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Abstract: In recent years, Pd3Y (111) alloy system has emerged as one of promising catalyst materials for oxygen 
reduction chemistry. This system is used in this work as a model system to study the site-specific adsorption energies of 

4 ORR intermediates, O, OH, H2O, and OOH. Trends in energetics are estimated to assess the presence of scaling 
correlations among the adsorbates. Two types of site mappings are introduced and applied in correlating the energy of 
an adsorbed oxygen atom on hollow sites to its equivalent adsorption energies on top sites. Both types demonstrate 

relevant correlations to the other 3 intermediates, one correlates with OOH, and the other with H2O and OH. 
Discrepancies in energetic trends are explained in light of calculated charge densities and their implying effect on the 
observed correlations. OH and H2O strongly interact with the second layer of slab and the ground state adsorption of O, 

while OOH adsorption does not coincide with the second layer charge and correlates instead with its average effect that 
is reflected in the average adsorption energy of atomic oxygen. The results indicate how the energetics of one type of 
surface site may be affected by the energetics on another type. The underlying approach of site-mappings is expected to 

find high application in screening of catalyst materials using computational chemistry. 
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1. INTRODUCTION  

In recent decades, the fields of materials and 

surface sciences have been undergoing massive 

advances and fascinating developments. Most 

improvements are attributed to core technologies used 

by researchers that are capable to design, synthesize, 

and characterize novel materials geared toward target 

applications [1, 2]. Several modern spectroscopy 

techniques; such as TEM, STM, XES, NMR, and 

EXAFS; are being routinely used to help more 

traditional characterization tools of XRD and AFM. 

These fruitful practices enable one to determine not 

only chemical composition and crystal structure of the 

bulk material, but also and more elegantly provide very 

fine details of crystallinity, atomic orderings, and 

electron valence and band gaps [3-6]. 

Focusing on surface science studies of catalytic 

reactions, analyzing the measured spectra and 

detecting reaction intermediates, however, cannot be 

easily done without using ab-initio computations [7]. 

Computations can also explore different reaction 

pathways more straightforwardly than experiments [8, 

9]. A set of fully computational frameworks [10], called 

high-throughput methods, have already been devised, 

and been put to screen materials based on theoretical 

metrics [11, 12].  
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In particular, computational screening of catalyst 

materials has been benefitting from a set of simplifying 

assumptions to avoid extensive calculations of the 

whole chemical mechanism. The scaling relations 

between various intermediates were established such 

that the adsorption energies of C, N, O on various 

transition metal elements shown to correlate well with 

CHx, NHx, and OH respectively [13-15]. Using scaling 

relations, DFT calculations are used to obtain 

adsorption energies of a key intermediate, for example 

atomic oxygen, on any candidate catalyst surface and 

predict its activity toward for instance oxygen reduction 

reaction (ORR). We refer the interested reader to 

theoretical descriptions of d-band center, which justify 

the observed scaling relations on the surfaces of single 

transition metal elements [16], and elucidate the reason 

for this simplifying computational framework.  

Screening of catalysts activity, however, is far from 

being fully under realm of computational predictions. 

Extending the above computational strategies to other 

systems is accompanied with challenges of a different 

nature, for example, when one is interested in not pure 

elements but in alloys of elements. First, the bulk 

atomic structure of an alloy cannot be trivially 

determined and applied to computations. The number 

of permutations to arrange more than one element in 

the supercell model of a crystal explodes with 

increasing the number of sites. Fortunately, the total 

number of atomic arrangements can be reduced to the 

minimalist set using crystallographic symmetries [17]. 

The most stable atomic arrangement should still be 
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determined through calculating the energetics of the 

unique set of arrangements. Another resort is to use 

the results of in-situ characterization of concentration 

profile in the alloy material [18]. Obviously, performing 

such comprehensive and demanding experiments is 

not feasible and out of question in any high-throughput 

and screening type of study. 

