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1 Abstract

2 Metal complexes have been thoroughly studied for various electrochemical reactions. 

3 Mechanically interlocked molecular machines, however, have not been studied for 

4 electrochemistry.  In this study, we apply the concept of mechanically interlocked Catenane metal 

5 complexes with a dynamic coordination environment around the metal center for hydrogen 

6 evolution reaction (HER), CO2 reduction reaction (CO2RR), oxygen evolution reaction (OER), 

7 and/or oxygen reduction reaction (ORR). We utilized density functional theory (DFT) to perform 

8 a systematic high-throughput screening on 3d transition metals supported by Catenane metal 

9 complexes denoted as M(II)CN6 and Co(I)CNx=4,5,6. We found that among all the 3d transition 

10 metals, only monovalent Co(I) is suitable as an application as a molecular machine. Target 

11 catalysts aimed at high electrochemical as well as thermodynamic stabilities besides low HER, 

12 CO2RR, OER, and ORR overpotentials. DFT results show that HER takes place on neighboring 

13 nitrogen atoms of Cu(II)CN6 with an overpotential of 0.27 V. In addition, CO2RR, OER, and ORR 

14 take place on the metal active sites of Ti(II)CN6, Co(II)CN6, and Cr(II)CN6, with overpotentials of 

15 1.12, 0.81, and 0.36 V, respectively. This work brings fundamental understandings into the 

16 discovery of state-of-the-art electrocatalysts by introducing the idea of a dynamic coordination 

17 environment.

18 Keywords: Molecular Machine, ORR, OER, HER, CO2RR
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1 Introduction

2 Mechanically interlocked molecules such as Catenanes consist of interlocked macrocycles1,2 

3 usually with a metal center that is surrounded by the interlocked coordination ligands.3–6 These 

4 interlocked macrocycles possess a high degree of motion freedom around the metal center that 

5 may be controlled using external stimuli such as light, pH, or applied potential depending on the 

6 structure of the Catenane, the size of macrocycles, and the metal center.7,8 The Catenane metal 

7 complex is highly stable thermodynamically and electrochemically because of the mechanical 

8 chelation,9 positioning it as a promising candidate toward sustainable and efficient catalytic 

9 processes. Recent advancements in the field of Catenane metal complexes have demonstrated their 

10 potential in various catalytic applications due to their unique structural properties and dynamic 

11 behavior. The dynamic motions around the metal center present the opportunity to tune the 

12 interlocked coordination ligands,10–13 electrocatalytic activity, and selectivity of the metal center. 

13 These positive attributes involving various catalytic aspects create pathways for advancing 

14 mechanical interlocking as an innovative approach to designing transition metal electrocatalysts. 

15 Despite the difficulties in experimentally synthesizing Catenane metal complexes and their low 

16 reaction yields,7 their long-standing applications have recently led to the use of Catenane-

17 coordinated transition metal complexes in chemical reactions such as electrocatalysis, cross-

18 coupling, and photocatalysis.9,14–18 For example, a two-dimensional metal-organic layer with 

19 anchored Cu(I) Catenane complexes is experimentally synthesized for high-fidelity cross-coupling 

20 reactions.15 Catenane ligands ensure that Cu(I) is well-defined within its coordination 

21 environment and is kinetically stable, avoiding the uncontrolled creation of oxidized copper active 

22 sites and ensuring exclusive C-O coupling of substrates. In another work, a mechanically 

23 interlocked Catenane Cu(I) complex for the oxygen reduction reaction (ORR) was studied 

24 theoretically with the DFT-calculated overpotential of 1.81 VRHE and synthesized with the 
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1 experimental overpotential of 0.84 VRHE at -1 mA/cm2 current density.9 This work indicates that 

2 the isolation by two macromolecular rings does not prevent the Cu (I) metal center from being 

3 electrochemically active and the high-coordinated Cu (I) metal center can act as a catalytic site for 

4 the ORR. 

