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The seemingly unigue redox and oxygen storage propertiésifim oxide (Ceria) lead to broad practical applicatioowever,

the theoretical treatment of ceria can be troublesome dtleettocalised nature of the f-electrons and the self-ictésa error
associated with Density Functional Theory (DFT). DFT+U bagn a widely used method to correct for these errors when
probing specific physical material properties. Howevee thuthe empirical nature of the U correction it is not imméelia
obvious that correcting certain bulk properties leads #odbrrect description of catalytic reactivity at surfac&de propose

an approach to choosing the U parameter using adsorptiqgreqies that provides a consistent method to simulateytatal
properties of ceria. We go on to show that combining the éerigeria energetics with those of adsorption at metal sesfac
allow us to construct transition metal/oxide pairings teelep a redox screening model for catalysis.

1 Introduction pairings for a given catalytic reaction. The derived trends
are dependent on obtaining a good description of molecular
Ceria (CeQ) is a versatile material used in a range of adsorption at a ceria surface.
technological applications across a number fields, inolydi Ceria’s catalytic properties are produced by a facile rédne
gas sensiny oxygen ion transport material in solid oxide oxidation (redox) cycle, which creates and annihilatesgexy
fuel cells>® and biomedical applicatiofis The wide spread vacancies in the reduction and oxidation of ceria respelgtiv
use of ceria and the complexity of both its chemistry andThe redox cycle of ceria is driven by the switching of
theoretical description have generated significant istere oxidation states on the cerium cations, two Ce atoms foymall
in recent years. Not least, in the field of catalysis whereswitching from 4+ to the 3+ states during reduction, thereby
applications include water gas shift, methanol synthesis, enabling the desorbing oxygen to leave behind an electron
exhaust emissions control and fluidised catalytic crackingon its two neighbouring cerium atoms. Additionally, adtjvi
exhaust treatment, amongst ottfers The simulation of of ceria supported transition metal catalysts is subje¢héo
ceria surfaces for catalysis still represents a challeagbd  so-called strong metal support interaction, the origin and
practical computational scientist. understanding of which is the subject of great technoldgica
This paper starts by showing the influence of augmentingnteresf”. Despite this significant empirical understanding,
Density Functional Theory (DFT) with the Hubbard-U the theoretical description of catalysis involving ceni@face
parameter when simulating catalysis at a ceria surfaceshemistry remains a significant challenge, highlighted in a
illustrating the difficulty in obtaining a description thi#  recent review article by Zhang et®l Until a consensus is
qualitatively in-line with experimental observations. Wen  reached on the simulation of ceria the full power of predica-
proceed to introduce a novel, standalone method of detetive theory for rational catalyst design will not be unlodke
mining the choice of Hubbard-U parameter from the surfaceThe theoretical description of oxide materials used inlgais
interactions of molecules, for use in practical computatio remains a challenge for modern electronic structure method
The paper concludes by illustrating with the model exampledue to problems caused by the description of electron locali
of simultaneous NO reduction and CO oxidation, illustrgtin sation within standard DFT calculations. The main cause of
how oxide adsorption energetics can be combined with metahe problem is associated with the self-interaction enmromf
adsorption energetics to provide an overview of metali@xid DFT®, where charge density is non-physically homogeneous
due to electrons interacting with themselves. This repalsi
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from standard DFT becomes impossible. energy, and the subsequently derived catalytic cycleset/th
A number of approaches have been adopted to tackle thegarameter, then develop the means by which we can achieve
DFT deficiencies, including the use of hybrid functionalslan a pragmatic description of reaction energetics for further
novel mixing schemé€-11 A popular method to compensate use in catalytic studies. This is achieved by asking (i) how
for this deficiency, and the subject of this paper, is to apply does U influence the qualitative simulated surface cheynistr
Hubbard potential to the valence electrons that are bebavinand hence the catalytic process and (ii) how can we, if at
incorrectly, the so-called DFT+U meth&d The Hubbard all, determine the correct value of U to use in the simulation
U (referred to as U from henceforth) parameter is a meansf surface chemistry and catalysis. A subset of molecules
by which one can correct the position of specific orbitals,found in emissions control and syn-gas applications has
or features in a material’s electronic structure. One of thebeen chosen for this study (CO, NOg,FH5O,), which range
key points we address in this paper is what does this ad-hoitom being oxidising or reducing to weakly interacting. It
correction do to the calculated energetics (which are depers found that derived catalytic profiles are highly dependen
dent on the electronic structure), where we find increagingl on the U value chosen and that a single adsorption energy
people use this approach as a pragmatic means of obtaining insufficient for choosing the U parameter for a series of
reaction energetics. adsorption calculations. We then present a novel method to
The main problem with DFT+U is the empirical nature of the determine a U parameter that provides qualitatively coeisis
U parameter itself, which can be difficult to converge to aresults across a range of adsorption calculations and théth t
value that provides accurate results and must be kept ednstapublished experimental and theoretical studies availéble
across calculations to keep the Hamiltonian consistene Thdate. The paper finishes by utilising our derived energetics
parameter must be screened and converged to a material a thermodynamic model for the simultaneous reduction of
property obtained from experiment or a calculation run at aNO and oxidation of CO.
higher theoretical level than DFT. However, there are vaxio
material properties that change quite drastically uporiiapp
cation of U, so .the question of Whlch property to' converge, Computational Method
becomes a pertinent one. Several artitiés-*have investi-

