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Abstract 

Designing efficient catalysts for hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER) is a desirable strategy for overall water splitting and the 

generation of clean and renewable energies. Herein, the electrocatalytic HER and OER 

activity of the conductive metal-benzenhexathiolate (M-BHT) frameworks has been 

evaluated utilizing first-principles calculations. The in-plane π-d conjugation of M-

BHT guarantees fast electron transfer during electrocatalytic reactions. Notably, Rh-

BHT holds the promise of bifunctional HER/OER activity with the overpotentials of 

0.07/0.36 V. Furthermore, the application of strain engineering tailors the adsorption of 

intermediates and promotes the overall water splitting performance. Rh-BHT with the 

+1% tensile strain shows the HER/OER overpotential of 0.02/0.37 V. This work not 

only demonstrates the prospects of conductive metal-organic frameworks in 

electrocatalysis but also offers new insights into designing efficient catalysts by strain 

engineering. 
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engineering, first-principles calculations 
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1. Introduction 

As an attractive technology to solve the issues of energy shortage and 

environmental pollution, electrochemical water splitting can generate clean and 

sustainable hydrogen (H2) and oxygen (O2).[1-3] Traditionally, noble platinum (Pt) and 

ruthenium/iridium oxides (RuO2 and IrO2) are utilized for hydrogen evolution reaction 

(HER) and oxygen evolution reaction (OER), respectively.[4-8] However, high cost and 

poor stability hinder the wider application of noble-metal-based catalysts.[5] Many 

efforts have been paid to find alternative catalysts for HER and OER, e.g., transition 

metal dichalcogenides for HER,[9, 10] and layer-double-hydroxides and perovskite 

oxides for OER.[11, 12] It is still a pressing challenge to practically pair the two 

reactions together in an integrated electrolytic cell, due to their different optimal 

working conditions.[13] Moreover, preparing different catalysts for HER and OER also 

brings the duple requirement for equipment and processes.[14-16] Such dilemmas 

urgently call for constructing high-performance bifunctional HER/OER catalysts to 

enable overall water splitting. 

Metal-organic frameworks (MOFs) possess well-defined periodic and porous 

structures, which have attracted intensive interest in various applications.[17-21] The 

crystal structures of MOFs are varied from bulk to two-dimensional (2D) layered 

structures.[22, 23] With the combination of metal centers and organic linkers, 2D MOFs 

can be facilely synthesized via bottom-up methods.[24, 25] Numerous metal atoms are 

uniformly dispersed in 2D MOFs, forming the comparable structures of single-atom 

catalysts.[26, 27] Whereas, 2D MOFs are usually semiconductive or insulative and 



4 

 

cannot guarantee effective transport of electrons, due to the large cavities in the 

networks.[28, 29] 

Recently, the conductive 2D MOFs have been fabricated based on conjugated 

benzene and triphenylene-based ligands.[30-34] Particularly, as a multidentate ligand 

with six-fold symmetry, metal-benzenehexathiol (M-BHT) complexes have gained 

great research interest. The extended in-plane π-d conjugation between metal centers 

and organic linkers facilitates the delocalization of charge carriers, resulting in the good 

conductivity of M-BHT.[35] Up to date, some M-BHT frameworks have been 

successfully synthesized, including Cu-BHT, Fe-BHT, Ag-BHT, and Au-BHT.[35-39] 

It is noticed that various conductive 2D MOFs have been applied in the field of 

electrocatalysis.[40-43] For example, Co3(HITP)2 shows prominent OER activity with 

the overpotential of 254 mV at 10 mA cm-2 in alkaline electrolyte.[40] However, there 

are rare reports on the M-BHT for electrocatalytic reactions, especially for bifunctional 

overall water splitting. It is full of interest to address whether M-BHT frameworks are 

suitable candidates for water splitting and which metal center can exhibit the optimal 

HER/OER activity. 

In this work, the electrocatalytic HER/OER activity of M-BHT (M = Fe, Co, Ni, 

Cu, Ru, Rh, Pd, Os, Ir, and Pt) was explored to shed light on their potential for overall 

water splitting. It was demonstrated that M-BHT complexes possessed high stability 

and good conductivity. Among all M-BHT candidates, Rh-BHT was screened as the 

attractive bifunctional catalyst for HER/OER with the overpotential of 0.07/0.36 V. 

