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Abstract

Establishing energy correlations among different metals can accelerate the discovery of efficient
and cost-effective catalysts for complex reactions. Using a recently introduced coordination-based
model, we can predict site specific metal binding energies (AEwm) that can be used as a descriptor
for chemical reactions. In this study, we have examined a range of metals including Ag, Au, Co,
Cu, Ir, Ni, Os, Pd, Pt, Rh, and Ru and found linear correlations between predicted AEm and
adsorption energies of CH and O (AEcn and AEo) at various coordination environment for all the
considered metals. Interestingly, all the metals correlate with one another under specific surface
site coordination, indicating that different metals are interrelated in a particular coordination
environment. Furthermore, we have tested and verified for PtPd and Ptlr-based alloys that they
follow a similar behavior. Moreover, we have expanded the metal space by taking some early
transition metals along with few s-block metals and shown a cyclic behavior of the adsorbate
binding energy (AEa) versus AEm. Therefore, AEch and AEo can be efficiently interpolated
between metals, alloys and intermetallics based on information related to one metal only. This

simplifies the process of screening new metal catalyst formulations and their reaction energies.
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1. Introduction
Heterogeneous catalysis plays a critical role in advancing sustainability within chemical reactions.
Platinum group elements (PGE) have been extensively utilized for various thermal and
electrochemical reactions such as the hydrogen evolution reaction, the oxygen reduction reaction
and hydrocarbon combustion reactions.!”” The limited availability of catalysts based on PGE and
their high costs pose a barrier to the widespread adoption and use at large scale.® In addition, there
is still significant room for improvement in catalytic activity and product selectivity. To overcome
these challenges and enhance sustainability in chemical reactions, more cost-effective and efficient
catalyst alternatives are needed. In this context, numerous detailed experimental and theoretical
studies have shed light on this topic.”~!® A combination of experimental insight and theoretical
investigations is needed to provide valuable understanding in heterogeneous catalysis. Utilizing
density functional theory (DFT) to calculate reaction energies and activation energies, we can
rationalize the activity, selectivity, and stability of a catalyst surface. However, the identification
of efficient catalysts remains a time-consuming and tedious process since catalysts are dynamic
under operation requiring feedback between experimental and theoretical efforts.!” To speed up
the process, recent advancements in machine learning and artificial intelligence have been utilized

in catalysis.'8

But these approaches often lack the ability to provide a comprehensive
understanding of the fundamental properties of the catalyst and how to link these to observations

for fluctuating systems. Hence, it is of utmost importance to develop a comprehensive model

which accurately and efficiently combine input based on information about the local structure of



the catalyst.!”?° Such models would not only expedite the catalyst screening process but also
provide a solid foundation for understanding catalysis at the fundamental level. In recent years,
remarkable advancements have been made in establishing links between adsorption energies.?! =2
Such approaches significantly reduce efforts and screening time for catalysts. Recently, a
coordination-based model, known as the a-scheme model, was constructed with the goal to predict
the binding energy of an active surface site (AEm) in a diverse coordination environment.?*2°
Armed with this new descriptor, we have successfully demonstrated correlations with adsorption
energies of various hydrocarbon-based adsorbates along with CO and OH and efficiently linked a
vast number of hydrocarbon-based adsorbates in simple classification scheme.???% The recent
classification of adsorbates was performed specifically on Pt and in this paper, we aim to expand
the framework to include other transition metals. Crucially, all these findings are strongly
correlated with the site stability, leading us to introduce a novel descriptor, AEwm, for catalysis.

