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SUMMARY

Single-atom catalysts (SACs) offer maximum metal atom utilization and high catalytic performance. Tran-
sition metal atoms on two-dimensional (2D) materials are effective for improving electrocatalytic perfor-
mance. However, few studies exist on SACs supported on 2D tetragonal transition metal chalcogenides
(TMX) for OER and HER. We report a detailed theoretical study using DFT calculations on SACs supported
on TMX monolayers, denoted as TMA@TMgX. Our findings demonstrate that seven TMA@TMgX electro-
catalysts surpass IrO; (nogr = 0.56 V), with four TM,@TMgX exhibiting a reduced OER overpotential
compared to RuO; (nogr = 0.42 V). Additionally, four TMA@TMgX exhibit higher HER performance than
Pt (111) (nxer = 0.10 V). We ultimately identified three SACs with high bifunctional HER/OER activity:
Co@NiSe, Rh@NiTe, and Co@NiS. This study on TMA@TMgX provides insights for enhancing the HER
and OER activities of SACs supported on 2D materials, which could have significant implications in clean
and renewable energy.

INTRODUCTION

In order to solve the problem of the shortage of non-renewable energy such as fossil fuel and environmental pollution, the research on the
development of renewable clean energy is gradually extensive.'* Electrochemical water splitting based on oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) has great potential in clean energy production.* As a clean, high-energy density, and sustainable
secondary energy source, hydrogen produced on the cathode is widely used in fuel supply and material processing. The OER on the anode
involves a four-electron transfer process, which is a slow kinetic step that determines the overall rate of the electrocatalytic water splitting
reaction.”® The requirement for O, in the chemical manufacturing process is consistently increasing, and thus it is imperative to create a
new-type and highly effective bifunctional HER and OER electrocatalyst.” " In the past few years, substantial efforts have been made to
find less expensive non-precious metal-based electrocatalysts that can match or even surpass the performance of their costlier counterparts.

During recent years, the rapid advancement of material synthesis techniques and characterization methods has led to the growing popu-
larity of single-atom catalysts (SACs) in heterogeneous catalysis. These SACs feature isolated transition metal atoms supported on substrates,
which serve as active centers. In comparison to catalysts based on metal clusters or nanoparticles, SACs have a smaller particle size and the
distinct local chemical environment of the transition metal atoms which results in higher catalytic performance in various electrocatalytic re-
actions. Continuous research efforts have been dedicated to the utilization of SACs for electrocatalytic reactions.'” ' Ali et al. performed a
computational study for the mechanism of CO oxidation by O, on a single Au atom supported on pristine and nitrogen or boron-doped sin-
gle-walled carbon nanotubes.' It has been discovered that unlike traditional LH and ER mechanisms, oxygen molecules are activated by CO
molecules that are pre-adsorbed on Au sites. Yang et al. studied FeS,-supported transition metal atoms as the electrocatalyst for HER and
OER, and found two SACs with excellent bifunctional catalytic performance.’® Moreover, Chen et al. have theoretically studied single and
double transition metal atoms (Co, Cu, Ni, Pt, and Pd) deposited on WS, nanosheet as catalyst supports for CO, activation and reduction,
and found that the Cu- and Co/S-vacancy WS, systems were found to have good activity for CO, reduction to formic acid and CO."” Thus, the
catalytic performance of single-atom catalysts has not only been verified under laboratory conditions, but also widely recognized in practical
applications. Meanwhile, through theoretical calculations, scientists have successfully revealed the electronic structure and reaction kinetics
properties of single-atom catalysts. Single-atom catalysts have become one of the hot research topics in the field of catalysis.

2D tetragonal transition metal chalcogenides TMX (TM = transition metals; X = S, Se, Te) have a unique layered structure and adjustable
electronic properties.'®'? The utilization of TMX as a substrate for SACs could offer a wide range of possibilities for altering the electronic
properties of the supported transition metal atoms, thereby optimizing their performance in specific electrocatalytic reactions. Motivated
by the outstanding electrocatalytic activity of 2D tetragonal TMX monolayers and the advantages of SACs, it is of great interest to
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Figure 1. The selection process of TM, single-atom sites on TMgX and the stability of TMA@TMgX
(A) Three adsorption sites (I-hollow site, lI-metal top site, lll-nonmetal top site) on TMgX monolayer.