gated this issue by converging various physical propedies s ca|culations are performed with spin-polarised Kohn-
the material such as band-gap, charge localisation andelatt gp,5m density functional theory, expanded in plane-waves,
parameter. A popular choice of material property to COn®erg jyniemented in the Vienna ab initio simulation package
is the band-gap, however as shown in table 1, the band 93RASP)21-23 The electron exchange and correlation poten-

varies as a function of U parameter and that there is no glearl;;; s are treated within the generalized gradient apprasion

correct experimental value to comparéXd’. Furthermore, (GGA), as parameterized by Perdew, Burke and Ernzethoff
it is not immediately obvious that there is a necessary linkrhe nuclei core’s effect on the system is described using

betyveen describing §elected bulk .physical pro_perties hed t the projector augmented wave (PAW) metRad A kinetic
satisfactory description of adsorption (desorption) gatcs energy cut-off of 500 eV is used, with a Monkhorst-Pack

ata given crystal surface. _ _ _ k-point sampling of 4« 4 x 4 in the conventional unit celf.

For a simple catalytic system we are interested in reaction\ Gayssian smearing of 0.2 eV are used on the Brillouin zone
energetics, so it seems obvious to converge the U parametﬁ{tegrations and subsequently extrapolated to 0 Kelvin.

to an adsorption energy or the energy of reduction. Here oUfhe DET+U method is applied to the 4f electrons of ceria,
problem of converging to a higher level theoretical methods,ijitating the description of the on-site Coulomb inttfan.
becomes computationally prohibitive. Furthermore, oWwr-si  the rotationally invariant form of DFT+U is used, introddce
ation is compounded by the lack of published experimentaby Dudarev et &7, where the W value is described by

data on well-defined adsorption energetics of even the moshe gifference between the on-site Coulomb (U) and on-site
simple diatomic molecules at ceria surfaces. The last pubz

> : . : ’ eéxchange (J) terms (U - J). In the current investigation, the
lished calorimetric study of CO adsorption on polycrysteal

, ) > - U value is changed from 3 eV to 9 eV, with a finer sampling
ceria was in 1973, which reported a CO adsorption energyq nd the 4-8 eV region. The J value is kept fixed at 0.5 eV
value of 2.27 eV8. The results of the 1973 investigation