In this study, we have investigated the correlation of various metals on a specific surface site
coordination starting from an a-scheme model predicted AEm (Figure 1). A wide range of metals
including Ag, Au, Co, Cu, Ir, Ni, Os, Pd, Pt, Rh, and Ru were examined, and a statistically
significant number of calculations were used to extrapolate the a-parameters for each metal to
accurately predict AEm. We have chosen CH and O as relevant intermediates due to their key role
in a wide range of hydrocarbon- and steam-based reactions.?!*»?” We demonstrate strong
correlations among all the metals at a specific coordination environment enabling us to efficiently
predict and understand the behavior of different metals in similar coordination environments,
contributing to the advancement of catalyst design and optimization for sustainable chemical

reactions. We have also tested our model for alloys and found that it follows a similar behavior as

observed for metals. We expanded the screened metal space to include early transition metals as



well as s-block metals and as expected we find a periodic behavior of the AEA versus AEm as we

gradually empty the atomic orbitals.
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Figure 1: This schematic figure illustrates a step-by-step process for understanding metal binding energies (AEm) and
their metal correlation for a specific surface site coordination. The coordination-based a-scheme model can predict
AEm and shows how the binding energies of adsorbate (AEa) exhibit a linear scaling relationship with AEm. Various

metals are correlated with each other for a specific surface site coordination.

2. Computational details
The Vienna Ab initio Simulation Package (VASP) was utilized in conjunction with the Atomic
Simulation Environment (ASE) to carry out all the first principles density functional theory (DFT)
calculations.?8~*! To incorporate exchange-correlation effects, we have considered the BEEF-vdW

functional,?>3

a well-established method that has been extensively validated for calculating
adsorbate binding energies on metal surfaces.??** The plane wave basis sets were employed during
optimization were set with a cutoff energy of 500 eV. To ensure accurate results, all structures were
optimized until the total energies converged to a minimum of 107> eV, and the forces reached a
threshold of less than 0.05 eV/A. The metal lattice constants utilized in this study were obtained

22,24,34

from earlier reports or calculated using equation of state computational approaches. The

optimized lattice constants for each metal at face-centered cubic (fcc) lattice are as follows: Ag



422 A, Aud4.20 A, Co3.46 A, Cu3.68 A Ir3.88 A,Ni3.55A, 0s 3.86 A, Pd 3.98 A, Pt 3.98 A,
Rh 3.85 A, and Ru 3.81 A. For the binding energy calculations, we employed 7 layers of 3 x 3
M(100) and 3 x 3 M(111), whereas for (211) we have considered 7 layers of 1 x 3 slabs. In all the
structures the bottom four layers were kept fixed, while the remaining layers were allowed to relax
during the system optimization process. The considered adsorbate CH and O have been adsorbed
on the ontop site of metals. To mitigate periodic image interactions, a significant vacuum region
of more than 15 A was introduced between the slabs in the z-direction. The Monkhorst Pack
method was employed to generate appropriate k-point grids within the Brillouin zone.**> For the
reciprocal space of the surfaces, a 4 x 4 x 1 k-point grid was utilized to solve the DFT-based Kohn-
Sham equations. Furthermore, to eliminate any artificial periodic interactions between the slabs,
dipole corrections were applied.’® The gas phase molecules have been optimized within a 21 A x
22 A x23 A cell. A1 x 1 x 1 k-point density has been used during the optimization of the gas
phase molecules. To calculate the metal or adsorbate binding energies, we used the following
equation (la and 1b):
AEM = Estabrm — (Estab + Em) (1a)
AEA = Eglab+a — (Estab + Ea) (1b)

In the above equation (la and 1b), AEm and AEa represents the binding energy of metal and
adsorbate, Esiab+m and Esiab+a represents the total energy of the slab with metal (M), and total energy
of the slab with adsorbate (A), Eqab is the total energy of the slab, and Eu is the total energy of
metal (M) whereas Ea is the total energy of adsorbate (A). All the structures and binding energies

can be found in cathub (https://www.catalysis-hub.org/publications/MandalMetal2024).>

3. Results and discussion



In the following section we discuss (i) the choice of metals and validation of a-scheme model, (ii)
the correlation of metal binding energies with adsorbate binding energies (AEwm vs. AEa), (iii) the
correlation among different metals and maximum binding energies for specific adsorbates, and
finally we validate our model for alloys and expand it beyond the transition metals to illustrate the
periodic behavior of the AEA versus AEm. This helps establish simple and useful correlations for

various metals within specific coordination environments.

