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Abstract

A widely used adsorption energy scaling relation between OH* and OOH* intermediates
in the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), has previously
been determined using density functional theory and shown to dictate a minimum thermo-
dynamic overpotential for both reactions. Here, we show that the oxygen-oxygen bond in the
OOH* intermediate is, however, not well described with the previously used class of exchange-
correlation functionals. By quantifying and correcting the systematic error, an improved de-
scription of gaseous peroxide species versus experimental data and a reduction in calculational
uncertainty is obtained. For adsorbates, we find that the systematic error largely cancels the
vdW interaction missing in the original determination of the scaling relation. An improved
scaling relation, which is fully independent of the applied exchange—correlation functional, is
obtained and found to differ by 0.1 eV from the original. This largely confirms, that although
obtained with a method suffering from systematic errors, the previously obtained scaling rela-

tion is applicable for predictions of catalytic activity.



Introduction

Development of efficient, highly stable, and inexpensive oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) catalysts are key challenges in large scale commercialization of
water electrolysers and hydrogen fuel cells, respectively. ! In these efforts detailed fundamental
knowledge of the catalytic processes is required.

In recent years, a number of studies applying Density Functional Theory (DFT) has provided
new insight into the fundamentals of OER and ORR.%!3 A significant finding is a scaling relation
between the adsorption energy of OH* and OOH* intermediates found for a large variety of cata-

9-12,14-18 When expressed in terms of the free energy the scaling relation is

lysts and catalytic sites.
AGoon* = AGop+ + 3.2 £ 0.2 eV with the 3.2 eV offset determined using the RPBE exchange-
correlation functional.'® The 3.2 eV free energy difference compares favorably to an experimental
free energy difference of 3.4 eV between OH~(aq) and OOH ™ (aq).?*?! The optimal adsorption
free energy difference between OH* and OOH* is 2.46 eV for both ORR and OER.%!!?! The
scaling relation forces a minimum thermodynamic overpotential, at which all intermediate reac-
tion steps are exergonic, of (3.2 £ 0.2eV -2.46 eV)/2e =0.4 £ 0.1 V for both reactions. Based on
the scaling relation, it is possible to use adsorption free energies as predictors for catalyst activity.
For ORR, the adsorption free energy of OH* can be used as predictor with the optimum at (4.92
eV-32+02eV)2=0.9 £ 0.1 eV. Catalysts which adsorb OH* slightly (=~ 0.1 eV) weaker than
Pt have been found to display improved activity over Pt.”-*? Predictions of catalyst activity based
on the OH* adsorption free energy relative to Pt have been shown to agree well with experimental
findings.”%* Similarly, the adsorption free energy difference between O* and OH* is used as a
descriptor for highest OER activity. !! The highest activity is predicted at a difference of (3.2 + 0.2
eV)/2=1.6 £0.1eV.

It is important to stress that the 4= 0.2 eV reported for the scaling relation does not refer to the
calculation accuracy in any individual calculation, but how well adsorption free energies calculated

for a multitude of different surfaces follow the scaling relation. !:12:15:-16 Although the general trend

isa 3.2 eV difference in adsorption energy between OH* and OOH*, there is notable scatter around



this "best fit" trend line. The = 0.2 eV is thus an uncertainty introduced by considering the scaling
relation as "universal"!! for all surfaces and not to be confused with the general calculational
uncertainty at the applied level of theory. When considering a narrow class of materials such as Pt
skins on Pt alloys, the scatter is significantly less than 0.2 eV.!?

The calculational accuracy for a given calculation is not known a priori. The largest contri-
bution to the calculational uncertainty is expected to be the exchange—correlation functional. This
has become increasingly true as electronic structure codes have been developed to the point where
results are largely converged across different codes.?? The magnitude of the uncertainty related to
the exchange-correlation functional can be difficult to estimate although methods for it has been
developed as discussed below.?* Recently, Deshpande, Kitchin and Viswanathan'® have applied
these methods to evaluate the calculational uncertainty in studies of heterogeneous ORR catalysts.
An extension to the error estimation method is applied here to determine whether systematic errors
are present when calculating the adsorption free energy difference between OH* and OOH* with
the applied class of exchange-correlation functionals. The extended approach has previously been
used for identifying systematic errors in calculated energies for CO, reduction reactions.?> This
knowledge improved accuracy of calculations and has been applied in studies of CO; reduction to
formic acid.?%