5 Metal complexes such as single atom catalysts or molecular metal complexes for energy storage 

6 and conversion applications are of vital importance for the electrochemical ORR, the oxygen 

7 evolution reaction (OER), the hydrogen evolution reaction (HER), and the CO2 reduction reaction 

8 (CO2RR).19–27 CO2RR as a room temperature energy conversion approach can reduce 

9 anthropogenic emissions of CO2 while producing value-added products.25,28 ORR, OER, and HER 

10 are the main components of rechargeable metal-air battery and fuel cell applications for energy 

11 storage applications29,30,39,31–38 Recently, a substantial amount of effort has been invested in 

12 designing metal complexes for electrochemistry through high-throughput screening.40 For 

13 example, an FeRu metal complex was explored theoretically followed experimental synthesis for 

14 bifunctional ORR and OER along with rechargeable zinc-air battery application.29 However, the 

15 coordination environment of these metal complexes remains static (non-dynamic) so that 

16 achieving changes in the catalytic activity of these complexes necessitates modifications to the 

17 coordination environment during their synthesis process. In addition, the scaling relationship limit 

18 hinders the development of these metal complexes toward enhanced catalytic activities.41 

19 Therefore, to overcome the limitation on the non-dynamic environment around the metal active 

20 site and address the scaling relationship limits, we have used the Catenane metal complexes.

21 Catenane metal complexes offer a unique advantage in modifying the activity of metal centers 

22 through the motion of macromolecules that change the metals’ coordination environment. This 

23 strategic design of Catenane metal complexes with a dynamic coordination environment requires 
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1 systematic and in-depth investigations on the ORR, OER, CO2RR, and HER mechanisms along 

2 with the synthesizability and stability of these catalysts. As far as we know, no Catenane metal 

3 complex has yet been systematically examined for OER, ORR, HER, and CO2RR. Can all the 3d 

4 transition metals serve as the metal center? What is the catalytic stability and activity of 3d 

5 transition metals towards ORR, OER, CO2RR, and HER?

6 In this work, we use mechanically interlocked molecules for several electrochemical reactions 

7 through high-throughput computational screening. We investigate a series of metal complexes 

8 labeled containing 3d transition metals. We discover that the Ti(II)CN6 is appropriate for CO2RR, 

9 Cu(II)CN6 is appropriate for HER,  Cr(II)CN6 is appropriate for ORR, and Co(II)CN6 is appropriate 

10 for OER, mainly because of the weakening of scaling relationship limit. This provides an in-depth 

11 investigation of mechanically interlocked Catenanes for electrochemical reactions and beyond.

12

13 Materials and Methods

14 Density Functional Theory (DFT) Calculations Details

15 We used density functional theory (DFT) calculations in Vienna ab initio Simulation Package 

16 (VASP, version 6.1.0) code.42,43 The spin-polarized  DFT calculations was performed using 

17 Perdew-Burke-Ernzerhof (PBE) functional23,44 . While PBE functional has its deficiency in 

18 calculating the adsorption energy of carbon-containing intermediates, it has been effectively 

19 employed to investigate CO2RR and CORR mechanisms,45 showing good agreement with 

20 experimental results found in the literature.46 We used DFT-D3 correction with the Becke-Johnson 

21 damping function to apply van der Waals (London dispersion) interactions.47 We used VASPsol 

22 code with the water dielectric constant (ε=78.4).

23 As depicted in Figure 1a, we constructed a single Catenane molecule with a metal single atom at 

24 the center. A box with the size of 27.96 Å×21.56 Å×21.56 Å was used along the x, y, and z 
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1 directions to minimize interactions between periodic images. A plane wave energy cutoff of 500 

2 eV is utilized and the Brillouin zone is sampled by using the 1×1×1 Monkhorst-Pack k-point 

3 scheme. The force and energy convergence criteria were set to 0.02 eVÅ-1 and 10-5 eV, 

4 respectively, for the structural relaxations. In addition, the energy convergence criterion was set to 

5 10-6 eV for the single-point energy calculations. The vibrational frequency and entropy 

6 calculations were conducted to consider the Zero-point, enthalpic, and entropic contributions of 

7 phonons at 298.15 K.23

8

9 Results and discussion

10 The mechanically interlocked M(I or II)CNx=4,5,6 structure where M represents 3d transition metals 

11 and x stands for the number of neighboring nitrogen atoms around the metal center, can enhance 