3.1. Choice of metals and validation of a-scheme model
To establish the necessary correlations, we have explored site binding energies, AEm, within a
given coordination environment. We have focused on a selection of relevant transition metals,
namely Ag, Au, Co, Cu, Ir, Ni, Os, Pd, Pt, Rh, and Ru. These metals have been selected due to
their significance in catalytic reactions, rendering them highly relevant to our investigation. Recent
studies have extensively utilized most of these metals in a variety of essential reactions. For

38-40

instance, Ag, Au, Ni, Cu, and Ru are successfully used for di-hydrogen bond activation, while

Pt, Ru, Ni, Co, and Rh have shown promise for C—H bond activation in hydrocarbon chemistry.*!~

43 Additionally, Pt is important because of its efficiency in the hydrogen evolution reaction,’**

5 46,47

hydrocarbon combustion,**> and oxygen reduction reaction, while Ir excels in the oxygen

evolution reaction,*4°

and Cu is recognized for its potential in CO> reduction reaction.’%>!
However, to further enhance the catalytic activity and reduce costs, researchers have extensively
explored the catalytic activity of cheaper metals and compositions thereof. Throughout our study,
we have placed specific emphasis on analyzing the behavior of these metals within the face-

centered cubic (fcc) crystal structure. After carefully considering the selection of metals, we

proceeded to evaluate our coordination-based a-scheme model using the BEEF-vdW functional.



According to the a-scheme model the metal binding energies can be predicted from the identity of
the metal atom and it’s coordination number changes. Hence, the energy can of the considered
metal atom can be represented as EZ with a metal Z in coordination environment n. To obtain EZ
we consider the energy of every coordination environment from a few number of DFT calculations
where energy of every coordination environment can be represented via a“. The whole set of
coordination environment can be obtain from twelve al values
of_ 5,04, 0%, ..., 0%, 0% 100, 023 111, 025 puik- In this context, we did not consider any separate a2,
a% and o% values and hence the value a?_; is the combination of these three values where a_; =
a? + oZ + o%. Moreover, we have considered three different a%, values for 100, 111 and bulk
as they are different even if they have same coordination number. Once all of these twelve o
values are known we can predict the metal binding energies at any environment. It is important to
mention that we consider only the first nearest neighbor of the considered site as the consideration
of second sphere of the coordination number has very little effect to the metal binding energies.
For example, if a metal atom is bonded on 111 surface with a coordination number 3 then the metal
atom get coordination number 3 whereas the surrounding 3 atoms coordination number is 10 hence
the binding energy of the metal (AEwm) at coordination number 3 on 111 surface can be represented
as addition of o?_; and three a%, (a%_; + 3a%,). To obtain the a-values, we performed a
statistically significant number of DFT calculations (18 binding energy calculations) for each
individual metal.??* In this study, the a-values were calculated relative to the bulk energy of the
metal atoms, as accurately calculating gas phase energies of these atoms using DFT can be
challenging and we would like to compare the results from one metal to another. Therefore, we
chose to use the face-centered cubic (fcc) bulk energy of metal atoms as the reference point during

AEwm calculations. Whenever we consider the energy of bulk metal atoms as a reference, as opposed



to the gas phase energy of the metal, we essentially subtract the cohesive energy of the metal from
the gas phase energy. Therefore, in all cases, the binding energy of the metal can be represented
by the following equation:

AEy = Ejy — EE" @)
In the above equation (2) AEwm is the binding energy of the considered metal with respect to the
bulk energy of that respective metal, E; is the binding energy of the metal atom i with respect to

coh

gasphase and Ey/" is the cohesive energy of the metal. The binding energy of a metal atom in a
given coordination environment can be derived using only twelve o-parameter values: a%_;, o,
af, af, oaf, of, af, oy, oafy, afy puiks 0% 100 and af, ;1;. Based on the a-scheme model we can
obtain AEm by considering the changes in the coordination environment. Let’s consider, we are
interested to obtain the metal binding energy of a metal atom on 100 surface which is showing a
coordination number of 4 whereas surrounding four atoms coordination number is 9. Hence, the
metal binding energy based on the bond strength will be a?_; + 0% + 404. The similar
approaches have been shown earlier in case of coordination number 3 on 111 surface. Hence, the