A major difference between OH* and OOH* is the presence of an oxygen-oxygen bond in the
OOH* intermediate. This bond can to some extend be assumed to be similar to the oxygen-oxygen
bond in a peroxide. The triplet ground state of molecular oxygen is known to be very difficult to
describe using DFT.?’ Although peroxides are not spin polarized, systematic errors in calculated
enthalpies of metal oxides and metal peroxides for several exchange—correlation functionals in-
cluding the RPBE functional have been attributed to the difference in oxygen ions.?3! We here
seek to determine whether a systematic error is indeed present and determine how it influences
the OH*/OOH* scaling relation and predictions based on it. If a systematic error is present in
the description of the oxygen-oxygen bond, the adsorption free energy of OOH* is likely also to

be systematically inaccurate. The previously determined free energy difference between OH* and



OOH*, i.e. the scaling relation offset of 3.2 eV, will thus also be systematically inaccurate and lead
to inaccuracies in predictions of the minimum thermodynamic overpotentials and optimal adsorp-
tion free energies. By quantifying the systematic error not only can the calculational uncertainty
for a given surface be reduced, but the accuracy of predictions previously made using the scaling

relation also be evaluated.

Theoretical Methods

To test for systematic errors in the description of peroxide species, the enthalpy of reaction is
calculated for different reactions with known reaction enthalpies. Eight representative gas phase
reactions (Gas Phase Set in Table 1), where a peroxide is formed, have been examined and the

enthalpies of reaction compared to experimental values.

Table 1: Reaction Sets

gas phase set reac

2H,0 — H,+H,0, (1

CH,OH+H,0 — H,+CH;00H )

C,H;OH+H,0 — H,+C,H;O0H 3)

2CH;OH — H, + CH;00CH, ()

C;H,0H+H,0 — H,+C;H,00H (5)

(CH;),CHOH +H,0 — H, +(CH;),CHOOH (6)

2C,H;OH — H,+C,H;00C,H; @)

(CH;);COH +H,0 — H, + (CH;);COOH ®)

adsorbate set

OH*p* + H,O — H, + OOH*p" (*1)

OH*a,” + HO — H, + OOH*»,” (*2)

OH*p¢* + H,0 — H, + OOH*py* (*3)
verification set

2CH, — H,+C,H, vl

CH,+H,0 — H,+CH;0H (v2)

CH, +C,H, — H,+C;Hg (v3)

C,Hy,+H,0 — H,+C,H;OH (v4)

“Ontop adsorption site. “hcp hollow adsorption site.

In the case of ethyl hydroperoxide, C,H;OOH, and n-propyl hydroperoxide, C;H,OOH, ex-
perimental data obtained with sufficient precision is unavailable. Instead, cross verified enthalpies
calculated using quantum chemistry methods, which are well suited for highly accurate description

of gaseous molecules, are used for these species.>® To test whether errors are related to the forma-



tion of a peroxide specie, four verification reactions similar to the others but without the formation
of peroxide are examined in a similar manner (Verification Set in Table 1). We expect the enthalpy
of reaction for the verification reactions to be well-described.

To determine whether systematic errors are not only present in gas phase peroxides, but also
for surface bound OOH?*, the difference in adsorption enthalpies of OH* and OOH* are calculated
on different metal surfaces, which span the full range of relevant OH*/OOH* adsorption energies
for ORR, i.e. the (111) facets of Pt, Ag and Pd.® The enthalpy is calculated for an "Adsorbate Set"
(Table 1) of reactions similar to those in the Gas Phase Set. Important aspects such as coverage
and electrolyte effects, which should be included to obtain adsorption free energies under realistic
ORR/OER conditions, have purposely been disregarded as including these effects will make it
difficult to isolate the oxygen-oxygen bond functional dependence.

The reaction enthalpies are calculated with a range of different Generalized Gradient Approx-
imation (GGA) functionals. Here, we focus on the GGA functionals, as this level of functional
complexity is often the best applicable for practical trend studies of heterogeneous catalysis.* Be-
sides the RPBE functional ' originally used to establish the OH*/OOH* scaling relation, we also
consider the common GGA functionals PBE?> and BLYP.3%37 In addition, three functionals with
non-local van der Waals correlation, vdW-DF,38 vdW-DF2,3 and BEEF-vdW 2* are included.

