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Abstract

There are known errors in oxidation energies of transition metal oxides caused by
an improper treatment of their d-electrons. The Hubbard U is the computationally
cheapest addition one can use to capture correct reaction energies, but the specific
Hubbard U oftentimes must be empirically determined only when suitable experimen-
tal data exists. We evaluated the effect of adding a calculated, linear response U on the
predicted adsorption energies, scaling relationships, and activity trends with respect to
the oxygen evolution reaction for a set of transition metal dioxides. We find that apply-
ing a U greater than zero always causes adsorption energies to be more endothermic.
Furthermore, the addition of the Hubbard U greater than zero does not break scaling
relationships established without the Hubbard U. The addition of the calculated linear
response U value produces shifts of different systems along the activity volcano that

results in improved activity trends when compared with experimental results.
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Introduction

Density functional theory (DFT) is a first principles tool that can be used to understand
catalytic processes and identify promising candidates through the calculation of kinetic and
thermodynamic properties, which include formation energies, adsorption energies, and reac-
tion barriers. ™ Transition metal oxides (TMOs), a class of catalysts used in a wide variety
of important chemical processes,® " have thermodynamic and electronic properties that are
difficult to capture accurately using standard exchange correlation functionals (LDA and
GGA).® The culprit of these inaccuracies is the self-interaction error produced by highly cor-
related electrons, such as the d-electrons in oxidized systems.®!? The Hubbard U (DFT+U)

is the most feasible correction to account for the self-interaction error,'*!? but its method



of application is not trivial. The specific Hubbard U required for a given material can
be empirically determined, but the experimental data required oftentimes is not available.
For example, adsorption energies on well defined surfaces of oxides are typically difficult to
measure. > Bulk oxidation energies can be used, but the Hubbard U values are typically
reaction specific. !4 In contrast, the Hubbard U can also be calculated via a linear response
method,!® but there have been few studies that use this method in for the calculation of
catalytic properties.

One of the most studied reactions catalyzed by transition metal oxides is the oxygen
evolution reaction.'®!” The oxygen evolution reaction (OER) is the conversion of HyO into
protons, electrons and oxygen. The high energy of protons and electrons can be stored into
the chemical bonds of hydrogen, alcohols, or hydrocarbons, while pure oxygen is a widely
used oxidant in chemical industries and must be separated from N, if acquired from air. The
observed trends in kinetics of OER on different catalysts can be related to calculated chemical
and electronic properties transition metal oxides.'® 2! Key conclusions from these studies
are that the adsorption energies of a few intermediates describe the activity trends, these
adsorption energies scale with each other, and the scaling of adsorption energies produces an
activity volcano with a theoretical activity limit. These conclusions were established without
the Hubbard U. While a few studies have applied the Hubbard U to test cases,?*23 it is still
not clear whether the aforementioned conclusions still apply to with the application of the
Hubbard U nor if the linear response U will lead to better agreement with experimental
results.

In this study, we use DFT+U coupled with the calculated linear response U to evaluate
trends in activity of transition metal rutile dioxides for the oxygen evolution reaction. We
apply an atomistic thermodynamic method that relates the activity of surfaces to differences
in the adsorption energies OH, O, and OOH. We find that the application of any U in almost
all cases leads to more endothermic adsorption energies of all intermediates and these shifts in

adsorption energies preserve the scaling relationships between OER intermediates calculated



with U = 0. The combination of both observations results in relatively small shifts of all
systems to the weak binding side of the OER volcano. We find that these shifts leads to

activity trends that are more consistent with experimental observations.

Methods

DFT calculation parameters

All DFT calculations were performed with QUANTUM-ESPRESSO?* with the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional.?>?® The core electrons were de-
scribed by the GBRV library of ultrasoft pseudopotentials.?” The kinetic energy cutoff for
wavefunctions and the charge density were 40 and 500 Ry, respectively. For surface slabs, we
used a 4 x 4 x 1 Monkhorst-Pack grid of k-points.?® All calculations were spin-polarized.
The general method for the calculation of the linear response U is described in a previous
paper by Cococcioni and de Gironcoli.'® For calculation of linear response U values in the
bulk, we applied perturbations up to £ 0.15 eV to both the metal and oxygen in 2 x 2 x 2
rutile supercells consisting of 48 atoms to ensure that interactions between the perturbations

were and their periodic images were minimal.