M

general expression for obtaining the metal binding energy will be Y.¢¥, o + ¢¥

s a’g’Nj, where
the corresponding a-values are pre-established based on the 18 binding energies. This approach
has been established by considering gas phase energy of the metal atom. To obtain the metal
binding energy with respect to the bulk energy of the system we subtract cohesive energy of the
metal. Based on the a-scheme model cohesive energy of the system can be derived by summing
all the a-values, i.e., 272, a}! for fcc bulk structures. Hence, by combining these two aspects, we
can derive the following equation representing AEm concerning the bulk metal as a reference:

— \'CN M CN M 12 M
AEy = Jiz1 o + dj=iOen; — iz 3)



Figure 2 illustrates the integral plot of all the a-values for increasing coordination. A complete list
of these a-values is provided in the supporting information Table S1. When extracting the a-values
using 18 binding energy calculations for each metal we obtain the following MAE values: Ag:
0.023 eV, Au: 0.041 eV, Co: 0.054 eV, Cu: 0.032 eV, Ir: 0.111 eV, Ni: 0.042 eV, Os: 0.148 eV, Pd:
0.039 eV, Pt: 0.062 eV, Rh: 0.053 eV, Ru: 0.092 eV. Among all the metals, the highest MAE was
observed for Os, 0.148 eV, and the lowest MAE was found for Ag, 0.023 eV. Once determined,
these a-parameters can be applied effectively to various structures within the complete set of
metals, eliminating the need for redundant calculations in other applications. With this
coordination-based model, we are now able to accurately predict the AEwm using the o values which
directly reflect the coordination environment of the respective metals. The same has been shown

in earlier reports,??-2426

3.0
® Ag
Au
2,51 . o
. ® Cu
2.01 o Ir
_ 8 ® Ni
o 151 ! 0s
~ ) ’ ' ® Pd
s Pt
wio{e ® e ° o
b 2 e} o ‘ o
® - g O Ru
0.5 8 o o ! i
®
0.0 ' b 0
v L J
4 6 8 10 12

Coordination number

Figure 2: Fcc metal atoms energies as a function of their coordination number. The energy values were obtained

through calculations using the bond associated af parameters. a}} is the average value of a1k, 0% 100 and aZ; 145
This simple framework significantly enhances the practicality and applicability of our model,
allowing us to make reliable predictions for a wide range of scenarios without the need for repeated
computations. The a-scheme model was employed to predict AEm, and a comparison was made

with DFT-calculated AEwm for all the metals under consideration. The resulting data is shown in



Figure S1 in the supplementary information. The figures demonstrate good agreement and hence
justification for applying the a-scheme model in predicting AEwm across all the metals examined.
This level of accuracy in predicting the binding energy through the established model further

substantiates the reliability and robustness of our approach.

3.2. Correlation of metal binding energies with adsorbate binding energies (AEm vs. AEA)
In agreement with earlier studies, we find that binding energies of hydrocarbon-based adsorbates
(AEa) follow a linear correlation with the a-predicted metal binding energies (AEm).2>2® The linear
scaling relationship between the binding energy of adsorbates and the metal binding energies
anticipated by the a-scheme model can be expressed through the following equation (4):

AEx = (am-A — 1)AEm + (Bm-a + D) (4)

In equation (4), the coefficient am-a — 1 represents the binding strength of the adsorbates on the
catalytic surface and the two intercept parameters fm-a + D are associated with the gas phase
complexes. To verify the applicability of the correlation to the considered adsorbate (CH and O)
binding energies and the descriptor AEw, a selection of data points was employed, encompassing
a range of a-scheme predicted metal binding energies. These points span from low metal
coordination (weak metal binding energy) to high metal coordination (strong metal binding
energy). The AEwm in some cases are positive and for some cases it’s negative. For example, the
metal binding energy for coordination number 4 is positive whereas the same is showing negative
in the case of coordination number 9. This is due to consideration of the considered metal atom’s
coordination number as well as coordination number of the surrounding metal atoms. The metal

binding energy equation of the considered coordination number 4 structure (Figure 3a) is a?_; +

a% + 4a%, whereas the metal binding energy equation of the considered coordination number 9

