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ABSTRACT 

Single-atom catalysts (SACs) have attracted attention for their high catalytic activity and 

selectivity, but the nature of their active sites under realistic reaction conditions, involving various 

ligands, is not well understood. In this study, we use Density Functional Theory calculations and 

grand canonical basin hopping to theoretically investigate the active site for the oxygen evolution 

reaction (OER) on single Pt atom supported on Indium Tin Oxide, including the influence of the 

electrochemical potential. We show that the ligands on the Pt atom change from Pt-OH in the 

absence of electrochemical potential to PtO(OH)4 in electrochemical conditions. This change of 

the chemical state of Pt is associated to a decrease of 0.3V for the OER overpotential. This 

highlights the importance of accurately identifying the nature of the active site under reaction 

conditions and the impact of adsorbates on the electrocatalytic activity. This theoretical 

investigation enhances our understanding of SACs for OER. 
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Keywords: Single-atom catalysts, Oxygen Evolution Reaction, Supported Catalysts, Active Site 

under reaction condition, Density Functional Theory.  
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Single-atom catalysts (SACs), with their potential maximized atom utilization efficiency, have 

attracted significant attention due to their high catalytic activity and selectivity1,2. These catalysts 

have been applied to a large range of reactions, including CO oxidation,3–8 hydrogenation9, 

dehydrogenation9,10 and other electrocatalytic reactions11–13. For the expensive and in-demand 

noble metal catalysts like Ir, Pd, and Pt, SACs represent an ultimate dispersion of the metal with 

all the atoms exposed14–16 and, if activity remains high compared to nanoparticle catalysts, an 

optimal utilization and cost. Additionally, SACs might open up particular reaction pathways, 

different from that of larger particles, and are well suited for a molecular-level understanding of 

the active-site structure and reaction mechanism by utilizing a variety of element-specific 

analytical tools supplemented by in situ/operando characterization and coupled with computational 

modeling5,17–19. There are now strong evidence that SACs are not static catalysts, but that they 

respond to reaction conditions by adapting their set of ligands and their mode of interaction with 

the support, making the determination of the active site challenging20 Significant effort has been 

devoted to obtaining a thorough understanding of SACs through unique characterization 

techniques and theoretical calculations21–23.  

The oxygen evolution reaction (OER) is a key bottleneck in the electrocatalytic water splitting 

process, which is a promising method for producing hydrogen in an environmentally friendly 

manner24–31 . The two half-processes that makeup water splitting, hydrogen, and oxygen evolution 

reactions (HER and OER) are carried out in acidic or alkaline environments, but the high 

overpotential required for OER in acidic conditions has limited the efficiency of acidic water 

electrolysis, despite its other advantages such as higher current density and pressure32.  While 

numerous materials have been studied for OER, a lack of efficiency, durability, and high cost have 

hindered their widespread industrial use. Single-atom catalysts (SACs) have received significant 

attention for their potential to improve the efficiency and durability of OER catalysts, as they have 

a large fraction of exposed active sites, high durability, and good stability in aggressive 

environments33. 

In the oxygen evolution reaction (OER), oxygen gas is produced from water through a 4-electron 

transfer process. This means that four electrons are transferred from the anode to the cathode 

during the reaction, which drives the production of oxygen gas. The OER elementary mechanisms 

can be written as: 
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H#O(l) + 	∗ → 	∗OH + H+ + e-               (1) 

	∗OH → 	∗O + H+ + e-   (2) 

H#O(l) + 	∗O → 	∗OOH + H+ + e-            (3) 

	∗OOH → 	∗ + O#(g) + H+ + e-               (4) 

Where * represents the active site of the catalyst, (g) and (l) refer to the gas and liquid phase 

respectively, and *OH, *O, and *OOH represent the reaction intermediates adsorbed on the active 

site. The catalytic activity for OER is typically characterized by calculating the Gibbs free energies 

of the individual reaction steps as a function of the electrochemical potential defined using the 

standard hydrogen electrode (SHE) as a reference. The acidic mechanism involves the production 

of H+ + e-  pairs, and their Gibbs free energy is calculated from the equilibrium H+ + e-  ↔ 

½H2 in the SHE at standard conditions (pH = 0, pressure 𝑝01= 1 bar, and T = 298.15 K) and using 

the Gibbs free energy of hydrogen gas. The reaction Gibbs free energies, which stem from the 

binding strength between the catalyst and OER intermediates, are affected by the electronic 

properties of the active site. The typical procedure widely used in the literature to calculate the 

reaction Gibbs free energies,  ΔG4  corresponding to equations (1)–(4) at standard conditions is 

shown in equations in the SI-S2; more details about the derivation can be found in reference34 