Structural parameters

The equilibrium volume, cell shape, atomic positions of all transition metal dioxide ru-
tile structures were determined by constructing a polynomial equation of state and full
relaxation of the shape and atomic coordinates. Ground state magnetic configurations were
calculated for all materials, taking into consideration non-magnetic, ferromagnetic, and anti-
ferromagnetic orderings.

All adsorption energies were performed on the (110) surface. Because of the large number
of calculations we performed in this study, we chose to model the (110) surface as a two layer

slab with terminating hydrogen atoms on the bottom layer. A similar two layer slab has
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been used in previous studies of oxygen evolution on MnO; and IrO, surfaces.?*3° The
validation of this smaller slab with respect to the typical four layer slab used in similar

18,19.31 5 discussed in the results. Figure 1 shows the two layer slab and four

previous studies
layer slab used for validation along with the adsorption site used for all calculations, which

is typically called the bHcus site.

Atomistic thermodynamic framework for oxygen evolution

The atomistic thermodynamic framework we are using to study the oxygen evolution reaction

18,19,32,33 56 we only briefly summarize it below. The mechanism of OER

has been used before,
is assumed to proceed through four electron proton transfer steps and the OH, O, and OOH

intermediates, shown below in acidic conditions.

H,O+ * = "OH+H" +e” (1)
*OH — *O 4+ H' + e~ (2)

*0 + H,0 — *OOH 4+ H* + ¢~ (3)
*OOH — *+ O, + H" + e~ (4)

At constant pH and with respect to the normal hydrogen electrode (NHE), the Gibbs

free energy of each elementary step is shown below,

AG; = AGon (5)
AGy = AGo — AGon (6)
AG3 = AGoon — AGo (7)
AGy = 4.92[eV] — AGoon (8)



where the adsorption energy of OH, O, and OOH are as follows

AC;O = Eslab,O - Eslab - (EHQO - EHQ) (9)
1
AGon = Egapon — Fsiap — (Br,0 — 3 H,) (10)
3
AGoon = Esabon — Esiap — (2Em,0 — §EH2) (11)

where Egqp 4 is the total energy of slab with adsorbate A, Egq, is the total energy of the
bare slab, and EH20 and EH2 is the total energy of H,O and Hs in an asymmetric box. All
adsorbate and gas species included previously reported zero point energy corrections. '
Because each reaction step involves the transfer of an electron to the electrode, applying
a potential of U volts on the electrode with respect to NHE would result in a decrease of
the AG of each reaction step by U eV. When a potential is applied such that the AG for all
reaction steps is less than zero, all reaction steps are considered exothermic. The potential

at which this happens minus 1.23 V is considered the theoretical overpotential, n?F%

, and is
the key metric we use to evaluate the activity of different catalysts for OER. The expression

for n°FE is shown below in Equation (12),

n9FR = Max[AG1, AGy, AGs, AGy] /e — 1.23V. (12)

The existence of scaling relationships between different reaction energies AG gives rise
to a descriptor and activity volcano where either AG, or AGj is the largest reaction energy
and both of their magnitudes scale with the difference between the adsorption energies of
O and OH (AGo — AGopg). The details of this analysis can be found in the seminal work
that originally established this atomistic thermodynamics,®® but we will be using this

relationship to establish a similar volcano plot in our analysis.



Results and Discussion

Validation of the surface slab model

The TMOs we investigated are shown in Table 1 along with their equilibrium lattice con-
stants, magnetic structure, and calculated linear response U. The lattice coordinates and
magnetic structure were then used to construct the two and four layer slabs, which are
shown in Figure 1 (a), while the linear response U was used when assessing the OER activ-
ity trends of the different oxides.

Table 1: Table of transition metal dioxides we studied along with their corre-
sponding equilibrium lattice parameters and magnetic configurations. NM and
FM stand for nonmagnetic and ferromagnetic, respectively.

Magnetic Linear
Compound a c u  Structure response U
TiO, 4.65 2.97 0.31 NM 4.95
CrO, 438 290 0.30 FM 7.15
MnO, 4.36 2.84 0.30 FM 6.63
NbO, 4.94 296 0.29 NM 3.32
MoO, 495 2.73 0.28 NM 4.83
RuO, 453 3.18 0.31 NM 6.73
RhO, 455 3.11 0.31 NM 5.97
ReO, 495 2.68 0.28 NM 5.27
IrO, 4.54 3.18 0.31 NM 5.91
PtO, 4.59 3.23 0.31 NM 6.25