10



(Figure 3e) is a?_5 + aZ + o + aZ + o% + a% + 704 + 3%, ,1,. Based on the a-parameters
(Table S1), we get a positive metal binding energy for coordination number 4 and negative metal
binding energy for coordination number 9. In case of ontop adsorption of CH and O we have
considered five data points on each metal ranging from coordination number 4 to coordination
number 9 (Figure 3a-e). All the above-mentioned structures were considered for obtaining the
linear scaling relations for AEA vs. AEm when A=CH or O. It is important to note that the R? of the
linear scaling relationships approaches unity by introducing more data points. However, we have
already shown that these linear scaling relationships hold for various AEaA with respect to the a-
scheme predicted AEm.2>2® Nonetheless, the linear scaling relationships derived from this subset
of points exhibit a high degree of consistency in agreement with earlier observations.?? Therefore,
it is anticipated that the considered data points would suffice to establish accurate linear scaling
relationships between the AEA and AEwm.
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Figure 3: (a-e) Model structures applied to establish the linear correlations between the DFT calculated AEa (A=CH
and O) and the a-predicted AEm. The AEm with respect to the bulk metal energy values were obtained using bond-

associated af parameters.

In Figure 4a and 4b, we summarize the linear scaling relations between the DFT energies AEch

and AEo vs. AEw, respectively. The details of the linear relations such as slopes, intercepts and

11



mean absolute errors can be found in Table S2 of the supporting information. The observed linear
scaling relationships provide strong evidence that AEy serves as an accurate and efficient predictor
for AEa. It is important to note that the slopes and intercepts of these linear scaling relationships
exhibit specific variations. The values of slopes and intercepts within the linear scaling
relationships are contingent upon both the metal’s identity and the nature of the adsorbates. In most
of the cases, the slopes are negative which means that increasing site stability AEwm leads to a
decreasing adsorbate binding AEA and vice versa. These findings align with the results reported in
earlier publications.?? Surprisingly, when examining the case of CH adsorption on the ontop site,
we find that the slope for AEcu versus AEw is positive for the coinage 3d and 4d metals Ag and
Cu, almost zero for 3d and 4d metals Pd, Ni, Ru, Rh, and Pd, and negative for all the 5d metals.
This observation indicates that the presence of the CH adsorbate leads to a stabilization of the
coinage 3d and 4d metals, a near structure independent behavior on the remaining 3d and 4d
metals, and strong structure dependence on the 5d metals. In case of O adsorption, only Ag shows
a surface stabilizing effect, Cu a near structure independent adsorption, whereas the remaining

metals display strong structure dependence.
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Figure 4: The DFT-calculated adsorbate energies AEa have been plotted against the surface site stability AEm predicted
using the a-scheme. Site stabilities are referenced to the energy of bulk metal atoms. (a) shows ontop adsorption

energies AEcu versus AEm adsorption, and (b) shows ontop adsorption energies AEo versus AEm adsorption.
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3.3. Correlation among various metals at a given coordination environment
In this section, we study the intricate relationships that exist between adsorption on specific
coordination numbers and the various transition metals. Our investigation results in a metal-
independent correlation among the binding energies of CH and O (AEcu and AEo) versus the
predicted site stabilities AEm as illustrated in Figure 5. We observe that the adsorption energy
ceases to increase further for a coordination specific site stability AEwm. Clearly, this is anticipated
since energy scaling relations are based on the existence of an optimum electronic density, thus
resulting in a maximum binding AEA for a given adsorbate. In this paper, we are focusing primarily
on late transition metals but as we shall see later, the chosen descriptor AEm and its periodicity
when filling a single orbital, has consequences for the correlations. The cohesive energy of
transition metals according to Friedel follow a second order behavior as a function of d-filling,
hence AEwm reaches its minimum value when f; = 0.5.52 Where f; is the fractional filling of the d-
shell. Based on our observations we shall assume that for the late transition metals the site
dependent correlation among various metals follow a sigmoid function with a specific maximum
and minimum points. We have considered sigmoid function based on the maximum and minimum
adsorbate binding energies with respect to the metal binding energies. Besides, the sigmoid
behavior can be used in two different directions based on the positive and negative metal binding
energies. The maximum and minimum adsorption energies strongly depend on the surface site and
the specific adsorbate. For a given adsorbate the range of adsorption energies increase with
decreasing coordination of the adsorbed site and the maximum and minimum values can be
approximated based on the AEA. When fitting the sigmoid function, we have allowed for minimum