In2O3 is a wide bandgap semiconductor that has been used in gas sensors35 and has also been 

explored as a potential catalyst for CO2 hydrogenation36,37 . When doped with Sn, it becomes 

indium tin oxide (ITO), a transparent conducting oxide with metal-like conductivity and optical 

transparency in the visible range. This material is used in transparent electrodes for electro-optical 

displays, such as liquid crystal displays and solar cells38. Sn-doped indium oxide has high 

conductivity, making it useful for electrocatalysis applications in water. Researchers have 

therefore been interested in using these conductive oxides as supports for Pt-metal clusters in 

electrocatalytic applications39–42 .The electrochemical behavior of ITO in acidic solutions with pH 

1 can be affected by dissolution at high anodic and cathodic potential. However, in our study we 

have taken precautions to prevent this be carefully selecting the potential window for our 

calculations and limiting the potential to below 2V vs SHE. This potential range has been reported 

in literature to result in stable ITO behaviors in acidic solutions with pH 143. Following 

the experimental studies, we modeled the (111) surface of 5% doped ITO as our substrate model 

and determined that all Sn atoms prefer to reside in the surface layer, which has been previously 
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reported to give the maximum carrier density.44 We chose the 111 termination for the ITO surface 

because it has the lowest surface energy and hence higher stability when compared to other surface 

terminations45 .Eight Sn (5% atom) atoms are present in a four-layer slab with unit cell dimensions 

of 14.65 x 14.65, four in the top layer and four in the bottom layer. 3 Sn atoms replace the In atoms 

in 5-coordinated sites, and 1 Sn atom replaces the In in the 6-coordinated sites. The unit dimension 

in the surface plane for the sued ITO(111) supercell is 14.65 x 14.65 Å. In electrocatalytic 

conditions, the ITO surface would interact with water molecules, which were found to be 

(a)

(b)

(b) (c)

Figure 1: OER reaction mechanism on our initial structure for a Pt single atom on ITO determined in vacuum and in the 

absence of electrochemical potential (a) 4 electron step reaction mechanism (Blue: Sn , Light grey: In, Grey : Pt, Red : O 

and White : H) (b) reaction energy profile for the 4 OER reaction steps at potential U = 0 V vs SHE (Blue), U= 1.23V vs 

SHE (Green), U = 1.5 V vs SHE( Red) and U = 1.8 V vs SHE (Cyan). (c) experimental cyclic-voltammograms for Pt1/ITO 

at 0.05 ML and 0.01 ML coverages, and for ITO, acquired at 0.1 V/sec. scan rate, reproduced from von Weber, A.; Baxter, 

E. T.; Proch, S.; Kane, M. D.; Rosenfelder, M.; White, H. S.; Anderson, S. L. Size-Dependent Electronic Structure Controls 

Activity for Ethanol Electro-Oxidation at Pt n /Indium Tin Oxide ( n = 1 to 14), Physical Chemistry Chemical Physics 2015, 

17 (27), 17601–17610. Copyright 2015 Royal Society of Chemistry.  
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dissociated on the surface (up to 2 water molecules are dissociated, and the rest are physisorbed). 

According to our earlier research, the presence of hydroxyls and water on the ITO surface plays a 

significant role in anchoring Pt single atoms (Pt-SA). The hydroxyls that are formed on the surface 

of ITO in the presence of water would interact with the Pt-SA and assist stabilize it by preventing 

it from sintering into larger clusters. We refer the reader to our earlier study for complete details 

on the surface and Pt-SA structure and water interaction with the surface45 .  

