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Abstract 

Due to the conversion equilibrium between solvent and H- and O-containing adsorbates, the true surface state of 

a catalyst under a particular electrochemical condition is often overlooked in electrocatalysis research. Herein, by 

using surface Pourbaix analysis, we show that many electrocatalytically active transition metal X-ides (e.g., 

oxides, nitrides, carbides, and hydroxides) tend to possess the surface states different from their pristine 

stoichiometric forms under the pH and potential of interests due to water dissociation or generation. Herein, 

summarizing the density functional theory calculated surface Pourbaix diagrams of fourteen conditionally stable 

transition metal X-ide materials, we found that some of these surfaces tend to be covered by O-containing 

adsorbates at a moderate or high potential, while vacancies or H-covered surfaces may form at a low potential. 

These results suggest the possibility of poisoning or creation of surface sites beyond the pristine surface, implying 

that the surface state under reaction conditions (pH and potentials) needs to be considered before the identification 

and analysis of the active sites of a transition metal X-ide catalyst. In addition, we provide an explanation of the 

observed theory and experiment discrepancy that some transition metal X-ides are “more stable in experiment 

than in theory”. Based on our findings, we conclude that analyzing the surface state of transition metal X-ide 

electrocatalysts by theoretical calculations (e.g., surface Pourbaix diagram analysis), in-situ/operando and post-

reaction experiments are indispensable to accurately understanding the catalytic mechanisms. 

Keywords: surface state; transition metal X-ides; surface Pourbaix diagram; electrocatalysis.  



Maintext 

Electrocatalysis is one of the keys to realizing a sustainable future.1 By integrated electrocatalytic techniques, 

inexpensive feedstocks can be converted into value-added products powered by the green electricity generated 

from renewable sources (e.g., wind, tide, and solar energy). This strategy can potentially revolutionize the non-

renewable resources based industrial processes. To date, some electrocatalytic reactions have been widely studied, 

including hydrogen evolution reaction (HER),2,3 oxygen evolution reaction (OER),3 oxygen reduction reaction 

(ORR),4 CO2 reduction reaction (CO2RR),5 and nitrogen reduction reaction (NRR).6 However, though some 

precious metal-based catalysts showed high performance at operating conditions for these reactions (e.g., Pt and 

Pd for HER and ORR,2,4 Ir and Ru for OER,3 Au and Ag for CO2RR,7,8 and Ru for NRR9,10), the high price 

seriously hamper their further applications. To ensure a broader application of electrocatalysis in industry, 

exploiting stable and active catalysts with less reliance on expensive elements is a sought-after goal.  

Non-precious transition metal X-ides (or, in brief: X-ides, including oxides, nitrides, carbides, sulfides, 

phosphides, hydroxides, and their derivatives) are a class of promising and low-cost alternatives to precious metal-

based catalysts because of the experimentally proven stability under various electrocatalytic conditions,11,12 

especially in alkaline media. So far, some transition metal oxides (TMOs) have been found stable in acidic 

conditions under a wide range of potentials.12–14 A recent data-mining study further proved that there existed some 

non-precious TMOs that could be thermodynamically stable under acidic oxygen electrocatalysis conditions.15 

Compared to acidic media, much more X-ides can survive in an alkaline electrocatalytic environment.16 Recent 

development of anion exchange membrane fuel cell, which can operate under alkaline conditions, allows for a 

broader range of stable X-ides to be considered for oxygen electrocatalysis materials. For example, zirconium 

nitride (ZrN), a typical non-precious metal-based X-ide, was found to be highly active and stable under ORR 

potentials in alkaline media, with the ORR performance even comparable to Pt.17 Because of their low-cost and 

conditionally stable properties, X-ides became a hot research spot in recent years.18  

As the number of X-ides research increases rapidly, the demand for understanding the surface science (e.g., the 

adsorption and reaction mechanism at a surface) of X-ides also dramatically increases. Rational design guidelines 

for high-performance X-ides are urgently needed to provide reliable suggestions for experiments to reduce the 

conventional trial-and-error process in searching the promising X-ides for target electrocatalysis. Therefore, 

theoretical ab initio computations, primarily based on density functional theory (DFT),19 are widely used to 

calculate the reaction kinetics and thermodynamics of an electrocatalytic reaction on a defined X-ide surface. 