We first validate the usage of the two layer surface model shown in Figure 1 (a). We
motivate the usage of this slab because we are performing over 400 calculations using U
values and would like to minimize the computational cost. We first calculate the adsorption
energies of OH, O, and OOH on both the two layer and four layer slab at U = 0 for all systems.
Figure 1 (b) shows a parity plot between adsorption energies calculated on both slabs, and
we see excellent agreement for OOH, good agreement for OH, and reasonable agreement for
O. More importantly, Figure 1 (c¢) also shows that both sets of adsorption energies fall on
the same scaling relationship. This suggests that a majority of the differences between the

two adsorption energies are systematic, and that the underlying physics that results in the
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scaling relationships is the same for both the two and four layer slab. Following these results,

we moved on to calculate adsorption energies on the two layer slab at U > 0.
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Figure 1: (a) The four layer rutile (110) surface (left) we used to validate the usage of the
two slab (right) for DET+U calculations of adsorption energies. (b) A parity plot between
the adsorption energies of OH (blue circles), O (green squares), and OOH (red triangles)
calculated at U = 0 on the two layer slab (x-axis) and four layer slab (y-axis). (c) Scaling
relationships between of the adsorption energies of OH/O (orange markers) and OOH/OH
(green markers) calculated with both the two layer slab (circles) and four layer slab (squares).

Variation of adsorption energies and scaling relationships with re-
spect to U

For all materials, we calculated the adsorption energies by applying a U = 0 eV to U = 8
eV in 0.5 eV intervals. The starting geometry was taken from the relaxed structure of
the calculation at U = 0. The entirety of our results can be found in the supporting
information,3* but for brevity we discuss results for only NbOs, IrO,, TiO, and MnO, below.

Observations for NbO, and IrOy were characteristic of early and late 4d and 5d transition



metal dioxides, respectively. For 3d systems, TiO, is a special case, and observations for

MnO, and CrO, were similar.
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Figure 2: (a) and (c) show the dependence of the adsorption energies of OH, O, and OOH
on U on NbO; and IrO,, while (b) and (d) show the effect of U on the OH/O and OH/OOH
scaling relationships on NbOy and IrO,. In (a) and (c), the vertical dashed line shows the
value of the linear response U value for the bulk oxide. In (b) and (d), the applied value of
the U is shown by the color of the marker. The scaling relationships calculated at U = 0,
shown in Figure 1 (c), are reproduced in (b) and (d) for the OH/O (red line) and OH/OOH
(green line) offset to the adsorption energy at U = 0 of the particular compound for clarity.

We found that the application of U > 0 had a number of systematic effects to the
adsorption energies of OH, O, and OOH to the 4d and 5d TMO rutiles. These are summarized
in Figure 2. First, the application of U results in shifts to more endothermic adsorption
energies of all species on all compounds (Figure 2 (a) and (c)). For low U values, these
shifts are monotonic and smooth, but for high U values on early TMOs of MoOs, NbO,,
and ReO,, they deviate from the monotonic trend at low U values. It is likely that such

high values of U are not appropriate for these early TMOs. Early TMOs have a smaller
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occupancy of d-electrons, and therefore one would expect a lower value of U is needed to
correct the self-interaction error. This is supported by the lower linear response U for the
early 4d and 5d TMOs (Table 1). We also observed that the calculated linear response U
for all early 4d and 5d TMOs sits right at the point where the smooth, monotonic AE,45(U)
behavior breaks down. This is shown for NbO, in Figure 2 (a) and the rest of the early
TMOs in the supporting information. This is further evidence that high U values are not
appropriate for early TMOs. For late TMOs of PtOs, IrOs, RuO,, and RhO,, the changes
are smooth all the way up to a U = 8, including their calculated linear response U values.
For 4d and 5d oxides, the U-induced endothermic changes of the adsorption energy
preserve scaling relationships established at U = 0. This is shown in Figure 2 (b) and (d).
This is true for all U values tested on the 4d and 5d TMOs, including high U values on early
TMOs. Our results further demonstrates the robustness of scaling relationships, showing that
the additional physics via the Hubbard U does not lead to deviations of scaling relationships.
This also demonstrates that correlations between the electronic structure and adsorption
energies implied by the scaling relationships are also preserved with the addition of U. This
conclusion is consistent with previous work that found similar electronic structure/activity

correlations on doped TiO, with both DFT and DFT+U results.3?

10



T
—@— OH ,a)
25H—m O I .
. —A— OOH '
S 2.0} {4 <=5
C B
§1.5* ! :é
4 ! >IN
g 10r | 1 <3
|
0.5}

20 1 ! | 1
15 2.0 25 3.0
AEST (ev)

5.4 — : ; . .