The BEEF-vdW functional is constructed with catalysis studies in mind and demonstrated
to describe many adsorption energies well.?**? As the BEEF-vdW functional and the associated
ensemble are critical to the applied method, it will here be presented in some detail. For a more
thorough description of the functional and ensemble the reader is refereed to Wellendorff et al.?*

The BEEF-vdW exchange—correlation energy is given by

29
Exe= Y anEgoh ™+ o E"PA ¢ + (1 — 0 )EPBE ¢ - EM¢, )

m=0

EGGA=X i5 the exchange energy obtained with the GGA approximation applying the Legendre

polynomial of order m as enhancement factor. EXPA=¢ and EPBE— are LDA and PBE correlation



energies. The E™~C term is non-local van der Waals correlation identical to that applied in the
vdW-DF2 functional.

In a machine learning process, the exchange energy expansion parameters, a,,, and the corre-
lation weighting, ¢, are determined such that the functional is optimized to reproduce energies
in selected dataset, i.e. formation and reaction energies, reaction barriers, chemisorption energies,
van der Waals interactions, and cohesive energies. The optimal parameter values for a,, and ¢, de-
termined in this approach are used for the main BEEF-vdW functional. In addition to the optimal
parameters, an ensemble of functionals using sub-optimal parameter values is created in a process
inspired by Bayesian statistics. A set of sub-optimal parameters, which reproduces database en-
ergies relatively well, is more likely to be accepted into the ensemble of functionals than a worse
performing set of parameters.

The ensemble can be used to quantify an estimate of the error and thus also calculational un-
certain related to the specific choice of exchange-correlation functional for a given calculation.
This is done by computing the energy of interest with a number of ensemble functionals (gener-
ally convergence is reached at 2000).%* The standard deviation in calculated energies across the
ensemble has been shown to be a good quantitative error estimate.?* The procedure can be viewed
as an improved method for testing the robustness of the results by recalculating with a range of
"mindfully selected" functionals, as discussed by Sabbe et al.3*

All ensemble functionals differ from the main BEEF-vdW functional only in the weight given
to the individual energy terms in (1). Once a self-consistent BEEF-vdW calculation has been per-
formed and the energy of each term obtained, the energy for all ensemble functionals can easily
be evaluated at single point level accuracy by simply multiplying a matrix containing the parame-
ters a,, and ¢, for the ensemble functionals with a vector containing the individual energy terms.
The method does not only help quantify error estimates but is also useful for obtaining energies
computed with a large range of functionals very efficiently.

The VASP code using the projector augmented-wave (PAW) method has been used for all cal-

culations.*!** To reduce errors related to choice of PAW potentials, high accuracy hard potentials



distributed with the code have been used for H, O, and C. Default potentials have been used for
Pt and Ag, and a potential treating the 4p electrons as valence electrons has been used for Pd (pv
potential). A plane wave energy cut-off at 650 eV has been used. Both molecular oxygen and
superoxide ions are spin polarized. Although the oxygen-oxygen bonds present in the examined
structures are not expected to exhibit spin polarization, calculations allowing spin polarization

were performed. See Supporting Information for further calculational details.

Results and discussion

The enthalpy of reaction has been calculated for the reactions in Table 1. The errors versus refer-
ence data are shown in Table 2 for reactions in the Gas Phase Set and the Verification Set.

Table 2: Errors in calculated AH; (eV) for reactions in Table 1 with diffferent exchange-
correlation functionals.

reac PBE RPBE BEEF-vdW vdW-DF vdW-DF2 BLYP

() 025 029 0.26 0.41 0.44 0.35
(2) 019 024 0.22 0.36 0.40 0.30
3) 021 024 0.22 0.36 0.39 0.29
4 0.17 0.18 0.21 0.36 0.39 0.25
(5) 021 024 0.24 0.39 0.41 0.31
(6) 021 0.23 0.21 0.37 0.42 0.27
(7) 0.14 0.14 0.19 0.34 0.36 0.21
(8) 024 025 0.27 0.42 0.46 0.33
avg.® 020 022 0.23 0.38 0.41 0.29
SD”  0.03 0.04 0.02 0.03 0.03 0.04
(vl) 0.01 -0.01 -0.01 0.00 -0.05 -0.04
v2) 0.05 0.05 0.06 0.11 0.10 0.07
(v3) -0.03 -0.06 -0.03 -0.03 -0.08 -0.10
(v4) 0.02 0.00 0.03 0.08 0.08 0.03

¢ Average error and bstandard deviation for reactions (1)-(8).