Based on the calculated kinetics and thermodynamics, key information (e.g., active sites) and design guidelines 

for new catalysts can be acquired through scaling relation analysis and microkinetic modeling.20 These theoretical 

insights can significantly promote the development of promising X-ide electrocatalysts.  



A key challenge of such technique is that the true surface states of X-ides under electrocatalytic conditions are 

not clear. Many mechanistic and active-site analysis reported to date were based on a pristine stoichiometric 

surface cleaved from a bulk structure, while catalytic in-situ or post-reaction characterizations on X-ide catalysts 

were usually dismissed in experimental works. However, the dynamic equilibria between water and H- and O-

containing surface adsorbates (via the reactions: H2O + ∗ ↔ HO∗ + e– + H+ and H2O + ∗ ↔ O∗ + 2e– + 2H+, where 

∗ represents a surface site) could lead to the existence of adsorbate pre-coverage or vacancy formation on the 

surface. In other words, the X-ide surfaces may either be occupied by additional cations/anions originating from 

the liquid phase dissociation or the formation of anion vacancy through O* or HO* protonation, suggesting a 

“true” catalyst surface under electrochemical conditions state may deviate significantly from its stoichiometric 

state. 

 

Figure 1. Flow chart of developing a surface Pourbaix diagram for surface state analysis. Starting from a 

pristine surface, exhaustive DFT calculations on the Gibbs free energies of the surfaces with additional 

O*/HO*/H* adsorbate and with O*/HO* vacancy formation will be performed. For each coverage, all possible 

sites are in principle needed to be sampled and the lowest energy one should be selected for surface Pourbaix 

diagram construction. Afterwards, the surface Pourbaix diagram as a function of pH and potential will be derived 

to unravel the surface state of the surface under various pH and potentials. 

Surface Pourbaix diagram with the calculated Gibbs free energies of different surface states as a function of pH 

and operating potential first proposed by Hansen et al. in 2008,21 is essential to analyze the thermodynamically 

favorable surface state under electrochemical conditions. Details of the computational methods of surface 

Pourbaix diagram are shown in the Supplementary Materials. This method has shown predictive power in 

analyzing the surface coverage of electrocatalysts. The flow chart of developing a surface Pourbaix diagram is 

shown in Figure 1. For example, Vinogradova et al.22 found that Pt (111), the most widely studied ORR catalyst, 

was covered by ~1/3 HO* under ORR potentials, in good agreement with the in-operando experimental 

observations.23 Yang et al.24 found that most of the emerging metal-nitrogen-carbon (M-N-C) dual-atom catalysts 

         

       

                             

                 

              

                   

                  
                

                      

                        

               

       

                      

                      
              

                   
              

       
      

       
      

                                            

           
           



(DACs) with 6N/C-coordination were poisoned by O* even at a low reversible hydrogen electrode (RHE) 

potential, which is due to the presence of the strong-O-binding metal-metal bridge site. Zhou et al.25 found that 

the (111) and (110) surfaces of an emerging acid-stable ORR catalyst, CoSb2O6, is in part covered by H* at the 

surface lattice oxygen sites under ORR potentials in acid. Zhu et al.26 found that two-dimensional metal borides 

(MBenes), including Mo2B2, Ti2B2, and Cr2B2, would undergo a significant oxidation even at a negative potential 

vs. RHE. Very recently, Pan et al.27 found that the (101) surfaces of Mn8O10Cl3 and Mn7.5O10Br3 would undergo 

a significant electrochemical oxidation at OER potentials, with the surfaces additionally covered by >0.5 

monolayer (ML) O*, in excellent agreement with their post-catalysis X-ray photoelectron spectroscopy (XPS) 

and X-ray absorption near-edge spectroscopy (XANES) characterizations. This self-oxidation process leads to a 

passivated layer that prevents Mn ions from leaching out and, meanwhile, leads to the formation of highly active 