Another challenge in the computational study of an 

alloy catalyst lies in the heterogeneity of the alloy 

surface sites. The literature contains theoretical works 

that confirm selectivity of alloy surface sites. For 

example, the reactivity of (Cu, Pd, Au)/Ag toward 

ethylene epioxidation [19] is clearly a site-dependent 

reaction pathway. When screening for reactivity, the 

general situation is that the adsorption energy of each 

adsorbate does not come out the same on all sites but 

varies on different sites. The question is which value to 

use in the screening: an average on all sites, or that of 

the most favorable site, or something else? This 

question has not been considered or answered 

explicitly in the literature.  

The surface heterogeneity is expected naturally to 

illustrate deviations from an ideal scaling relationship 

even when only a few exceptions are reported so far 

[16]. Despite the above challenges, exhaustive 

computations are carried out on various alloys and 

mixtures using the equivalent assumptions made for 

single element systems. While trends of activity are 

usually discussed, emphasized, and reported 

thoroughly, the relevant computational details about 

atomic configurations and surface sites, on which those 

results are based, are largely underscored or described 

scientifically insufficiently in the supplementary 

information. In the current work, instead, it has been 

attempted to provide all the computational details along 

with explicit computational assumptions that are found 

to be crucial in repeating this same study and in 

reproducing similar results. Thus, the mission of this 

work is to provide in-depth critical supports for previous 

alloy screening works [11, 20] and hopefully useful 

information for future research. 

Using DFT calculations, this paper aims to delve 

into the question of relevant surface site on an alloy 

catalyst by studying correlations in the site-specific 

adsorption energies [21] of 4 intermediates of ORR on 

Pd3Y (111). The presence or absence of scaling 

correlations between adsorbates O, OH, H2O, and 

OOH are examined in careful details. The adsorption 

energies are evaluated and reported for all surface 

sites and correlations shown to exist. The Pd3Y alloy 

system was chosen because of being screened as an 

important catalyst material with promising activity for 

oxygen reduction [20]. For its platinum-free composi- 

tion, superior ORR activity and stability, it has been 

also patented as an inexpensive catalyst in fuel cells 

[22]. Additionally computations show this material can 

serve as a stable core for a Pt skin and can induce an 

anti-segregation force [23, 24].  

2. COMPUTATIONAL METHOD 

Periodic DFT calculations were carried out using 

ab-initio atomic simulation package VASP [25-28]. 

Density Functional Theory was applied to optimize the 

geometries by minimizing the total energy of the slab 

system (Figure 1). The exchange-correlation energy 

and potential were represented by the revised [29] 

flavor of Generalized Gradient Approximation Perdew-

Burke-Ernzerhof pseudopotentials (GGA-PBE) [30, 31], 

and the Kohn–Sham one-electron valence states were 

described through using a plane waves basis with 

kinetic energy that fall below cutoff energy 500.0 eV 

(36.75 Ry). The Brillouin zone was sampled with a 

4 4 1 scheme in x-y-z directions respectively by the 

automatic Monkhorst-Pack grid-generating technique. 

Other computational parameters were set at their 

default values provided by software VASP itself. 

 

Figure 1: Bare slab model showing 12 Pd atoms and 4 Y 
atoms in the supercell. 

The bare slab contains 16 transition metal atoms: 

12 Pd and 4 Y, stacked in 4 closely packed layers each 

having 4 atoms. The concentration profile of Y atoms 

follows that of Ni in the experimentally determined 

structure of Pt3Ni [18]: no Y on the first/top layer 

counting from the adsorbate side, 2 on the second 

layer, and 1 on the rest two. The yttrium atoms were 

arranged in the supercell in such a way to maximize 

their configurational entropy in the structure. The 
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contribution of such entropy could play a dominant role 

in the total free energy of an alloy system [32].  

In the structural optimization by DFT calculations, 

the top two layers of transition metals are allowed to 

relax in z-direction, while the lower two layers are fixed 

at their bulk locations. All atoms of adsorbates, on the 

other hand, are free to move in 3 coordinate directions. 

