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ABSTRACT Scaling relationships in catalysis impose fundamental limitations on the catalyst 

maximal performance, and so there is a continuous hunt for ways of circumventing them. We 

show that, at the subnano-scale, scaling relationships can be broken through catalyst dynamics. 

Oxygen reduction reaction (ORR), which can be catalyzed by Pt nanoparticles, is used as our 

study case. Subnanometer gas phase and graphene-deposited Ptn cluster catalysts are shown to 

exhibit poor correlation between binding energies of intermediates, O, OH, and OOH, involved 

in the scaling relationships for ORR. The effect is due to the highly fluxional behavior of 

subnanometer clusters, which easily adapt their structures to the bound adsorbates and varying 

coverage, and in some cases even reshaping the structure upon changing environment. This 

fluxional behavior is also commonplace for clusters, and contrasts them to extended surfaces, 

suggesting that breaking scaling relationships is likely a rule more than an exception in 

nanocluster catalysis. 
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Scaling relationships in catalysis provide a simple linear relationship between 

thermodynamic properties of chemically related species involved in a catalyzed reaction, across 

a range of catalytic surfaces. Examples include correlations between NH and NH2 binding 

energies in ammonia synthesis, and between O, OH, and OOH in the oxygen reduction reaction 

(ORR). These simple but elegant relations have drawn the attention of many researchers in 

catalysis.1–9 Although this simplicity leads to the ability to describe catalytic systems in terms of 

simple descriptors, such as the position of the d-band center and coordination numbers, scaling 

relations put an intrinsic limitation on the catalyst maximum activity. In fact, volcano plots are 

the results of linear relations between the kinetics and thermodynamics of the catalyzed reaction, 

implying that there is a maximum (at the top of the volcano) for the catalytic activity for each 

reaction.1,2,5,10,11 Hence, there has been some efforts to find ways to break the scaling 

relationships, and thus enhance the catalytic performance beyond the imposed maximum.12–14 

Here, we explore the properties of subnano Pt clusters in the nonscalable regime, i.e. a regime 

where properties change non-monotonously with changes in cluster size, in the context of ORR 

catalysis as an example. We show that small Pt clusters do not necessarily follow a highly 

correlated linear relation and can potentially break the scaling relations, opening opportunities 

for outstanding catalytic performance.  

The mechanism of ORR has been extensively investigated in the past.15,16,25,17–24 It is 

known that platinum nanoparticles can catalyze ORR.26–28 Although nanoparticles with smaller 

size, around 1 nm, cannot efficiently catalyze ORR due to poisoning,29 it has been shown that Pt 

subnano clusters catalyze ORR at even higher rate than nanoparticles.30–32 Both gas phase and 
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surface-deposited Pt subnanometer clusters have been studied theoretically and experimentally 

for the catalysis of ORR.31,33,34 Since the mechanism of this reaction is the same in the solution 

and in the gas phase,35 and the gas phase case is more computationally feasible, gas phase Pt 

clusters have been more attractive for theoretical studies. Moreover, the approach is justified by 

the fact that graphene, being a suitable electrode material, causes no significant change to the 

geometries of the gas phase Pt clusters, such as Pt13, upon deposition.35 This study considers gas 

phase and graphene-deposited Ptn clusters of varying sizes, and addresses the ORR scaling 

relations in the subnano regime.  

For ORR, different mechanisms have been proposed in acidic and alkaline solutions, 

among which the four-electron process in acidic solution can be written as36 

 

O2 + 4H+ + 4e–  → 2H2O. (1) 

 

In the dissociative mechanism of the reaction, O, OH, and OOH are the involved 

intermediates.17 These are also the species whose binding energies to the catalysts typically 

correlate. In this study we show that the correlation between the binding energies of each pair of 

these molecular fragments to Pt subnano clusters is weak, and the reason is the structural 

fluxionality of clusters that easily change upon changing adsorbate and coverage. Importantly, 

this is a test case, while the conclusions are potentially generalizable to other types of subnano 

clusters and other catalytic processes bound by scaling relations. Cluster dynamics emerges as a 

potential tool for circumventing scaling relations.  

