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Abstract

Despite the wide applications, the ab initio modeling of the ceria based catalyst

is challenging. The partial occupation in the 4f orbitals creates a fundamental chal-

lenge for commonly used density functional theory (DFT) methods, including semilocal

functionals with Hubbard U correction to force localization and hybrid functionals. In

this work, we benchmark the random phase approximation (RPA) for ceria surface

properties including surface energy and hydrogenation energy, compared to the results

utilizing the DFT+U approach or hybrid functionals. We show that, for the latter

approaches, different surface properties require opposite directions of parameter tun-

ing. This forms a dilemma for the parameter based DFT methods, as the improvement

of a certain property by tuning parameters will inevitably lead to the worsening of

other properties. Our results suggest that the parameter-free many-body perturbation

theory methods exemplified by RPA is a promising strategy to escape the dilemma

and provide highly accurate descriptions, which will allow us to better understand the

catalytic reactions in ceria related systems.
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Ceria (CeO2) has attracted growing interests1–5 over the past decades due to its widespread

applications in heterogeneous catalysis for multiple oxidation reactions6–8 but also for pro-

cesses such as NOx selective catalytic reduction9 and abatement of volatile organic com-

pounds.10 These applications are closely related with the redox property of ceria, including

at its surface. The most straightforward example is the formation of oxygen vacancies and

the creation of O-X bonds (X can be hydrogen, carbon or other elements involved) at the

ceria surface. In the oxygen vacancies formation processes, by switching between the oxida-

tion states +3 and +4 for cerium, the ceria serves as an oxygen reservoir by creating and

replenishing surface oxygen vacancy: when one oxygen vacancy is formed, two Ce4+ ions are

reduced to Ce3+ ions. When surface hydroxyls form, a similar process happens: one Ce4+ ion

becomes one Ce3+ ion. This ability of Ceria to interact with hydrogen also provides remark-

able properties as hydrogenation catalysts, and ceria is a very selective catalyst for alkyne

hydrogenation.11 It is hence of utmost importance to reach a fundamental understanding of

the redox surface chemistry of ceria. For all these elementary processes happening at the

surface, the surface energy is another essential parameter as it is negatively related to the

adsorption strength. Therefore, to better understand and design ceria related materials, a

correct description of both the surface energy and the surface redox property is a critical

first step.

Nevertheless, the description of such dihydrogen adsorption and surface hydroxyl for-

mation poses a great challenge for computational modeling as it involves the reduction of

cerium to the oxidation state +3: the cerium ions in oxidation state +4 have empty 4f

orbitals and do not represent a serious problem; the difficulty sets in when the oxidation

state 3+ is introduced, as the 4f orbitals becomes partially populated with electrons. Due to

the self-interaction error12 (SIE) intrinsic to density functional theory13,14 (DFT) exchange

correlation functionals, the electrons become over-delocalized and spill over all the cerium

ions. Different strategies have been proposed to overcome this shortcoming, and two most

commonly used ones are (1) the DFT+U approach,15–17 which corrects the semilocal DFT
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functionals for on-site Coulomb correlation effects by a Hubbard-type U term,18 and (2) the

hybrid functionals,19 which adds a fraction of the exact exchange to mitigate the SIE.20 The

self-interaction correction scheme12 is also a possible remedy for the SIE, but the applications

to ceria is generally less common compared to the aforementioned approaches. Recently, ap-

plying the many-body perturbation theory (MBPT) in its random phase approximation21–27

(RPA) to bulk CeO2 and Ce2O3, Schäfer et al.28 have shown that the bulk properties, in-

cluding the redox enthalpy, can be correctly described with RPA, hence providing an ab

initio approach fundamentally better grounded than tuning the U parameter in the DFT+U

approach or the exact exchange ratio in the hybrid functional. Application of RPA to the

more catalysis-related yet more challenging CeO2 surface properties remains unexplored.