12 electrochemical reactions. The side view of the M(I or II)CNx=4,5,6  structure is depicted in Figure 

13 1a, where M is Ti, V, Cr, Fe, Mn, Co, Cu, Ni, or Zn. Moreover, the structure of one macrocycle 

14 denoted as M(I or II)CNx=2,3  is shown in Figure S1. The thermodynamic stability as well as 

15 electrochemical stability of these Catenane metal complexes were examined by calculating 

16 formation energy (Eformation) as well as dissociation potential (Udiss), respectively:23

Eformation = EM(I or II)CNx=4,5,6 ― ECNx ― Ebulk
M (1)

Udiss = Uo
diss(M ― bulk) ―

Eformation

Ne
(2)

17 where EM(I or II)CNx=4,5,6 and ECNx are the total energy of M(I or II)CNx=4,5,6 with and without the 

18 metal center, respectively. The metal atom’s total energy in its most stable bulk form, the standard 

19 dissolution potential of the metal in its bulk structure, and the number of electrons that participated 

20 in the dissolution process are denoted as Ebulk
M , Uo

diss, and Ne, respectively (Supporting 

21 Information). Figure S2 demonstrates the dissociation potential versus formation energy of M(I 
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1 or II)CNx=2,3,4,5,6. All metal complexes are thermodynamically and electrochemically stable since 

2 they meet the Udiss>0 and Eformation<0 criteria. It is worth mentioning that, to further validate the 

3 stability of the Catenanes structure, other methods such as machine learning or kinetic simulations 

4 might be needed.48,49 Figure 1b displays the dissolution potential and formation energy for M(I or 

5 II)CNx=2,3,4,5,6 versus the number of nitrogen atoms neighboring the metal. CN6 metal complexes 

6 are more electrochemically and thermodynamically stable among all metal complexes because of 

7 their more positive dissociation potential and more negative formation energy, respectively.

8 Figure 1c shows the change in the energy of M(I or II)CNx=4,5,6 with different numbers of nitrogen 

9 atoms. We see that except for monovalent Cu(I), all divalent metals, M(II), possess more negative 

10 energy for CN6 than for CN4 and CN5 by at least -0.5 eV. Therefore, we considered only the CN6 

11 structure for all divalent metals for further catalytic calculations (M(II)CN6). Interestingly, for the 

12 only monovalent 3d metal, Cu(I), the CN5 structure is the more stable configuration. In 

13 comparison, the CN4 and CN6 structures have energy levels that are 0.22 and 0.51 eV higher, 

14 respectively. Therefore, we conclude that the Cu(I) metal complex can go through the co-

15 deformation by applying positive or negative voltages and act as the molecular machine. This is 

16 consistent with a very old publication explaining the alteration in the coordination environment of 

17 Cu(I) as a function of applied potential. Therefore, for monovalent Cu(I), we consider all CN4, 

18 CN5, and CN6 structures for further activity calculations (Cu(I)CNx=4,5,6).

19 Figure 1d shows formation energies and dissociation potentials against the number of d orbital 

20 electrons. This volcano plot indicates the minimum formation energy at d electron number of 9 

21 (highlighted by blue color) and the lowest dissolution potential at d electron number of 6 

22 (highlighted by pink color). Table S1 provides the values for the metals’ dissolution potential, 

23 formation energy, and oxidation states. Cu(I)CNx=4,5,6 and Cu(II)CN6 possess less thermodynamic 
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1 stability because they possess less negative formation energies. Besides the formation energy of 

2 M(I or II)CNx=4,5,6, the formation energy of metal-free CN4, CN5, and CN6 Catenane structures are 

3 calculated to be -7.00, -7.14, and -6.63 eV, respectively, with the two individual macrocycles as 

4 the reference, suggesting thermodynamic stability of the metal-free Catenane. 