' throughout all calculations, creating ad region of 2.5 eV

while being non-surface specific, have been used to validatg) g 5'e\/ From this point onwards, the effective U parameter
results for a range of ceria facé?s®, something that is Ues 1, will be referred to as U,

clearly inconsistent, as it is well known from surface SCBn  ~garia’s conventional unit cell atomic positions are cogeer
that adsorption energy is dependent on the crystallogeaphiat gach U-value using the conjugate gradient method, until

orientation. _ _the forces on the atoms are less than 0.02eid the stress
We now proceed to describe the dependence of adsorptiqRngor less than 0.1 GPa. These converged cells are then used
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Table 1 Lattice Parameter,@) of Ce0, with changing U (/eV) value and dependence of the band gap compaitesl ézperimental value
0] 0.0 2.5 4.5 55 6.5 7.5 8.5 Exp.
a 5.462 5.477 5.484 5.492 5.500 5.504 5.507 5411
band gap (2p-4f) 1.76 2.08 2.40 2.48 2.56 2.80 2.88 2.7315710
band gap (4f-5d) 2.56 2.32 2.00 1.84 1.68 1.44 1.20 -

to form 6 atomic ceria layer slabs of the (110) interface. Theat the specified U and both the CO molecule and outer layers
(110) interface was chosen as it is a type | surface in thef surface atoms were allowed to relax. The results can be see
Tasker classification possesing no net dipole and thereforim the reaction profile in figure 1. These results clearly show
amenable to our fundamental stffly A vacuum gap of that the reaction profile is heavily dependent on the chdice o
12 A was used to remove the interaction between periodidJ, resulting not only in different energies, but also qualit
images in the z-axis, while also providing a region largetively different thermodynamic behaviour and thus, difer
enough to accommodate molecular adsorbates. The x-y plarieends in reactivity would be predicted.
is expanded in the 2 2 cell to reduce periodic interaction It can also be seen that the low U values provide adsorption
between adsorbed molecules. energies that would be insufficient for adsorption if fingent
Molecular calculations were performed using a unit cell ofperature effects were included. For example at 30@QAKS
10 x 11 x 12 A3 in order to remove interaction between (where T is temperature and S is the entropy) for the reaction
periodic images and remove any issue of non-ground statestep is 0.61 eV. This would make adsorption unfavourable and
induced through symmetric unit cells. In order to keeptherefore no catalytic activity would be predicted, contr@
consistency across calculations, a kinetic energy cubbff experiment.
500 eV was used for all the molecular calculations. TheThe adsorption of the CO molecule formally leaves 2 eleatron
adsorption energies at each U are defined as: in the system, however, a complete theoretical approackdwou
Eads(U) = Eqol /sur f (U) — Esur £ (U) — Eqol, need to correctly describe both the initial and final states t
where Eqy /st (U) is the energy of the adsorbing system, acquire a consistent catalytic profile. Therefore, in order
Eswrf is the energy of the clean surface abgy is the obtain a reproducible reaction profile, a method is requioed
energy of the molecule. The effect of the U parameteminimise the error of both the Ce(IV) and Ce(lll) states with
on the adsorption energies will be defined as the changeespectto each other, to create an internally consistactige
in energy due to the inclusion of the U parameter i.e.tion of adsorption for each molecular species. Our study now
AEags(U) = Eggs(U) — Eags(U = 0). turns to investigate the adsorption of a subset of moleauids
The converged bulk structures of ceria show a lattice parameaddress how this can be achieved.
ter that is up to 0.2 higher than the experimental valtfeat  In the second stage of the study the adsorption energy of our
0 KatU =85 eV (1). The LDA functional has been shown molecules of interest was calcualted at two different sites
to provide better lattice parameters than the PBE functidna the (110) surface, atop an oxygen atom and bridging two oxy-
thus it is arguable that the LDA functional provides the bestgen atoms (2). Different adsorption sites and molecule ori-
description for the bulk ceria crystal. However, in order to entations were considered, however preliminary calauhati
acquire even reasonable values for molecular adsorption, showed these were unstable. The adsorption energies of our
GGA functional must be used in the molecular calculations.chosen subset of molecular adsorption sites are shown in 2.
Therefore, the calculations were all performed using thE PB  The normalisedEgs(U ) shown in 3 shows that the gradient
functional. is not the same for all of the molecules studied and therefore
the choice of U will affect the catalytic description obtaih
for any of the molecules in the investigation. The question
now is, how can we reduce the variation in description of our
3 Results adsorption properties?
. ) ) o _Our actual criteria of finding a suitable U is when the reactio
The starting point of our investigation was to calculatera-si profile is stable and not subject to large qualitative véoiet
plified CO oxidation reaction profile, the aim being to see if 55 5 result of small changes in U. We could express this math-
the effects of the U parameter are cancelled during the calsmatically in several ways we proceed to discuss two.
culation of relative adsorption energies thereby rendgetiie  rirstly  we can look at the deviation of the maximum
choice of U insignificant for the description of reaction ene (4te of change of adsorption energgAEags/dU)mx rel-