Figure 1 shows the correlation between the calculated OH and O binding energies to the 

gas phase Ptn (n=1-6) clusters. The binding energies are calculated for the first adsorbate binding 

to the cluster, and then also the second adsorbate of the same kind. Cluster geometries with and 

without bound adsorbates are found through global optimization of structures generated based on 

the Bond Length Distribution Algorithm (BLDA).37,38 The geometries are in agreement with the 

ones obtained from Birmingham Parallel Genetic Algorithm (BPGA).39 The adsorbate binding 

energies are calculated with respect to the gas phase adsorbate and (i) the global minimum of the 

adsorbate-free cluster, or (ii) the global minimum of the cluster with the first adsorbate bound, 

for the first and second adsorption energy calculations, respectively.  
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In the lower panel, the blue circles and triangles correspond to the binding energies of the 

first and second adsorbate, respectively, obtained from DFT calculations using the PBE 

functional. Since the effective valency changes from 2 for O to 1 for OH, the expected slope of 

the line that relates their adsorption energies is 0.5. As can be seen, the slope of the line 

computed for the global minima of subnano clusters is deviated significantly from 0.5. The slope 

of the line indicates the contribution of the cluster to the optimal electron density of the bound 

atom, i.e. oxygen, in our case.1,2 When the slope is significantly less than 0.5, this means that the 

cluster contributes less than expected to the oxygen electron density. The effect implies that 

effective medium theorem might not be a good approximation for small clusters. In fact, this is 

not unexpected since the behavior of small clusters is far from metallic. Additionally, the R2 of 

0.516 shows a poor correlation between data points. Moreover, mean absolute error (MAE) and 

mean unsigned error (MUE) have been calculated for both first and second binding energies. For 

PBE calculations, MAEs for all, first, and second binding energies are 0.12 eV, 0.16 eV, and 

0.09 eV respectively. Note that mean unsigned errors (MUEs) for the first and second binding 

energies are -0.01 eV and 0.02 eV respectively and will cancel out each other. The net result is 

that the predictability of the trend line might not be robust and reliable. The message holds true 

also for the PBE0 calculations, though in this case, the correlation is even worse (R2 = 0.204), 

and the deviation from the expected slope value of 0.5 is also larger (0.335). Furthermore, 

obtained MAEs for all, first, and second binding energies are 0.19 eV, 0.20 eV, and 0.18 eV 

respectively. Again because of the different sign of MUE for the first and second binding energy 

(-0.03 eV and 0.03 eV) they cancel out each other. The binding energies calculated with PBE0 

are generally smaller, but the trends in cluster size correlate well with those calculated with PBE. 

Detailed discussion of the effect of functional on the results can be found in the SI.  
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Figure 1. Scaling relationship between OH and O binding energies. The blue and red 

data sets correspond to the PBE and PBE0 calculations, respectively. Upper panel: the 

changes in the adsorption energies of O (left) and OH (right) as a function of cluster size; the 

binding energies of the first adsorbate are connected with the solid line, and the binding 

energies of the second adsorbate binding to the cluster are connected with a dashed line. 

Lower panel: correlations of the O and OH binding energies, computed with PBE and PBE0, 

in blue and red, respectively. Data points represent all studies cluster sizes, and both 

coverages. The R2 values showcase the poor correlations. The slope of the line is far from the 

expected 0.5. Also, MAE for PBE data points is 0.12 eV and for PBE0 data points is 0.19 eV. 

MUE does not give a meaningful result due to the cancelation of error. 