As a first step in investigating the OER activity on a Pt-SA/ITO system, we utilized a Pt-SA/ITO 

structure previously determined in our previous work [44]. The structure, shown in Fig. 1(a) as 1, 

consists of Pt atoms bound to two Sn atoms and one hydroxyl group in a Pt-Sn bridging position, 

acting as an anchor for the SA. Further details of the structure can be found in the Supporting 

Information (SI-S5) and in our previous work45. To determine the most stable adsorption site for 

the Pt surface complex, we employed a basin hopping method to optimize the position of the Pt 

atom and the movement of hydroxyls and water already present on the surface, under vacuum 

conditions and without considering electrochemical conditions such as pH and potential. OER was 

experimentally investigated on dispersed Pt atoms on ITO by Weber et al.42  From the experimental 

findings reprinted in Fig 1(c), three distinct peaks in the positive sweep of the cyclic-

voltammogram are seen at pH 1. On the positive-going sweep, the first and second oxidation peaks 

are present at 0.82 V, and 1.28 V vs SHE. Additionally, the onset for OER is seen at ~ 1.5 V. Our 

study focused specifically on the anodic sweep and the characterization of the oxygen evolution 

reaction (OER) on ITO. As a result, we did not include any computational calculations or analysis 

in the cathodic region. While the reactions occurring during the cathodic sweep are not the primary 

focus of our work, they have been thoroughly addressed in the experimental paper.With this 

information, we investigated the overpotential of OER on Pt-SA/ITO. The four-step OER reaction 

mechanism is given in Fig 1 (a), and the corresponding reaction free-energy diagram is given in 

Fig 1(b) for four potential values (U = 0, 1.23,1.5 and 1.9 V vs SHE) at a pH=1. The full 

computational details and methods are provided in the SI. For the catalytic cycle starting with our 

initial Pt-SA/ITO structure, we determine the third step as the rate-determining step with an 

overpotential of 0.57 V. This is 0.3 V higher than what is found experimentally (overpotential = 

0.27 V). We interpret this high discrepancy in the overpotential values as an indication that the 

active center of the catalyst we are using to simulate the OER reaction mechanism, determined in 



 6 

the absence of electrode polarization, is not correct. The functional groups generated in reaction 

conditions (positive potential vs SHE) can largely affect/modify the active site and hence should 

be properly investigated. 

Due to the presence of water molecules, hydroxyl, and oxygen adsorbates in the OER reaction 

condition, it is of utmost importance to determine the true nature of the active site of the catalyst. 

This is very important in the case of SACs, as the metal atom is not surrounded by any other metal 

atoms, and the active site is more exposed to the reactants. To better understand the active site of 

the catalyst and the nature of the interaction with the reactants, the interaction of the Pt-SA with 

the hydroxyl and oxygen species needs to be explicitly studied. The characterization of SAC 

catalysts under realistic reaction conditions is a relatively unexplored field. However, in-situ 

techniques such as operando X-ray absorption spectroscopy (XAS) have demonstrated potential 

in understanding the dynamic electronic and local environments of these structures and identifying 
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Figure 2: Free energy surface exploration via GCBH. The heat plot shows the formation energy of the active site 

configurations, as a function of the number of hydroxyl groups and O atoms added. The blue arrows represent the 

electrochemical reaction * + H2O à OH + H+ + e-, the yellow arrow the electrochemical reaction *OH à *O + H+ + e- and 

the green arrow the chemical dissociative adsorption of H2O. The black box shows the active site and intermediates of the 

OER mechanism. The structures of the active site along with the OER intermediates are also shown, Blue: Sn , Light grey: 

In, Grey : Pt, Red : O and White : H. The X and Y axis indicate the number of Hydroxyls and Oxygen added to the initial 

Pt-SA/ITO. The electrochemical conditions correspond to a potential U = 1.5 V vs SHE and pH = 1. 
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the nature of their active sites46–51. Li et al observed the formation of a stable Pt oxide during ORR 

on Pt single atoms (2.0 wt%) on graphitic carbon nitride (g-C3N4) derived N-doped carbon 

nanosheets (NCNS), which may suppress the adsorption and activation of O2 and therefore be 

detrimental to ORR 52. Cao et al. were able to achieve atomically dispersed Fe1(OH)x on Pt 

nanoparticles (NPs), resulting in a 30-fold increase in mass activity compared to conventional 

catalysts and 100% CO selectivity over a wide temperature range for the preferential oxidation of 

CO in hydrogen. The in-situ XAS results revealed selective deposition of iron hydroxide on the 

surface of Pt NPs and illustrated that the Fe1(OH)x/Pt interface can easily react with CO and 

facilitate oxygen activation53. Furthermore, Cao and co-workers used operando XAS to study the 

formation of a high-valence HO-Co1-N2 (Single atomic Co supported on phosphorized carbon 

nitride) moiety and were able to successfully demonstrate the formation of the reaction 

intermediate H2O-(HO-Co1-N2). Theoretical calculation results further confirmed that the highly 

oxidized and reconstructed Co1 single atoms decreased the energy barrier for water dissociation, 

thus resulting in high catalytic performance for HER in alkaline media54.  