Mn-sites for OER. This also explains why Mn8O10Cl3 and Mn7.5O10Br3 in their pristine forms do not seem to be 

stable from phase diagrams but in fact they are highly stable under low-pH, oxidative OER conditions. All these 

examples show that many less close-packed catalysts, especially X-ides surfaces, may have very different surface 

states compared to their pristine forms. Unfortunately, regardless of the success of using surface Pourbaix analysis 

to unravel the surface state information, the importance of this analytical method is generally dismissed.  

Motivated by the above, herein, we perform case studies on the electrochemical states of some typical surfaces 

of X-ide catalysts and their derivatives, including TMOs (and TMOs-derivatives with some common structures, 

perovskite, spinel, and rutile) like RuO2, IrO2, RhO2, NiO, β-MnO2, LaMnO3, Sb2WO6, Co2Mo3O8, ZnCr2O4, 

LaPO4, and Ti3C2O2, transition metal nitride (ZrN), transition metal carbide (MoC), and transition metal 

hydroxide (NiFe layered double hydroxide, LDH) (Figure 2). Details of the computational and modeling methods 

are shown in the Supplementary Materials. All these analyses are based on the computational hydrogen 

electrode (CHE) method developed by Nørskov et al.28 All these materials were proven stable under some specific 

electrocatalytic environments based on either experimental or theoretical analyses.17,29–50 for example, β-MnO2, 

LaMnO3, Sb2WO6, Co2Mo3O8, LaPO4, Ti3C2O2, ZrN, and NiFe LDH can be stable at ORR or OER conditions, 

while NiO, ZnCr2O4, and MoC are stable at relatively reducing conditions (e.g., HER and NRR). For each material, 

the facet with a low surface energy was selected for analyses (Tables S1-S6). For each state (i.e., the line) of a 

surface Pourbaix diagram, we performed exhaustive computational screening on the potential sites and adsorption 

geometries and discarded the identified high-energy states; only the most energetically favorable states were 

plotted. Since the precise computation of protonation/deprotonation energetics under different pH demands a 

thorough consideration of the electric field effects51 and is limited by the computationally expensive kinetic 

barrier calculations for water dissociation with explicit models which, it is still an open question to integrate these 

effects into surface Pourbaix diagram calculations. Herein, all the surface Pourbaix diagrams generated in this 

study at an RHE scale were based on the hypothesis that many of the kinetic barriers of water dissociation can be 

overcome at the potential of interests which is discussed by the pioneering works of Chan et al.52,53 and thus we 



suspect that pH does not lead to a qualitative difference in our computed results concerning the trends of coverage 

under working conditions. Moreover, the solvation effect was taken into account. The molecular dynamics 

simulation results using explicit solvation models on an IrO2(110) surface was previously introduced to account 

for the solvation effect with a correction value of ~-0.15 and ~0 eV for HO* and O*, respectively.54 Considering 

that the solvation effects mainly originate from the hydrogen-bonding between the hydroxyl and the water 

molecules, different TMX materials may share a similar solvent effect. Therefore, all calculations relating the 

formation of HO* (including both the direct generation of HO* and the protonation at the O*-site) were 

considered with a solvation correction of a value as an approximation. Based on the results from the computed 

surface Pourbaix diagrams, we did further investigation on the catalytic activity for each reaction on its most 

favorable surface under corresponding reaction conditions (specific pH value and potential). The adsorption 

energy of respective key intermediate was calculated to represent the activity. In details, these intermediates are 

H2O* for HER, O* and HO* for OER, HO* for ORR, COOH* for CO2RR, and NNH* for NRR. For comparison, 

the relevant adsorption energy on the pristine surface for the species above was also computed. Furthermore, the 

scaling relation analysis was also introduced to give a deeper insight about the importance of determining the 

surface state of X-ides for each specific reaction condition. 