getics. The U parameter was changed from0 eV t0 8.5eV. Thgiive to either the average rate of change of adsoprtion
surfaces were constructed from the previous bulk cal@nati
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Table 2 Adsorption energies (/eV) with changing U value

Page 4 of 9

U 0.0 2.5 4.5 5.0 55 6.0 6.5 7.0 7.5 8.5
O vac. -2.41 -2.19 -2.71 -3.18 -3.56 -3.67 -3.86 -4.31 -4.25 4.66
CO (A) -0.24 -0.34 -1.31 -1.76 -2.10 -2.04 -2.38 -2.32 -2.37 3.41
CO (B) -2.03 -2.31 -3.38 -3.53 -3.85 -3.98 -4.17 -4.58 -4.58 5.00
SO (A) -2.11 -1.94 -2.06 -2.02 -2.09 -2.05 -2.06 -2.16 -2.08 112
SO, (B) -1.64 -1.85 -2.95 -3.39 -3.42 -3.48 -3.70 -4.16 -4.09  504.
NO -0.46 -0.39 -0.43 -0.66 -0.75 -0.89 -0.99 -1.26 -1.18 117
Hy -0.19 -0.04 -0.04 -0.03 -0.04 -0.04 -0.04 -0.14 -0.05 -0.01
energy < d[AEyys/dU > or the minimum rate of change
(dAEggs/dU )min. Our dervivatives were obtained by fitting a
spline to our data set to create a continuous function that wa
0 amenable to differentiation. By using this approach we are
\ able visualise the relative uncertainty across our set sérad
\ bates and choose the value that would lead to the most quali-
<1 tatively consistent reaction profile that we can now prodeed
=3 try and verify experimentally.
§ Alternatively we can say, to acquire qualitative consisyen
”E 2 U fev across all molecules, the rate of change in energy due to U
g p—r must be minimised for every molecule (i.e. as the average
S — 25 gradient approaches zero[l{U)] /dU — 0), otherwise the
2, =i derived reaction profiles will be highly dependent upon U.
- $§ Figure 4 shows the results of calculating the average gradi-
— 85 ent of the adsorption energies, showing a peak approaching
4 : : : zero betweed = 5.5 eV andU = 6.5 eV. We must stress,
Ce0,+CO, CeO, + CO* CeO, ,+CO, that due to thead-hoc nature fo the U function this approach

Fig. 1 Reaction profile for C¢, oxidation at differing U values
(CeO2 + CQ,) — CeG,_5 + COZy))

Fig. 2 Adsorptions sites on ceria (110): (A) - Atop Site and (B) -
Bridging Site. The S@molecule shown is representative of the
adsorption motifs studied in this work.

does not yield a unque solution, highlighted in Figure 4; re-
gion 1 and region 2. The stationary points that are found must
then be tested against the available literature data toetisel
answers that are given are rational. In the case of our system
of study, this criteria is met.