The vdW functionals have been adjusted for a previously identified systematic error of 0.09
eV on the H, molecule using the BEEF-vdW functional. 2264346 This generally decreases the
errors. Reactions (1)-(8) have similar errors with a given functional as seen in Table 2, where the
average error (avg.) and the standard deviation on the error (SD) are also reported. The verification
reactions (v1)-(v4) do not display the same systematic error, indicating a systematic error related

to the formation of a peroxide bond.



The error is consistently above the average in reaction (1) and below the average in reactions
(4) and (7). A likely explanation is that the amount of reactant H,O is different for reaction (1)
(two H,0) and reactions (4) and (7) (no H>,O) as compared to the other reactions (one H,O). For a
given functional, the small variation in error within the Gas Phase Set and the Verification Set can
thus largely be explained by an error of 0.02-0.05 eV per H;O molecule. This is discussed further
below.

Having established that the formation of a peroxide is the dominant reason for the system-
atic errors, it is examined whether such systematic errors are also present when comparing free
energies of OH* and OOH* adsorbed on catalytic surfaces, where accurate experimental values
remain elusive. Firstly, calculational uncertainties are quantified using the BEEF ensemble. For
each reaction, the enthalpy has been calculated with the ensemble of functionals and the standard

deviation determined (Table 3). The standard deviation is 0.19 +0.02 eV for reactions in the Gas

Table 3: BEEF ensemble standard deviation (eV) before and after correction of the O-O
bond.

reac std. dev. std. dev.
corrected
(D) 0.17 0.04
2) 0.19 0.04
3) 0.19 0.04
@) 0.20 0.06
5 0.18 0.04
(6) 0.19 0.05
@) 0.20 0.05
(8) 0.19 0.05
(*1) 0.19 0.05
(*2) 0.19 0.04
(*3) 0.19 0.05
\2)) 0.03 0.03
v2) 0.05 0.05
w3) 0.05 0.05
vd) 0.06 0.06

Phase Set and Adsorbate Set and 0.05 4+ 0.02 eV for the reactions in the Verification Set. The

functional dependence of the result and thus the calculational uncertainty is found to be signif-



icantly larger for reactions in the Gas Phase Set and the Adsorbate Set than for reactions in the
Verification Set. Further, the functional dependence is seen to be similar in magnitude for the Gas
Phase Set reactions and the Adsorbate Set reactions. We further note that 0.19 eV is comparable to
the scaling relation offset uncertainty found by Deshpande, Kitchin and Viswanathan'® calculated
from separate uncertainties on OH* and OOH* using statistical measures. It is also worth noting
that the ensemble standard deviation is a good quantitative estimate of the errors observed with the
BEEF-vdW functional in Table 2, although it is slightly smaller than the on average 0.23 eV error
for the Gas Phase Set reactions.

To examine whether the increased functional dependence for the Gas Phase Set and Adsorbate
Set is due to the presence of an oxygen-oxygen bond, the effect of applying an energy correction
to the oxygen-oxygen bond is examined. For each of the ensemble functionals, the average differ-
ence from the electronic energy calculated with the BEEF-vdW functional is determined for the
reactions in the Gas Phase Set and the Adsorbate Set and applied as an energy correction for that
particular ensemble functional. The energy correction ¢ for a given ensemble functional f is thus

given by

cr= 11—1 ; (EBeeF—vaw,r —Efr) ()
where r is the 11 reactions in the Gas Phase Set and the Adsorbate Set. Egppr_,qw, and Ef,
are the electronic energies of reaction r calculated with the BEEF-vdW functional and the en-
semble functional f, respectively. After a correction has been applied to each ensemble functional,
Ef 1 correctea = Ef, =+ cy, the standard deviation for each reaction is recalculated using the corrected
energies and found to be significantly smaller and in agreement with those observed for the veri-
fication reactions (Table 3). It is thus shown to be generally valid for GGA-vdW type functionals
that the functional dependence can be minimized effectively through an identical energy correc-

tion to the reactions in the Gas Phase Set and the Adsorbate Set and be brought to the level of the

10



reactions in the Verification Set. The systematic error causing significant functional dependence
observed for the reactions in the Gas Phase Set hence applies identically to the reactions in the
Adsorbate Set.

