-
charge density in Figure 4e-h, the magnetism of Mn-O, Fe-O, and Co-O MOFs mainly
comes from the TM atoms, while the magnetism of Ni-O MOF is mainly around the O
and C atoms. The spin-charge distribution can also be concluded from the local DOS
(LDOS) of elements in TM-O MOF structures. As plotted in Figure 5, TM (Mn, Fe, and
Co)-LDOSs exhibit more asymmetry than the corresponding C-LDOS and O-LDOS, while
the C-LDOS and O-LDOS display more spin-splitting than Ni-LDOS, which is in agreement
with the spin-charge density and the total magnetic moments (Table 1). As confirmed
by previous research [42-44], the strongly polarized spin magnetism could facilitate the
chemical catalysis process.

The chemical bonds among C, O, and TM elements could be deduced from the LDOS
of each element. As plotted in Figure 5, obvious LDOS hybridization between the ligands
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and the TMs further confirms the strong C-O and TM-O bonds. The strong hybridization
of LDOS of each element endows their good structural stability.

3.3. Hydrogen Evolution Reaction

The electrochemical water splitting consists of HER and OER courses. As shown in
Figure 6a and Figures S1-54, three representative symmetric sites (TM, O, and C atoms)
were considered. For HER, first, the binding strength of a hydrogen atom on the 2D MOF
catalysts was evaluated since its catalytic activity is determined by the adsorption and
desorption processes. The corresponding adsorption structures are depicted in Figure 6b—d.
The formed H-TM and H-C bonds are perpendicular to the plane of the TM-O MOF sheets,

while the H-O bond is in the plane of the 2D TM-O MOF structures, similar to the previous
results [28,40].
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Figure 6. (a) The atomic structure of Co-O MOEF. The optimized adsorption atomic structures of
hydrogen on (b) TM, (c) O, and (d) C atoms. Gibbs free energy diagrams of hydrogen adsorption on
(e) Mn-O MOF, (f) Fe-O MOF, (g) Co-O MOF, and (h) Ni-O-MOF. (i) Volcano curve of the density of
exchange current (ip) vs. AGy+ on TM-O MOFs.

The computed HER free energy diagrams of four TM-O MOFs at a 0 V potential
(U =0 V) vs. the standard hydrogen electrode at pH = 0 are plotted in Figure 6e-h.
The Gibbs free energy of adsorbed hydrogen atoms (AGs) on the different adsorption
sites was calculated from the equation AGy+ = AEg* + AEzpg — TASh+ to check their HER
catalytic activity [45,46], where AEg~ is the hydrogen adsorption energy, AEzpg corresponds
to the zero-point energy of adsorbed hydrogen and gas-phase hydrogen, ASy+ is the
entropy difference between gas phase and adsorbed state, and T indicates a temperature of
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298.15 K. The optimal Gibbs free energy of adsorbed hydrogen atoms AGy- is close equal to
0 eV for an ideal HER catalyst. In cases of Mn, Fe, and Ni active sites, their corresponding
AGp+ are 0.75 eV, 0.43 eV, and 0.89 eV, respectively. These large positive AGy+ values
indicate weak binding strength between the TM sites and the H atoms. Thus, these three
TM sites are not conducive for HER. The AGy+ on the Co site in Co-O MOF is 0.16 eV,
indicating that the Co site may be the HER active site. The AGy+ on C and O sites in these
four TM-O MOF structures is less than 0.33 eV. As seen in the HER diagram of Mn-O MOF
shown in Figure 6e, the Gibbs free energy of adsorbed hydrogen atoms (AG+) on Mn,
O, and C sites are 0.75 eV, 0.26 eV, and 0.21 eV, respectively, which indicates that its HER
activity is 0.21 eV and its active site is C atom. Thus, it is clear that the HER catalytic activity
(AG+g) of Fe-O, Co-O, and Ni-O MOF single-layer structures are 0.18 eV, 0.02 eV, and
0.12 eV, respectively, and the corresponding active sites are O atoms. We can see that the
corresponding AGsy of Co-O MOF is even lower than that of the currently commercialized
Pt-based catalyst (0.02 eV < 0.09 eV) [47].