 

In order to illuminate the found poor correlations, we compare OH and O binding energy 

trends across the cluster sizes. In the upper panel, first and second binding energies are plotted as 

a function of number of Pt atoms. It is clear that OH and O binding energies do not have the 

same trends as a function of cluster size, resulting in the poor correlation. For instance, Pt5 has 

the highest O binding energy, whereas Pt4 has the highest OH binding energy (Figure 1, upper 

Page 5 of 26

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



	
   6 

panel, blue circles connected with the solid line). Furthermore, there is an increase in the O 

binding energy from Pt4 to Pt5. On the other hand, the OH binding energy decreases from Pt4 to 

Pt5. Similar observations can be made for the second adsorbate binding energies (Figure 1, upper 

panel, blue triangles connected with the dashed line). Interestingly, however, the second 

adsorbate can bind to the cluster either more or less strongly than the first adsorbate, depending 

on the cluster size. For example, second O binds to Pt4 more strongly than the first O, and that is 

exactly opposite for the OH binding energy (Figure 1, upper panel, blue lines).   

The OOH and O binding energies and their correlations are shown in Figure 2. Clearly 

the correlation is even worse than that in the case of OH and O. The slope of the line obtained 

from PBE is 0.388 (compare with 0.474 for OH and O), and R2 is 0.394 (compare with 0.516 for 

OH and O). Again, the outcome of the PBE0 calculation is similar, but the predicted correlation 

is even worse. The slope of the line is again far from the expected 0.5 with both functionals, and 

the deviation is particularly drastic in PBE0.  
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Figure 2. Scaling relationship between OOH and O binding energies. The blue and 

red data sets correspond to the PBE and PBE0 calculations, respectively. Color and style 

schemes, and data types are analogous to those used in Figure 1. Also, MAE for PBE data 

points is 0.15 eV and for PBE0 data points is 0.20 eV. MUE does not give a meaningful 

result due to the cancelation of error. 

 

 

Figure 3 illustrates the scaling relationship between the OOH and OH binding energies. 

This particular correlation is the highest one obtained, with the R2 value of 0.591. However, this 

value is still very low compared to that for metallic surfaces, which is usually in the range of 

0.8–0.95. Furthermore, in this case, the slope of the line is 0.719, which deviates significantly 

from the expected value of 1.0, given that the O atom binding to the cluster has the same valency 

in OH and OOH. Interestingly, the binding energies of the first adsorbed OOH and OH correlate 

quite well across cluster sizes (Figure 3, upper panel, solid lines), leading to a stronger 

correlation. However, the effect of coverage is quite pronounced, and the binding energies for 

the second adsorbing OH and OOH exhibit very different trends (Figure 3, upper panel, dashed 

lines). These higher coverage results are responsible for the overall poor correlation (seen in 

Figure 3 bottom panel), and the failure of the scaling relationship. Coverage is not typically 

explored as a factor affecting scaling relations, but at least in the case of our clusters we see that 

it can be rather dramatic. The effect has to do with the cluster geometry change, and the change 

of the binding mode of OOH and OH when the second adsorbate binds, as discussed in detail 

below. Taken together, our findings so far suggest that small clusters can break the scaling 

relationship in catalysis, and exceed the intrinsic limit on catalytic activity. 
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Figure 3. Scaling relationship between OOH and OH binding energies. Color and style 

schemes, and data types are analogous to those used in Figure 1. The data points 

corresponding to the second binding adsorbate in the lower panel are more scattered, being 

responsible for the overall poor correlation, regardless of the functional. Also, MAE for PBE 

data points is 0.10 eV and for PBE0 data points is 0.12 eV. MUE does not give a meaningful 

result due to the cancelation of error. 

 

Figure 4 shows the global minimum structures of gas phase Pt clusters, before the 

adsorption, and upon binding the first and then the second adsorbate. These results were obtained 

with PBE0, and the corresponding PBE results are presented in the SI (Figures S1-S3). In 

general, the global minimum structure can be functional dependent. PBE functional gives a more 

flat structure for gas phase Pt4, Pt5, and Pt6, whereas PBE0 predicts more globular geometries. 

