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Gas-Phase Errors Affect DFT-Based Electrocatalysis Models
of Oxygen Reduction to Hydrogen Peroxide
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Sa
—= Federico Calle-Vallejo**

Electrochemical production of H,O, is more benign and
affordable than the conventional route, yet its adoption
requires the discovery of robust, cost-effective catalysts. DFT-
based models lead to conspicuous breakthroughs but had
some known limitations, for instance the poor description of
molecules with certain chemical bonds. Here, the errors in H,0,
and O, displayed by various GGAs, meta-GGAs and hybrids
were assessed and semi empirically corrected. The errors in O,
with respect to experiments were in the range of —0.95 to

Introduction

Although clean and safe drinking water is essential for human
health, developing countries still face great challenges in their
efforts to provide it for their citizens. In fact, contamination by
microorganisms and chemicals such as endocrine disruptors
pose a significant risk to humans and ecosystems."? Endocrine
disruptors are substances that bind to hormone receptors and
can negatively affect their normal functionality. They are
classified as persistent organic pollutants and might be harmful
even at low concentrations in the scales of parts per billion or
trillion. The removal of these pollutants in water treatment
plants is difficult, which calls for new technologies to detect
and degrade these chemicals.*™®

Numerous approaches are currently investigated to treat
wastewater, one of them being oxidative processes. These use
reactive species such as the hydroxyl radical (*OH) to degrade
water pollutants and are often derived from hydrogen peroxide
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—0.22 eV, whereas those in H,0, spanned from —0.53 to
—0.04 eV. Thus, single and double O—O bonds were poorly
described in general, and the errors were nearly twice as
negative for double bonds. Furthermore, these errors intro-
duced large deviations in the predictions of free energies for O,
reduction to H,0,, and the equilibrium potentials and optimal
adsorption energies of *OOH could either be sizably over-
estimated or underestimated.

(H,0,). This commodity chemical is mostly produced at large-
scale chemical plants by means of the energy-intensive and
waste-producing anthraquinone process.” An alternative, de-
centralized and smaller-scale way of producing H,0, is by the
electrochemical oxygen reduction reaction (ORR) through a
two-electron route (in acidic media:
0, 4+ 2H" +2e™ « H,0,).5" The 2e~ ORR competes with the
more extensively investigated 4-electron ORR to H,O (in acid:
0, + 4H" + 4e~ — 2H,0)."9

The selectivity of the 2e~ vs. 4e” ORR is supposedly
governed by the stability of a common intermediate, namely
*OOH. In other words, the two Sabatier-type activity plots are
closely connected. In fact, it is known that active materials for
H,0, production such as Co porphyrins and Au lie on the weak-
binding (right) leg of the 4e~ ORR volcano."”™ The two
Sabatier-type volcanoes can be built in terms of the adsorption
energy of *OH (AGg,), which is the prototypical 4e~ ORR
intermediate and is connected to that of *OOH (AGgy) via a
simple and persistent linear scaling relation.”*?" A widely
accepted reaction pathway for the 2e” ORR mediated by *OOH
is described in Equations (1) and (2).

*+0,+H" +e < *OOH )

*OOH +H" +e™ « H,0, +* )

We note that other mechanisms are possible that involve
chemical steps such as O, dissociation to produce 2*O and the
coupling of 2*OH to produce H,0,, but the kinetics of such
chemical steps is usually less favorable than the corresponding
electrochemical steps in Equations (1) and (2), in particular as
the overpotential increases (see also the Computational
methods section).”?” According to Equations (1) and (2), the
potential-limiting step for the two-electron reduction of O,
toward H,0, is either the surface formation of *OOH or its
subsequent hydrogenation.

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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To computationally evaluate the catalytic performance and
selectivity of electrocatalysts for this reaction, density functional
theory (DFT) calculations making use of the generalized
gradient approximation (GGA) are often used in conjunction
with the computational hydrogen electrode approach.'**>?
GGA functionals are widely used in computational analysis of
metals in view of the good correlation with experimental values
for bulk and surface properties.”** However, it is known that
the gas-phase energetics at the GGA level do not always match
the experimental values, in particular when the molecules have
multiple bonds,"*%3% 35 is the case of O,. This is because DFT
has problems describing the exchange contribution to the
energy of molecules with strong static correlation effects, such
as first-row molecules with several interacting electron pairs.
The errors are partially compensated by the contribution of the
correlation energy and become smaller as one moves from LDA
to GGA functionals and beyond to meta-GGA and hybrid
functionals.