Furthermore, the strain-tuning method was applied on Rh-BHT to tailor the catalytic 
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activity. The +1% tensile strained Rh-BHT exhibited boosted water splitting 

performance with the HER/OER overpotential of 0.02/0.37 V. These findings can guide 

the exploitation of conductive 2D MOFs and deepen the understanding of strain 

engineering in electrocatalysis. 

2. Computational Methods 

Spin-polarized density functional theory (DFT) calculations were executed by 

using the Vienna ab initio simulation package (VASP).[44] The exchange-correlation 

energy was described by the Perdew-Burke-Ernzerhof (PBE) functional within 

generalized gradient approximation (GGA).[45] The plane-wave basis was applied with 

a cutoff energy of 520 eV. The 3 × 3 × 1 Monkhorst-Pack k-point grid was adopted for 

structural optimization. The 20 Å vacuum thickness was set in the perpendicular 

direction of the layers to minimize interactions between periodic patterns. To ensure all 

atomic positions under the fully relaxed states, the convergence criteria of energy and 

force were set to 10−5 eV and 0.02 eV/Å, respectively. The dispersion corrections in 

Grimme’s scheme (DFT-D3) were implemented to describe the long-range van der 

Waals interactions.[46] The solvation effect was considered by using the implicit 

solvent model VASPsol.[47] Bader charge analysis was applied to inspect the charge 

variation.[48] The projected crystal orbital Hamilton population (pCOHP) was 

employed to reveal the interaction between M-BHT and HER/OER intermediates.[49] 

According to the computational hydrogen electrode (CHE) model, the Gibbs free 

energy change (ΔG) can be calculated by [50, 51] 

 G E ZPE T S U =  + −  +   (1) 
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in which ΔE represents the total energy change in DFT calculations. ΔZPE and ΔS are 

the zero-point energy and entropy corrections at the room temperature of 298.15 K. The 

ZPE and TS corrections for intermediates adsorbed on M-BHT are listed in Table S1. 

The effect of the applied electrode potential is corrected by ΔU = -eU, where e and U 

denote the number of transferred electrons and the applied electrode potential, 

respectively. 

The process of HER is mainly divided into two key steps, the formation of *H and 

the desorption of H2. The OER pathway is composed of four elementary steps in acid 

conditions, following the process of *+H2O→*OH→*O→*OOH→*+O2. The H2O 

molecule firstly generates *OH and one (H++e-) pair. In the following step, the ∗OH 

further separates into *O and forms the second (H++e-) pair. Then, the *O intermediate 

combines with the H2O molecule and produces *OOH and the third (H++e-) pair. Finally, 

the *OOH dissociates into O2 with the release of one (H++e-) pair. The most 

considerable elementary step in the whole reaction is called the potential-determining 

step (PDS). The HER and OER catalytic performance can be assessed by the 

overpotential (η), which is defined as 

 max eqG e U =  −   (2) 

where ΔGmax represents the largest free energy change. Ueq is the equilibrium potential 

of the catalytic reaction. The Ueq values for HER and OER are 0 and 1.23 V, respectively. 
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3. Results and Discussion 

3.1 Structure, stability, and electronic property 

 

Fig. 1. (a) Configuration of M-BHT and all investigated metal atoms in this work. (b) 

Electron localization function (ELF) plots of Rh-S4 interaction in Rh-BHT. (c) 

Formation energies (Eform) and dissolution potentials (Udiss) of M-BHT. (d) Projected 

band structure of Rh-BHT. The Fermi level (EF) is set to zero. 

The structure of M-BHT consists of the benzene ring and M-S4 center, with the 

metal atom surrounded by four sulfur atoms (Fig. 1a). All investigated metal atoms for 

M-BHT include Fe, Co, Ni, Cu, Ru, Rh, Pd, Os, Ir, and Pt. As listed in Table S2, the 

lattice parameters of M-BHT complexes range from 8.49 to 8.77 Å with positively 

charged metal atoms (0.19~0.75 e-). Electron localization function (ELF) plots of M-

BHT are provided in Fig. 1b and Fig. S1 to reveal the bonding characteristics of M-S4 

centers. A high ELF value represents the formation of covalent bonds, while a low ELF 
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value denotes the highly delocalized electrons. The covalent interactions between metal 

atoms and S atoms prove the strong M-S4 bonding strength, implying the high stability 

of the designed M-BHT structures. 