and maximum values with an absolute variation of 0.10 eV and during the curve fitting the
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maximum and minimum binding energies are kept fixed within that range for all the considered

adsorbates. The sigmoid function is given by the following equation (5):

AE, = AEI™/™% 4 (AEJ™™™ — AR /(1 + exp (=b * (AEy — ©))) (5)
AET*™ and AEF*** is the maximum and minimum adsorption energies at a specific surface site
stability, respectively, b is the rate parameter, and c is descriptor value at the inflection point.
Because of the definition of AEwm and its strong dependence on coordination number, the c-value
in the sigmoid function changes sign leading to the transition from an s-curve to an inverted s-

curve at lower coordination. Interestingly, there should exist an effective coordination number

0AE 4

leading to a Heaviside step function with =o0o0. Given we know the AEwm for a given

IAEMI AR, —0
coordination number we can now approximate the adsorption energy AE, from the fitted sigmoid

curves. We have listed the parameters for the optimized sigmoid functions for adsorbates CH and

O in Table S3 of the supporting information.
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Figure 5: Calculated adsorption energies of (a) AEcu and (b) AEo plotted against the predicted AEm. The fitting curves

show coordination specific metal independent correlations for all the considered late transition metals.

In addition to exploring the pure metal-based systems, we have also investigated the usability of
the correlations for alloys. We have specifically examined PtPd- and Ptlr-based alloys in the case

of CN4-100. The model structures are illustrated in Figure S2 of the supporting information. We
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determined the metal binding energies and CH adsorption energies for these systems using DFT
calculations. We used the bulk cohesive energy of Pt as reference for the metal binding energies.
The results are summarized in Figure 6a, and we note that the binding energies of CH on PtPd and
Ptlr-based alloys do not follow the same trend found for the pure metal-based systems. Since
applying the bulk energy of clean Pt as a reference for the stability of Pt atoms in the alloys is
insufficient and no direct DFT calculations can provide such values. To validate our model, we
have first extracted the reference metal binding energy in that specific configuration from the best
fitted sigmoid function of AEwm versus AEcu. In the next step, we have considered the same
structures (Figure S2) and the obtained AEw for the prediction of alloy-based O adsorption energies
(Figure 6b). In the case of AEm versus AEo the prediction of O adsorption energies matches well
with the pure metal-based sigmoid function. Combining the corrected reference energies of the
metal with calculated adsorption energies of O on the alloy systems we find the adsorption energy
AEo to strongly agree with the correlation established for the pure metals (Figure 6b). To
summarize, if we know the correct reference of AEwm, the metal independent correlations can be

expanded to include alloys and intermetallics as well.
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from (a). Solid and open symbols are for pure metals and alloy-based systems, respectively. The solid curves represent

the metal independent correlations optimized for the pure metal systems on CN4-100.