Summarizing the surface Pourbaix diagrams of the fourteen conditionally stable transition metal X-ide materials 

based on DFT calculations with a sufficient level of accuracy for each system (Figure 2), we found that at a 

moderate or high potential (e.g., URHE >0 V), some of these surfaces tend to be covered by O-containing molecules, 

while vacancy-containing or H-covered surfaces may form at a low potential. These results suggest the possibility 

of surface site poisoning or creation beyond the pristine surface, implying that the surface state under reaction pH 

and potentials needs to be defined before assigning the active sites of a transition metal X-ide catalyst. Note that 

we herein aim to provide essential examples to illustrate the importance of surface state analysis, while 

constructing a surface Pourbaix diagram requires exhaustive computations; it is likely that there are other even 

more favorable surface states that are yet to be identified. Nevertheless, this will not alter our conclusion since 

most of the favorable surface states identified so far are already beyond their pristine forms. To develop a full 

surface Pourbaix diagram, improved computational methods (e.g., machine learning guided methods)55 need to 

be developed. To further analyze their corresponding surface states at different electrocatalytic scenarios and the 

corresponding reaction activity, the characteristic potentials for various reactions were selected in the 

consideration of overpotential. Herein, due to the variety of working potentials of each electrocatalysis, we focus 

on the potential examples which have been proven suitable as the references,24 i.e., 1.60 VRHE for OER,56 0.78 

VRHE for ORR,57 -0.10 VRHE for HER,58 −0.35 VRHE for CO2RR,59 and −0.40 VRHE for NRR.60  

As tabulated in Table 1, we can clearly see that most of the ORR- or OER-active X-ides (β-MnO2, LaMnO3, W-

Sb-O, Co2Mo3O8, LaPO4, Ti3C2O2, and ZrN) tend to be covered by O* or HO*, expect for NiFe LDH where 

hydroxyl vacancy will be formed. All these are in excellent agreement with some post-catalysis experimental 



observations that most of these catalysts will undergo an electrochemical oxidation process,36 while NiFe LDH 

will form oxygen vacancies even at OER conditions.39 

 



Figure 2. Calculated 1D and 2D surface Pourbaix diagrams of the fourteen typical X-ide surfaces for 

electrocatalysis as a function of pH and potential. Insets show the pristine surfaces of these structures in which 

oxygen was denoted by red. Specifically, NiO (a), β-MnO2 (b), LaMnO3 (c), Sb2WO6 (d), Co2Mo3O8 (e), ZnCr2O4 

(f), LaPO4 (g), Ti3C2O (h), ZrN (i), MoC (j), NiFe-LDH, HOv (denotes HO vacancy) (k), IrO2 (l), RhO2 (m), and 

RuO2 (n). The high-energy states beyond the y-scale are not shown in the plots. The magnified pictures of the 

sub-figures are shown in Figures S1-S14. 

Taking the typical RuO2 as an example, our results found that all the Ru in CUS (coordinatively unsaturated site) 

are covered by O* during OER, which can be proven by Rao et al.61 both theoretically and experimentally. The 

results that all bridge site Ru in RuO2 will be occupied by HO* under ORR potentials also aligns with the Pourbaix 

diagram results generated by Abbott et al.41 Exclusively, in addition to considering more comprehensive coverage 

cases, the solvation effect was also considered in this work. At the potentials of interest of HER, CO2RR, and 

NRR, many of these catalysts tend to form O-vacancy or are covered by H*. Note that due to the variety of 

overpotentials, an even more negative potential is sometimes required to proceed CO2RR or NRR.29–31 For NiO, 

O-vacancy formation could be more favorable when the potential is below −0.50 VRHE (Figure 2a). Notably, 

some recent experiments identified that the oxygen vacancy sites of NiO(100) can be highly active for NRR, 

leading to the formation of strong-binding Ni four-fold hollow sites that are highly active in N-adsorption and N

≡N activation.29 To clarify, although structural reconstruction may happen in the bulk phase of materials like 

NiO under a high potential, here our study is based on the NiO surface motivated by its activity in ammonia 

synthesis which happens at a very low potential rather than an oxidic potential. On the other hand, the result 

showing the surface of NiO is totally different from the pristine one under potential of interest can also 

demonstrate the further intrinsic reconstruction. All these results clearly show that at these common 

electrocatalytic reactions, the surface states of X-ides can be very different from their pristine surfaces, and that 

we should pay particular attention to analyzing the surface state before activity and product-selectivity exploration. 