Moreover, the feasible catalysts should maintain thermodynamically and 

electrochemically stable to guarantee the synthesis possibility and long-term 

durability.[52, 53] The formation energy (Eform = EM-BHT - EC6S6H6 - 3EM + 6EH) is 

assessed to explore the synthesis possibility of M-BHT. EM-BHT and EC6S6H6 are the total 

energies of M-BHT and C6S6H6, respectively. EM and EH denote the total energies of 

the metal atoms in bulk and the half of H2 in the gas phase, respectively. The negative 

Eform suggests the facile synthesis of M-BHT in experiment. The dissolution potential 

(Udiss = Udiss-bulk - Eform/(nee)) is calculated to evaluate the dissolution possibility of the 

metal atom on BHT. Udiss-bulk denotes the standard dissolution potential of bulk metal, 

and ne is the number of transferred electrons during dissolution.[54] The positive Udiss 

value is required for an electrochemically stable M-BHT. The detailed Eform and Udiss 

values are summarized in Table S3. The Eform values of most M-BHT are negative 

(except for Os-BHT) and the Udiss values of all M-BHT mentioned above are positive 

(Fig. 1c). The results suggest that only Os-BHT cannot satisfy the criteria of Eform < 0 

eV and Udiss > 0 V. In this regard, we exclude Os-BHT and focus on other M-BHT in 

the following discussion. Furthermore, the ab initio molecular dynamics (AIMD) 

simulations are performed for the nine M-BHT candidates at 500 K for 10 ps.[55] It is 

suggested in Fig. S2 that the total energies of these M-BHT configurations oscillate 

within small ranges during the AIMD simulations, which further illustrates the stability 
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of M-BHT. 

The electronic properties of the catalysts show an important impact on their 

electrocatalytic performance. The projected band structure of Rh-BHT is plotted in Fig. 

1d for example to further validate the conductivity of M-BHT. There is a significant 

contribution of Rh-d orbitals to the electron states near the Fermi level (EF). The band 

structures of other M-BHT can be seen in Fig. S3. It is revealed that most M-BHT 

(except for Pt) are metallic with electronic states distributed across the EF. Thus, the 

effective orbital interactions between the fully conjugated benzene rings and M-S4 

centers can promote the electron transfer of M-BHT. The good conductivity assures the 

application of M-BHT in the electrocatalytic HER and OER. 

3.2 HER/OER performance 

The HER activity of M-BHT is investigated by calculating the hydrogen 

adsorption energy (ΔG*H), which determines the HER potential-determining step (PDS). 

Generally, the ΔG*H value of optimal HER catalytic activity is considered zero.[56] The 

optimized configurations of *H on M-BHT are plotted in Fig. S4 and the corresponding 

M-H bond lengths are presented in Table S4. The weak H* adsorption leads to the PDS 

of *H formation on Ni-, Cu-, Pd-, Ir-, and Pt-BHT, while the process of HER is 

restricted by the release of H2 on Fe-, Co-, Ru-, and Rh-BHT (Fig. 2a). Notably, Rh-

BHT possesses the ΔG*H value of -0.07 eV, which is closer to zero than that of 

commercial Pt (-0.09 eV).[57] This implies that Rh-BHT can act as a promising HER 

electrocatalyst. 
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Fig. 2. (a) HER free energy diagrams of M-BHT. (b) Volcano plot for the HER exchange 

current (i0) as a function of the hydrogen adsorption energy (ΔG*H) on M-BHT. (c) OER 

free energy diagrams of Rh-BHT at the applied potential of U = 0, 1.23, and 1.59 V, 

respectively. (d) Volcano plot for the negative OER overpotential as a function of ΔG*OH 

on M-BHT. (e) Summarized HER and OER overpotentials of M-BHT. 