In this final section, we expand our investigation to include early 4d transition metals and 5s
metals. Explicitly, we considered Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, and Cd metals in an
fcc crystal structure to obtain a comprehensive understanding of the periodic behavior of
adsorption strength versus AEm. We use the ontop adsorption of CH on close-packed 111 surfaces
(CNO-111) as our model structures and have calculated AEwm relative to the bulk metal energies.
Because of the periodic trend in the cohesive energies when you fill up subshell, as shown in Figure
7a, the descriptor AEm will reflect a similar behavior, and the correlation functions introduced
cannot be injective for the domain consisting of all metals in the periodic table as seen from Figure
7b. In this context, the cohesive energy of the metals follows Friedel second order behavior. The
separation of the metals in Figure 7b is also based on the d-filling (f;) of the metals. The first
sigmoid is for Rb to Tc which is considering d-filling up to 0.5 whereas the second sigmoid curve
is from f; = 0.6 to 1 for Ru Rh, Pd, Ag, and Cd. We have divided our correlation of AEcu versus
AEwm into two functions based on the cohesive energy curve in Figure 7a. The range of metals from
Rb to Tc follows one sigmoid curve where AEch increases from its minimum to its maximum
binding strength and for the range of metals from Ru to Cd where the cohesive energy is
decreasing, AEcnh reverts back to its minimum energy along a different sigmoid curve as shown in
Figure 7b. The cyclic behavior of AEcu versus AEm for ontop adsorption close-packed (111)
surface is a consequence of changes in cohesive energy and the bond strength of the adsorbate,
where AEwm reflect the cohesive energy behavior, and the bond strength is related to the d-band
characteristics of the metals. Along with the ontop adsorption of the CH, we have tested our model
for CH hollow adsorption (Figure S3). The predicted AEwm are the average of the considered hollow

site. The results show that the predicted AEm show a strong correlation with the AEcy at various
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coordination environment for a specific metal. Moreover, there is correlation among various metals
at a specific surface site coordination. Hence, the proposed model can be expanded for various
other adsorption sites. Because of the generic behavior also at different coordination numbers, we
anticipate similar cyclic nature for other coordination environments, other metal subshells, and for
other adsorbates. These insights will provide a valuable tool to better understand the relationship
between surface structure and activity and serve as guidance for researchers and engineers in the

fields of surface science and catalysis.
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Figure 7: (a) Calculated cohesive energies plotted for 5s and 4d transition metals. (b) Calculated binding energies for
ontop adsorption of CH, AEcH, on close-packed (111) surfaces plotted against the site-specific metal binding energy,
AEM, referenced to the bulk cohesive energy of the metal. The solid red curve is best sigmoid fit to metals Rb, Sr, Y,
Zr, Nb, Mo and Tc whereas the blue solid curve is best sigmoid fit to metals Ru, Rh, Pd, Ag, and Cd. All AEwm for these

systems has been calculated using DFT.

4. Conclusions
We have investigated the metal independent correlation of AEm versus AEA (A = CH and O) at
specific surface site coordination for a range of metals (Ag, Au, Co, Cu, Ir, Ni, Os, Pd, Pt, Rh, and
Ru). The coordination-based o-scheme model has been applied to predict AEm and we have

investigated the linear scaling relations between AEm and AEa at various coordination
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environments. All the considered metals show strong linear scaling relations between AEa and
AEwMm throughout the considered metal coordination environments. For a specific surface site
coordination AEA show a correlation with AEw for different metals within a site-specific maximum
and minimum energy range. The correlations are best fitted by either sigmoid or reverse sigmoid
functions depending on site coordination, and it suggest that a specific coordination number exists
where the correlation is a step function at AEM=0. In the case of alloy-based system, we considered
PtPd and Ptlr-based alloys and investigated the system independent correlation. In this case,
obtaining correct cohesive energies is highly challenging and we explicitly considered one specific
system (CH adsorption data) to obtain the correct cohesive energy references. Applying these
reference energies to investigate O adsorption data for the same systems we found that the model
indeed can be used for alloy and intermetallic systems as well. In addition, we have expanded our
model by including data points on early transition metals as well as some s-block elements.
Interestingly, the correlation shows a cyclic behavior with respect to the AEwm. This is due to the
introduction of the cohesive energy term within the AEm which follows a second order behavior
as a function of d-filling. Overall, our model enables us to find out the correlation among various
metals and alloys at specific surface site coordination. We believe that the model can be expanded

further, and because of its versatility can lead to a much broader application.

Associated Content
Supporting Information: The of values of considered metals including corrections for
subsurface, comparison of a-scheme model predicted and DFT calculated AEwm, linear fitting

parameters along with mean absolute errors of AEa versus AEwm for all the considered metals where
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adsorbates are CH and O, sigmoid fitting equations at a specific surface site stability for various
metals using predicted AEm versus DFT calculated AEch and AEo, considered PtPd and Ptlr alloy-

based structures at CN4-100.
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