This combination in degrees of freedom provides the 

whole system with enough flexibility to represent close-

to-real inter-atomic interactions in the system. Applying 

further degrees of freedom for the Pd and Y atoms, 

such as in-layer movements, is expected to have a 

secondary effect on the final results. The adsorbates 

and the topmost catalyst atoms are completely free to 

adjust their initial location and interact chemically also 

make or break their bonds in an ab-initio sense. 

There exist 8 surface sites for the adsorption of an 

oxygen atom [33]: 4 fcc (F) and 4 hcp (H) as shown in 

Figure 2(a). The rest 3 adsorbates (OH, H2O, and 

OOH) are allowed to adsorb on 4 top (T) sites [34] as 

illustrated in Figure 2(b). It is known that for the 

adsorption of OH, bridge sites might also be favorable 

plus that the O2 and H2O2 species could form on the 

surface as well, leading to a probable H2O2 

dissociation mechanism [35]. Those are valid concerns 

and valuable topics for further research complementary 

to the current work, but not the main question for now. 

 

Figure 2 (a): Adsorption sites for O atom: 4 of type fcc, and 4 
of type hcp (b) 4 top adsorption sites for OH, H2O, and OOH. 

In Figure 3 the 12 sites have been labeled for easy 

referencing. The need for their explicit distinguishing 

and labeling becomes evident in the results 

discussions below, but the reason stems from the non-

homogeneity of surface sites because of alloying Pd 

with Y. The numbering order of each 3 sets of F, H, 

and T sites in Figure 3 is not intended to reflect any 

prior steric or computational effect, nor any prior 

energetic preference. 

In the supercell model used in this work, the 

differences in the activity/selectivity of the surface sites 

arise from not the first layer, which is composed of 

equivalent Pd atoms only, but from the lower layers 

that are mixed/doped with Y atoms. No assumptions or 

filtering is employed for the activity of any site, and 

none is left out from the study. The unbiased treatment 

of surface sites is necessary to examine and to validate 

the scaling correlations. Considering the first and 

second layers only, one might be tempted to assume 

the equivalence of certain sites in Figures 2 and 3, for 

example sites T2 and T4, or H2 and H3. However, that 

tendency is not justified if the effect of the 3
rd

 and 4
th

 

layers, seen from Figure 1, is taken into account too.  

 

Figure 3: Labeling of surface sites: F1-F4 represent 4 fcc 
sites, H1-H4 are 4 hcp sites, and T1-T4 stand for 4 top sites. 

The total number of calculated systems amounts to 

21= (8=2 4 sites for O) + (12= 3 species on 4 sites) + 

(1 for bare slab Pd3Y (111)). Another 6(1 for bare 

slab+ 2 for O+ 3 for the rest) on pure Pd (111) are 

computed to serve as the reference cases for reporting 

relative adsorption energies instead of the 

corresponding absolute values. Reason for utilizing Pd 

(111) as the reference system is to cancel out the 

contributions to the free energy because of Zero-Point-

Energy (ZPE) and of entropy effects [36]. These 

contributions are associated with the adsorption of 

small molecules. Establishing discussions on only 

relative energetics hopefully removes most of the 

concern or worry whether a set of sufficiently accurate 

estimations of the above contributions were applied to 

adsorption energies or not. The remaining assumptions 

would be only the equality of ZPE and T S for each 

surface species on Pd (111) and Pd3Y (111). The 

relative adsorption energies would reflect selectively 

the effect of doping bulk Pd with yttrium. 

3. RESULTS AND DISCUSSIONS 

Atomic structures after optimization do not show 

any irregular drift of either slab atoms or adsorbate 

ions. The corresponding details are not of concern, and 

very unlikely to affect the discussions on activity or 

surface properties. The only noticeable effect is the 

upward movement of Y atoms on the second layer 
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toward the surface whenever an oxygen atom is 

adsorbed on an hcp site directly above. The upward 

motion of the Y atoms is an indication of segregation 

tendency in acidic environment [37, 23].  