An illustrative way to examine correlations in the functional dependence is by plotting the
calculated enthalpies of reactions for two reactions versus each other with several functionals.?’
In Figure 1, the calculated enthalpies of the gas phase formation of methyl hydroperoxide from
methanol (Reaction (2)) is compared to the enthalpy difference between OH* and OOH* adsorbed
on Pt (Reaction (*1)).

The 2000 functionals in the BEEF ensemble form a straight line with a slope of 1.01 determined
through linear regression. The variation in the calculated enthalpy of reaction, is as large as 1.0
eV. The presence of a straight line (coefficient of determination R> = 0.987) with slope 1 indicates
that the feature dominating functional dependence is identical in the two reactions. The three
primary vdW functionals are placed on or close to this line. The inclusion of vdW interactions will
likely stabilize OOH* more than OH* due to the size difference.*’ This explains why the non-vdW
functionals deviate slightly from the line towards a larger enthalpy of reaction for Reaction (*1). To
examine this the isolated effect of vdW interactions has been probed by adding vdW interactions to
RPBE and PBE using the Tkatchenko-Scheffler*® (TS) method using a scaling parameter sz = 0.94
and reoptimizing geometries. The inclusion of the vdW interactions does not change the gas phase
enthalpies significantly, but stabilizes OH* by ~ 0.15 eV and OOH* by ~ 0.25 eV causing a
relative downshift of ~ 0.10 eV in AH,; for reaction (*1). This downshift brings the non-vdW
functionals onto the line.

Similar correlation analyses are made for all the considered reactions. The obtained slopes
found through linear regression are depicted in Figure 2. A straight line with a slope close to
1 is obtained for all possible combinations of reactions in the Gas Phase Set and the Adsorbate
Set. When reactions from the Verification Set are compared in a similar manner to reactions in
the Gas Phase Set and the Adsorbate Set, the results are significantly different. As the functional

dependence is much smaller for reactions in the Verification Set, which does not contain peroxide
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Figure 1: The enthalpies of reaction for Reaction (2) and Reaction (*1) calculated with various
functionals and plotted versus each other. Diamonds mark functionals with added vdW correlation
using the Tkatchenko-Scheffler (TS) method. The BEEF-ensemble functionals (semi-transparent
grey points) fall on a straight line with a fitted slope of 1.01. The dashed red line marks the
experimental enthalpy of Reaction (2).

bonds, the fitted slopes will be large (>2) or close to O depending on whether the Verification Set
reaction is used as independent or dependent variable, respectively.

In addition to identifying the oxygen-oxygen bond as dominant source of functional depen-
dence and establishing that identical functional dependence is observed for all reactions in the Gas
Phase Set and Adsorbate Set, the correlation heat map in Figure 2 can also be used to identify
an additional minor contribution to functional dependence. As mentioned above, the trend in er-

rors obtained with the self-consistent functionals (Table 2) suggest that H;O can cause a minor
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Figure 2: Heat plot depicting the slopes obtain through linear regression on the BEEF ensemble
for all possible combinations with the 15 total reactions examined.

error. The same trend with reactions (1), (4), and (7) differing from the rest is observed for the
uncorrected standard deviations in Table 3. We examine whether the trend is also reflected in the
slopes obtained from linear regression for correlations in the Gas Phase Set as seen in Figure 3.
In Figure 3a, the difference between the slope obtained through linear regression and a slope of 1
is depicted. The most significant differences are observed in cases where Reaction (1), (4), or (7)
are involved. The pattern fits well with the cause being two reactant HO molecules in Reaction
(1), none in Reaction (4) and (7), and one in the other reactions. To test this hypothesis, the slopes
are predicted, apeqicred» taking the possibility of H>O contributing to functional dependence into

account.

1-— OnH,0.x
1— OmHZO,y

3)

Apredicted —

nH,0, and ny,o,y is the number of H,O molecules in the independent and dependent reaction,
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Figure 3: (a): Difference between the slope found through linear regression and a slope of 1. (b):
Difference between the slope found through linear regression and a slope predicted with a H,O
molecule impacting the slope with 8% relative to the impact of the peroxide bond.

respectively. o is a parameter which relates the influence of H,O on the slope with that of the
peroxide bond. In case H,O contributes to the functional dependence in a manner which correlates
with the functional dependence of the peroxide bond, the optimal value of « is different from 0.
Using a=-0.08, the predicted and fitted slopes are very similar for all reactions as observed in
Figure 3b. Each reactant HO molecule thus influences the slope with an impact of approximately
8% of that of the peroxide bond. The negative value of « is caused by H,O being a reactant
molecule and the peroxide bond being present in the product molecule.