The so-called meta-GGA functionals are a more recent
approach including the electron density, the density gradient,
and an approximation to the kinetic energy density, which
show improved results for describing covalent bonds and
metallic bonds.?'*? Lastly, hybrid functionals, which include
exact, non-local Fock exchange, are computationally expensive,
especially when using plane-wave basis sets, but show
improved energetic accuracy for molecular systems.”

Despite the large differences in computational cost and
concomitant accuracy, the DFT description of O, and other
molecules with multiple bonds is generally poor. In addition,
hybrid functionals ought not to be used on metals in view of
the delocalized nature of their electronic structure. In fact, the
error of hybrid functionals for properties of bulk metals is
significantly larger than those of GGA functionals.”® This poses
a fundamental problem for the study with hybrid functionals of
interfacial gas-metal phenomena, namely, adsorption and
desorption. Thus, semiempirical corrections to GGAs and meta-
GGAs provide a swift and accurate compromise to address gas-
phase errors for (electro)catalytic processes on metal
surfaces,®*” which typically proceed as a series of adsorption,
recombination, and desorption steps at surfaces.

In this work, we assess the gas-phase errors of H,0, and O,
for a wide variety of exchange-correlation functionals across
three levels of theory (GGAs with and without incorporating
nonlocal interactions, meta-GGAs, hybrids). We find that the
errors are generally large and have a noticeable effect in the
modelling of the 2e™ ORR.

Experimental Section

Computational methods

DFT calculations

We performed DFT calculations for H,, O,, H,0, and H,0, using the
VASP code® and several GGA (PBE"® PW91,“” RPBE“" BEEF,*?
BEEF-vdW,“? PBE-D2,°%**' PBE-D3,*** PBE-D3 with Becke-Johnson
damping (PBE-D3-BJ),®**! vdW-DF,***” and vdW-DF2"¥), meta-GGA
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(TPSS®? and SCANE") and hybrid functionals (HSE06,“% B3LYP,®0%!
and PBEO®?). All molecules were relaxed using the conjugate
gradient algorithm until all forces were below 0.01 eV/A. The atomic
cores were represented using the projector augmented-wave
(PAW) method® and Gaussian smearing was used with an
electronic temperature of 0.001 eV to ease the convergence of the
self-consistent process, after which all energies were extrapolated
to 0 K. For all molecules, the unit cell chosen was a cube with a side
of 15 A and, accordingly, the k-point sampling included only the T-
point. For O,, spin-unrestricted calculations were carried out to
describe its triplet ground state. The free energies of the molecules
were approximated as: G = Eppr + ZPE — TS, where Eper is the DFT
total energy, ZPE is the zero-point energy calculated with DFT
within the harmonic oscillator approximation, and the TS values
were taken from thermodynamic tables at 298.15K (see
Table 54).°¥ We note that the experimental ZPEs of H,, O,, H,0 and
H,0, are 0.27, 0.10, 0.56 and 0.69 eV.>® The averages of the
calculated ZPEs in Table S2 are 0.28+0.01, 0.10£0.00, 0.58+0.01,
0.70+0.02 eV, respectively. Thus, we conclude that ZPEs are not a
major source of discrepancy between experiments and calculations.
Moreover, we did not incorporate heat capacity effects in our
modelling because recent works showed that heats of formation
are not substantially modified by them from 0 to 298.15 K.

To ascertain the convergence of the calculations with respect to
the plane-wave cutoff, we calculated with PW91 the formation free
energy of H,0,y [i.e., Oy + Hy < H,0,)] and that of two H,O
molecules [i.e., Oy + 2H,, < 2H,0(,] with a cutoff energy in the
range of 350-1000eV in steps of 50eV. Convergence within
4+0.05 eV for PW91 and TPSS is found at 450eV, as shown in
Figures 1 and S1 (see also Tables S1, S2, S7 and S8). Thus, this
plane-wave cutoff, common in computational (electro)catalysis, was
used for the other functionals.

Two-electron ORR modelling

In experiments, the standard free energy of formation of aqueous
H,0, is —1.36 eV.*” Since the corresponding value in the gas phase
is —1.09 eV, we conclude that the solvation energy of hydrogen
peroxide in water is —0.27 eV. Thus, we added —0.27 eV to the
calculated free energy of formation of H,0,(, to approximate that
of Hy05q)

The standard equilibrium potential of the 2e™ ORR (in V vs RHE) can
be computed from the reaction free energy (in eV) as:
U orn = —41Gli .0, g /2€" - In this order of ideas, the free energies
at 0V vs RHE of Equations(1) and (2) are, respectively:
AG, = AGooy and AG, = 4G}, o) — AGooy. Furthermore, the
adsorption energy of *OOH of the ideal «catalyst is:
AGooH igeal= AfGElZOZ(aq)/Z' This energy guarantees that the thermo-
dynamic overpotential (oppze = Ude ops + Max(4G,, 4G,)/e”) is
zero for the hypothetical ideal catalyst.