The HER volcano plot for the exchange current (i0) as a function of ΔG*H on M-

BHT is shown in Fig. 2b. Based on Nørskov’s assumption, i0 can be gained according 

to the calculated ΔG*H, which is expressed as[51] 

 0 0

*H B

1

1 exp( / )
i ek

G k T
= −

+ 
  (3) 

where k0 is the rate constant and set to 1.[58, 59] When M-BHT locates at the left branch 

of the volcano, the desorption of the H2 molecule becomes the PDS. Constantly, the 

HER activity is limited by the *H adsorption on the right branch. In particular, Rh-BHT 

possesses ΔG*H of -0.07 eV and locates near the volcano peak, leading to the maximum 

i0 value. 



11 

 

All configurations of the key OER intermediates (*OH, *O, and *OOH) adsorbed 

on M-BHT can be seen in Fig. S5-S7. The adsorption energies of OER intermediates 

and the corresponding M-O bond lengths on M-BHT are summarized in Table S5. The 

free energy change of each OER elementary step on M-BHT is listed in Table S6. The 

OER free energy diagram of Rh-BHT is plotted in Fig. 2c. It is indicated that OER is 

an endothermic process on Rh-BHT with the energy change of 1.30, 1.42, 1.59, and 

0.61 eV for each elementary step at the applied potential of 0 V. The most considerable 

step for OER is the third step from *O to *OOH. The whole OER process becomes 

spontaneous until the applied potential of 1.59 V. Therefore, Rh-BHT exhibits the 

outstanding OER performance with the overpotential (ηOER) of 0.36 V, which is lower 

than that of RuO2 (ηOER = 0.42 V).[60] The OER free energy diagrams of other M-BHT 

catalysts are shown in Fig. S8 for comparison. 

Fig. 2d presents the OER volcano plot for the OER overpotential as a function of 

ΔG*OH on M-BHT. The adsorption energy of *OH intermediate is chosen as the 

descriptor because of the scaling relations between ΔG*O (ΔG*OOH) and ΔG*OH (Fig. 

S9). The OER volcano plot indicates that the strong binding of *OH results in the PDS 

from *O to *OOH (e.g. Fe-BHT), while the second step (*OH → *O) becomes the 

PDS when the *OH adsorption is weak (e.g. Pt-BHT). Additionally, the ΔG*OH value 

of 1.32 eV is required for the optimal OER catalyst. Rh-BHT stands near the OER 

volcano peak with the ΔG*OH value of 1.30 eV. Moreover, the HER and OER 

overpotentials (ηHER and ηOER) on M-BHT are summarized in Fig. 2e. It is clarified that 

Rh-BHT possesses high HER/OER activity with ηHER/ηOER values of 0.07/0.36 V. 
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Therefore, the designed Rh-BHT is considered a superior bifunctional HER/OER 

catalyst. 

 

Fig. 3. (a) Partial density of states (PDOS) of d orbitals for M-BHT. The d-band centers 

(εd) are labeled for 3d metal centers (Fe, Co, Ni, and Cu), 4d metal centers (Ru, Rh, and 

Pd), and 5d metal centers (Ir and Pt). The Fermi level (EF) is set to 0 eV. (b-c) The 

adsorption energy of *H and *OH as a function of the d-band center. 

During the process of adsorption and reaction, the d orbitals of metal atoms on M-

BHT hybridize with the orbitals of intermediates. The HER/OER activity trend is 

further explored by analyzing the partial density of states (PDOS) of d orbitals on M-

BHT (Fig. 3a). The d-band center (εd) represents the average position of d orbitals, 

which has been demonstrated as an attractive descriptor to clarify the catalytic activity 

origin.[61-63] The εd value can be calculated as 
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where ρd is the d-orbital states of metal atoms on M-BHT. ε is the energy width of the 

d orbitals. The shift of the d-band center appears with some regularity in each period. 