In this work, we model critical properties of the ceria(111) surface including the surface

energy and the hydrogenation energy using RPA. We show that the RPA energetics match

significantly better with the experimental data, compared to the more commonly used meth-

ods such as the Perdew-Burke-Ernzerhof29 (PBE) functional with a +U correction and the

HSE0630 hybrid functional. Our results suggest that the commonly used methods cannot

describe different surface properties simultaneously, as this requires opposite directions of

parameter tuning. In contrast, the MBPT method such as RPA is a promising parameter-

free strategy, considering its accuracy and its well-defined theoretical framework for further

improvement.

We briefly summarize the RPA energy formulas here, and more details can be found in

the literature.21–27 The total RPA energy consists of the Hartree-Fock component (EXX)

calculated for the occupied orbitals which includes the Hartree-Fock exchange, the Hartree

energy, the kinetic energy, and the Ewald energy of the ions and the RPA correlation com-

ponent based on both the occupied and unoccupied orbitals:

ERPA = EEXX([ψocc]) + ERPA
c ([ψocc, ψuocc]) (1)
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where the RPA correlation energy is calculated as:

Ec =

∫ ∞
0

dω

2π
Tr{ln[1− χ(iω)ν] + χ(iω)ν} (2)

where χ is the response function and ν is the the Coulomb kernel. In this work, the RPA

energies are based on the HSE06 single-electron orbitals, i.e., we use RPA@HSE06. All the

calculations were performed with the VASP code31 and further details are provided in the

Supporting Information (SI). In this work, we do not consider the second order Møller–Plesset

perturbation theory32 (MP2) method, since it has been discussed33 that the MP2 method is

expected to work well for weakly polarizable systems, whereas the RPA fits better for densely

packed strongly polarizable solids. The polarizability of ceria is shown to be large, ca. 25

times the vacuum value.34 Consistently with this, it has been shown that RPA describes the

bulk properties better than MP228 and we therefore focus on RPA.

Figure 1: (a) The unit cell of the CeO2. (b) The side view of a p(1×1) CeO2(111) surface
slab. (c) The side view of a symmetrically hydrogenated p(1×1) CeO2(111) surface slab. Ce
atoms are shown as yellow, O atoms red, and H atoms light grey.
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We first investigate the surface energy of the ceria(111) facet, comparing the results of

the PBE functional with a +U correction, the HSE06 functional, and the RPA method. The

surface energy is calculated as

Eσ =
Eslab − n ∗ Ebulk

σ
(3)

where Eslab is the energy of a symmetric slab with two equivalent surfaces (as shown in Fig.

1b), and n is the number of formula units in this slab (3 for our model). Ebulk is the bulk

energy per formula (CeO2) and σ is the surface area. The bulk and surface models used are

shown in Fig. 1. We performed the convergence test regarding the model thickness using

the PBE+U scheme (U=4.5 eV), and showed that increasing the model thickness from 3

to 6 trilayers decreases the surface energy by 0.02 J/m2 (see SI for the details). The RPA

result, 1.09 J/m2, matches well with the experimental value,35 1.23±0.22 J/m2. However, the

PBE+U (U=4.5 eV) value, 0.70 J/m2 and the HSE06 value, 0.76 J/m2, are underestimated

by at least 0.31 and 0.25 J/m2, respectively. We note that our calculated PBE+U (U=4.5

eV) and HSE06 values show good consistency with literature values.4

Figure 2: CeO2(111) surface energy calculated at different levels of theory and with varying
parameters. The Hubbard parameter U for the PBE+U scheme is represented by the lower
axis, and the fraction of Fock exchange α for the HSE06 functional by the upper axis. The
shaded region indicates the experimental range.35 The RPA results does not depend on any
parameter, and is arbitrarily placed in the middle of the horizontal axis.
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Seemingly it is a handy solution to obtain better agreement with the experimental surface

energy by tuning the parameters in the DFT methods, i.e., the U value in the DFT+U

approach and the exact exchange ratio in the hybrid functional. We therefore conducted

calculations with varying U values (U=0.5-8.5 eV) and exact exchange ratios (α=0.05-0.45).