In addition, we herein bring up the concept of the electrochemical potential window (EPW, as shown in Table 1), 

which was first defined by Yang et al.24 for dual-atom electrocatalysts: the potential range that the X-ide surface 

can remain pristine. Interestingly, most of the surfaces of interests here possess a very narrow EPW, while many 

of them even do not possess such a window to exhibit a pristine surface.  

Table 1. Corresponding surface states of the eleven X-ides at the selected characteristic potentials of HER (-0.10 

VRHE), OER (1.60 VRHE), ORR (0.78 VRHE), CO2RR (−0.35 VRHE), and NRR (−0.40 VRHE). 

Materials 

Electrochemical 

potential window 

(V) 

HER 

(-0.10 VRHE) 

OER 

(1.60 VRHE) 

ORR 

(0.78 VRHE) 

CO2RR 

(-0.35 VRHE) 

NRR 

(-0.40 VRHE) 

NiO −0.8 ~2 Pristine Pristine Pristine Pristine Pristine 



β-MnO2 N/A 4/12 ML H* 1 ML O* 3/12 ML HO* 4/12 ML H* 4/12 ML H* 

LaMnO3 N/A 2/4 ML H* 5/4 ML O* 1 ML HO* 
1 ML O 

Vacancy 

1ML O 

Vacancy 

Sb2WO6 N/A 2/4 ML H* 

1/4 ML 

O*+1/4 ML 

HO* 

2/4 ML HO* 2/4 ML H* 2/4 ML H* 

Co2Mo3O8 -0.1-1.2 Pristine 3/4 ML O* Pristine 
6/4 ML H* on 

O 

6/4 ML H* on 

O 

ZnCr2O4 N/A 1 ML HO* 1 ML O* 1 ML O* 5/4 ML H* 7/4 ML H* 

LaPO4 N/A 2/4 ML HO* 1 ML HO* 3/4 ML HO* 2/4 ML HO* 2/4 ML HO* 

Ti3C2O −2 ~ −1.3 
3/4 ML O*+1/4 

ML HO* 
1 ML O* 1 ML O* 

2/4 ML 

O*+2/4 ML 

HO* 

2/4 ML 

O*+2/4 ML 

HO* 

ZrN N/A 1 ML HO* 10/9 ML HO* 1 ML HO* 1 ML HO* 1 ML HO* 

MoC N/A 5/4 ML H* 5/4 ML O* 1 ML HO* 5/4 ML H* 5/4 ML H* 

NiFe LDH 1.5 ~2 1 ML HO Vacancy  Pristine 
1/8 ML HO 

Vacancy 

1 ML HO 

Vacancy  

1 ML HO 

Vacancy 

IrO2 N/A 1 ML H* 3/6 ML O* 3/6 ML HO* 1 ML H* 1 ML H* 

RhO2 N/A 1 ML H* 3/6 ML HO* 
3/6 ML H* on 

O 
1 ML H* 1 ML H* 

RuO2 N/A 4/6 ML H* 3/6 ML O* 
3/6 ML H* on 

O 
1 ML H* 1 ML H* 

 
Based on these results, we can further comment on the surface stability of some X-ides under specific 

electrocatalysis. For example, from bulk Pourbaix diagram calculations (as illustrated in the Materials Project62 

database), ZrN is known to be unstable in alkaline ORR conditions. However, it is proven to be highly stable and 