Referring to Figure 1, it can be seen that the U values of 5.5
eV and 6.5 eV produce consistent reaction profiles that only
differ by around 0.1 eV in the central transition. This regio
of stability also has the added benefit if introducing taler

to fluctuations in the optimal U value, for example, due to
changing surface facet or interest in near surface praserti
Furthermore, the value we find is in the range found in other
U investigations of ceria, wheté > 5 eV is required for elec-
tron localisation in bulk calculations, therfore as wellags
timal adsorption energetics our approach should also oaptu
bulk properties reasonbly well (certainly better than ifauo-
rection were appliedf13.14

3.1 Discussion

3.1.1 Theoretical rationale for the choice of U. In the
absence of highly accurate experimental chemisorptioa dat
on oxides and in particular ceria (as exists for metallidesys

4|  Journal Name, 2010, [vol] 1-8
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from single crystal adsorption calorimetry), we now pratee
to give a theoretical justification for why the stationaryirie

are observed. The basic premise being that the influence of
U is to localise electrons by penalising fractionally odeap
orbitals. By considering a simple chemisorption model, we
can firstly, rationalise the existence of stationary pointdhe
gradient of adsorption energy and secondly, understand how
U influences the adsorption energetics of different clas§es

Z 7 Quacansy molecula_r adso_rbgtes. -
W 2p «x NO The starting point is the simplified two level Newns-Anderso
SO (o) modePP, with a fixed adsorbate energy level and a second
Sl SO,(Atop) state that corresponding to the localised @&Orbital, whose
~ SO, (Bridge) energy €) depends on the value of U chosen.
Due to the fact we are considering differences between
Y1 2z 38 4 5 6 7 8 the same interacting orbitals, the matrix coupling element

U value eV of these two states can be considered to be constant. Our

overall energy difference between adsorption energetics
calculated at Yand U, is then: AES‘\’B = D& j). With the
eigenvalue of our isolated f-orbita; =V + U (0.5— )R,
wheren; is the occupancyR is the projector operator and
V is the DFT potentia’. If nis a constant for a given
adsorbate, and is related to an intrinsic property of the ad-
sorbate (i.e. whether it is electron withdrawing or acaepti
independent of U) and V is also independent of U param-
eter, thenAES = (Uj —Ui)(0.5— )R, with the gradient
dEU)/dU)=(05—n))R .

|/ Within this simple model we can see that the gradient is pro-

Fig. 3 The normalised change in adsorption energies, for the
species considered within this study, with respect to U.

portional to the occupancy of the orbital and that the gratdie
ok \—-—/,\f\7a< match (0.5—n)R = (0.5—n')P’) when eithern = 0.5, or
i ”\\/ n=n', where prime and unprimed symbols correspond to 2
L different adsorbates. The model as described implies ligat t
. T~ f-orbital occupancy is the same at the stationary pointjesib
2,0 o ~ to the assumptions described above, where we consider only
. <0E,> & IS the change in potential due to U.
[ |— IGE,. ] /dUl,,, - < dIAE, ) /dU> g g In a completely localised picture this corresponds to ené®
[d[AE, ] /dU), . - IdIAE,, ] /dU] 14 o .
L | — d[<ac.,> YU that are complete charge transfer of one electrenl (i.e.
4k surface reduction, the gain of an electron), or no charge
I transfer of any electrons = 0 *. All the strongly reducing
1 " 1 1

adsorbates, give rise to total charge transfer and the Wvalu
at which this occurs gives rise to the plateau.