5 Following a comprehensive study on the electrochemical as well as thermodynamic stabilities of 

6 the Catenane metal complexes, we calculated the Gibbs free energies (∆G) of reaction 

7 intermediates, including H, OOH, O, OH, OO, COO, COH, COOH, and CO, to evaluate their 

8 electrochemical activities. These Gibbs free energies are obtained as follows:

∆Gint. = Eint.@M(I or II)CNx=4, 5,6 ― EM(I or II)CNx=4, 5, 6 ― NCO2ECO2 ― NH2EH2

+ MH2OEH2O + ∆EZPE ― T∆S

(3)

9 where ECO2, EH2O, and EH2 represent the energy of CO2 (g), H2O (g), and H2 (g), respectively. NCO2, 

10 NH2O, and NH2 represent the stoichiometric quantities of CO2 (g), H2O (g), and H2 (g), respectively.  

11 EM(I or II)CNx=4, 5,6and Eint.@M(I or II)CNx=4, 5, 6 are the total energy of M(I or II)CNx=4,5,6 in the absence 

12 and presence of adsorbed intermediate (int.), respectively. ΔEZPE and TΔS are the zero-point 

13 energy (ZPE) and the entropy corrections, respectively, and T is the absolute temperature (=298.15 

14 K), respectively.50

15 Figure 2a illustrates ∆G of H, OO, OOH, O, OH, COO, COOH, COH, and CO reaction 

16 intermediates for Cu(I)CNx=4,5,6 and M(II)CN6. Figure S4 displays a histogram of Gibbs free energy 

17 variation with 130 data points. The average is 2.55 eV, the skewness is 0.20, and the standard 

18 deviation is 1.68 eV. Figure 2b displays a box plot of ∆G variation for each reaction intermediate, 

19 highlighting their standard deviation as well as average. The O, COH, and OH possess the largest 

20 standard deviations (1.47, 1.03, and 0.88 eV). In contrast, the more neutral intermediates such as 
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1 COO, CO, and OO possess the lower standard deviations (0.11, 0.11, and 0.19 eV) and smaller 

2 alteration in ∆G.

3 To examine the scaling relationship limit, a key issue in designing advanced CO2RR, HER, ORR, 

4 and OER electrocatalysts, we conducted a linear regression for the ∆G of H, OO, OOH, O, OH, 

5 COO, COOH, COH, and CO intermediates. Figure 2c-d indicates that the scaling relationship 

6 among the intermediates is weak, matching a previous report.51,52. Table S2 presents the R2 values 

7 and linear relationship coefficients between the ∆G of H, OO, OOH, O, COO, COOH, COH, and 

8 CO intermediates and ∆G of OH intermediate. The R2 values for the intermediates’ dependency 

9 on ∆GOH are below 0.84, indicating a weakened scaling relationship compared to single atom metal 

10 complexes, which have R2 values close to 0.99 as previously reported.23,53 This allows for 

11 independent adjustment of the Gibbs free energy of a specific intermediate.54 However, this 

12 weakened scaling relationship doesn’t allow us to achieve a universal descriptor to define the 

13 electrocatalytic activity of our metal complexes. Consequently, due to the weakened scaling 

14 relationship, designing mechanically interlocked metal complexes could be an effective strategy 

15 to overcome this limitation, potentially leading to highly active and selective electrocatalysts.

16 According to the Gibbs free energy values, we calculated the overpotentials for CO2RR, HER, 

17 ORR, and OER. Figure 3a shows the high-throughput screening and Figure 3b shows a volcano 

18 plot of DFT-calculated CO2RR, HER, ORR, and OER overpotentials against the number of d 

19 orbital electrons. Figure S5 shows the DFT-predicted CO2RR, HER, ORR, and OER 

20 overpotentials versus ∆GOH. This shows that Ti(II)CN6, Cu(II)CN6, Cr(II)CN6, and Co(II)CN6 possess 

21 less overpotential for CO2RR, HER, ORR, and OER, respectively.

22

23 Hydrogen Evolution Reaction (HER)

24 We investigated the HER on M(II)CN6 and Cu(I)CNx=4,5,6 through the following fundamental step:54
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∗ +0.5H2 ⇌ H∗ + e‾ (4)

1 Too strong hydrogen binding deactivates and poisons the metal sites, and too weak hydrogen 

2 binding prevents H atoms from attaching to the metal sites, hindering their ability to perform 

3 HER.55 Thus, a catalyst with a ∆GH closer to 0 would exhibit high activity for HER. Figure 4a 

4 displays HER profiles for metal complexes, indicating that HER on Cu(II)CN6 leads to an 

5 overpotential of ηHER = |∆GH|/e = 0.27 VRHE. Figure 4b displays the side view of H intermediate 

6 on the neighboring nitrogen site of Cu(II)CN6 indicating that HER takes place on the neighboring 

7 nitrogen atoms rather than on the metal site.