ORR-active in experiments.17 From the surface Pourbaix diagram calculations in this work (Figure 2i), we found 

that a ZrN surface is fully oxidized at the potential >-0.5 VRHE. Given that ZrOx is known to be kinetically stable, 

and it has been proved as an acid-stable ORR TMO catalyst,13,14,63 this self-oxidation phenomenon identified that 

the ZrN surface could prevent the surface cation from leaching out. This phenomenon is somewhat similar to the 



self-oxidation process identified by Pan et al.27 when explaining the high acidic stability of Mn-based oxides for 

OER. In addition, these surface Pourbaix analyses also testify the availability of the design concept of X-ides as 

the “pre-catalysts” for OER,64,65 where a self-oxidation was observed at OER conditions, and the active-phases 

of many X-ides were proven to be a significantly oxidized surface instead of the as-synthesized surface. To note, 

a different surface state would also lead to changes in the interfacial properties of a catalyst, such as the potential 

of zero-charge and the surface hydrophobicity, which will contribute to the catalytic mechanism being different 

from a pristine surface.  

Table 2. Adsorption energy for different key intermediates under relevant reaction conditions on pristine- (Pri) 

and relevant covered-surface (Cov). The difference of the Gibbs free energy is also given as ∆∆G. The considered 

potentials for these five reactions are the same with Table 1. N/A means that the surface is poisoned or physical-

adsorption-dominated.  

Materials 
GH2O (HER) eV GO-GHO (OER) eV GHO (ORR) eV GCOOH (CRR) eV GNNH (NRR) eV 

Pri Cov ∆∆G Pri Cov ∆∆G Pri Cov ∆∆G Pri Cov ∆∆G Pri Cov ∆∆G 

NiO 0.91 N/A N/A 0.82 N/A N/A 3.37 N/A N/A 2.92 N/A N/A 3.99 N/A N/A 

β-MnO2 -2.21 -0.13 2.08 0.7 0.58 -0.12 -0.8 1.07 1.87 1.5 2.57 1.07 0.54 2.36 1.82 

LaMnO3 2.35 -0.5 N/A 1.41 1.78 0.37 -1.32 1.59 2.91 1.42 1.86 0.44 2.18 1.55 -0.63 

Sb2WO6 -0.43  -0.31  0.12 -0.34 1.72 2.06 1.93 2.34 0.41 N/A N/A N/A N/A N/A N/A 

Co2Mo3O8 -0.69 -0.69 0 -2.27 0.03 2.24 4.29 Pri N/A 0.55 1.57 1.02 2.03 2.03 0 

ZnCr2O4 -0.46 -1.01 -0.55 -0.15 2.95 3.1 -1.1 0.64 1.74 0.81 0.74 -0.07 1.04 2.71 1.67 

LaPO4 -0.98 -0.62 0.36 -1.33 2.27 3.6 -2.09 0.66 2.75 0.89 3.04 2.15 1.7 2.75 1.05 

Ti3C2O -0.41 -0.45 -0.04 -0.67 2.6 3.27 -1.24 1.97 3.21 0.14 3.61 3.75 -1.66 3.01 4.67 

ZrN -0.76 -0.81 -0.05 0.39 2.87 2.48 -1.11 0.62 1.73 0.57 3.01 2.44 1.57 N/A N/A 

MoC -0.44 -0.16 0.28 0.18 0.37 0.19 -0.89 0.3 1.19 0.14 2.96 2.82 1.14 2.35 1.21 

NiFe LDH 0.42 -0.88 -1.3 -0.18 Pri N/A 1.42 0.81 -0.61 2.11 0.9 -1.21 3.67 1.42 -2.25 

IrO2 -1.18 -0.82 0.36 1.5 1.39 -0.11 0.21 0.09 -0.12 0.83 0.58 -0.25 0.89 1.61 0.72 

RhO2 -0.94 -0.67 0.27 1.75 1.99 0.24 1.05 0.74 -0.31 1.92 1.46 -0.46 1.91 2.47 0.56 

RuO2 -0.7 -0.43 0.27 1.15 1.08 -0.07 0.63 0.23 -0.4 2.09 1.66 -0.43 1.62 1.8 0.18 