However, these differences do not change the main conclusions of this study. Also, we have seen 

in the past that in thermal catalysis ensembles of many thermally-accessible catalyst states 

collectively determine catalyst properties, such as electronic characteristics, 
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Comparing the structures of PtnO, PtnOH, and PtnOOH (n=1–6) sheds light on their 

binding energies not showing a strong correlation. 40 activity,41 selectivity,42,43 and sintering 

resistance.41–43 In the present case, temperatures are milder, and the thermal ensembles of 

clusters states are small, with the vast majority of the population occupying the global minimum 

by Boltzmann statistics. For all cases reported in this work, the adsorption energies calculated as 

ensemble averages minimally differ from the results calculated based on just the global minima. 

We present the ensemble data in the SI (Figures S4-S6), and focus on the global minima in the 

main text. 

The change in cluster shape is adsorbate-dependent, suggesting that the cluster should be 

changing shape in the course of the catalyzed ORR reaction. For instance, Pt5,6 change 

geometries when one of O, OH, or OOH binds, and the geometry is every time different. We 

have seen such behavior of small catalytic Pt clusters in the past,40–44 and also found that cluster-

shape change is exceptionally facile, allowing clusters visiting dozens on distinct minima in 

under 1 ns, even when on a supporting surface.45 On the other hand, some clusters do not change 

shape so easily, such as Pt4 and Pt4O, Pt4OH, and Pt4OOH. In fact, the cluster size-dependence of 

the fluxionality adds to the unpredictability (poor correlation) of binding energies. The highly 

dynamic behavior, which is also size- and composition-dependent, is unique to subnano clusters, 

and certainly cannot be found in extended surfaces.  

It is important to remark that in this work we operate under the assumption that the 

cluster has a chance to fully rearrange into an equilibrium thermodynamic ensemble in every 

minimum on the reaction profile. In other words, cluster dynamics is fast and decoupled from the 

reaction dynamics. This assumption is supported by our study of isomerization of Pt7 on alumina, 

which appears to be exceptionally quick and structurally dramatic.45 However, it is possible that 

this assumption is not generally applicable. Ideally, we would want to know how clusters 

isomerize, and which cluster isomers are really linked to each other in the reaction profile of 

ORR. This computational task would be exceptionally demanding, not within our reach.  
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Figure 4. The global minimum structures of the gas phase Ptn (n=1-6) clusters without 

bound adsorbates and with one and then two bound adsorbates, O, OH, and OOH. Clusters 

outlined with solid lines change shapes when going from adsorbate-free to adsorbate-bound, 

often changing also from one adsorbate to another. Clusters outlined in dashed lines change the 

binding site of the adsorbate when the coverage changes. Grey – Pt; red – O; white – H. 

 

Secondly, the poor correlations between the binding energies of O, OH, and OOH can be 

traced to the additional effect of the binding site change. In scaling relationship, which was 

initially developed for extended surfaces, one usually assumes that the binding site does not 

change from surface to surface. However, as can be seen in Figure 4, binding sites can change 

from one cluster size to another. For example, O preferentially binds on atop site on Pt4, but on a 

bridge site on Pt5 and Pt6. Also, OOH preferentially binds using both of its oxygen atoms when 
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on Pt2, Pt3, and Pt6, but goes monodentate on atop position when on Pt4 and Pt5. In addition, O, 

OH, and OOH may preferentially bind to different sites on the same cluster. For example, O 

binds to the bridge site on Pt5, whereas OH and OOH prefer atop site. For Pt6, O and OH bind on 

a bridge, and OOH binds atop. These changes are fundamentally not too surprising, because 

every atom in such small clusters is unique in its coordination geometry and electronic structure. 

For example, a bridge site on Pt4 is electronically not the same as that on Pt5; every bridge site on 

every Ptn is unique, etc. 