(B) Schematic diagram of TM atoms adsorption on monolayers to form SACs.

(C) Formation energy of TMa on four TMgX monolayers at site | (only show those with negative Ey).

comprehensively investigate the electrochemical performance of transition metal atoms supported on TMX monolayers. By density functional
theory (DFT) calculation, we investigated the electrocatalytic water-splitting activities of transition metal single atoms supported on 2D tetrag-
onal transition metal chalcogenides TMX (the SACs denoted as TMA@TMgX, and A and B are used to distinguish the two TMs that may be
different). The Gibbs free energy change of the adsorbed hydrogen (AGy+) and the OER volcano diagram were used to evaluate the activities
of TMA@TMgX. At the same time, we used the relationship between the Gibbs free energy of the adsorption intermediates, overpotential,
and the d-band center to analyze the trend of catalytic activity. Our findings in the current work should provide insight into the role of SACs on
TMX monolayers and will be beneficial for the design of other high-performance electrocatalysts.

RESULTS AND DISCUSSION

In our previous work, twenty-two TMX monolayers were found to be thermodynamically stable, and six among them performed well for OER,
namely NiSe, NiS, FeSe, CdS, CdSe, and NiTe.?” Based on the previous results, we chose to investigate the electrocatalytic performance of
SACs supported on the aforementioned six TMX monolayers for HER/OER. In order to compare and analyze the performance of SACs
(TMA@TMgX) and pristine TMX, we labeled all TMX as TMgX in the discussion section to prevent ambiguity.

Stability screening of SACs

At first, we investigated the stability of a variety of transition metal atoms supported on TMgX monolayers, so-called TMA@TMgX. As shown in
Figure 1A, there are three possible sites on the surface of tetragonal TMgX monolayers that may anchor single metal atoms, namely | (hollow
site), Il (metal top site), and Ill (nonmetal top site). The formation energy of TMA@TMgX was calculated as:

Ef = Ermaetmex - Etma - Ermex (Equation 1)

where Erpaetviex: ETmex, and Erva are the total energies of the TMA@TMgX, TMgX monolayer, and single TMp atom in the bulk, respectively.
Our calculations revealed that the CdS and CdSe monolayers are unable to stabilize transition metal atoms at all three sites. In addition, for
the other four TMgX monolayers, the formation energy of TM, atoms at site | is significantly lower than that at site Il and lIl. The formation
energy of the TM atom on TMgX monolayer is inversely proportional to the strength of the chemical adsorption. A more negative formation
energy indicates a stronger adsorption, which can prevent the clustering of single atoms on the monolayers and enhance the stability of SACs
during electrocatalytic reactions. The stable adsorption of transition metal single atoms on TMgX monolayers makes it possible to become an
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active site in the electrocatalytic reaction. Based on this, we can infer that immobilizing transition metal atoms onto site | of TMgXis preferable
for subsequent HER and OER (Figure 1B). Herein, as shown in Figure 1C, we summarize the results for all TMA@TMgX whose formation en-
ergies are less than zero, and total count is thirty-nine (the other results are shown in Figure STA). After metals are loaded onto the TMgX
surface, we observe charge transfer from the metal sites to TMgX, resulting in positively charged states of the metal sites. It is believed
that the positively charged metal sites are closely related to HER/OER intermediates adsorption and reactant activation (Figure S1B).