To find the optimum coverage of -OH/-O/-OOH around the Pt-SA supported on ITO at varying 

electrochemical potential and for different Pt adsorption sites on the oxide, we used the Grand 

Canonical Basin Hopping 55–57 (GCBH) method (SI-S4). For this free energy surface (FES) 

exploration, we use the following mutations in our GCBH method: 

A. The Pt-SA can move randomly over the ITO surface to find its most stable adsorption site. 

B. The -OH/-O/-OOH coverage is mutated grand canonically to find the most stable coverage of 

the adsorbates on the Pt-SA. The changing adsorbate coverage under the electrochemical reaction 

condition can also modify the adsorption site. Hence, it’s also important to simultaneously move 

the Pt-SA. The adsorbates can also attach to the ITO surface. Hence the adsorbates are not 

restricted to the Pt-SA but can access the whole catalyst surface. 

C. The -OH/-H2O groups already present on the ITO surface can move around and transfer onto 

the Pt-SA. 

The three above-mentioned mutations are carried out simultaneously and one can affect the other 

so that the effect of all three needs to be studied simultaneously. The free energy surface explored 
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by GCBH relies on the formation free energy of PtOxOHy/ITO at pH = 1 and temperature(T) = 

298K. This formation free energy is calculated as follows: 

Formation	free	Energy = G PtOBOHC(U) − 	G Pt	SAHIJ(U) − xµJ − yµJM 

Where, G PtOBOHC(U)  is the potential dependent energy of PtOBOHC and G Pt	SAHIJ(U)  is the 

potential depended energy fo the initial state of Pt-SAITO calculated via the surface charging 

method (SI-S3), µJ is the chemical potential of oxygen and is obtained from the experimental 

formation energy of O with respect to water, since the O2 molecule is not very well described 

within DFT. µJM	is the chemical potential of hydroxyl. The chemical potential is evaluated via the 

following equations: 

µJM = 	µM1J(N) − µMO U, pH 	+	µRS U, pH 	 ; µJ = 	µM1J(N) − 2 µMO U, pH 	+	µRS U, pH 	 ; 

Here, µM1J(N) is the chemical potential of liquid water, at room temperature and 1 atm pressure 

take from the work of Munnik et al.58 and µMO U, pH 	+	µRS U, pH  can be calculated using the 

reference hydrogen electrode59.  

µMO U, pH 	+	µRS U, pH 	=
1
2 µ H# − eU + kWTpHln10 

One more important factor to keep in mind while exploring the free energy surface in these cases 

is the electrochemical potential at which we perform the GCBH. The catalytic active site would 

be different at varying electrochemical potential; hence in this work, we have chosen four different 

potentials to perform the GCBH, U = 0 V vs. SHE, U = 0.75 V vs. SHE, U = 1.4 V vs. SHE, and 

U = 1.5 V vs. SHE. We choose these potential values based on the experimental findings (Fig 1c) 

as already discussed. Our simulation model uses surface charging to maintain a constant potential, 

with surface charge adjusted to reach the desired potential. Fig 2 provides the free energy surface 

found via GCBH at U = 1.5 V vs. SHE and pH = 1, which corresponds to the experimental 

electrochemical potential for OER found for Pt-SA deposited on ITO.  

We start with the most stable Pt-SA/ITO found in our previous work45.  At any given catalytic 

active structure, there are three possibilities for evolution: (1) electrochemical addition of OH on 

the active site: *  + H2O à *OH + H+ + e-, (2) After the addition of OH on the active site, this can 
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electrochemically convert to *O :  *OH à *O + H+ + e- and (3) is the dissociative chemical 

adsorption of H2O ( H2O  à H+ + OH-)  on the active site where the H+ will adsorb on *O and OH- 

will adsorb directly on the SA. We need to consider all the three possibilities above at each step to 

get to the active site of OER at the considered conditions. The reaction pathway to reach the active 

site at U = 1.5 V vs SHE is represented by differently colored arrows on the free energy surface. 

The blue arrow represents electrochemical reaction (1), yellow represents electrochemical reaction 

(2) and green represents chemical reaction (3). The numbers given inside the boxes in Figure 2 are 

the formation energy of PtOxOHy/ITO. To jump to the next configuration via reactions 1, 2 or 3 

the thermodynamics should be favorable at a particular potential. The thermodynamically favored 

transformations are indicated by colored arrows in figure 2. This will then decide at any 

electrochemical potential what the configuration of the active site is.  