Table 1 reports the raw calculated energy values for 

21 systems (for Pd3Y) + 6 (for Pd). For benchmarking 

purposes, let’s examine oxygen adsorption on fcc that 

comes out by about 0.18 eV more favorable than on 

hcp site. This favorability is completely in agreement 

with previous works [38, 33]. Deciding between fcc and 

hcp is not as easy as one continues to the 

corresponding values on Pd3Y. There are 8 values 

instead of only two: 4 for fcc, and 4 hcp, whose order of 

stability for atomic oxygen would be: F4 F3 > H2 > 

H1 H4 > H3 >F1 > F2. The most favorable is still an 

fcc site, but also the most unfavorable one! Since 

coverage affects site occupations, the stability order 

reveals that at high O-coverage hcp sites could be 

occupied even more than fcc sites overall. The site-

occupation behavior of atomic oxygen is by itself [39, 

40], an interesting topic for which Monte-Carlo methods 

[41] would be useful, but out of this paper’s scope. 

The main question of interest is to seek the 

existence of scaling correlations among OH, H2O, 

OOH—that adsorb on top sites—and O—that adsorbs 

on hollow sites. For atop adsorbates, we define the top-

site-specific relative adsorption energy as: 

      (1) 

Where Ti stands for any of 4 top sites in Figure 3, i 

is the site index i = {1, 2, 3, 4}, and A represents any 

on-top adsorbate A= {OH, H2O, OOH}. Referencing 

energies with respect to pure Pd serves to two 

purposes. First it removes possible inaccuracies in 

estimation/calibration of ZPE and T S of adsorbates if 

their contributions would obscure the trends. Second, 

the referencing carves the effect of Y-doping out by 

subtracting and eliminating probable artifacts in DFT 

calculations.  

Corresponding energies can be plotted as functions 

of top sites T1-T4 easily. Representing energetics is 

not though as straightforward as in the case of O 

adsorption on hollow sites because there is no obvious 

way to represent the differing energetics. Should the 

minimum of 8 sites, that is most favorable case F4, be 

selected? A yes answer would have a difficult time 

justifying why there must be any correlation between 

one hollow site and energetics on all top sites. For 

instance, there is no reason why energetics of OH on 

T1 must be more related to F4, which is one farthest 

site to T1 in the cell, than the energetics of its 

immediate neighbors. 

Table 2: Neighborhood of 4 Top (T) Sites Each 
Surrounded by 3 hcp (H) and 3 fcc (F) Sites. 
See Figure 3 for Comparison. A Value of Unity 
Shows a Nearest Neighborhood (NN), While a 
Zero Stands for Lack of NN 

 H1 H2 H3 H4 F1 F2 F3 F4 

T1 0 1 1 1 1 1 1 0 

T2 1 0 1 1 1 0 1 1 

T3 1 1 1 0 1 1 0 1 

T4 1 1 0 1 0 1 1 1 

 

Neighborhood of sites plays a significant role, and 

must be used as an influential factor in order to 

proceed with relating hollow sites to top sites. Nearest 

neighbors sites specific to each 4 top sites T1-T4 in 

Figure 3 are set up in Table 2: a value of unity shows a 

closest neighborhood, while a zero shows a lack of. 

The 6 NN of site T1 are H2-H4 plus F1-F3, not H1 nor 

Table 1: Calculated Energies in Units of eV for Two Slab Systems Pd (111) and Pd3Y(111). Energies on the Latter 

System Depend on Sets of 4 Different Surface Sites 1-4, Arranged in 4 Columns. for example, Energy of 
O@hcp(1)=O@H1= -97.321088 eV 

Pd(111) Pd3Y (111) 

slab 

-75.83862 -91.62311 

O@hcp (O@H) -81.87413 -97.32109 -97.35347 -97.30204 -97.32169 

O@fcc (O@F) -82.06119 -96.78483 -96.96796 -97.47647 -97.47819 

OH@top (OH@T) -85.91211 -101.62702 -101.48950 -101.60145 -101.59985 

H2O@top (H2O@T) -90.63667 -106.40873 -106.36610 -106.40587 -106.36525 

OOH@top (OOH@T) -90.0918 -105.79285 -105.87119 -105.73534 -105.9299 
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F4. The NN relationship then can be represented by a 

topological mapping: 

{H} {F} NN {T}                                       (2) 

where set { } contains all sites of type  ordered by 

indices 1 to 4. The NN overlay represents the mapping 

matrix with the elements given by Table 2. Mapping 

relation [2] satisfies and reflects in an explicit way our 

chemical intuition that hollow sites nearest neighbors to 

any T site must have priority in affecting its energy than 

its farther hollow neighbors. 