Electrocatalytic OER/HER performance of SACs

Then, we performed a comprehensive investigation of the catalytic capacity of the thirty-nine SACs. OER is a four-step proton-coupled elec-
tron transfer reaction, and the free energy was calculated using Equations 4, 5, 6, and 7. The results are shown in Tables S1-S5. Theoretically,
the potential determination step (PDS) is determined by the maximum variation of the four electrochemical steps, as shown in Figure 2A.
Upon preliminary screening, we have identified nine SACs with no OER activity, namely Cr@NiS, Y@NiS, Nb@NiSe, Cd@NiSe, Y@N:iSe,
Y@FeSe, Zr@NiTe, Nb@NiTe, and Y@NiTe. The OER free energy diagrams of the rest thirty TMA@TMgX are plotted in Figure 2B. In order
to compare the OER performance of SACs more clearly, the PDSs are listed in Figure 2C. It is known that the overpotentials of primitive
NiS, NiSe, FeSe, and NiTe monolayers are 1.98, 1.13, 1.16, and 1.21V, respectively.WS Notably, the OER performance of all nine TMA@NiS
was found to exhibit better performance than pristine NiS monolayer, highlighting the superiority of SACs. In addition, four kinds of
TMa@NiSe and TMA@NiTe exhibit excellent OER performance compared to the respective pristine monolayer. For TMa@FeSe, only
Pd@FeSe exhibits improved OER performance compared to pristine FeSe. In total, there are eighteen TMA@TMgX exhibiting superior
OER performance compared to their respective pristine monolayers. Co@NiSe shows the best OER performance with an overpotential of
0.27 V. In addition, the overpotentials of Rh@NiSe (nogr = 0.28 V), Rh@NiTe (noer = 0.34 V), and Ni@NiTe (nogr = 0.40 V) are also lower
than that of than RuO, (nogr = 0.42 V).?' The OER performances of seven SACs outperform IrO,(110) (nogr = 0.56 V), including Co@NiS,
Rh@CoNiSe, Co@NiSe, Ni@NiSe, Rh@NiTe, Ni@NiTe, and Zn@NiTe. These results suggest that the supported transition metal atoms
play a crucial role in the improvement of OER activity.

As reported in previous studies, the overpotential of OER is modulated by the adsorption free energy of three oxygenated intermediates
(OH*, O*, and OOH*).?%%3 Using the linear relationship between OOH* and OH*, a correlation can be established to give a descriptor to
predict and explain OER pen‘ormance.”‘25 The correlations of the Gibbs free energies of adsorbed OOH* (AGoon+), O* (AGo+), and OH*
(AGon+) of the eighteen SACs are shown in Figure 3A. The linear relationship between OOH*, O*, and OH* can be expressed by the following
equation:

AGoon+ = 0.8083AGo- + 3.1673 (R? = 0.9633) (Equation 2)

AGo- = 1.7501AGou- + 1.1522 (R? = 0.9377) (Equation 3)

Based on the strong linear correlation between AGop+ and AGoop+/AGo- in the TMA@TMgX, it can be inferred that AGop- serves as the
independent variable describing the OER overpotential. Accordingly, the colored contour plot and volcano curve were constructed to eval-
uate the limiting overpotential of SACs, as displayed in Figures 3B and 3C. According to the Sabatier principle,”® when the adsorption of the
intermediate is either too strong or too weak, it will harm the catalytic efficiency of the OER reaction on TMA@TMgX. An excessive adsorption
capacity of the intermediate may hinder its desorption, leading to a decrease in the electrode activity. By contrast, a weak interaction may
impede the activation of the reaction intermediate, thereby hindering the promotion of the subsequent reaction. As shown in the Figure 3B,
Co@NiSe, Rh@NiSe, Rh@NiTe, Ni@NiTe, Ni@NiSe, Zn@NiTe, and Co@NiS SACs all have an excellent OER performance, and Co@NiSe
located at the bottom of the volcano is the best, exhibiting an overpotential of 0.27 V. It also demonstrates that the PDSs of the screened
SACs are mainly the second and third steps of the reaction. As shown in Figure 3C, among the screened SACs, there are a total of thirteen
SACs with good performance in the enlarged area, and their overpotentials are all less than 1.00 eV. Furthermore, it is worth noting that
TMA@TMpX SACs in the dark blue region (1.30 eV < AGo«—AGou+ < 1.60 eV) all have a lower overpotential than RuO; (mogg = 0.56 V).
The detailed OER free energy diagrams of these thirteen TMA@TMgX SACs are also summarized in the Figure 3D.