8

9 CO2 reduction Reaction (CO2RR) towards CO production

10 We investigated the 2-electron transfer towards CO formation for CO2RR at room temperature on 

11 M(II)CN6 and Cu(I)CNx=4,5,6 through the following fundamental steps:56

∗ + CO2 ⇌ CO∗
2 (adsorption) (5)

CO∗
2 + 0.5H2⇌ COOH∗ + e‾ (6)

COOH∗ + 0.5H2 ⇌ CO∗ + H2O + e‾ (7)

CO∗ ⇌ ∗ +CO (desorption) (8)

CO∗ + 0.5H2 ⇌ COH∗ + e‾ (9)

12 Before investigating the CO2RR mechanism in-depth, the competitive HER should be studied. Too 

13 strong hydrogen binding deactivates and poisons the metal sites, hindering their ability to perform 

14 CO2RR. Thus, a catalyst that weakly binds H but strongly adsorbs CO2 might achieve high CO2RR 

15 selectivity. The adsorption energy of H intermediate would show stronger over the neighboring 

16 nitrogen atoms (Figure S7), while CO2RR intermediates tend to be more stable over the metal 

17 active site for all the metal complexes. Figure 5a displays ΔGCO2 against ΔGH, indicating that CO2 

18 binds more strongly to the metal centers than H does to the neighboring nitrogen atoms, except for 
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1 Cu(II)CN6 and Co(II)CN6. Therefore, all metal complexes except for Cu(II)CN6 and Co(II)CN6, show 

2 selective HER over CO2RR. Among these catalysts, Ti(II)CN6 leads to the minimum CO2RR 

3 overpotential.

4 Figure 5b displays the CO2RR pathway for the Ti(II)CN6. The green color indicates the potential-

5 determining step (PDS), which represents the step that has undergone the maximum free energy 

6 change in the course of the electrochemical process. This shows that Ti(II)CN6 possesses a low 

7 overpotential of (∆GCOOH ―∆G∗+CO2)/e = 1.12 V with the ∗ +𝐶𝑂2
   𝐻+ + 𝑒― 

𝐶𝑂𝑂𝐻∗ step as PDS 

8 towards CO production. The inset displays the side view of 0.27 e- Bader charge transfer from 

9 Ti(II)CN6 to COOH with the Isosurface value of 0.005 e/Å3. Blue color shows the region of charge 

10 deficiency and yellow color shows the region of charge availability.  Ti(II)CN6 possesses preferable 

11 CO2RR selectivity to HER selectivity, with exothermic CO desorption and low CO2RR 

12 overpotential. It is important to note that other reaction pathways toward C1 reaction products57 

13 are not possible. According to Figure 5b, the release of CO is spontaneous and exothermic,58,59 

14 while the hydrogenation of the CO intermediate is not favorable to produce a COH intermediate 

15 towards C1 products. Figure 5c-d shows the partial density of states (PDOS) of 3dx2-y2, 3dz2, 3dxz, 

16 3dxy, and 3dyz orbitals of Ti active site in Ti(II)CN6 in the absence and presence of COOH. Figure 

17 S8 shows the py, pz, and px orbitals of the O atom in COOH intermediate adsorbed on Ti(II)CN6. 

18 Therefore, the 3d orbitals of the Ti active site form a bonding orbital (σ) at E-Ef=-1.9 eV with the 

19 py, pz, and px orbitals of the O atom in the COOH intermediate and an anti-bonding orbital at E-

20 Ef=3.24 eV with the py and pz orbitals of the O atom in the COOH intermediate.

21

22 Oxygen Evolution and Reduction Reactions (OER and ORR)
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1 We studied the OER and ORR mechanisms by examining the backward and forward directions of 

2 the following electrochemical steps:54

∗ + O2 ⇌ O∗
2 (adsorption) (10)