To compare the HER catalytic performance of diverse TM-O MOF systems, the
exchange-current iy was calculated from Nerskov’s assumption [46], and then a volcano
curve was built from the exchange current (iy) rate as a function of the Gibbs free energies of
*H (AG+y) in Figure 6i. The catalysts on the left branch of the volcano curve with negative
AG*y values have strong hydrogen adsorption and thus make it difficult for H, desorption.
In contrast, the catalysts on the right branch have positive AG+ values, suggesting they are
not conducive to hydrogen adsorption. The AGs value of the O atom in the Co-O MOF
system is 0.02 eV (very close to the optimal value, 0.00 eV for ideal catalysts), located near
the top of a volcano curve. The results can be assigned to Sabatier’s principle [39]. The Ni
atom in Ni-O MOF exhibits weak adsorption of *H, which is positioned at the right bottom
of the volcano curve with a positive AG+y and minimal exchange current (i) rate. Based
on the above analysis, Co-O MOF stands out from all these systems due to the ideal AGsyy,
suggesting an optimum H adsorption strength on the O atom in the Co-O MOF surface
and a promising HER catalyst.

3.4. Oxygen Evolution Reaction

In this section, we evaluated the OER catalytic performance of these four viable TM-O
MOF catalysts. Generally, the entire OER process is illustrated in four-step elementary
reactions [48]:

*+ H,O — *OH+ HY, (R1)
*OH — *O + H+, (R2)

*O + H,O — *OOH + HY, (R3)
*OOH — *+ O, + H'. (R4)

The overall process comprises three reaction intermediates, which are *OH, *O, and
*OOH, respectively. The optimized atomic structures of *OH, *O, and *OOH intermediates
adsorption on these four TM-O MOF single-layer structures are examined on different
adsorbed active sites and different atomic structures. It can be seen that the oxygen species
prefer to absorb to the TM sites for different TM-O MOF systems (Figures 7a—c and S1-54),
which matches well with the results of other MOF structures [30,49]. It should be noted that
the TM-O MOF could keep in the same plane well after adsorption of the oxygen species,
implying their high stability.

Based on the optimized oxygen intermediates atomic structures, the reaction free
energy of each elementary step (AGy, AG;,, AG3, and AGy) was computed, and then the
adsorption free energies of *OH, *O, and *OOH (AG+on, AG+o, AG+oon) were deduced, as
shown in Table 2 and Figure 7d—g. For example, from Figure 7d, the AG«op value of the Mn-
O MOF is 0.91 eV and smaller than the ideal value of 1.23 eV for a single electron process,
indicative of strong interactions between the *OH and Mn atom in the Mn-O MOF single
layer. The AGxg of 2.14 eV is less than the ideal value of 2.46 eV for a two-electron process,
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(a)

hence strong interactions between *O and Mn atom were determined. The AG+oon of
4.01 eV is more than the ideal value of 3.69 eV for a three-electron process, representing
weak interactions between the *OOH and Mn atom. Therefore, the corresponding AGq,
AGy, AG3, and AGy of Mn-O MOF are 0.91, 1.23, 1.87, and 0.91 eV, respectively. The
third step involves an H,O molecule reacting with a bound *O intermediate to generate
an *OOH intermediate. Since this reaction possesses the largest free energy, it is the
potential-limiting step (PLS). Hence, the AGs is denoted as the AGprs. The OER overpoten-
tials can be calculated using the following equation:

7OFR = AGprg /e — 1.23. (4)
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Figure 7. The optimized adsorption configurations of (a) *OH, (b) *O, and (c) *OOH on TM-O
MOFE. The Gibbs free energy diagram on (d) Mn-O MOF, (e) Fe-O MOF, (f) Co-O MOF, and (g) Ni-O
MOF. (h) Scaling relationship of AGoop+ and AGogy. (i) OER volcano curve displaying the 7OFR as
a function of AGoy* and AGoy+ — AGopx. The units of 110ER color bar values are V vs. RHE.

Thus, the 7°FR of Mn-O MOF is 0.64 V. The OER working potential, Uy, is defined as
Uyork = 1R +1.23. (5)

Here, the smallest potential suggests the OER is occurring spontaneously. For the
Mn-O MOF, the 719FR is 0.64 V with a U,yqp of 1.87 V.

A similar analysis was carried out for the PLSs of Fe-O MOF and Co-O MOF. Both
show that the third step with *O — *OOH is the PLS. Their corresponding AGpyg are 1.95 eV
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and 1.76 eV, respectively (Figure 7e,f). Therefore, the Fe-O MOF possesses the 7FR=0.72 V
and Uy, = 195V, and the Co-O MOF single-layer structure displays the 7°FR= 0.53 V and
Uyork = 1.76 V. From the Ni-O MOF results in Figure 7g, the AG+oy, AG+o, and AG+oon
are 2.11, 3.64, and 5.03 eV, respectively, which are more than the corresponding ideal values
of 1.23,2.46, and 3.69 eV, indicating the weak interaction between the oxygen species and
Ni-O MOF. Their AGy, AGy, AG3, and AGy are 2.11, 1.53, 1.34, and —0.11 eV, suggesting the
first step of the reaction is the PLS, which is * —+*OH. Thus, the UOER and Uyeri of Ni-O
MOF are 0.88 and 2.11 V, respectively. Among the calculated TM MOFs in this work,
the Co-O MOF shows the best OER catalysis activity due to the lowest overpotential
(#°FR = 0.53 V), which is also lower than or comparable to the reported Mn@C,N
(#OFR = 0.67 V) [50], Co@GY (5°FR = 0.55 V) [51], Fe-TAA MOF (5°FR = 0.45 V) [52],
IrO, (7°FR = 0.55 V) [53], and Co@H4,4,4-GY (7°FR = 0.45 V) [54].