Furthermore, in order to evaluate the HER performances of TMA@TMgX SACs, we calculated the Gibbs free energy change (AGys) of H*
adsorption. Figure 4A illustrates a schematic representation of H* adsorption on TMA@TMgX. The Gibbs free energy change (|AGy|) of H*
adsorption on the active site, which is considered the most reliable descriptor, directly determines the HER activity of the catalyst. The ideal
value of AG+is0.00 eV, and AGy- that deviates too far from zero will inhibit HER activity. In terms of the adsorption intensity, the more positive
AGyvalue indicates that the adsorption kinetics of H* on the catalysts is more difficult. By contrast, the more negative AGy- value indicates that
H* is easier to be adsorbed on the catalysts, but becomes more difficult to release. Consequently, removing twenty-five kinds of TMA@TMgX
that cannot effectively adsorb H* at the TM4 site, the AGy+ of the remaining fourteen TMA@TMgX is shown in Figure 4B (see Tables Sé for de-
tails). In particular, Rn@NiTe, Fe@NiS, Co@NiS, and Co@NiSe exhibit considerably high HER catalytic activity with their AGy» pretty close to
zero (—0.006, —0.03, 0.09, and 0.09 eV, respectively). Moreover, Ru@NiS (nogr = 0.11 V) and Rh@NiSe (nogg = 0.11 V) also have the nogr close to
precious metal catalyst Pt (0.10V).”” We also calculated the theoretical exchange current density io, and the ig and AG can be used to quan-
titatively evaluate the HER performance of the TMA@TMgX SACs based on the equation: iy = -ek(1 +exp|AGH*|/kBT)’1, where ky is the rate
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Figure 2. Theoretical calculations of TMA,@TM;X on the electrocatalytic OER activity

(A) Four-step reaction mechanism of OER by TMA@TMgX.
(B) OER free energy steps of TMA@TMgX (TM, = transition metals, and TMgX are NiS, NiSe, NiTe, and FeSe monolayers) under the potential U =0V vs. SHE. Solid

lines represent the better OER performance of the SACs than the primitive TMgX monolayers, while dotted lines represent the worse.

(C) OER overpotentials of TMgX and TMA@TMgX.
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Figure 3. The free energy profile of TMA@TMgX

(A) The linear relationship for Gibbs free energy of adsorbed OOH*(AGoon+), O*(AGo»), and OH* (AGop»).

(B) Volcano curve of OER of the TMA@TMgX system, the horizontal axis and the vertical axis are the AGo«—AGop» and nogr, respectively (The red dotted circle
represents catalysts with nogg less than 1.00 V).

(C) The colored OER activity contour plot showing the 1 as a function of Gibbs free energies of the reaction intermediates.

(D) Free energy diagram for electrocatalysts with OER PDSs less than 1.00 eV at an electrode potential of U = 1.23 V.

constantand kg is the Boltzmann constant.”® As shown in Figure 4C, the electrocatalyst at the top of the exchange current volcano has the high-
est catalytic performance. The electrocatalysts in the enlarged area are close to the “volcano top,” and their absolute values of AG- are all less
than or close to 0.10 eV. These results demonstrate that RhR@NiTe (nyegg = 0.006 V) exhibits the most exceptional ig value and is located in the
optimal zone (AGy» = 0), which indicates its nearly perfect HER catalytic activity. Likewise, Fe@NiS, Co@NiS, and Co@NiSe catalysts are in prox-
imity to the volcanic peak, featuring high exchange current density and low AGys, thereby qualified as commendable HER catalysts. The over-
potentials (Mper and nogr) listed previously provide a valuable means to identify bifunctional materials for electrocatalytic reactions. As
shown in Figure 5 and Table S7, Co@NiSe, Rh@NiTe, and Co@NiS exhibit low nyer/moer values of 0.09/0.27, 0.006/0.34, and 0.09/0.53 V,
respectively, and can therefore serve as effective and efficient HER/OER bifunctional SACs, having high practical potential in the overall water
splitting.