O∗
2 + 0.5H2 ⇌ OOH∗ + e‾ (11)

OOH∗ + 0.5H2 ⇌ O∗ + e‾ (12)

O∗ + 0.5H2 ⇌ OH∗ + e‾ (13)

OH∗ + 0.5H2 ⇌ ∗ + H2O + e‾ (14)

3 Similar to CO2RR, the OER and ORR prefer to occur on the metal active site. Figure 6a displays 

4 the ORR pathway for Cr(II)CN6 with an ORR overpotential of 0.36 VRHE. This is comparable to the 

5 DFT-calculated ORR overpotentials of 1.81, 0.56, 0.38, 0.44, 0.43, 0.33, and 0.34 V for Cu(I)-

6 Catenane9, FeN4-SAC23, FeFeN6-DAC54, FeCoNiRu-HESAC23, the benchmark Pt (111)60, 

7 CoRu@N8V461, and CoCuN6-gra(OH)62. 

8 Figure 6a shows that the protonation of OH to produce and release H2O is the rate-determining 

9 step (RDS). Figure 6b displays the side view of 0.42 e- Bader charge transfer from Cr(II)CN6 to 

10 the OH with the Isosurface value of 0.005 e/Å3. Blue color shows the region of charge deficiency 

11 and yellow color shows the region of charge availability.  Figure 6c-d shows the PDOS of 3dx2-

12 y2, 3dz2, 3dxz, 3dxy, and 3dyz orbitals of the Cr active site in Cr(II)CN6 in the presence and absence 

13 of OH. The 3d orbitals of the Cr active site form a bonding orbital (σ) at E-Ef=-3.9 eV and an anti-

14 bonding orbital at E-Ef=3.9 eV with the p orbital of the O atom in OH intermediate.

15 Figure 7a displays the OER pathway for Co(II)CN6 with an OER overpotential of 0.81 VRHE, 

16 comparable with DFT-calculated OER overpotential of 1.76 VRHE for Cu(I)-Catenane.9 Figure 7a 

17 indicates that the deprotonation of H2O to produce OH intermediate is the OER rate-determining 

18 step (RDS). Figure 7b shows the side view of 0.45 e- Bader charge transfer from Co(II)CN6 to the 

19 OH intermediate with the Isosurface value of 0.005 e/Å3. Blue color shows the region of charge 
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1 deficiency and yellow color shows the region of charge availability.   Figure 7c-d shows the PDOS 

2 of 3dx2-y2, 3dz2, 3dxz, 3dxy, and 3dyz orbitals of the Co active site in Co(II)CN6 in the presence of OH 

3 intermediate. The 3d orbitals of the Co active site form a bonding orbital (σ) at E-Ef=-4.2 eV and 

4 anti-bonding orbitals at E-Ef=0.8 eV and E-Ef=1.0 eV with the p orbital of the O atom in OH 

5 intermediate.

6

7 Conclusion

8 This work introduces deep insights into the discovery of mechanically interlocked molecular 

9 machines such as dimeric, trimeric, and multimeric Catenanes by applying the concept of 

10 a dynamic coordination environment for electrochemistry at room temperature. Metal complexes 

11 are extensively reported for electrochemical reactions. Mechanically interlocked molecular 

12 machines, however, have not been systematically studied for electrochemistry using high-

13 throughput screening. Thus, we use mechanically interlocked Catenane metal complexes with a 

14 dynamic coordination environment for hydrogen evolution reaction (HER), CO2 reduction 

15 reaction (CO2RR), oxygen evolution reaction (OER), and/or oxygen reduction reaction (ORR). 

16 Applying density functional theory (DFT), the thermodynamic and electrochemical stabilities of 

17 Catenane metal complexes denoted as M(II)CN6 and Co(I)CNx=4,5,6 are studied. Meanwhile, HER on 

18 the neighbor nitrogen atoms of Cu(II)CN6 proceeds at overpotentials as low as 0.27 

19 V. The CO2RR, ORR, and OER occur on the metal active sites of Ti(II)CN6, Cr(II)CN6, and 

20 Co(II)CN6, at the overpotentials of 1.12, 0.36, and 0.37 V. In summary, the comprehensive DFT 

21 calculations presented in this work pave the way for further experimental efforts by the community, 

22 despite challenges and difficulties in achieving high yields when synthesizing these mechanically 

23 interlocked metal complexes.

