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Abstract 

 Heterogenous single-atom catalysts (SACs) are reminescent of homogenous 

catalysts because of similarity of structural motif of active sites, showing the potential 

of using the advantage of homogenous catalysts to tackle challenges in hetereogenous 

catalysis. In heterogeneous oxygen electrocatalysis, the homogeneity of adsorption 

patterns of reaction intermediates leads to scaling relationships that limit their activities. 

In contrast, homogeneous catalysts can circumvent such limits by selectively altering 

the adsorption of intermediates through secondary coordination effects (SCE). This 

inspired us to explored potential SCE in metal-nitrogen-carbon (M-N-C), a promising 

type of oxygen evolution electrocatalysts. We introduced SCE with a neighboring metal 

site, which can modulate the adsorption strengths of oxygen-containing intermediates. 

First-principles calculations show that the second site in heteronuclear duo four-

nitrogen-coordinated metal-center can induce SCE that selectively stabilize the OOH 

intermediate, but with minor effects on the OH intermediate, and thereby, disrupt 

scaling relation between oxygen-species, and eventually increase the catalytic activity 
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in oxygen evolution reactions. Additionally, the activity of oxygen reduction reaction 

of selected M-N-C is also enhanced by such SCE. Our computational work underscored 

the critical role SCE can have in shaping activities of SACs, particularly in altering 

scaling relationships favorably, and demonstrated its potential of addressing catalytic 

challenges in heterogeneous catalysis. 

The emergence of single-atom catalysis (SACs)[1] not only paves a path for creating a 

new type of heterogeneous catalysts that combines high activity and economic 

utilization of transition metal atoms, but also provides a promising architecture of 

catalyst that can fuse advantages of conventional heterogeneous and homogeneous 

catalysts[2-6]. In the past decade, with the aid of sophisticated experimental techniques 

and computational tools, scientists have made substantial progress in both crafting well-

controlled structures and understanding the working mechanisms of SACs[7-13]. There 

is no doubt that the local environment around metal centers in SACs plays a crucial part 

in shaping their electronic structures and ensuing catalytic activity and selectivity[3, 9, 

12], including the coordinating atoms of metal centers[7, 14], the multi-adsorption 

effects[15-17], and the strength of metal-support interaction[18]. While most of these 

studies have primarily focused on the first coordination layer[4, 8, 10-12, 19], much less 

attention has been paid to the secondary[20] and even more distant coordination shells 

of metal centers in SACs. Meanwhile, in enzymatic and homogeneous catalysis, the 

secondary coordination shell is known to play an important role in determining the 

performance of the catalyst of interest[21-27]. Even though SACs may share some 

similarity with molecular catalysts regarding to the structures of active centers, and 

some earlier work has shown the cooperation of two adjacent active sites[28-29] , there 

has been little computational investigation exclusively on the secondary coordination 

effects in SACs.  

 For heterogeneous catalysis, it is well established that scaling relationships 

between the adsorption energies of intermediates limit the performance of a catalysts, 

including nitrogen reduction reaction (NRR), CO2 reduction reaction (CO2RR), oxygen 

evolution reaction (OER), and oxygen reduction reaction (ORR)[13, 26, 29-33]. Taking 
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OER and ORR on transition metal surfaces as examples, the universal scaling 

relationship between the adsorption energies of key intermediates(*OH, *O, and 

*OOH), represented by ΔG*O = 2ΔG*OH and ΔG*OOH = ΔG*OH + 3.2, set a theoretical 

limit of the overpotential at 370 mV for the most active metal[34]. Highly active single-

sites in SACs cannot be free from these scaling relations as well[28-29, 35]. It mainly 

originates from the homogeneity of the adsorption of intermediates, meaning that the 

adsorption site and pattern of different intermediates are not changed during the reaction 

process[36]. Meanwhile, enzymes and molecular catalysts can break the homogeneity of 

adsorption and bypass the limit with the help of the secondary coordination ligands, by 

selectively tunning the adsorption of intermediates or even changing the mechanism 

from water nucleophilic attack (WNA), where water attacks a metal oxo speices, to 

coupling two metal-oxo entities (I2M), where two metal oxyl radicals form the O-O 

bond. Craig et al. found that the intramolecular H-bonding between *OOH and the 

coordinating ligands in Ru complexes could selectively stabilize *OOH intermediate 

and result to a lower value of ΔG*OOH - ΔG*OH, which is favorable for OER[26]. Matheu 

et al. showed that H-bonding between dangling carboxylate group and *OOH can boost 

the kinetics of the *O to *OOH step in the WNA mechanism [37]. Theoretical 

investigations have also predicted that the second coordination sphere could modulate 

the binding energy of the crucial *O intermediate[27]. More drastic effect can be found 

when the secondary interactions change the mechanism of OER. For example, Zhang 

et al. reported that the carboxylate groups in Ru(tda)(py)2(tda = (2,2′:6′,2″-terpyridine)-

6,6″-dicarboxylate, py = pyridine), can work as an oxide relay in catalytic water 

oxidation, which will replace the OOH intermediate with a per-carboxylate species[38-

40]. Therefore, identifying the secondary coordination effects (SCE) in SACs by means 

of theoretical computation may help us sort out how to leverage it to alter scaling 

relations in heterogeneous catalysis towards improved activities. 