When the coverage increases, the situation changes again (Figure 4). The second 

adsorbate may bind to the bridge site or atop, depending on the cluster. The binding position is 

often different from that of the first adsorbate, meaning that their chemistries are going to be 

different. For instance, in Pt2O2 and Pt3O2, and in Pt2(OOH)2, Pt3(OOH)2, and Pt5(OOH)2, the 

two adsorbates bind in two different sites, i.e. bridge and atop. Secondly, the second adsorbate 

can change the binding site of the first one. For instance, one O is bound atop on Pt4, but, when 

two O atoms bind to Pt4, both of them go on the bridge site. Similarly, OH bind to Pt5 on a 

bridge, but two OH bind atop in Pt5(OH)2. It is clear that the change in the cluster shape and 

electronic structure after the binding of the first adsorbate, affects the binding site preference for 

the second adsorbate, and also the second adsorbate in turn changes the cluster and affects the 

binding of the first adsorbate. In a steady state in catalysis, clusters would be covered by 

different adsorbates at concentrations dictated by the conditions and the adsorption strengths, and 

so our model reveals only part of the story. However, it is clear that every time an adsorbate 

comes, goes, or changes in the reaction, the catalyst itself changes too, altering all other 

adsorption energies, and thus escaping the spell of the scaling relations.  

In order to find out whether or not a similar behavior is characteristic of surface-

deposited clusters, we choose to study at Pt5 deposited on graphene, a support used as an 

electrode in ORR. Figure 5 shows the global minimum structures of Pt5 on graphene, with and 

without the substrates, obtained via BH global optimization. Here too it can be seen that, when 

the adsorbate binds to the cluster, it changes its shape, particularly in PBE calculations (see SI) 

and particularly upon binding of the second adsorbate. The flat and upright shape of Pt5 itself 

was seen also on MgO(100).46 The second adsorbate can influence the preferred binding site for 

the first adsorbate. For instance, OH binds to the bridge site in Pt5OH, but, as soon as the second 

OH binds, both adsorbates bind atop. Note the significant change in the structure of the cluster 
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after the second OH binds to it. In order to find out whether or not a similar behavior is 

characteristic of surface-deposited clusters, we choose to study at Pt5 deposited on graphene, a 

support used as an electrode in ORR. Figure 5 shows the global minimum structures of Pt5 on 

graphene, with and without the adsorbates, obtained from Basin Hopping algorithm.47,48 Here too 

it can be seen that, when the adsorbate binds to the cluster, it changes its shape, particularly with 

PBE (see SI) and particularly upon binding of the second adsorbate. The flat and upright shape 

of Pt5 itself was seen also on MgO(100).46 The second adsorbate can influence the preferred 

binding site for the first adsorbate. For instance, OH binds to the bridge site in Pt5OH, but, as 

soon as the second OH binds, both adsorbates bind atop. Note the significant change in the 

structure of the cluster after the second OH binds to it.  

The computed binding energies for the surface-deposited cluster can be added to the 

trend lines shown in Figures 1-3. Doing this does not improve the trend and does not change the 

main conclusion (see Figures S7). The results suggest that small clusters, whether in the gas 

phase or on a supporting surface, would break scaling relations due to the changes in shape and 

in the adsorption binding sites, from one adsorbate to the next. We can also try to predict the 

adsorbate binding energies to the surface-deposited cluster from the trends obtained for the gas 

phase clusters (Figures 1-3), and compare the outcome to the calculations. Table 1 shows the 

comparison. It is important to emphasize that the trend line does not distinguish between the first 

and second binding energies. Therefore, it can be argued that the average error for OH binding 

energy is 0.07 eV, and for OOH it is 0.12 eV, i.e. a factor of 2 smaller than what is reported in 

Table 1. Overall, even though a single example is not enough for statistics, we see the error in 

the binding energies varies depending on the adsorbate and can be significant or negligible, in an 

unpredictable way. 
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Figure 5. The global minimum structures for Pt5 cluster deposited on graphene with different 

adsorbates and coverage obtained with PBE0.  