The plateau of dE/dU = 0 could be interpreted as being the
point where the electrons feeling U do not participate in the
Adsorption. However this is clearly not the case as we are
highlight where the gradient tends towards 0, the first staionary ~ modifying the highly localised f-orbital that has been show
point in region 1 yields the largest area of relative stability inthe ~ t0 be deeply implicated in the electron transfer of redox
energetics and provides bulk properties that are consistent with the reactions at a ceria surfat®!t13

experimental data available. The grey bar shows the region in whichThere are two cases that require further attention, theigirst
to obtain +/- 0.1 eV discrepancy in adsorption energies. the reduction of the surface by the formation of an oxygen
vacancy, this passes through a point of inflection and could

4
U Value / eV

Fig. 4 The average change in adsorption energy and its gradient
with respect to U, compared to the deviation of the minimum and
average gradient from the maximum change. Region 1 and region

«\We should also mention the special case where n = 0.5, whicldwoean
our energetics are not dependent on U. This is clearly notdse for our
calculations

This journal is © The Royal Society of Chemistry [year]
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be considered to be the example of where there is no orbit
overlap from an adsorbate molecule and is the limiting cése « 2_
complete charge transfer. The second is molecular adsarpti ;
of NO, which can be considered as an oxidising adsorbar °r
rather than one trying to reduce the surface. This situatio
corresponds to the case where no significant charge trans _
is made to the f-orbital and the interaction is primarily a ;
result of the orbital overlap. If we combine the NO example :
together with the reduction curve (green and red line, Egur E
3), the two contributions sum to put us in the region of the - .

Ceria Surface Ni

\
f

AGs0k) eV

-6~ Metal Surface

reducing adsorbates. N G IV I
* N N N
Using the above argument in conjunction with the DFT &9 o9 O@ﬁ @Xowo, K . S
@) o® © o¥

derived graph we can say that are our adsorbates are split ir
four classes, each influenced by U to a varying degree: i) Ph-
ysisorped/weakly interacting, no charge transfer, no duge Fig. 5 Reaction profile combining the heats of adsorption for NO
orbital overlap, little to no dependence on U, ii) Oxidising reduction over a series of transtion metals compared to the oxidation

o f CO over a ceria [110] surface. As can be seen the platinum group
adsorbate, no significant charge transfer, some adsorb etals look most favourable of the pure elements to effect such a
orbital overlap, small influence of U, iii) Reduction (bY i ansformation.
removal of oxygen), complete charge transfer, no adsorbate
orbital overlap, large dependence on U and iv) Reduction by
complete charge transfer and a contribution from the drbita
overlap, large dependence on U value. The model outlinedtion of the oxide surface will be achieved by atomic oxygen
above accounts for the extreme case like ceria where themdiffusing from the metal surface to the surface A simplifiet s
is an almost discrete localised f-orbital that partakeshim t of elementary steps is considered:
redox cycle. It is anticipated that other transition metdle  Reduction
systems will show similar but not so drastic variations inNOg +M*— > NOM*,
adsorption energy and is indeed the subject of ongoing workNOM™ 4+ M*— > NM™ - OM"
NM*— > 0.5Nyg) +M*.
Oxidation
3.1.2 Implicationsfor Catalysis. In the above discussion COj(g) +Ox*— > CO*,
we have shown how the adsorption energetics derived fror8O%% — > COy(g) + Vacanc
DFT+U calculations are highly dependent upon the U paramRegeneration of OX|de
eter chosen and are, understandably, related to the redpx pr Vacancy®* + OM"— > Ox, + M*,
erties of the molecular species being adsorbed. One of thehereM* denotes a metal adsorption si@x* an active site
purposes of this work is to lay the foundations from which weon an oxidised ceria surface aWdcancy®* an active site on
can obtain reliable enough energetics to use in the scrgenira reduced ceria surface.
of catalyst materials. We shall now move on to illustrate how Herein, we shall consider Ceria alone, however, ongoing
the derived information could be used. work entails developing a database of oxide material candi-
If we start by taking a scenario where we have large enougldates to facilitate a more thorough screening study. Fi§ure
metal particles to be treated within the extended surfaee apllustrates the potential energy diagram obtained for thave
proximation, supported upon a ceria surface. We can usset of reactions. Whilst this model only considers the thermo
the ceria values presented herein, along with readily -availdynamic picture it has previously been demonstrated tleat th
able metal adsorption energies from established databaseatlayst with the free energy profile closest to the inteafioh
and literaturé>3% We can now develop a model based between reactants and products is often the most suitatale ca
around the coupling of redox half reactions to observe optidyst for a given process (i.e. the catalyst providing thellst
mal metal/oxide combinations based on the thermodynamifree energy barrieff. We can clearly see from figure 5 that
redox energetics for transition metal and oxide support-comthe platinum group metals, Pt, Pd when coupled with ceria
binations. As an illustrative example we shall consider theoffer the best prospect of the pure metals, we can also en-
simulateous reduction of NO and oxidation of CO over a catvisage an alloy of Pt and Pd with either Ni, Co or Rh may
alyst. In this case we are making the assuption that NO willalso be favourable. Furthermore we can see that Ceria has an
adsorb and dissociate on the metallic portion of the catalys almost isoenergetic reduction oxidation step, implyingt tit
whereas the CO will be oxidised over the oxide. The regenerwill be hard to find an alternative to ceria because it is ayea