Furthermore, chemical steps on the ideal catalyst should have null
free energy changes.” Thus, the dissociative adsorption of O, (
0, +2* — 2*0) on the ideal catalyst should have AGy, =0. A
previously reported Brgnsted-Evans-Polanyi (BEP) relation for O,
dissociation is:®® G5 ~ 0.58AGy,, 4+ 1.11. If the ideal catalyst
follows such BEP relation, its barrier would be Grs &~ 1.11 £+ 0.26 eV,
which is above the limit for surmountable barriers at 298.15 K set at
0.75 eV™ to obtain turnover frequencies of at least 1 s~' per site. In
addition, electrochemical barriers tend to be smaller and decrease
as the overpotential is increased. For instance, O, hydrogenation to
give *OOH has a barrier of 0.37 eV on Pt(111) at 0.9 V vs RHE.?” At a
typical potential of the 2e” ORR, let us say 0.5 V vs RHE, that barrier
will be around 0.2 eV, assuming a symmetry factor of 0.5. All this
suggests that it is more likely for active catalysts for H,O,
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Figure 1. Plane-wave cutoff convergence test for PW91 in the range 350-1000 eV for the standard formation energy of H,0, (A) and 2 H,0 molecules (B) in
the gas phase. The values at 450 eV appear in red and the experimental values correspond to the orange dashed lines. The gray dashed lines are located at
+0.05 eV of the average free energy of the plateau (500-1000 eV). See further details in sections S1 and S4.

production to hydrogenate O, instead of dissociating it. Hence, we & = A,G> " — A,G>**® (3)
only considered here the pathway in Equations (1) and (2) for the

ideal catalyst.
For  gas-phase hydrogen peroxide  we have:

Aﬁﬂfé;w = —1.09 eV. Furthermore, given that H, and H,O only
have H-H and O-H single bonds, they are generally well
Results and Discussion described by most functionals.**®” Thus, in the DFT-calculated
formation energy of H,0,y the total error (¢;) is a convolution
Gas-phase errors of those of O, and H,0,y,. In fact, starting from Equation (3), it
can be shown that the total error can be expressed as in Eq. (4).
The DFT error for a given molecule i (g;) is defined with respect

to the experiments as shown in Eq. (3).5¥ & = €0, — £o, (4)
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To isolate the H,O, errors, we first assessed those of O,
based on the formation of gas-phase water (
505 + Hyg) <> H04, 4:G50 = —2.37 eV), in line with pre-
vious works.”® Table 1 contains the errors in O, and H,0,
and their convolution for all functionals under study. As
expected,®” the errors in Table 1 for O, are generally rather
large, falling in the range of —0.95 to —0.22 eV. Similarly, the
errors in H,O, tend to be negative, yet their magnitude is
smaller than those of O,. The last column of Table 1 provides
the ratio of the two errors. On average, the ratio is 0.46+0.15,
which indicates that the errors in the description of 0O—O bonds
are cumulative. In other words, a single O—O bond is usually
described by a given functional with higher accuracy than a
double O—O bond, and in both cases the errors are sizable. It is
also worth mentioning that the total errors when neither O, nor
H,O, are corrected [¢;, see Eq. (4) and Table 1] are significant
and tend to be positive as a result of error cancellation.

For O,, one can organize the functionals in decreasing order
of accuracy as: PBEO, HSE06, PW91, B3LYP, SCAN, PBE-D3-BJ,
PBE-D3, PBE-D2, PBE, RPBE, BEEF, BEEF-vDW, TPSS, vdW-DF2
and vdW-DF, where PBEO is the most accurate. For H,0,, the
order of accuracy is: PBEO, HSE06, B3LYP, SCAN, PW91, BEEF,
PBE, PBE-D3-BJ, PBE-D3, PBE-D2, RPBE, BEEF-vDW, TPSS, vdW-
DF, and vdW-DF2. The two orderings are rather similar: as
expected, hybrid functionals perform better than the GGA
family, being PBEO the most accurate functional for both O, and
H,0,. One of the meta-GGA functionals (SCAN) has intermediate
accuracy between hybrid and GGA functionals, while the other
one (TPSS) performs poorly. For both O, and H,0,, the largest
errors are found for vdW functionals.