 To test our hypothesis about SCE in SACs, we chose OER and ORR as the 

reactions of interest because of their well-estabilished scaling relations and the 

associated difficulty of changing them. We used the metal-nitrogen-carbon (M-N-C) 
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materials in which MN4 fragments are anchored in the plane of defected graphene as 

model SACs thanks to the ease of synthesis[41-42] and their potential of being cost-

effective OER and ORR catalysts[43-44]. Through periodic spin-polarized density-

functional theory calculations, we found that SCE can disrupt the scaling relationships 

of OER and ORR in two ways: (1) SCE disrupt the scaling relation between ΔG*O and 

ΔG*OH (ΔG*O = 2ΔG*OH on the pure metal surface[30, 34] ); (2) SCE selectively stabilizes 

*OOH without strengthening the adsorption of *OH, which decreases the free energy 

change from *OH to *OOH (ΔG*OOH = ΔG*OH + 3.2 eV on the pure metal surface [30, 

34], and the ideal intercept is 2.46 eV). As a result, we obtained more favorable 

energetics of OER and ORR, which could convert into better turnover-frequencies, as 

supported by a microkinetics simulation. Our study demonstrates the significance of 

exploring the secondary coordination effects in heterogeneous SACs and leveraging 

them for enhanced catalytic performances. 

 

Figure 1. a) The structural prototype of MN4/G. b) formation energy and dissolution potential of 

MN4/G. c) the scaling relationships between ΔG*O and ΔG*OH. d) the scaling relationships between 

ΔG*OOH and ΔG*OH. e) 2-D volcano plot for OER, the red line represents the scaling relationship  
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between *OOH and *OH on metals(ΔG*OOH=ΔG*OH + 3.2), and the black line represents the scaling 

relationship between *OOH and *OH on MN4/G. f) the scaling relationships between ΔE*O and 

ΔE*OH on MNxC4-x/G(x=0, 2, 3, 4). g) the scaling relationships between ΔE*OOH and ΔE*OH on 

MNxC4-x/G(x=0, 2, 3, 4). 

 We first built 28 different types of M-N-C models (denoted as MN4/G) differing by 

the element of metal center (Figure 1a), some of which have been reported in both 

experimental and theoretical studies[4, 45]. Then the thermodynamic and electrochemical 

stabilities of these MN4/G structures were assessed by formation energy and dissolution 

potential[28, 46]. Those in the upper left zone of Figure 1b (negative formation energy 

and positive dissolution potential) are energetically more favorable, covering many 

experimentally synthesized MN4/G SACs (M=Fe, Ni, Cu, Zn, Ru, Rh, Pd, and Ir)[42]. 

As Figures 1c and 1d show, MN4/G have only shown limited improvement in scaling 

relations between ΔG*OH and ΔG*OOH than pure metal surfaces[34]. The main reason lies 

in the large intercept value (3.2 eV) in the scaling equation (ΔG*OOH = 0.75ΔG*OH + 3.2) 

favors a weaker binding of *OOH. An incremental tuning the first coordination shell of 

MN4 site (MN3C/G, MN2C2/G, and MC4/G) by replacing N atoms with C atoms does 

not make significant change (Figures 1f and 1g), suggesting that fine-tuning first 

coordination shell may be ineffective in altering scaling relations in OER. Note that we 

used adsorption energies instead of adsorption free energies in the test of variants of 

MN4/G, because the difference between these two energy terms is contributed by zero-

point energy and entropy item of adsorbates, which we expect are comparable before 

and after the adsorption and will not appreciably affect the scaling relations. 

 Then we expanded the scope of investigation to the seconcary coordination shell 

of a metal center by employing a dual active-center model (shorted as ho-2-MN4/G), 

which have been demonstrated to disrupt linear relationships in NRR[28, 33, 47]. However, 

simply introducing a second adjacent metal center just did not bring SCE that can 

change existing scaling relationships in OER. As shown in Figure 2a, we have 

categoried a total of 28 kinds of ho-2-MN4/G into three groups depending on how 

*OOH is relaxed on metal center(s): (1) indigo group (strong adsorption): *OOH 

directly decomposes into *O and *OH, each of them is one of two metals; (2) orange 

group (medium adsorption): *OOH is on one metal center and the other is idle; (3) brick 
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red group (weak adsorption): *OOH bridges with two metal centers. Based on 

adsorption energies of groups 2 and 3, little change has been found compared to the 

counterpart in mono MN4/G (Figure 1g), indicating the ho-2-MN4/G model (Figure 2b) 

cannot improved the scaling relations of OER as it does on NRR. The fact that the O-