Further, to lump the energetics of 6 hollow sites that 

surround each T site (3 F + 3H in Figure 3) onto one 

value only, we need at least one 6–to-1 energy map- 

ing scheme. Here two natural schemes are presented: 

1) minimum energy of the 6 neighbor sites represented 

by min (NN (.)), and 2) average of 6 energies of the 

neighbor sites, represented by avg (NN (.)): 

E{H} E{F} min NN (.)( ) E{T}          (3) 

E{H} E{F} avg NN (.)( ) E{T}          (4) 

The reason for defining the second scheme (4), in 

addition to the well-expected scheme (3), becomes 

clear subsequently.  

Using energy mappings (3) and (4) from hollow 

sites to top sites, we can combine the adsorption 

energies of atomic O on the hcp and fcc sites for Pd3Y 

in Table 1, and find the equivalent energies on top 

sites. Plotting energy profile of 4 adsorbates O, OH, 

H2O, and OOH as function of T1-T4 becomes feasible, 

and would reveal the presence of correlations. A 

correlation must be present between two adsorbates if 

their energy curves follow similar trends on all sites, at 

least in a relative sense. 

The results of relative adsorption energies indeed 

demonstrate correlations between energies of oxygen 

atom and those of OH, H2O, OOH; however not in the 

simplest possible way originally proposed in the 

literature [13], or at an expected level of energy 

tolerance (see below). There exists not just one single 

correlation but two correlational groups: the first group 

{OH, H2O} correlates with the first mapping min (NN 

(hcp, fcc)), while group {OOH} matches the trends of 

avg (NN (hcp,fcc)). 

Figures 4 and 5 illustrate the energetic trends of the 

above two groups. Accepting 38meV as the energy 

threshold, the order of stability for OH, and O both 

follow T1 T3 T4 > T2. For H2O, the order differs 

slightly: T1 T3 > T2 T4. Those orders are in clear 

contrast to the site stability order in Figure 5: T2 T4 > 

T1 T3 for both O and OOH; an opposite ordering 

compared to Figure 4. 

These rather simple stability-ordering results render 

a few important points about the scaling relations for 

Pd3Y (111), and probably for many similar alloy 

systems. Firstly, non-oxygen ORR intermediates {OH, 

H2O, OOH}, adsorbed on top sites, can correlate quite 

differently with adsorbed atomic oxygen. It is seen that 

{OH, H2O} adsorption energies follow general trends of 

the ground state adsorption of O on the NN hollow 

sites. OOH on the other hand scales well with the 

average energetic of atomic oxygen on the 6 nearest 

neighbors fcc and hcp sites. To distinguish such 

differences, one must pay attention to what energy 

mapping is applied to Eq. (2).  

 

Figure 4: Adsorption energies of O using mapping relation 
(3), plus OH, and H2O on 4 top sites T1-T4 in Pd3Y(111) 
relative to Pd(111). 

 

Figure 5: Adsorption energies of atomic O using mapping 
relation (4) isfollowed energetically by OOH on top sites T1-
T4 in Pd3Y(111) relative to Pd(111). 
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Secondly, correlations among only the on-top 

adsorbates {OH, H2O, OOH} can face difficulties to be 

realized. The lack of sufficiently accurate scaling 

relations seems to be the sign of the need for using 

more than one site-mapping scheme. The absence of 

correlation in case OOH motivated defining another 

mapping scheme in relation (4). It should come also at 

no surprise if more complicated schemes would be 

necessary in more complicated alloys in order to seek 

and establish scaling relationships. Choosing a 

relevant mapping scheme might be useful to resolve 

current deviations from linear scaling that have been 

already shown to exist in some systems [16, 42]. 