The results are shown in Fig. 2. The energetics of both methods show a linear relationship

between the surface energy and the tunable parameter. The linearity is similar to the

bulk cased discussed by Schäfer et al.,28 where the authors focus on the reaction enthalpy

between bulk Ce2O3 and CeO2 phases. The details of the linear trends of the surface energy

are however different from the bulk property case. For the surface energy case, the slope is

positive, being consistent with literatures,36 and the slope magnitude is small. For the bulk

case, the slope is negative and the slope magnitude is large. Such differences are expected:

for the CeO2(111) surface energy, both the CeO2 bulk part and the CeO2(111) surface of the

slab contain only (formally) Ce4+ ions and the influence of the parameters is significantly

smaller compared to the case where Ce3+ is involved. Consequently, this leads to the small

magnitude of the slope, which is unable to match the experimental value in a reasonable

interval. To obtain agreement with the lower bound of the experimental surface energy, a

U value of ca. 35 eV is needed, which is far outside of the typical range of U values.28

The case for the exact exchange ratio in the HSE06 functional is slightly better: ca. 0.76 is

needed to match with the lower bound of the experimental value. However, the 0.76 ratio

deviates heavily from the 0.25 ratio derived from the adiabatic connection formula, and is

also unsuitable considering the electronic structure. As shown by Schäfer et al.,28 the band

gap of bulk Ce2O3 is predicted to be ca. 6 eV with this ratio, which is heavily overestimated

compared to the experimental value, 2.4 eV.37 Therefore, both DFT methods cannot provide

a reasonable description of the surface energy for CeO2(111) within a physically meaningful

range of the parameters.
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Figure 3: (a) The hydrogenation energy on the CeO2(111) facet calculated at different levels
of theory and with varying parameters. The Hubbard parameter U for the PBE+U scheme is
represented by the lower axis, and the fraction of Fock exchange α for the HSE06 functional
by the upper axis. The experimental value, -1.08 eV, is evaluated by interpolating several
data points with simulated desorption peak position around 440 K (details can be found in
the SI). The error bar is estimated to be 0.1 eV. (b) The simulated temperature-programmed
desorption results using the energetics of RPA, PBE+U (U=4.5 eV), and HSE06 (α=0.25).
The experimental peak locates at ca. 440 K.38

We then investigate the hydrogenation energy, which is defined as

Ehydrogenation = E∗H − E∗ − EH2,ref (4)

where E∗H is the energy of the hydrogenated surface at full coverage, E∗ is the energy of

the bare surface ,and EH2,ref is the gas phase hydrogen molecule energy. We note that

we use a symmetric hydrogenated surface (as shown in Fig. 1c) and our hydrogenation
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energy is normalized to per H2 molecule. The results are shown in Fig. 3a. One difficulty

here is that the experimental value of hydrogenation energy on the ceria(111) facet is not

directly available. Therefore, we compare simulated temperature-programmed desorption

(TPD) results (details can be found in the SI) with experimental results. We estimated the

potential energy barrier in the adsorption direction to be ca. 0.4 eV. This value is derived

from the fact that Werner et al.39 observed D2 dissociation on CeO2(111) at 300 K and 10

mbar. As the time scale for a spectroscopic measurement should be in the order of minutes or

faster, only chemical processes with a characteristic time scale of 102 seconds or below could

be observed by spectroscopic techniques. Which, within transition state theory, returns a

range of 0.8-1.0 eV as the upper bound of the free energy barrier. Subtracting away the

translational, rotational, and pressure contributions to the total free energy of the D2 gas

reactant (-0.48 eV at 300 K and 10 mbar using standard statistical mechanical equations), we

take here an estimate of 0.4 eV as the potential energy barrier for the dissociation of D2. It

is worth mentioning that this effective activation barrier estimated from experiment is much

lower than the barrier calculated on perfect CeO2(111) terrace models at the GGA+U39

and hybrid functional40,41 levels, ca. 1 eV. Nevertheless, it is important to note that the

CeO2(111) thin films can expose defects such as step edges, where dissociation could be

easier. Chen et al.38 had grown their film on Cu(111), while Werner et al.39 had grown

theirs on Ru(0001). Step edges are clearly visible from STM images42,43 of CeO2(111) films

grown on such substrates.