That is, the εd value gets more negative when the number of d electrons increases. For 

example, the d-band centers for Ru-, Rh-, and Pd-BHT are -1.00, -1.80, and -2.73 eV, 

respectively. This trend accounts for the different adsorption strength of intermediates 

on the different metal centers of M-BHT. The more negative εd value corresponds to 

the weaker adsorption. As seen in Fig. 3b-c, the adsorption energy of *H and *OH 

linearly correlate with the d-band center. Rh-BHT possesses the moderate d-band center 

and thereby suitable adsorption of intermediates, resulting in the high activity for both 

HER and OER. Therefore, the analysis of d-band center can provide a quantitative 

explanation of adsorption behavior and elucidate the HER and OER performance from 

the aspect of electronic properties. 

3.3 Strain effect on HER/OER performance 

 

Fig. 4. (a-c) The projected crystal orbital Hamilton population (pCOHP) for the Rh-S4, 
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Rh-H, and Rh-OH interaction, respectively. The bonding and antibonding states are 

drawn on the right and left sides, respectively. The Fermi level (EF) is set to 0 eV. (d) 

Illustration of strain effect on Rh-BHT. The compressive strain results in a stronger 

interaction, while the tensile strain weakens the interaction. 

Strain engineering can precisely tune the electronic structures of catalysts and 

further change the adsorption strength of intermediates, leading to the enhancement of 

catalytic activity.[64-67] The biaxial strain (ε = Δa/a0) is applied on Rh-BHT to 

investigate the strain effect on HER/OER activity. Δa denotes the lattice parameter 

change under the biaxial strain and a0 is the unstrained lattice constant of Rh-BHT. The 

strain value ranges from -5% to +5% with an interval of 1%, in which the negative and 

positive values denote the compressive and tensile strain, respectively. Notably, severe 

structural distortion is observed when the ε value is from -5% to -3% (Fig. S10), 

implying the unstable configurations of Rh-BHT under the too strong compressive 

strain. We thus mainly focus on the Rh-BHT with the ε values from -2% to +5%. The 

relative total energies of fully relaxed configurations under -2% to +5% strain can be 

seen in Fig. S11.  

The strain effect on interaction strength can be validated by the projected crystal 

orbital Hamilton population (pCOHP). Fig. 4a presents the pCOHP of the Rh-S4 

interaction, where the bonding and antibonding states are plotted on the right and left 

sides, respectively. The bonding states gradually move up relative to EF with the 

increase of ε value, while the antibonding states shift down. The integrated COHP 

(ICOHP) can give a quantitative explanation by integrating the energy up to EF. The 
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more negative ICOHP value corresponds to the stronger interaction. The calculated 

ICOHP values of Rh-S4 interaction under ε = -2%, 0%, and +5% are -6.80, -6.16, and -

4.76, respectively. This proves the weakened interaction of Rh-S4 centers when tensile 

strain increases (compressive strain decreases). 

In addition, the strain effect on the adsorption strength of HER and OER 

intermediates is further assessed. Fig. 4b-c suggests that the Rh-H and Rh-OH 

interaction strength exhibits a similar trend to that of Rh-S4 centers. Namely, the ICOHP 

values of Rh-H interaction under ε = -2%, 0%, and +5% are -2.45, -2.22, and -1.97, 

respectively, while the ICOHP values of Rh-OH interaction with the strain of -2%, 0%, 

and +5% are -1.96, -1.77, and -1.51, respectively. As illustrated in Fig. 4d, the strain 

effect on Rh-BHT can be concluded, that is, tensile strain weakens the binding of 

reactive intermediates, while compressive strain results in stronger binding. 

 

Fig. 5. (a) Strain-induced adsorption energy of *H, *OH, *O, and *OOH on Rh-BHT. 

The applied strain ranges from -2% to +5%. (b) Free energy diagrams of HER on 

strained Rh-BHT. (c) Strain effect on scaling relations between the ΔG*O and ΔG*OH, 
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as well as ΔG*OOH and ΔG*OH. The unstrained scaling relations are plotted in dashed 

lines for comparison. (d) Free energy diagrams of OER on strained Rh-BHT. (e) The 

strain-overpotential correlation for HER and OER on Rh-BHT. (f) Illustration of the 

strain-promoted overall water splitting on M-BHT. 