6| Journal Name, 2010, [vol]1-8 This journal is © The Royal Society of Chemistry [year]
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perfectly placed for redox chemistry. These observatioas a screening of metal/oxide pairs. It is clear that to capthee t

entirely consistent from a phenomenological perspectitie w correct trends we need the DFT+U (or other beyond DFT

catalysts used in the automotive industry that use a combinapproach) corrected energetics for ceria adsorption. Vet aw

tion of Pt alloyed with other platinum group metals. with great interest experimental validation of the addorpt
energetics of ceria, clarifying if the model to choose U isdva

4 Conclusions

To summarise, DFT+U calculations have been performed; Acknowldegements
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We find that an arbitrary choice of U value used to model

reaction thermodynamics would lead to a qualitative pe&tur
y : q e P References

that can be chosen from exothermic to endothermic and th

point where a reaction will not be predicted to occur. We also 1 T.S. Stefanik and H. L. Tulledournal European Ceramic Society, 2001,

find that there is a region of stability in the qualitativetpie 21, 1967.

that corresponds to the relative differences in adsorption? V- V- Kharton, F. M. Figueiredo, L. Navarro, E. N. Naumovick, V.
being reduced as far as possible. as dE/40 =This Kovalevsky, A. A. Yaremchenko, A. P. Viskup, A. Carneiro, F. Bl.
energy g9 p ’ - Marques and J. R. Fraddgurnal of Material Science, 2001,36, 1105.

suggests to us that there is a criteria for choosing U thawvall 3 . p. murray, T. Tsail and S. A. Barnetiature, 1999,400, 649.

us to improve the reproducibility of calculated energetirs 4 T. Kokubo, H.-M. Kim and M. KawashitdBiomaterials, 2003,24, 2161.
+/- 0.1 eV. Whether this is in agreement with experiment 5 A. Trovarelli,Catalysis by Ceria and Related Materials, Imperial College
requires advances in surface science methods to measure, Press. 2002. ,

calorimetrically, adsorption energies of small molecusgs © ©T- CampbeliNature Chemisiry, 2012.4, 597.

. . .. Z M. Acerbi, S. Tsang, G. Jones, S. Gollunski and P. Colhegewandte
well-defined ceria surfaces. The worst case scenario is that cheme international, 2013,52(30), 7737.

we are in the situation as for example CO adsorption oNng c.zhang, A. Michaelides and S. J. Jenkiisysical Chemistry Cherical

metals as calculated by DFT, we know the answer is wrong, Physics, 2011,13, 22.

but we know by how much and allow for this in practical 9 J.P.Perdewand A. Zungétysical Review B, 1981,23, 5048.

applications. The current situation where every published® M- Nolan, S. Grigoleit, D. C. Sayle, S. C. Parker and G. Wish,
. . . Surface Science, 2005,576, 217.

piece of work uses an ad-hoc and often different choice of U, ;"5\, 's. 3. senkins and D. Kinghysical Review Letters, 2005,94,

does not allow this step to be made. 196102.