Origins of electrocatalytic OER of SACs

Despite the identification of catalysts with high performance through the aforementioned calculations, it is imperative to gain further insight
into the correlation between the catalyst’s structure and its activity to facilitate the design of more efficient SACs. Given the higher OER over-
potential of most SACs compared to HER, as depicted in Figure 5, and the limited descriptors available for HER activity, in this part, our inves-
tigation focused on exploring the relationship between OER activity and intrinsic characteristics to guide the design of more efficient SACs.
The d-band center theory has been good at revealing the origin of catalysis activity.”® Partial density of states of d-orbitals for thirteen
TMA@TMgX with overpotential below 1.00 eV are shown in Figure 6A, and d-band centers of TMA@TMgX are listed in Table S8. According
to the d-band center theory and Sabatier’s principle, the closer the d-band center (¢,) is to the Fermi level usually indicates stronger adsorp-
tion interaction between the substrate and the adsorbates, which is more beneficial to the catalytic reaction process.”” We found in previous
studies that a moderate d-band center will maximize catalytic activity‘go’32 The relationships between AG (OH*, O*, and OOH*) and &4 were
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Figure 4. Theoretical calculations of TM,@TMgX on the electrocatalytic HER activity
(A) Schematic representation of H* adsorption on TMA@TMgX.
(B) HER performances of fourteen TMA@TMgX. The inset shows potential electrocatalysts within the criterion [AGp«| < 0.11 eV.
(C) HER volcano curve of the exchange current (ig) of TMA@TMgX with AGy« varying from —0.50 to 1.50 eV.

shown in Figure 6B. It can be clearly observed that the d-band center of SACs with high OER activity is moderate and will not be too far or too
close to the Fermi level (the circled part in the Figure 6B). These SACs with intermediates of moderate adsorption exhibit excellent catalytic
activity during the OER reaction process. Therefore, appropriate adsorption and desorption capabilities of reaction intermediates, as well as
high charge density and fast electron transfer efficiency of active centers, can significantly improve electrocatalytic activity, as stated in pre-
vious study.*® In order to better understand that a moderate d-band center is most advantageous for catalytic processes, we also investigated
the relationship between the overpotentials and d-centers of these thirteen catalysts, as shown in Figure 6C. Compared with the respective
TMgX monolayer, it is worth noting that the supported TM, often exhibits the improved catalytic activity when it has a moderate d-band cen-
ter. Taking TMA@NiSe as an example (Mn@NiSe was added in Figure 6C for better analysis), the d-band center of the TM, in Mn@NiSe,

Figure 5. Computational screening of TMA@TMgX SACs based on nogr Vs. Nuer plots
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Figure 6. The correlation between the d-band center and OER adsorption energy of intermediates and overpotential
(A) PDOS of d orbitals for TMA@TMgX.

(B) Relationships between OH*, OOH*, and O* Gibbs free energy and the d-band center.

(C) Relationships between nogr and d-band center.

Pd@NiSe, Ni@NiSe, Co@NiSe, and Rh@NiSe is in the order of Pd (—=2.72 eV) < Ni (—1.87 eV) < Co (—1.85eV) < Rh (—=1.38 eV) < Mn (-=0.51 eV)
relative to the Fermi energy level. Co@NiSe (nogg = 0.27 V) and Rh@NiSe (nogr = 0.28 V) at the middle level in the center of the d-band have
lower overpotentials than the other three. The aforementioned findings are further corroborated by the electrochemical performance of
TMa@NiTe and TMA@NIS catalysts, which exhibit similar trends (Zn@NiTe is not taken into consideration due to its significant deviation).
It is worth noting that the TM4 of the thirteen SACs with better activity are from the VIII group of the periodic table. TMgX-supported Co
and Rh SACs demonstrate the most outstanding catalytic activity. Meanwhile, Co@NiS and Co@NiSe exhibit OER activity superior to that
of Ru@NiS, Pd@NiSe, and Rh@NiSe. Single-atom catalysts with Co as the active center have shown excellent performance in previous electro-
catalytic reaction studies, and both experiments and calculations have shown that Co exhibits excellent activity in catalysts through synergistic

metal-support interactions.>**° This is further evidence of the potential of non-precious metal Co as an alternative to precious metals such as
Pd, Ru, and Rh.

Conclusion

In summary, we systematically investigated the OER and HER electrocatalytic activity of single-atom catalysts supported on 2D tetragonal
transition metal chalcogenide monolayers by using DFT calculations. Among the thirty-nine stable SACs, we have found that there are
four TMA@TMgX with OER performance superior to RuO,, seven SACs with OER performance superior to IrO,, and four SACs with HER
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performance superior to Pt. Notably, Co@NiSe displays the best OER performance (nogr = 0.27 V), followed by Rh@NiSe and Rh@NiTe.
Moreover, Rh@NiTe exhibits highly efficient HER catalytic activity with remarkably low overpotentials (0.006 V). Overall, Co@NiSe,
Rh@NiTe, and Co@NiS exhibit exceptional bifunctional catalytic activity for both OER and HER. These results offer valuable insights into
the optimization of bifunctional electrocatalysts for HER and OER activities, thereby paving the way for the further development of high-per-
formance SACs.