Third, the choice of 38meV per adsorbate is not 

arbitrary, but is based on the ambient vibrational 

energy of molecules at room temperature ( 3/2 kBT). 

An atomic configuration whose energy stands above 

this threshold with respect to the reference or the 

ground state system is considered less favorable. Two 

surface sites are considered equally favorable for an 

adsorbate if their corresponding energies fall within this 

energy threshold. Equivalency of two sites implies the 

feasibility that an adsorbate would feel in reaching 

another part of its adsorption energy landscape on a 

catalyst surface.  

As temperature increases, so does the energy 

threshold, leading to accessibility of all sites to the 

adsorbate. Atomic oxygen therefore is expected to 

adsorb on both fcc and hcp sites at higher 

temperatures, although not with equal probabilities. As 

temperature rises, accessibility of all sites for all 

adsorbates does not progress at the same pace. A 

comparison of the curves in Figure 4 reveals that while 

the adsorption of O and H2O might occur on all sites at 

elevated temperatures, OH will continue to avoid site 

T2. For OH, this site is higher in energy by more than 

100 meV compared to T1, T3, and T4. That is more 

than twice the relative instability of T2 for H2O, 40 

meV.  

Small differences in energy might be of little service 

in those cases where the prediction of main activity 

trends is all that is demanded. If screening of catalyst 

materials can tolerate the same energy fluctuations as 

the energy range on the adsorption sites, the sites 

selectivity problem would fade away, and simple 

scaling relationships might be working perfectly. 

However, different sites should be distinguished from 

each other if adsorption energies vary beyond a 

maximum tolerable value. In such a case, 

understanding reasons that lead to complicated sites 

activity would be a valuable theoretical –computational 

tool of interest. 

The validity of scaling relations among the ORR 

intermediates follows a similar course of relative 

importance. Depending on the level of required 

accuracy, the energetics of OOH in Figure 5 could be 

regarded as scaling with the energy curves of OH and 

H2O in Figure 4, or quite deviating from their trend. 

Theoretically, it would be important to rationalize the 

observed deviations that are disturbing a perfect 

matching in the adsorption behaviors. One such 

explanation is provided below based on the analysis of 

computed charge densities. 

Remembering physical concepts behind density 

functional theory, energy must be a function of charge 

density in a very natural way. It is then expected that 

the electronic charge density of the surface of Pd3Y 

(111) interact with OOH rather distinctively than with 

OH, and H2O. Only the on-top adsorbates are being 

taken into account to start this discussion seeking only 

1-to-1 site correspondence on T1-T4. Relation to 

hollow sites fcc and hcp is made subsequently through 

utilization of mapping relations (3) and (4). 

Figures 6-8 depict the electronic charge around all 

on-top species mapped onto isosurfaces. The 2D plots 

are rotated in space to include the maximum density 

cross-section on the adsorbate for each case. These 

are the same planes that contain O—H bond and 

perpendicular to the slab surface.  

 

Figure 6: Charge density is surfaces of an adsorbed OH on 
Pd3Y(111). For each site T1-T4, the electronic charge of OH 

interacts strongly with charge at the second layer in the slab, 
but not with the charge on the third layer. 

Small variations in charge are indeed seen 

comparing the interaction of the first slab layer with OH, 

H2O, and OOH. These could be safely disregarded in 

the current discussion in the favor of the second layer 

interaction. Both H2O and OH have maximized their 
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charge density on the O—H bond as with the maximum 

charge on the 2
nd

 layer. This shows a strong electronic 

interaction with the transition metal atoms on the 

second layer in addition to the first. In a clear contrast, 

there is no such a positive interaction scenario between 

OOH and the second layer. The high concentration of 

charge on the OOH-containing plane matches the 

charge on this layer at a very low density, if not at its 

minimum.  