The strain-adsorption correlation on Rh-BHT is presented in Fig. 5a. The detailed 

adsorption energies of *H, *OH, *O, and *OOH on strained Rh-BHT are listed in Table 

S7. The strain-induced binding variation of reactive intermediates can efficiently tune 

the electrocatalytic activity. As shown in Fig. 5b, the compressive (tensile) strain 

strengthens (weakens) the adsorption of HER intermediate *H on Rh-BHT. The 

desorption of H2 is the PDS under ε ≤ +1%, while the HER activity is limited by the 

process of *H adsorption under ε ≥ +2%. Especially, Rh-BHT with +1% tensile strain 

reaches better adsorption energy of *H (0.02 eV), compared with the unstrained ΔG*H 

of -0.07 eV. Therefore, the +1% tensile strain leads to the largely enhanced HER 

performance for Rh-BHT. 

Moreover, the adsorption energy variation of *O significantly differs from that of 

*OH and *OOH when the strain effect is introduced, which changes the former scaling 

relations among *OH, *O, and *OOH (Fig. 5c). Because the step of *O → *OOH is 

the PDS for unstrained Rh-BHT and strain modulates *O and *OOH adsorption in 

various degrees, the strained OER volcano peak reaches much higher than the former 

peak, as shown in Fig. S12. The energy change of each OER elementary step on strained 

Rh-BHT is listed in Table S8. It is demonstrated that OER activity is facilitated with 

the compressive strain, but gets more sluggish with the tensile strain (Fig. 5d). 
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Consequently, the lowest OER overpotential of 0.25 V can be achieved on strained Rh-

BHT when ε = -2%. 

The HER/OER overpotentials on strained Rh-BHT are summarized in Fig. 5e. The 

strain-overpotential correlation of HER is reversed volcano-shaped, while a linear 

strain-overpotential correlation of OER emerges. Notably, the +1% tensile strained Rh-

BHT exhibits the promoted overall water splitting performance with the HER/OER 

overpotential of 0.02/0.37 V, compared with the unstrained Rh-BHT of 0.07/0.36 V. 

Additionally, the HER/OER activity on the strained Ir-BHT is studied to demonstrate 

the universality of the strain-promoted effect on M-BHT. Fig. S13 suggests that the -1% 

compressive strained Ir-BHT can exert the enhanced performance for overall water 

splitting with ηHER/ηOER of 0.11/0.43 V, compared with the unstrained Ir-BHT of 

0.23/0.47 V. Therefore, the strain-tuning method is an effective and universal strategy 

to modulate the adsorption of intermediates and boost catalytic activity (Fig. 5f). 

4. Conclusions 

In summary, the feasibility of electrocatalytic HER and OER performance on M-

BHT has been demonstrated by using first-principles calculations. Owing to the 

covalent M-S4 interactions and in-plane π-d conjugation, M-BHT frameworks can 

exhibit both high stability and superior conductivity. Moreover, Rh-BHT shows the 

bifunctional HER/OER activity with the ηHER/ηOER of 0.07/0.36 V, thereby considered 

a promising candidate for overall water splitting. Furthermore, the biaxial strain is 

applied on Rh-BHT to assess the strain effect on the HER/OER performance. It is 

suggested that the compressive strain can enhance intermediates adsorption and the 
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tensile strain is the opposite, resulting in the tunable catalytic activity. Especially, the 

strain-promoted HER/OER performance (ηHER/ηOER = 0.02/0.37 V) is detected on the 

+1% tensile strained Rh-BHT. Thus, the conductive M-BHT frameworks are a new 

group of electrocatalysts for overall water splitting and the rational strain tuning will 

further promote the catalytic activity. This work will facilitate the application of the 

conductive 2D MOFs and guide the design of efficient catalysts with strain engineering. 
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Highlights 

1) The extended in-plane π-d conjugation between metal centers and organic 

linkers guarantees superior conductivity of the designed M-BHT. 

2) Rh-BHT is screened as the promising bifunctional HER/OER catalyst with the 

low overpotentials of 0.07/0.36 V. 

3) The compressive (tensile) strain can effectively enhance (weaken) intermediates 

adsorption, leading to the tunable HER/OER activity. 

4) The strain-promoted overall water splitting performance can be reached on the 

+1% tensile strained Rh-BHT. 

Graphical Abstract 

 