The difference between correcting for errors due to the oxygen-oxygen bond and H,O indepen-
dently, as opposed to correcting for a combined total error is insignificant for the purpose of cor-
recting the OH*/OOH* scaling relation. This is both due to the common presence of both species
in most reactions and the apparent error caused by H,O being an order of magnitude smaller than
the error caused by the oxygen-oxygen bond.

With correlation in functional dependence between reactions in the Gas Phase Set and Adsor-
bate Set established, the systematic error of 0.22 eV found for the Gas Phase Set reactions with the

RPBE functional can be applied to update the scaling relation between OH* and OOH*. The lack
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of van der Waals interaction in the RPBE functional is in principle included in the 0.22 eV sys-
tematic error for gaseous molecules. However, using the TS method for adding vdW interactions,
we found the stabilizing effect to be significant only for adsorbates. This must be considered when
transferring the systematic error observed in gas phase to adsorbates. The difference in the missing
vdW stabilization for OH* and OOH*, ~ 0.1 eV, will to some degree counteract the systematic
error on the oxygen-oxygen bond. Based on this, the scaling relation offset can be corrected by 0.1
eV such that it is now largely functional independent.

The more robust scaling relation is AGpooy* = AGon+ + 3.3 eV + 0.2 eV. The + 0.2 eV
still denotes the uncertainty induced by modeling scattered data with a straight line and not the
calculational uncertainty for a given surface. The latter is now quantified and as seen in Table 3 to
be reduced from 0.19 eV to 0.05 eV after correction of the systematic error.

Using the functionally independent scaling relation, more robust predictions of minimum over-
potentials and optimal adsorption free energies can be performed for a given surface. In general,
the minimum thermodynamic overpotential of ~ 0.4 eV will increase by 0.05 eV. Predictions of op-
timal catalyst reactivities are also modified. For ORR catalysts, the optimal adsorption free energy
of OH* (~ 0.8 eV) predicted from the improved scaling relation requires a slightly more reactive
catalyst, which adsorbs OH* 0.05 eV stronger, than previously predicted. For OER, the predicted
optimum adsorption free energy difference between O* and OH* (~ 1.7 eV) has increased by 0.05
eV. This requires a slightly less reactive catalyst than previously predicted.

The relatively small changes in optimal adsorption energies and theoretical minimum overpo-
tential will arguably have little impact on the search for new catalysts, especially considering that
the scaling relation has only been shown universally valid with 0.2 eV accuracy across different
catalytic surfaces. More important is the realization that in spite of being a relatively simple func-
tional approach suffering from a here documented systematic error and lacking description of van
der Waals interactions, previous determination of the scaling relation offset based on RPBE cal-
culations has come remarkably close to the functional independent scaling relation offset obtained

here. This, in combination with the now quantified and reduced calculational uncertainty, strength-
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ens the applicability of the scaling relation in both prior and future predictions and modeling of

catalyst activity.

Conclusions

We have identified systematic errors on the order of 0.2 eV in the description of peroxide gas
phase species using GGA level density functionals. The systematic error was shown to also be
present for adsorbed OOH*. It thus impacts the constant free energy difference in the scaling
relation previously discovered between adsorption free energies of OH* and OOH*, which are
intermediate adsorbates in both ORR and OER. By identifying and correcting for the systematic
error, which for adsorbates was partially canceled by inclusion of van der Waals interaction not
previously considered, the calculational uncertainty can be significantly reduced from 0.19 eV to
0.05 eV and a functional independent scaling relation determined. The scaling relation offset is
changed from 3.2 eV to 3.3 eV. This directly alters predictions of optimal adsorption energies and
theoretical minimum potential by 0.05 eV. The relative small change from the earlier version of the
scaling relation confirms that although derived using a method suffering from systematic errors, the

earlier version of the scaling relation is sufficiently accurate to be applicable in catalysis research.

Supporting Information Available
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