O bond is less strong than a N-N bond indicates that tuning the binding strength of 

*OOH maybe more delicate than that of *NNH. We have examined a bunch of variants 

of the ho-2-MN4/G model, including (1) a similar M-N-C with shorter metal-metal 

distances (Figures 2c and S1), and (2) other duo MN4/G models (Figures S2 and S3) 

with different two-dimensional carbon support, such as carbon nanotube with different 

diameters, but all failed to obtain improved scaling relationships between ΔE*OOH and 

ΔE*OH. Therefore, a pair of active centers alone will not create SCE in SACs. 

 
Figure 2. a) Three kinds of *OOH adsorption manners on ho-2-MN4/G. b) the scaling relationships 

between on ∆E*OH and ∆E*OOH on ho-2-MN4/G. c) the scaling relationships between ∆E*OH and 
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∆E*OOH on homonuclear duo MN4/G model with two MN4 sites getting closer compared to ho-2-

MN4/G. 

 

 As shown in Figure 3a, the adsorption of OH on selected metal centers (inside 

indigo oval) is much stronger, which makes it thermodynamically unfavorable to be 

converted into *O of OER because of large ordinate value (∆E*O-∆E*OH). Consequently, 

OH may stay on these oxygen-philic metal centers, making them potential secondary 

coordination ligands for the adjacent metal center, similar to the secondary coordination 

ligands in homogeneous catalysis[26]. Then we selected 4 types of M1N4 (M1= Cd, Sc, 

Y, and Zn) to host OH based on the relative strength of OH adsorption on each M1N4, 

and 6 types of M2N4 (M2=Ag, Co, Cu, Ir, Ni, and Rh) as potential active centers for 

OER. A total of 24 combinations of M1N4-M2N4/G, of which the thermo stability has 

been verified by a 20-ps ab initio molecular dynamics simulation, were generated and 

the corresponding adsorption energies of *OH, *O, and *OOH were calculated using 

the same procedure. In the presence of *OH on M1 sites (denoted as *OH(M1)), the 

linear scaling of adsorption free energies between *O and *OH (Figure 3b) on M2 sites 

is substantially weakened (R2 decreased from 0.93 in MN4/G to 0.54 in M1N4-M2N4/G). 

Moreover, the scaling line between *OH and *OOH (Figure 3c) shifts down, making 

the intercept closer to the ideal value of 2.46. Thus, the new scaling is closer to the 

theoretical peak in the contour map (Figure 3d), suggesting a chance of finding a more 

active OER catalyst in M1N4-M2N4/G than MN4/G.  
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Figure 3. a) The distribution of MN4/G along the ∆E*OH and ∆E*O - ∆E*OH. And the structural 

prototype of M1N4-M2N4/G at the right side. b) the scaling relationship between ∆G*OH and ∆G*O 

on M1N4-M2N4/G. c) the scaling relationship between ∆G*OH and ∆G*OOH on M1N4-M2N4/G. d) 2-

D volcano plot for OER, the red line represents the scaling relationship for ∆G*OOH and ∆G*OH on 

metals, the black line represents the scaling relationship for ∆G*OOH and ∆G*OH on MN4/G, and the 

blue line represents the scaling relationship for ∆G*OOH and ∆G*OH on M1N4-M2N4/G. 

 

 Following the improvement of the scaling relationship between *OH and *OOH 

from MN4/G to M1N4-M2N4/G, we conducted a more comprehensive kinetics analysis 

based on energetic data of every step in OER process, to examine that if SCE enhanced 

M1N4-M2N4/G by *OH(M1) is potentially a better OER catalyst than MN4/G. The 

details of microkinetics calculations using the CatMAP software package[48] have been 

provided in the supporting information. Since the contour map of M1N4-M2N4/G 

(Figure 4b) not only has more data points closer to the peak than MN4/G (Figure 4a) 

but also possesses a substantially larger area with noticeable OER activity, it is more 

likely to locate an efficient OER catalyst within M1N4-M2N4/G than MN4/G, thus 

supporting our hypothesis about the promotive SCE role of *OH(M1) on OER.  

 To further validate whether SCE can effectively enhance OER catalytic 

performance occurring on M1N4-M2N4/G, we calculated the free energy diagrams 

covering the full set of elementary steps on six of the selected model systems (Figure 
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4c). Compared each MN4/G, the counterpart M1N4-M2N4/G enjoys varying degrees of 

decrease of overpotential with the aid of *OH(M1). Among these M1N4-M2N4/G 

systems, *OH(Sc) gives NiN4/G the largest improvement (a decrease by 0.57 V) in 

overpotential, and *OH(Zn) gives IrN4/G the lowest overpotential of 0.24 V. For the 

reverse reaction of OER, i.e. ORR, the SCE of *OH(M1) will also enhance the ORR 

activity, as illustrated in Figure S4. The best combination is ScN4-RhN4/G with an 

overpotential of 0.22 V in ORR, in which the secondary ligand OH binds to Sc. 