Limitations of the study

Our work demonstrates the high activity of single-atom catalysts supported on TMX for HER/OER by DFT calculations, and explains their ac-
tivity using descriptors. However, the impact of different TMX on activity still needs to be explored, which will also be our future research.
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Data and code availability
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METHOD DETAILS

The DFT calculations were performed by using the Vienna Ab-initio Simulation Package (VASP).”* The exchange and interactions of the elec-
trons were described by the projector-augmented wave (PAW) method with the Perdew—Burke—-Ernzerhof (PBE) functional >**° The long-range
dispersion correction implemented by Grimme (D3) was employed to describe the vdW interaction.*' The spin polarization was considered in
all calculations. The cut-off energy for the plane-wave basis set was assumed to be 500 eV. The Brillouin-zone integrations were sampled on a
dense I'-centered 6 X 6 x 1 k-point grid.*”” The convergence was set to 10~° eV for electronic self-consistent, and 0.01 eV/A for force. All the
slabs were modelled using the 2 x 2 tetragonal transition metal chalcogenides supercell and the lattice constant along z direction of all 2D
materials was fixed to 20 A to avoid the interactions between two periodic units. The effect of aqueous solution was considered with the implicit
solvation model implemented in VASPsol.*?

The thermodynamic model of water oxidation was proposed by Narskov, including four concerted proton-electron transfer intermediate
steps. The specific mechanisms are as follows:

H,O +* > OH* + H" + ¢ AG; (Equation 4)
OH* - O* + H" + e AG, (Equation 5)

O* + H,O — OOH* + H* + e AG; (Equation 6)
OOH* - O, + H" + e AG, (Equation 7)

where * represents an active site. nyp was the thermodynamic overpotential introduced by Negrskov,** defined by np - AGpgs/e, where
AGpgs = max[AG;,AG,,AG3,AG,], corresponds to the free energy of the potential determination step (PDS), e is the electron charge, and
1.23 V is the oxidation potential required on the surface of an ideal catalyst for water oxidation. So, the overpotential of OER can be defined
as following’:

Noer = Max[AG1,AG,,AG3,AG,l/e—1.23 (Equation 8)
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Under standard conditions, the overall HER can be described by the following Equation 9:

H'(ag) + e~ — 1/2H5(9) (Equation 9)

where the Gibbs free energy for H* adsorption AGy» can act as a descriptor of HER activity. In the standard hydrogen electrode, the total
energy of 1/2H, is equal to that of H* + e.%° Therefore, the adsorption energy of hydrogen is calculated using Equation 10. According to the
Sabatier principle, AGy+ should be close to zero in order to achieve the maximum reaction rate and the highest HER catalytic activity.

AGH* = GH* — G« — 1/2GH2 (Equation 10)

In each elementary step of the OER and HER, the free energy is calculated based on the computational hydrogen electrode model pro-
posed by Nerskov et al.** Due to the maintenance of neutrality in the simulated system during successive “electrochemical steps”, this
method is also referred as the constant charge model (CCM).*® However, it should be noted that in addition to CCM, the constant potential
model (CPM) is considered a more accurate approach for calculating the electrocatalytic reaction process. The CPM considers the exchange
of electrons with the reference system at every stage.”**” In comparison, the CPM requires longer computational time, and these two
methods can provide the similar results."” According to the CCM, the difference of free energy between the initial state and the final state
of the reactions was defined as below:

AG = AE + AEzpe — TAS-neU + AGpH (Equation 11)

where AE, AEzpe and AS are the total energy changes from DFT calculations, zero-point energy and entropy difference between the reactants
and the products, respectively. T is 298.15 K in our calculations. AGy is the correction of the free energy introduced by the difference in pH
(H* concentration) of the solution, calculated by the formula AGgy = 2.303x kg X TXpH, where kg is the Boltzmann constant. pH = 0 is em-
ployed in our calculation to represent an acidic environment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Calculate the variance of the adsorption energy linear relationship using Microsoft Excel.
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