The approach should work for any oxide that has a localised2 V. I. Anisimov, J. Zaanen and O. K. Anders@fysical Review B, 1991,

electronic state that is key to the redox properties (e.g. 44 943. _

doped cerias) and should prove useful for other reduciblé? SHW'M'ZggitE?”éjﬁgzgre” and K. Hermanssimynal of Chemical

oxides used in catalysis that require the use of DFT+U. Thisg , J_yf‘_C: D. S’ilva,’ M. V. éandug"a_Pirovano, J. Sauer, Vy@aand

approach would be useful for other materials that have no . kressePhysical Review B, 2007,75, 045121.

experimental results or cannot be converged using others Tsunekawa, W. ang Kawazoe and Kasulgmynal of Applied Physics,

material properties. 2003,94, 3654. o

Finally we have illustrated how the derived adsorption® A: '.Bi”iag'gg“i"zf gl"v' anf M. Delaamarb and G. Bugigplied Catal-

er_1ergies from the DFT_+U Calcu'_ations can be Cor_nb_inedl? )l/\lS‘.SE)zér,Solall En(’argy.materialsandSoalr Cells, 2001,68, 391.

with molecular adsoprtion energies on metals, within a;g . reysse, M. Guenin, B. Claudel and J. Verdayrnal of Catalysis,

redox half reaction model, to facilitate the comparison and 1973,28, 54.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |7



19
20
21
22
23
24
25
26
27
28
29

30
31

32
33
34
35

Physical Chemistry Chemical Physics
C. Muller, C. Freysoldt, M. Baudin and K. Hermanssdthemical
Physics, 2005,318, 180.
Z.Yang, Z. Fu, Y. Wei and Z. Lulournal Physical Chemistry: C, 2008,
112, 15341.
G. Kresse and J. Hafnéthysical Review B, 1993,47, 558.
G. Kresse and J. Furthmull&fysical Review B, 1993,54, 169.
G. Kresse and J. Hafndgurnal of Physics: Condensed Matter, 19946,
8245.
J. P. Perdew, K. Burke and M. ErnzerhBhysical Review Letters, 1996,
77, 3865.
P. Blochl,Physical Review B, 1994,50, 17953.
H. J. Monkhorst and J. D. PadRhysical Review B, 1976,13, 5188.
S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys/A P.
Sutton,Physical Review B, 1998,57, 1505.
P. W. TaskerJournal of Chemical Physics C: Solid State Phys., 1979,12,
4977.
L. Gerward, J. S. Olsen, L. Petit, G. Vaitheeswaran, V.dkana and
A. Svane Journal of Alloys and Compounds, 2005,400, 56.
D. M. NewnsPhysical Review, 1969,178, 1123.
V. I. Anisimov and F. A. an A. |. Lichensteidpurnal of Physics: Con-
densed Matter, 1997,9, 767.
H. F. et al.;Topicsin Catalysis, 2014,57(1-4), 80.
S. W. et al.Catalysis Letters, 2011,141, 244509.
S. W. et al.Physical Chemistry Chemical Physics, 2011,13, 20760.
G. Jones, T. Bligaard, F. Abild-Pedersen and J. K. Norsbaynal of
Physics: Condensed Matter, 2008,20, 064239.

8|

Journal Name, 2010, [vol] 1-8 This journal is © The Royal Society of Chemistry [year]

Page 8 of 9



Page 9 of 9 Physical Chemistry Chemical Physics

P
. v e

d[AE__ J/dU

ads