Fig 3 provides the full pathway of forming the active site at U = 1.5 V vs SHE from Pt-SA/ITO 

(*) which were previously represented as arrows on Fig 2. We start with our initial structure for 

Pt-SA/ITO, where the Pt atom is already interacting with a hydroxyl present on the surface, which 

is represented in green throughout the reaction pathway. At the electrochemical potential of 1.5 V 

vs SHE, the first step is the adsorption of a hydroxyl via the reaction (1) (blue): * + H2O à *OH 

+ H+ + e-. The hydroxyl adsorbs on the Pt atom, causes a change in the adsorption site of the Pt 

atom and leads to the formation of a Pt(OH)2 species. The Pt atom, which was previously 

Figure 3: Full mechanism of formation of the active site for Pt-SA/ITO in electrochemical conditions found via GCBH. The 

blue arrow corresponds to the hydroxylation step, which is the first step of OER (* + H2O → *OH + H+ + e-). The hydroxyl 

in green represents the hydroxyl already present on the surface in our initial Pt-SA structure. The yellow arrows correspond 

to the second OER step (* OH → *O + H+ + e-). The green arrow corresponds to water dissociation (H2O → *OH + *H). 

The Final structure is the proposed active site for OER. The reaction free energies are given for each step and are calculated 

at a potential U = 1.5 V vs SHE and pH=1 for electrochemical steps. Blue: Sn , Light grey: In, Grey : Pt, Red : O and White 

: H. The hydroxyl and oxygens attached to Pt and directly participating in the active site are represented in light blue. 
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interacting with 2 Sn atoms, now interacts with 2 In atoms. In the next reaction step, Pt is once 

again hydroxylated, but one of the -OH from the previously formed Pt(OH)2 group spills over on 

the ITO support so that a Pt(OH)2 ITO-OH species is formed, with still 2 OH on the Pt (here ITO-

OH represents the hydroxyl attached to ITO which spilled over on the surface). Concomitantly Pt 

moves to a Sn-In bridge site. The next more favorable step is to extract a proton via the reaction 

*OH à *O + H+ + e- from a neighboring hydroxyl present on the surface instead from the hydroxyl 

attached to Pt(OH)2, leading to the formation of Pt(OH)2 ITO-O. The surface oxygen species from 

ITO-O transfers onto the Pt(OH)2 group in the following step, moving from the surface to a 

position immediately below the Pt, and another OH species occupies the vacant O site in the same 

concerted step to create PtO(OH)2ITO-OH species. In the next step, we observe the dissociative 

adsorption of a H2O molecule onto PtO(OH)2ITO-OH, where H+ attaches to the O and OH 

attaches to Pt, to form Pt(OH)4ITO-OH. This is followed by an electrochemical addition of OH to 

V = 0.75V vs SHE
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Figure 4: Free energy surface for Pt-SA/ITO in OER conditions at (a) U = 0.75V vs SHE (b) U = 1.4V vs SHE and pH=1. 

The black box on the free energy surface represents the energetically favorable composition for Pt-SA/ITO at the 

corresponding potential. The arrows represent the combination of reaction pathways needed to reach the favorable 

composition. (c) Oxidation state (OS) of the Pt atom as a function of the composition of the active site. The 1st oxidation of 

Pt from 0 à2 takes place at U = 0.75 V vs SHE, the second oxidation from 2à2.66 takes place at U = 1.4 V vs SHE and 

finally within the OER catalytic cycle, Pt cycles between the OS of 2.66 and 4. 

(a) (b) 

(c) 
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the Pt site, making Pt(OH)5ITO-OH, and finally in the next step of deprotonation of a *-OH from 

the Pt site, we form PtO(OH)4ITO-OH which is the active site for OER.  