 

Figure 7: Charge density is surfaces of an adsorbed H2O on 
Pd3Y (111). For each site T1-T4, the electronic charge of 
H2O interacts strongly with charge at the second layer in the 
slab, but not with the charge on the third layer. 

 

Figure 8: Charge density is surfaces of an adsorbed OOH on 
Pd3Y (111). At each site T1-T4, the electronic charge of OOH 
interacts only weakly, if at all, with charge at the second 
layer. 

Going to the 3
rd

 layer, the electron density takes on 

its minimum value for OH and H2O, while it adopts a 

much higher concentration for OOH (compare Figure 8 

with 6 and 7). The reversal of site favorability for top 

sites, discussed above for Figures 4 and 5, could be 

attributed to this effect of reverse interaction behavior 

of charge density on the 2
nd

 and the 3
rd

 layers when 

bonded on with OOH. Whether or not this effect is 

caused inherently by alloying or in a more complicated 

way through the concentration profile of the alloy 

element –yttrium-- will not change these variations. 

Rather, it redirects our attention back toward the 

charge density as the underlying clue or cause of 

energy correlations or the lack of them.  

The above analysis based on the charge density 

seems to be also capable of rationalizing two different 

mappings (3) and (4). Those mappings were suggested 

in order to seek correlations between the hollow sites 

as hosts of oxygen atom and top sites as hosts of OH, 

H2O, and OOH species. The first two adsorbates 

interact more strongly and positively with the second 

layer, causing their energetics to follow the trends of 

the minimum—or ground state—adsorption site of O 

among all neighboring hollow sites. The fcc and hcp 

hollow sites allow atom O to make a more impactful 

bond to the atoms on the second layer. The result of 

such a strong binding is reflected into the energy trends 

of O in Figure 4. The ground state site of atomic 

oxygen dominates the electronic charge around each 

one of the top sites through its strong bonding to the 

second layer of the slab.  

The promoting effect of the second layer is largely 

lost in the case of OOH, whose energetic is affected 

instead by the average value of charge density of the 

second layer. That average charge density is represen- 

ted by the adsorption energy (or concentration of 

charge) on all neighboring hollow sites. This average 

behavior is nothing than the mapping of hollow-to-top 

sites manifested by relation (4) and approved by Figure 

5.  

4. CONCLUSION 

This paper presented the results of DFT 

calculations on the adsorption of 4 ORR intermediates; 

O, OH, H2O, and OOH; on the (111) surface of Pd3Y. 

This alloy system has gained special attention because 

of its desired screened activity toward ORR chemistry. 

Massive screenings of pure and alloy systems are 

routinely performed relying on the validity of scaling 

relations between the ORR reaction intermediates.  

It was shown that a perfect scaling is lacking 

between adsorption energies of OOH and those of OH 

or H2O. OOH energies do not follow the same site-

specific fluctuations as OH and H2O do. The latter 

adsorbates show correlations with the ground state 

energy of the nearest neighbor oxygen atom. On the 

contrary, the former species agrees with the average 

adsorption energy of O on all nearest neighbors. The 

opposing energetic behavior of the intermediates was 

explained through the distinct interaction of the 

adsorbates with the slab second layer.  
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While charge distribution of an adsorbed OOH 

agrees quite weakly with the second layer of a slab 

model, OH and H2O interact with the same layer in a 

noticeably positive way. The result is OOH energetics 

varies much in line with the average of charge density 

on the slab second layer. In contrary, H2O and OH 

energies follow the trends of the ground state of atom 

O. Additionally, two types of hollow-to-top mappings 

were defined as simple analytical tools for relating the 

adsorption of O on the fcc and hcp sites to the top 

sites. It is expected that the presented combined 

analysis of energies, sites, and charge density would 

be able to explain site-specific adsorption behavior in 

other alloy systems. The site-mapping methodology, 

presented in this paper, could be employed in alloys or 

mixture of different catalyst materials when more 

accurate screening of activity is necessary. 
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