 

. It is obvious, however, that using just one example does not show whether the trend line 

obtained from gas phase can be applied to the surface deposited clusters. In fact, Figure S7 

shows that the slope of the line deviates even more from the expected value (0.5 for OH vs. O 

and 1.0 for OOH vs. OH ) when the surface-supported results were added. 

 

 
Table1. Comparison of calculated binding energies of different molecular intermediates on Pt5 
deposited on graphene with the predicted binding energies obtained from gas phase linear scaling 
relationships. All results obtained from PBE functional. 

 𝐸!"#,!! (eV) 𝐸!"#,!!" (eV) 𝐸!"#,!!!" (eV) 𝐸!"#,!! (eV) 𝐸!"#,!!" (eV) 𝐸!"#,!!!" (eV) 

Calculated -5.36 -3.63 -2.23 -5.23 -3.77 -2.42 

Predicted 
(from scaling) 

-a -3.77 -2.44 -a -3.77 -2.44 

Error - 0.14 0.21 - 0.00 0.02 
a. Reference state 

 

In conclusion, because catalytic clusters at the subnano scale are exceptionally dynamic, 

and easily change shapes upon binding different adsorbates, they break scaling relations that 

otherwise impose constraints on the maximal achievable catalytic performance. Depending on 

the cluster size, the change of shape upon binding and changing adsorbates, and varying 

coverage may be greater or smaller. The binding sites of all adsorbates can be sensitive to the 

presence or absence of other adsorbates. As a result, correlations between the binding energies of 

adsorbates bound by scaling relations, such as O, OH, and OOH in ORR, become very lose, and 

their overall predictability becomes minimal. This is good news for catalysis, because it may 
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allow optimizing catalysis beyond the current limits for such precious processes as ORR and 

ammonia synthesis. The lever at cluster catalyst design that may enable this optimization are (i) 

cluster size (since dynamics is cluster size-specific), (ii) reagent concentrations (since the 

binding sites and correlations are affected by coverage), and (iii) to some degree, also 

temperature (since cluster dynamics is enabled by thermal effects). Nano-catalysts are yet again 

unusual as compared to extended surfaces, in this newly found way.  

 
Computational methods: Plane wave density functional theory calculations were 

performed using Vienna Ab initio Simulation Package (VASP)49–52 using projector augmented 

wave (PAW) potentials53 and the PBE54 functional. For the relaxation calculations presented in 

this paper, large kinetic energy cutoffs of 400.0 eV and convergence criteria of 10−6 eV were 

employed. Geometric relaxation was performed until forces on atoms were smaller than 0.01 

eV/Å. Also, Gaussian smearing with the sigma value of 0.1 eV was used. Single point 

calculations were done using PBE055,56 functional on the structures obtained from the relaxation 

step using PBE functional. The energy cut-off of 0.8 eV was used in order to filter local minima 

structures obtained from PBE calculation, which are then fed into PBE0 single point calculation. 

Geometry relaxation of metal clusters using a hybrid functional, such as PBE0, usually causes 

some problem for the calculation to converge; however, geometries obtained from PBE 

calculations are usually reliable enough if a large enough energy cut-off is used to consider a 

significant number of local minima. A large unit cell of 20 Å × 20 Å × 20 Å was used for gas 

phase calculations. Note that, for gas phase calculations, in order to produce initial cluster 

geometries we used our in-house code, PGOPT,3740 which automatically generates these 

structures based on the bond length distribution algorithm (BLDA).37,38 Then each structure was 

optimized using DFT calculation, and duplicates were filtered out thereafter. For Pt5 deposited 

on graphene, the Basin Hopping47,48 algorithm implemented in PGOPT was used in order to find 

out the global and local minima structures. The experimental cell parameter of a = 2.46 Å was 

used for graphene.57 The unit cell was grown to a (6 × 6) surface and a vacuum gap of 15 Å was 

used. This results in a supercell with parameters of a = 14.76 Å, b = 14.76 Å, c = 20.0 Å, α = 

90°, β = 90°, and γ = 120°. Γ-point sampling was used for all calculations.  
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