Table 2. Computed adsorption free energies of *OH, *O, and *OOH (AG+on, AG+0, AG+oom), OER
overpotentials (7°FR), working potentials (Uyyy), and corresponding potential-limiting step (PLS)
on TM-O MOF systems.

Materials AGog- (eV) AGg+ (eV) AGoon+ (€V) 7OER (V) Uyorkc (V) PLS
Mn-O-MOF 091 2.14 4.01 0.64 1.87 *O — *OOH
Fe-O-MOF 0.86 2.09 4.04 0.72 1.95 *O — *OOH
Co-O-MOF 1.40 2.72 448 0.53 1.76 *0 — *O0H
Ni-O-MOF 2.11 3.64 5.03 0.88 2.11 * 5 *OH

Ideal 1.23 2.46 3.69 0.00 1.23 -

In order to screen out the highly efficient OER catalysts, the scaling relationship of
AG+oon vs. AG+oy is plotted based on the previous investigation [55], and then the OER
activity volcano curve is constructed. As displayed in Figure 7h, a good fine linear relation
of AG+ooy vs. AG+oy is established as

AG*OOH =0.82 AG*OH + 3.30, (6)

with an R? of 0.99. Alternatively, the OER volcano curve can be visually presented by the
above relationship in Figure 7i. The four regions in the volcano correspond to the Gibbs
free energy difference between the products and reactants and could indicate the PLS. It
shows that the Ni-O MOF is located in the up region, indicating the PLS is the *— *OH
reaction, while the Fe-O MOF and Mn-O MOF are located in the right region, confirming
the PLS is the *O —* OOH reaction. It also suggests that the Co-O MOF is located near the
volcano peak with a relatively low overpotential (5°FR = 0.53 V).

To establish the origin of OER catalytic activity of the designed MOF catalysts, the
d-band centers (e¢4) on the TM atoms in these TM-O MOF systems were computed to
evaluate the binding strengths of OER intermediates [56]. The results are shown in Table 1.
The &4 values of the Mn, Fe, Co, and Ni atoms in the corresponding TM-O MOF structures
are —1.76, —1.97, —1.88, and —2.09 eV, respectively. Furthermore, we attemplted to plot
a volcano curve via the OER overpotentials (#°FR) as a function of the d-band centers
(eq), as shown in Figure 8. Generally, the higher the d-band centers, the stronger the
binding strength between the OER species and TM-O MOFs. The catalysts on the left side
of the volcano curve have lower d-band centers, indicating weak adsorbate adsorptions.
While the catalysts on the right branch have higher ¢4 values, suggesting strong adsorbate
bindings. The results are in line with the Sabatier adsorption principle [55]. The peak of the
volcano curve corresponds to the Co-O MOF, indicating the best OER performance among
the catalysts in this work.
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Figure 8. The volcano curve of OER overpotential as a function of the d-band center (eq).

4. Conclusions

In summary, the water splitting catalytic performance of 2D metal-organic framework
(TM-O MOE, TM = Mn, Fe, Co, Ni) single-layer structures was investigated using spin-
polarized DFT calculations. It was found that these TM-O MOF systems possess high
thermodynamic stability with directional metallic character. Interestingly, the character of
the central TM atoms in the 2D TM-O MOFs displayed a determinative effect on their water
splitting catalytic performance. The catalytic property of the TM-O MOF monolayers is
related to the d-band center of the TM atoms. The Co-O MOF offered the best HER and OER
catalysis performance with the Gibbs free energy of adsorbed hydrogen atoms (AGsyy) of
0.02 eV and OER overpotentials (7°FR) of 0.53 V. Furthermore, the active sites of HER and
OER were separately located on the O atom and TM atoms. Such site separation is beneficial
to the water splitting efficiency. We believe that once these 2D TM-O MOF nanomaterials
are synthesized, they could be applied in catalysis and clean energy technologies.
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of H, OOH, O, and OH on Co-O MOF monolayer; Figure S4: The optimized top and side views of H,
OOH, O, and OH on Ni-O MOF monolayer.
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