5.2 jmﬁ,/,_
= 50} WY vy |
> S
— 9 48H m 0 U R
& s 4.6 [|YYY _OOH 0 10
3 < ¢

a4l 000000 ¢

4.2 W
4

! 1 1 I ! 1

0
1.50 1.52 1.54 1.56 1.58 1.60
U (ev) AESY (eV)

Figure 3: (a) and (c) show the dependence of the adsorption energies of OH, O, and OOH on
U on MnO; and TiO,, while (b) and (d) show the effect of U on the OH/O and OH/OOH
scaling relationships on MnO, and TiO,. In (a) and (c), the verticle dashed line shows the
value of the linear response, calculated U value for the bulk oxide. In (b) and (d), the applied
value of the U is shown by the color of the marker. The scaling relationships calculated at
U = 0, shown in Figure 1 (c), are reproduced in (b) and (d) for the OH/O (red line) and
OH/OOH (green line) offset to the adsorption energy at U = 0 of the particular compound
for clarity.

In contrast to our results on 4d and 5d TMOs, we found a mixture of results for 3d
TMOs. Adsorption energies at U > 0 on CrO, and MnO, gave similar results to each other,
with adsorption on MnO, shown in Figure 3 (a) and (b). With increasing U values, we
observe a smooth monotonic increase in the adsorption energy, but at some intermediate U
value adsorption of OOH on the surface is no longer stable for some species, shown by the
lack of change in adsorption energy for U > 4 ¢V for MnO,. This is what gives rise to the
breaking of the scaling relationship between OH and OOH at U & 4 ¢V. We are unsure how

to interpret the breaking of the surface-adsorbate bonds, but it is clear that even at low U
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values when adsorption was stable, the scaling relationships are preserved. This is consistent
with our results on 4d and 5d TMO rutiles.

For TiO,, application of U produces smooth, monotonic changes in the adsorption energy
(Figure 3 (¢)), but interestingly the change in the OOH adsorption energy is exothermic upon
increasing U. This was the only adsorption energy where the addition of U produced a more
exothermic adsorption energy. Also unique to TiO, is that the scaling relationships are not
preserved with the addition of U (Figure 3 (d)). The relative change in the adsorption energy

with respect to increasing U is also small. AEQH

changes by less than 0.1 eV by applying
a U value of 8 eV.
There is still conflicting literature on how the Hubbard U should be implemented to

14,36-38 Our results show

capture accurate thermodynamic properties of Ti oxide systems.
this is still an open issue for adsorption on TiOs. The Ti ion at the adsorption site of
a stoichiometric TiO, has a d° configuration and OH, O, or OOH primarily forms bonds
with the 3p electrons. Hence, adsorption induced changes to the electronic structure of
the Ti d electrons are subtle, which is reflected by the smaller change in the adsorption
energies induced by adding a Hubbard U. This electronic structure phenomenon is typical
for stoichiometric surfaces of closed shell materials, such as adsorption on stoichiometric
alkaline-earth metal oxides,3® and leads to deviations in trends of both adsorption and oxygen
vacancy formation energies with respect to number of electrons.4?4? This situation is not
encountered in any other of the adsorption eneriges we studied.

Because of this unique change in the electronic structure caused by adsorption on TiO,,
we hypothesize that the application of the Hubbard U to the d-electrons of the TiOy after
adsorption may require different treatment. The U we calculated for bulk TiO, likely does
not describe the TiOy with a 3p hole state. To resolve this special case, one might be required
to calculate separate Hubbard U values of the Ti ion with and without an adsorbate and

use the DFT+U(R) method to calculate an adsorption energy that takes changes in U into

account.?® Another possibility is the requirement of application of U to lattice oxygen 2p
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states or Ti 3p states. A relatively high U of 6 eV applied to the oxygen 2p states was
required to accurately capture hole states in SiOy doped with Al 44

To summarize, we draw two main conclusions from our analysis of adsorption energies
and scaling relationships with respect to increasing U values. With the exception of TiOs,
where the significance of the Hubbard U to calculate adsorption on TiOy remains unclear,
the application of U produces more endothermic adsorption energies, and these changes in
adsorption energy preserve the scaling relationships established at U = 0. These conclusions
further validate the scaling relationships and their usage for establishing models for catalytic
reactions on TMOs.#® The similar weakening of adsorption energies with respect to U also
suggests that a majority of trend studies of adsorption on TMOs at U = 0 are probably
valid at U > 0. Our results also provide researchers with useful estimates on the effect of
U on adsorption energies. Having established some general rules between the Hubbard U,
adsorption energies, and scaling relationships, we now move towards the specific application

of OER and the usage of the linear response calculated U.