To close this section, we note that the errors in H,0, were
calculated previously for a few GGA functionals with and
without nonlocal interactions.” Those errors, which were
calculated on the basis of a different reaction (
2H,04) < Hyq) + H,0,)) and methodology appear in paren-
thesis in Table 1. In general, there is good agreement between
the present and previous results, which supports the conclusion
that the DFT description of the O—O bond in H,0, is not good
enough. Furthermore, our results show that the errors are
present in most functionals, even those in higher levels of

theory, such as meta-GGAs and hybrids. We note in passing
that the work of Christensen et al. has also indicated that the
errors in the O—O bonds displayed by H,0, might be present in
*QOH.¥

Oxygen reduction to hydrogen peroxide

Once substantial gas-phase errors were pinpointed and cor-
rected semiempirically, we set out to investigate their effect on
the 2e™ ORR. According to Equation (1), the energetics of the
first step of the reaction is affected by the error in O,. Moreover,
according to Equation (2), the second step is affected by the
error in H,0,. The equilibrium potentials are computed as
described in the Computational methods section and appear in
Table 2 (the free energies of formation can be found in
Tables S5 and S6).

As a first approximation, we will restrict the electrocatalysis
modelling to the free-energy diagrams of the thermodynami-
cally ideal catalyst. Such a hypothetical catalyst is “electrochemi-
cally symmetric”, namely, all electrochemical steps are energeti-
cally identical®*¢"? |n other words, the formation of *OOH
[Eq. (1)] requires as much energy as its hydrogenation [Eqg. (2)].
Anticipating the catalytic behavior of this theoretical catalyst is
useful to know the thermodynamic best-case scenario and,
therefore, establish realistic expectations for the performance of
actual catalysts.

Figure 2 shows the free-energy diagrams of the ideal
catalyst for the 2e™ ORR when neither the errors in O, nor in
H,0, are corrected (see the calculated values of Ulmse in
Table 2) and includes the data for the ideal experimental
catalyst. Because the total errors are generally positive [er, see
Eq. (4) and Table 1], the calculated equilibrium potentials are
less positive than the experimental one. This means that fully
uncorrected functionals predict smaller free energies than the
experimental one for the 2e™ ORR, as a result of the convolution
of errors in O, and H,0,.

On the other hand, Figure 3 shows that if only O, is
corrected, the predicted equilibrium potentials are larger than
in experiments. This indicates that O,-corrected DFT results

Table 1. Errors (in eV) with respect to experiments of various exchange-correlation functionals in describing O, and H,0.. ¢; is the error associated with the
formation of gas-phase H,0, when neither O, nor H,0, are corrected. The values in parenthesis are from Ref. [23].

xc-functional family xc-functional &1 = &n0, — €0 £o, £4,0, 4,0,/ €0,
GGA PBERY 0.22 —0.48 —0.26 (—0.25) 0.54
PW9140! 0.07 —0.30 —0.23 0.76
RPBE™" 0.46 —0.75 —0.29 (—0.29) 0.39
BEEF“? 0.57 —0.81 —0.25 0.30
GGA-vdW BEEF-vdW!? 0.49 —-0.83 —0.34 (—0.26) 0.41
PBE-D2%4 0.21 —0.48 —0.27 0.56
PBE-D3%44 0.21 —0.48 —0.27 0.55
PBE-D3-BJEo444%) 0.20 —0.46 —0.27 0.58
vdW-DF“647] 0.46 —0.95 —0.49 (—0.41) 0.51
vdW-DF 21 0.38 —0.91 —0.53 (—0.44) 0.58
Meta-GGA TPSSEZ 0.45 —0.91 —0.46 0.51
SCANEY 0.27 —0.46 —0.19 0.42
Hybrid HSE06! 0.16 —0.22 —0.05 0.24
B3LYPLOsY 0.24 —0.36 —0.12 0.34
PBEQ® 0.18 —0.22 —0.04 0.18
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Table 2. Standard equilibrium potential (in V vs RHE) of the 2e~ ORR for
various exchange-correlation functionals. The experimental value is
provided for comparison, which can be found in the literature or from DFT
by simultaneously correcting O, and H,O, with the values in Table 1. NC:
No gas-phase corrections applied. OC: gas-phase corrections applied only
to O,.
xc-functional family xc-functional U NSan U3 %5
GGA PBE"? 0.57 0.81
PW914% 0.65 0.80
RPBE“" 0.45 0.83
BEEF“ 0.40 0.81
GGA-vdW BEEF-vdW“? 0.44 0.85
PBE-D2%% 0.58 0.82
PBE-D35** 0.58 0.82
PBE-D3-BJB94443 0.58 0.82
vdW-DF“647] 0.45 0.93
vdW-DF2% 0.49 0.95
Meta-GGA TPSS®2 0.46 0.91
SCANEY 0.55 0.78
Hybrid HSE06” 0.60 0.71
B3LYP®0S" 0.56 0.74
PBEQ™? 0.59 0.70
Experimental 0.68 0.68