The simulated TPD results using energetics at different levels are shown in Fig. 3b.

The RPA value, -1.15 eV, corresponding to a peak at 466 K, gives a good agreement with

the experimental desorption peak around 440 K.38 We note that the match should not be

overemphasized considering the large error bar, ca. 0.3 eV, from both the experimental

and computational sides: the experimental peak is weak and broad and the computational

value for the desorption temperature relies on an estimated energy barrier. Nevertheless,

the PBE+U (U=4.5 eV) value, -2.33 eV, and the HSE06 (α=0.25) value, -1.72 eV, both
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correspond to a peak located at a heavily overestimated temperature, 651 K and 852 K,

respectively. The predicted desorption temperature will be further overestimated if the

calculated terrace desorption barrier value, 1 eV, is used. To make the comparison between

energies more straightforward, we evaluate the experimental hydrogenation energy to be

ca. -1.08 eV by interpolating several data points with simulated desorption peak position

around 440 K (details can be found in the SI). From the energetic perspective, the RPA

value is inline with the experimental value while PBE+U (U=4.5 eV) and HSE06 (α=0.25)

overbinds the hydrogen by 1.25 eV and 0.64 eV, respectively.

There are two other factors worth considering when interpreting the calculations. The

first one is the coverage effect, as the experimental results may correspond to a lower coverage.

We performed calculations with the PBE+U method (U=4.5 eV) and found that compared

to the full coverage cases presented in this work, one fourth coverage gives a hydrogenation

energy lowered by by 0.13 eV per H2. The second factor is the strain effect: after reduction,

the Ce3+ ions are with larger radius compared to the Ce4+ ions. PBE+U (U=4.5 eV) results

show that if a fully hydrogenated surface is allowed to relax, the hydrogenation energy per

H2 will become 0.09 eV more negative. However, considering the experimental coverage

is probably lower than 1, the contribution from the strain effect will be just a portion of

-0.09 eV. Since the experimental coverage is not reported, we leave an estimate for these

contributions as up to -0.2 eV but do not directly sum these into the energies presented.

For the DFT results, it is possible to obtain a better match with the experimental hydro-

genation energy by tuning the Hubbard U parameter or the exact exchange ratio. The linear

relationships between the hydrogenation energy and the tunable parameters are shown in

Fig. 3a. Different from the surface energy case, the slope in the hydrogenation energy case

is negative, similar to the bulk reaction enthalpy case discussed by Schäfer et al.28 This can

be explained as both the hydrogenation energy in this work and the bulk reaction enthalpy

used by Schäfer et al.28 are linked with the energy variation when replacing Ce4+ by Ce3+.

Consequently, to obtain a better match with experimental hydrogenation energy, a weaker
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localization is needed: tuning the U to ca. 1.63 eV or the exact exchange ratio to 0.18

provides a match with the experimental value. If we only consider the hydrogenation energy,

parameter tuning is indeed acceptable to obtain a reasonable agreement with experimental

data.

Figure 4: CeO2(111) surface energy and hydrogenation energy relationship calculated with
methods at different levels. The results of PBE+U (U=4.5 eV) and HSE06 (α=0.25) are
shown as filled circles, while the lines show the change upon modifying the parameters.
Experimental values are shown with error bar.35,38

However, combining the two aforementioned aspects, our results clearly show the awk-

ward situation faced by the commonly used DFT methods for the ceria surface system, as

shown in Fig. 4. With the most widely used parameters (U=4.5 eV and α=0.25), neither the

surface energy nor the hydrogenation energy can be described with a reasonable accuracy.