 

Figure 4. Oxygen evolution catalytic activity volcano maps on different active sites. Calculated OER 

rates as a function of the *OH adsorption energy and *OOH energy on (a) MN4/G sites; b) M1N4-

M2N4/G sites; c) Gibbs free energy diagrams of CoN4/G, CuN4/G, NiN4/G, RhN4/G, AgN4/G and 

IrN4/G and the respective corresponding M1N4-M2N4/G for OER. The blue downward arrows and 

adjacent numbers indicate the reduction in the OER overpotential on M1N4-M2N4/G sites (blue line) 

compared with the MN4/G sites (black line). 
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 Finally, we investigated how SCE of *OH(M1) alters the free energy diagram of 

OER on M2N4. Overall, the presence of *OH(M1) next to M2 tends to equalize the free 

energy change of consecutive elementary steps (Figure 4c). For the step of *O 

formation, the much weaker scaling relationship between *OH and *O (Figure 3b) in 

the presence of *OH(M1) makes the corresponding free energy changes generally more 

favorable for smaller overpotentials. To understand the change, we calculated the 

integrated crystal orbital Hamilton population (ICOHP) between M2 and O of *OH 

with and without adjacent *OH-M1, for which more negative value indicates stronger 

bonding. As Figure 5a shows, for CuN4, IrN4, and NiN4, the presence of *OH(M1) 

appreciably affects the bonding strength between M2 and O of *OH. Taking CuN4 as 

an example, the ICOHP between O and Cu atom is -1.17 for *OH on single CuN4, and 

increased to -1.78 in the presence of another *OH on the adjacent ScN4 site. For the 

step of *OOH formation, *OH(M1) can selectively stabilize *OOH(M2) by forming 

either bridge-on adsorption of OOH with both M1 and M2 or hydrogen bonds between 

*OH(M1) and *OOH(M2) (Figure 5b). Either way, *OH(M1) helps alter the scaling 

relation between *OH and *OOH by lowering the intercept, which favors the 

thermodynamics of OER. Similar ICOHP analysis has been done on CoN4 and RhN4 

(Figure S5), in which *OH(M1) also sways the energetics of *OH in a favorable way. 

This geometry-based SCE for *OH(M1) is reminiscent of the promotion role of 

secondary ligands in enzymatic and homogeneous catalysts. Therefore, by carefully 

considering the local environment around active centers in high-density SACs, we can 

leverage the SCE to modulate their catalytic activities. 
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Figure 5. a) Projected crystal orbital Hamilton population (pCOHP) between the metal centers and 

the oxygen atom in *OH intermediate. The values of integrated COHP (ICOHP) are shown in red 

bold italics; b) Adsorption configurations of *OOH on M2 in M1N4-M2N4/G models.  

 In summary, our work introduced the concept of secondary coordination 

environments prevailing in molecular catalysts into heterogeneous SACs and showed 

the impact of secondary coordination effects on the scaling relationships between 

intermediates (*OH, *O and *OOH) of OER and ORR. The axial OH bound to the 

oxygen-philic metal of heteronuclear duo MN4/G catalysts acts as a secondary ligand 

of active center, alters the scaling relations that shape the theoretical limit of OER and 

ORR activities on these model systems, and finally leads to improved activities for both 

OER and ORR. The kinetic simulation results supported the effectiveness of this 

strategy. Furthermore, the reduction of overpotentials of OER and ORR shown by free 
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energy diagrams is ascribed to the effect of this adjacent axial OH ligand. The 

computational results disclosing the role of SCE in model SACs offer new insight into 

the modulation of M-N-C type OER and ORR catalysts, which will provide sparks of 

the rational design of SACs with enhanced activities in oxygen electrocatalysis[49] for 

sustainable energy development. In addition, both previous[28-29] and current work 

suggest that proper engineering of the secondary coordination sites allows the 

heterogeneity of binding modes for different intermediates, which is critical for 

modifying the linear scaling relationship of their adsorption strengths. Therefore, we 

expect that the modulation of secondary coordination sites may provide an alternative 

strategy to overcome the hurdle of scaling relationships in heterogeneous catalysis. 

Associated content  
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computational details, geometrical structures, and stability validation of MN4, the adsorption 

energies of *OH, *O, and *OOH, various scaling relationships, and Gibbs free energy diagrams for 

the ORR occurring on selected M1N4-M2N4/G models. 
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