overestimate the magnitude of the 2e™ ORR reaction energy.
Analyzing Figures 2 and 3 together with Table 2, we note that
the equilibrium potentials and ideal *OOH adsorption energies
change drastically depending on the functional because of gas-
phase errors and only when H,0, and O, are simultaneously
corrected can computational predictions match the experimen-
tal results. Although some values in Table2 are close to
experiments (in particular for hybrid functionals), it is dangerous
to rely on error cancellation. Interestingly, depending on the
degree of correctness of the gas-phase, the equilibrium
potentials are either appreciably underestimated or overesti-
mated. The same can be said about the optimal values of

AGgoy: While ideally it is —0.68 eV, for a widely used functional
such as RPBE it is —0.45 and —0.83 eV when no gas-phase
corrections are applied and when only O, is corrected,
respectively. We note, however, that this is not a particularity of
RPBE, and all families of functionals in Table 2 behave similarly.

To close the discussion, it is important to note that a
common practice in computational electrocatalysis models of
the 4e~ ORR consists of using experimental values for the
reaction energy instead of those calculated with DFT."*#?¢ That
serves the purpose of mitigating the gas-phase error of O,
because H, and H,O are generally well described. However,
such an ad hoc procedure may not work for reactions in which
more than one substance has associated gas-phase errors. For
instance, that is the case for the electrochemical reduction of
CO, to CO (where both CO, and CO display large gas-phase
errors)®****” and reactions within the nitrogen cycle.’*®® For
the 2e~ ORR, as shown in Figures 2-3, such a procedure
impedes discerning the O, errors from those of H,0,, which are
convoluted as shown in Equation (4).

Conclusions

For a number of environmental, industrial, and public health
reasons, it is highly desirable to enable the small-scale,
decentralized production of hydrogen peroxide. An alternative
to do so is the two-electron oxygen reduction reaction. While
computational models based on DFT calculations can be a great
help when seeking new catalysts for this reaction, gas-phase
errors in O, and H,0, might limit their predictive power. In this
article, we showed that the poor description of O—O bonds, be
them single or double, is a general feature of exchange-
correlation functionals at the GGA, meta-GGA and hybrid levels

*¥4+0,+2H" + 2¢

—Experiments
PBE
—PW91

—RPBE

BEEF

-0.68 -
*OOH+H* +e
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—PBE-D3
PBE-D3-BJ
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vdW-DF2
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—B3LYP
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*+H,0,

reaction coordinate

Figure 2. Free-energy diagram at 0 V vs RHE for the optimal catalyst of the two-electron ORR using experimental data (black) and DFT calculations without
gas-phase corrections. When corrections for O, and H,0, are used, the experimental profile is retrieved.
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Figure 3. Free-energy diagram at 0 V vs RHE for the optimal catalyst of the two-electron ORR using experimental data (black) and DFT calculations with gas-
phase corrections applied only to O,. When corrections for O, and H,0, are used, the experimental profile is retrieved.

of theory. A simple semiempirical scheme based on free
energies of formation aided in detecting and correcting such
gas-phase errors.

Furthermore, we analyzed the effect of those errors in a
computational electrocatalysis model of the 2e~ ORR. Depend-
ing on the degree of correctness of the free energies of the
gases, the equilibrium potentials and optimal adsorption
energies of *OOH could either be sizably overestimated or
underestimated, such that gas-phase corrections are advisable
for both O, and H,0,. While in this case we focused on the
energy profiles of the ideal 2e” ORR catalyst, future studies
could focus on the effects over real catalysts.

In the end, we hope that quantitative agreement between
experiments and theory regarding the equilibrium potential
and associated properties, resulting from a proper description
of molecules, becomes an unmissable ingredient in computa-
tional electrocatalysis models.
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