Calculations also provide insights on the dependence of the Pt hydroxylation level on the 

electrochemical potential. We now depict the same free energy surface shown in Fig. 2 but with 

an electrochemical potential of 0.75 V and 1.4 V vs. SHE to show the potential-dependent 

formation process and the oxidation states (OS) of the active site. These electrochemical potentials 

are chosen to closely represent the oxidation peaks identified experimentally in the cyclic 

voltammogram. The free energy surface is shown in Fig. 4(a) at U = 0.75 V vs. SHE, and in (b), it 

is shown at U = 1.4 V vs. SHE. We find that the most stable active site composition is 

PtO0(OH)4ITO-OH at U = 0.75V versus SHE. The chemical route depicted by the arrows creates 

this active site. (PtO0OH1 à PtO0(OH)2 à PtO0(OH)2ITO-OH à PtO0(OH)2ITO-O à 

PtO1(OH)2ITO-OH à PtO0(OH)4ITO-OH). Along the reaction pathway, we also illustrate the Pt 

OS at various PtOxOHy compositions (Figure 4c). By comparing the Bader charge of Pt in the 

active site with the Bader charges of known Pt compounds with well-defined oxidation states, for 

example, OS 0 for Pt(111), OS 2 for PtO, OS 2.66 for Pt2O3, and OS 4 for PtO2, the OS for each 

composition was estimated. PtO0OH1 has an OS of 0 in its initial state, which is similar to metallic 

Pt. Despite requiring four electrochemical steps to reach the state Pt(OH)2ITO-O, the OS of Pt 

remains 0. This could be the result of ITO surface oxidation rather than Pt active site oxidation. 

When the composition changes to PtO1(OH)2ITO-OH in the following step, we see an increase in 

the OS to +2 because of the above-described migration of O to Pt accompanying the 

electrochemical addition of OH on ITO, which takes place at a potential of 0.75V versus SHE. The 

next composition of PtO0OH4 is formed by chemical dissociative adsorption of H2O on PtO1OH2 

which doesn’t cause any change in the OS as this is a non-electrochemical step. At the 

electrochemical potential of 1.4 V vs SHE, the PtO0(OH)4ITO-OH can further oxidize to 

PtO0(OH)5ITO-OH, where the Pt OS is around 2.66. At a slightly higher potential of 1.5 V vs SHE, 

we observe the formation of the active site for the OER which is PtO1(OH)4ITO-OH. This step 

doesn’t cause any change in the OS of the Pt, which means that this electrochemical step has 

caused further oxidation of ITO. At this potential, we also observe the extensive hydroxylation of 
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the support surface where the surface In and Sn sites gets completely covered with hydroxyls. This 

surface hydroxylation of ITO at positive potentials was also observed by Lebedev et al31. 

In Fig 5, we finally investigate the reaction mechanism of OER starting from the “optimal” active 

site found via GCBH as discussed earlier, for a potential of 1.5V vs SHE. In the first reaction of 

the 4-step OER mechanism, the OH adsorbs on the active site at a bridge position between the Pt-

SA and Sn. In the next step, a proton is evolved from another hydroxyl located on the bridging 

position of Pt and In. Deprotonation of other hydroxyl groups are not as favorable; this means that 

the acidity of the various hydroxyls is very different. After the deprotonation another hydroxyl 

adorbs on the *O forming *OOH. This then produces O2 and regenerates the active site. The 

reaction diagram of this OER pathway is given in Fig 5(b), where we find the third step to be the 

rate determining step with an overpotential of 0.27 V vs SHE. This overpotential value is in 

excellent agreement with the experimental data (0.27 V). It should be noted however that exact 

coincidence is fortuitous, since calculations present several approximations in model and method 

aspects. During this catalytic cycle the oxidation state of Pt cycles between 2.66 and 4. Not all the 

4 electrons required for the oxygen evolution reaction come from Pt-SA, other electrons come 

from the reduction of the ITO surface itself. It becomes abundantly evident that there is a 
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significant discrepancy of 0.3V vs. SHE between the overpotential computed using the active site 

formed in electrooxidation conditions and the overpotential calculated using the initial non-optimal 

active site. Only the approach using the active site determined at U=1.5 V vs SHE is self-consistent 

and physically meaningful, since the onset potential is 1.5 V, potential for which the determined 

active site is stable. This emphasizes how crucial it is to identify, using operando computational 

approaches, the composition and geometry active site under the reaction conditions which may 

change greatly due to the numerous adsorbates from the original initial structure. This change 

could be in both the adsorption site of the Pt atom on the support and in the composition of the 

active site in terms of ligands. This computational approach also helped us identify the active site 

composition at oxidation peaks to understand the electrocatalytic process and species involved, as 

well as determining the oxidation state of Pt-SA at these peaks. Such a first-principle determination 

of the nature of the active site in electrocatalytic conditions, coupled with experimental operando 

characterization, opens major perspectives for our fundamental understanding of electrocatalysis 

and for the design of efficient catalysts. 
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