 

The catalytic activities of the fourteen selected materials towards five typical electrocatalysis were also 

investigated on the surface before (pristine) and after coverage. The results are summarized in Table 2. Herein, 

Gibbs free energies of H2O* (GH2O), HO* (GHO), COOH* (GCOOH), and NNH* (GNNH) were selected to represent 

the performance of HER, ORR, CO2RR, and NRR, respectively, while the Gibbs free energy difference between 

O* and HO* was to evaluate OER activity. The reason why we chose H2O* (instead of H*) to analyze HER is 

because most of the TMXs are more stable in alkaline instead of acidic conditions.15 Therefore, the adsorbed 

H2O* would be a key intermediate in alkaline HER for the subsequent activation process to generate H*. The 

relevant computational details can be found in Supplementary Materials. It is worth mentioning that for the 

cases of nearly 1 ML occupancy, the differential binding energy of the last covered-adsorbate was calculated for 

consideration. Generally, it is obvious that the adsorption behavior differs quite a lot between the pristine and 

covered surface which further proves our findings above and verifies the significance of a prepositive surface 



state study in electrocatalysis research as it can lead to a totally different but more realistic result. To note, most 

∆∆G is in a positive value, indicating a weaker adsorption after coverage. While for a few cases with ∆∆G below 

0, this is because of a stronger adsorption originating from the hydrogen bond formation. 

Furthermore, we performed the scaling relation analysis in oxygen electrocatalysis to provide a deeper testimony 

of the indispensability to conduct a surface state analysis beforehand. The fitted segments of EHO* vs. EO* and 

EHO* vs. EHOO* are shown in Figure 3 with the slope fixed at 1.5 and 1, respectively. In Figure 3a, it is clearly 

shown that the intercept after coverage (under ORR/OER potentials) significantly changes comparing with the 

pristine surfaces of TMXs (blue line), indicating a weaker O*-bonding strength under a moderate or high potential, 

which can be explained by previous research11,66 that compared to radical molecules (e.g., HO* and HOO*), O*-

adsorption is more sensitive to the surface coverage where a more “crowded” surface would lead to stronger 

repulsive interactions to O* that weakens its bonding. This may lead to a significant switch of the RDS (rate-

determination step) and the difference in the optimal reaction activities of ORR and OER.11,67 For the scaling 

relationship between EHOO* and EHO*, the intercept almost remains universal. This result aligns with our previous 

report.11 From the scaling relationship discovered above, we can further stress that the surface states under 

reaction conditions (e.g., pH and potentials) should be determined before the identification and analysis of the 

active sites of a transition metal X-ide catalyst as it will mislead the result if overlooked. Last but not least, as this 

work is focused on the Prouraix diagram computing, we have made some approximations like the correction for 

pH and solvation effect as discussed above. Given our findings here showing the significance of the preliminary 

determination of surface state, future work will be focused on the comprehensive and precise computation by 

integrating the pH, electric, and solvation effects to give a thorough insight of this issue. 

 

Figure 3. The scaling relations of (a) EHO* vs. EO* and (b) EHO* vs. EHOO* in oxygen electrocatalysis. The slopes 

were fixed at 1.5 and 1 for (a) and (b), respectively. Regression information for the linear fitting is represented by 

R2. 



In summary, we show that when analyzing X-ides as electrocatalysts, the surface states should not be skipped 

over – dismissing this important property may lead to misinterpreted reaction mechanism and active site 

assignment. In addition to theoretical surface Pourbaix diagram analysis, in-situ and post-reaction spectroscopic 

(e.g., infrared, Raman, X-ray photoelectron, and X-ray absorption spectra) and microscopic techniques (e.g., 

transmission electron microscope and atomic force microscope), can be coupled to provide experimental 

information for the description of surface properties. 

Supplementary Material 

See the supplementary material for the details of computational methods, the magnifized version of Figure 2, 

and more information related to the surfaces. 
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