24
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1

2
3 Figure 1. Mechanically interlocked metal complex. (a) The structure of M(I or II)CNx=4,5,6 which 
4 M represents 3d transition metals. Brown, light blue, and dark blue balls show C, N, and M 
5 elements, respectively. (b) Dissolution potential and formation energy for M(I or II)CNx=2,3,4,5,6 
6 versus the number of nitrogen atoms around the metal, indicating all the candidates meet the 
7 electrochemical and thermodynamic stability criteria (Udiss>0 and Eformation<0). (c) The change in 
8 the energy of M(I or II)CNx=4,5,6 with different nitrogen atoms. (d) Volcano plot for the formation 
9 energy and dissolution potential against the number of d orbital electrons for M(II)CN6 suggesting 

10 the minimum formation energy at the d electron number of 9 and lowest dissolution potential at 
11 the d electron number of 6.
12
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1
2 Figure 2. Gibbs free energy analysis. (a) DFT-obtained Gibbs free energy of reaction 
3 intermediates for M(II)CN6. (b) Box plot of Gibbs free energy variation of each reaction 
4 intermediates. (c,d) Analysis of the weakened scaling relationship limits among the intermediates.
5
6
7
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1
2 Figure 3. Overpotentials. (a) High throughput screening of DFT-calculated CO2RR, HER, OER, 
3 and ORR overpotentials. (b) Volcano plot of DFT-obtained CO2RR, HER, OER, and ORR 
4 overpotentials against the number of d orbital electrons suggesting the lowest overpotentials at d 
5 electron number of 7.
6  

7  
8 Figure 4. HER. (a) HER pathways for metal complexes, indicating Cu(II)CN6 with HER 
9 overpotentials 0.27 VRHE. (b) The side view of H intermediate on nitrogen active site of Cu(II)CN6.

10
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1
2 Figure 5. CO2RR pathway. (a) ∆G of CO2 versus ∆G of H for M(II)CN6 and Cu(I)CNx=4,5,6, 
3 showing that all the structures except for Co(II)CN6 and Cu(II)CN6 are CO2RR selective on the 
4 surface. (b) CO2RR pathway for Ti(II)CN6 with CO2RR overpotential of 1.12 VRHE. The inset 
5 displays the side view of the Bader charge transfer from Ti(II)CN6 to COOH with the Isosurface 
6 value of 0.005 e/Å3. Blue color shows the region of charge deficiency and yellow color shows the 
7 region of charge availability. Partial density of states (PDOS) of 3dx2-y2, 3dz2, 3dxz, 3dxy, and 3dyz 
8 orbitals of Ti active site in Ti(II)CN6 (c) in the absence and (d) in the presence of COOH 
9 intermediate.

10
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1
2 Figure 6. ORR pathway. (a) ORR pathway for Cr(II)CN6 with ORR overpotential of 1.15 VRHE. 
3 (b) The side view of the Bader charge transfer from Cr(II)CN6 to OH with the Isosurface value of 
4 0.005 e/Å3. Blue color shows the region of charge deficiency and yellow color shows the region 
5 of charge availability. Partial density of states (PDOS) of 3dx2-y2, 3dz2, 3dxz, 3dxy, and 3dyz orbitals 
6 of Cr atom in Cr(II)CN6 (c) in the absence and (d) in the presence of OH intermediate. 
7
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1
2 Figure 7. OER pathway. (a) OER pathway for Co(II)CN6 with OER overpotential of 0.79 VRHE. 
3 (b) The side view of the Bader charge transfer from Co(II)CN6 to OH with the Isosurface value of 
4 0.005 e/Å3. Blue color shows the region of charge deficiency and yellow color shows the region 
5 of charge availability.  Partial density of states (PDOS) of 3dx2-y2, 3dz2, 3dxz, 3dxy, and 3dyz orbitals 
6 of Cr atom in Co(II)CN6 (c) in the absence and (d) in the presence of OH intermediate.
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