Activity trends with linear response U value

We next evaluate the effect of applying a calculated linear response Hubbard U to the
activity trends for OER. We focus our analysis on the IrO5, PtOy, RuO,, and RhO, oxides
in our study. We choose only these materials for a number of reasons. First, from Pourbaix
diagrams, one can easily see that CrOy, MoOsy, NbO, and ReO, are not stable in either
acidic or alkaline OER conditions.*% In contrast, IrOs, PtOy, RuO,, and RhO, are predicted
to be stable at acidic OER conditions and in some cases have been observed in situ in
experimental work. 46 MnO, was not used in this comparison for two reasons. First, it is
still unclear whether MnQOs is the active species at OER conditions. Recent studies have
identified that the Mn3* as the active species in OER. 5% Second, our results point towards
OOH desorption at the linear response, calculated U value. TiOy was not used in our

comparison due to our conclusion that our DFT+ U method did not seem appropriate for
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an accurate calculation of adsorption energies and it is not a good OER catalyst.
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Figure 4: The predicted activity trends of 4d and 5d rutile dioxides calculated without (blue
circle) and with (red square) the linear response U. Arrow points in the effect of applying
the linear response U. The volcano is fit to the idealized scaling relationships determined in
a previous paper.

Figure 4 shows the changes in the activity of the selected oxides as one applies the linear
response, calculated Hubbard U. As expected from the observed preservation of scaling
relationships, the changes in the adsorption energy produced by applying the linear response
U for all species results in movement along the weak binding and strong binding legs of the
volcano, but not changes in the activity volcano itself. Furthermore, all species are moved
towards the weaker binding leg of the volcano, which is explained by the universal weakening
of adsorption energies caused by applying the Hubbard U.

The combination of these two observations leads to changes in the relative ordering of
activity. With DFT, we predict the activity trend to be RhOy > IrOy > PtOy > RuOs.
With the addition of the calculated Hubbard U, we now predict the activity to be IrO,
> RhOy > RuOs > PtO,. The ordering with the addition of the Hubbard U shows better

agreement with experiments, which has been observed as RuO, ~ IrOy > RhOy > Pt0,.51%?
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We still obtain discrepancy with regard to the activity of RuO, with respect to RhOy, but
the addition of U improves agreement with experimentally observed trends. IrO, and RuOq
move towards the top of the volcano from the strong binding side, while RhO, and PtO,
move away from the top of the volcano on the weak binding side. The combination of
these two effects corrects the incorrect ordering of RhOy > IrO, and PtO; > RuO,. We
note that previous results observed a different ordering between these compounds, found to
be RuOy > PtOy =~ RhOy > IrO,, at U = 0. We associate these slight differences with
differences in pseudopotentials, calculation parameters, and the implementation of different
surface models. However, both set of results saw IrO, and RuO; on the strong binding (left)
side of the volcano and RhOy and PtO, on the weak binding (right) side of the volcano.
Hence, it is likely the application of the linear response U to those results should give
similar improvements to those seen here, with IrO, predicted to be more active than PtO,
and RhO,.

We also comment that though changes in ordering are observed, the absolute changes in
reaction energies are relatively small. The changes in reaction energy with the application
of the calculated U value was on the order of 0.2 ~ 0.4 eV, which in no case was enough
to move a species from the strong binding to weak binding side of the volcano. Hence, we
propose that large scale screening studies based on correlations between adsorption energies
done without and with the Hubbard U should produce similar conclusions, except perhaps

near the top of the volcano.

Conclusions

To summarize, we have performed a DF'T+ U study on the adsorption of OER intermediates
on the (110) surface of rutile transition metal dioxides. Our analysis focused on changes
in the adsorption energy, scaling relationships, and activity trends by applying a range of

Hubbard U values in addition to the linear response, calculated U value. We find that with
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the exception of TiOs, the application of a large range of Hubbard U values produces more
endothermic adsorption energies and preserves scaling relationships established at U = 0.
We also find that when linear response U values applied, the relative ordering of the activity
of IrO,, PtO4, RuO,, and RhO4 oxides improves with respect to experimental observations.
Our work reveals a number of universal relationships between the Hubbard U and catalytic

processes on transition metal oxides.
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