In principle, the parameters in the DFT methods can be tuned to match with experimental

results. Nevertheless, as we discussed, three fundamental problems are encountered: (1) for

certain property, such as the surface energy, reasonable agreement can only be reached by

tuning the parameters to an extremely unphysical value ( Hubbard U=35 eV). (2) changing

the parameters from standard values will also negatively affect other electronic properties

(for example, the band gap). (3) more importantly, different surface properties requires op-

posite directions of tuning. Accurate surface energy requires a stronger localization whilst

accurate hydrogenation energy requires a weaker localization. This forms a dilemma similar
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to the one being encountered in the CO puzzle.44 With the commonly used DFT methods, a

reasonable description of multiple surface properties can never be obtained simultaneously:

one can only get a better description of the surface redox property by sacrificing the surface

energy, or vice versa. However, both properties are involved in surface catalytic processes and

thence essential for an accurate description of catalytic mechanisms in ceria based systems.

Our results emphasize that MBPT methods exemplified by RPA are a promising solution

for these systems.

Several extensions can be explored in the future. The first aspect concerns the oxygen

vacancy formation, which is essential to a large number of catalytic processes in the ceria

system. Paier et al.4,45 have mentioned that compared to the experimental estimation2,46

of 4.2±0.3 eV, PBE+U (U=4-6 eV) underestimates the defect formation energy by 1.5 eV

and HSE underestimates it by 0.5-0.8 eV. Modeling of the oxygen vacancy, however, requires

at least a p(2×2) ceria(111) surface model. This imposes extremely heavy requirements on

memory at the RPA level and our attempts failed. We note that the recent cubic scaling RPA

implementation47 does not solve this problem. Instead, it requires more memory compared

to the earlier quaternary implementation. The second aspect is to go beyond RPA: various

methods48–53 to improve further based on RPA have been discussed in recent years, including

a local correction to the coupled cluster (CC) level,53 showing a clear way towards chemical

accuracy with the MBPT methods. One simplest and probably most affordable step forward

is to include the second order screened exchange48–50 (SOSEX) terms. However, for periodic

codes such as VASP and FHI-aims, to the best of the authors’ knowledge, the SOSEX code

is not publicly available. Moreover, we note that the calculations of the surface systems

with RPA is already at the cutting edge of current computational power. It is therefore

questionable whether the RPA+SOSEX approach (with a N5 scaling where N is the system

size, compared to N4 or N3 scaling of RPA) is affordable for such systems. Note that even for

the smaller bulk ceria system, calculations are still limited to RPA with renormalized second

order exchange28 (rSOX), which is an approximated version of RPA+SOSEX. That being
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said, once the computational cost becomes affordable, a systematic way towards even better

accuracy has been established for the MBPT methods: RPA to RPA+SOSEX and eventually

RPA+SOSEX+local CC corrections. Considering the large error bar in the experimental

measurements (0.22 eV for surface energy,35 0.3 eV for oxygen vacancy formation energy,45

and no direct experimental measurement of the hydrogenation energy), the MBPT results

may serve as computational benchmark and aid the development of novel functionals or

machine learning methods.

In conclusion, we present a benchmark of MBPT methods on the surface properties of ce-

ria, compared to the results utilizing common parameter based DFT methods. We show that

the RPA method overcomes essential limits of the DFT+U scheme and of hybrid functionals.

(1) The accurate description of surface energy and hydrogenation energy can be obtained

using RPA, while the parameter based methods require tuning the parameters to unphysical

values. (2) More importantly, with the DFT+U scheme or the HSE06 hybrid functional,

the surface energy can only be improved by sacrificing the surface redox description, and

vice versa. Consequently, it is impossible to simultaneously describe different surface prop-

erties with a reasonable accuracy. In contrast to the parameter based DFT methods, MBPT

methods exemplified by RPA show an unprecedented agreement with the experimental re-

sults and also a systematic approach towards further improvement, which will allow us to

better understand the catalytic reactions in ceria related systems. We also expect that the

MBPT results may serve as computational benchmark to facilitate the development of novel

efficient functionals or machine learning methods for fast calculations.

Supplementary Material

computational details; k-point mesh and model thickness convergence tests; raw RPA ener-

getics; desorption simulation details
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