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Abstract

This study develops a systematic density functioi@ory alongside on-site Coulomb
interaction correction (DFT+U) arab initio atomistic thermodynamics approachs for ternary
(or mixed transitional metal oxides), expressedhmee reservoirs. As a case study, among
notable multiple metal oxides, synthesized Cgzuexhibits favourable properties towards
applications in solar, thermal and catalytic prgess This progressive contribution applies
DFT+U and atomistic thermodynamic approaches tomaxa the structure and relative
stability of CoCuyOs surfaces. Twenty-five surfaces along the [00Q]L0O], [100], [011],
[101], [110] and [111] low-Miller-indices, with vging surface-termination configurations
were selected in this study. The results portedisfactory geometrical parameters for bulk
CoCu0Os and a band gap of 1.25 e V. Furthermore, we fiddrithe stoichiometrically
balanced inverted (010)CoCuO, and the non-stoickiom (001)CuOCu, (001)CoOCo,
(110)OCo00 and (110)CoOCu surface terminations eagrtbst stable configurations, out of
which, the (001)CuOCu shows the optimum stabilityambient conditions. The systematic
approach applied in this study should prove insémtal for the analysis of other 3-element
multicomponent systems. To the best of our knogdedhe present study is the first to
report DFT + U analysis to any 3-multicompnent egst with two of them requires inclusion

of U treatment (i.ef- andd- orbitals) in the electronic structure calculason

Keywords DFT + U; 3-element multicomponent systems; Barap;gThermodynamic

stability
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1. Introduction

Critical selection of a stable crystal plane calp prove the reactivity, as well as chemical
selectivity of a material. Clearly, this dependstbe surface structure and compositiog,

the arrangements of surface atoms and bonding aleastics of the exposed crystal

planes.[1-4] Moreover, in the interest of underdtag the function of surfaces under

realistic conditions, it is crucial to take intocacnt the influence of surrounding parameters
such as the temperature, pressure and the abunddncenstituent components in the

immediate environment.[5]

Ternary compounds provide richer properties thaafdyi compounds, but also require more
complex investigations. Many computational studies ternary compounds have been
conductede.g.MgAl,O4 [6], ZNSnN [7], CoO-CuO system [8], spinel LiM@®, [9]. Most of
these studies express two reservoirs (representech&mical potentials), while the third
reservoir is implied. In this study, we developheat generally a systematic approach for
ternary compounds, which can include transition anetlements, expressed in three
reservoirs explicitly. As widely known, transitiametals computations require additional
approximation to account for strong local electroorrelations in itsd- orbitals. The
underlying aim of this study checks the attributethee aforementioned parameters on the

thermodynamic stability of various Co& surface configurations, as a case study.

Cobalt-copper oxides (GOwO,) have found distinctive applications in variouslustrial,
such as optical devices, energy conversion and@nwental processes. The metal oxides
drive the catalysis of the Fischer-Tropsch procesgjgen evolution reactions (EOR),
selective oxidation reactions, synthesis of syrgased alcohol, and similarly serve as potent
thermoelectric and high-capacitive electrochemioaterial.[10-24] Transitional metal
oxides also mediate formation of notorious envirental pollutants from their
corresponding precursors [25-28]. Synthesised @O¢thin film displays favourable solar
selectivity and mechanical hardness befitting stiiarmal purposes [29; 30]. However, in
order to optimize the performance of CeOy the knowledge of its stability and local
morphology as exposed to different environmentabdttons remains important.
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Regarding individual cobalt and copper oxides, dasat al. reported in their theoretical
study that, the (100), (110) and (111) surfacesarerthe most stable in @04 spinel, while
predicting the equilibrium rhombicuboctahedral shapf the nanocrystals [27] under
different hydration conditions [31]. Likewise, Soeet al.’s [32] work revealed three
surfaces, along the [110] and [111] directionsh&we notably lower surface free energies
within the allowable range of chemical potentialsThe authors reported the catalytic
relevancy of CpO(110) terminated with both Cu and O surface atcansl the CpO(111)
containing a coordinative unsaturated Cu vacandh@gnergetically-favourable most stable
surfaces under oxygen-rich and oxygen-lean comdifg?2; 33]. Clean CoO(100) and
hydroxylated CoO(111) have also been shown as i stable Cobalt (II) oxide surface

configurations under ethanol steam reforming (E&Rgtion conditions [34].

Furthermore, the mixed metal oxide of Co-Cu-O sysexhibits only one major ternary
phasej.e., CoCuy0s, with CuO, CyO, CoO and CgD, in binary terminal phases. CofQy
represents an example of a spin ladder compounkdalaiyng -a high transition temperature
superconducting properties. Experimental phraagrdm studies characterized CeQGgas
high-temperature phase that decays into binary esxidpproximately below 1180 K, at
different oxygen pressures [8; 35]. However dimwl solidification of the melted phase
can result in a considerable amount of Cgzuat ambient conditions, depending on the
fractional- component of metal ions (Cu/Co) [35].or Fexample, Sekar and co-workers
successfully synthesized CofQ4 (form Ca0O4 and CuO) at high temperature, and preserved

it for further experimental analyses between 1B806-K [36].

In this paper, we apply density functional thedd¥T) to investigate the geometries of low-
Miller-index surfaces (001), (010), (100), (011)01), (110), and (111) of CogDs with
various surface-terminations. The results of DRIEwations, performed dt= 0 K andp =

0 atm, have been extrapolated to finite practiealgeratures and pressures accordingbto
initio atomistic thermodynamic methodology for multicompnt CoCpOs; system. This
enables the determination of thermodynamic stgbdft respective surfaces. Accordingly,
we derive propelling conclusions concerning thdmjaied usage of the ternary-phase metal

oxide film in solar and thermal applications.
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2. Methodology

2.1. Structural optimisation of bulk and surfaces

VASP package[37] facilitates all structural optiatisns and energy calculations for each
surface-representative slabs, bulk geometries #isawanolecular conformations within the
scope of plane wave DFT. The computation detaNslve the spin-polarized PAW-GGA
functional [38], Grimme’s van der Waals dispersamrection [39], and Gaussian smearing
of 0.2 eV. In plotting projected density of stai@DOS) of the bulk; we deployed the
Vosko-Wilk-Nursair interpolation method [40], anddl50 peak width of the Gaussiaor X

to broaden the eigenvalues at an electronic teriyeraf 0.075 eV. Generally, the PDOS of

a molecular orbitam, ( p,,(€)), is computed based on:
MO
P (€)= z <¢m | ¢r>5(5_5”)

. . . . MO
in whichn runs over all the states with molecular Wavefummga and energy levels.
m

We simulate various CoGOs surfaces in multi-layer symmetric slab with 30 Acuum
region separating the periodic images. For Co@udystems, it is necessary to apply on-
site Coulomb interaction correction (DFT+U) as mables more accurate band gap
estimation. As such, we apply the Dudaetval’s DFT+U, which has been previously
proven to accurately reproduce experimental measemes [41]. We verify our
methodology DFT + U methodology for ternary metaides by considering a TiFeQis
literature provides its experimentally measureddogap. The experimental results are
provided by Thimsen et al [42])-value (the on-site exchange parameter) is fixddl @ eV.

In the DFT + U treatment, only the difference bedawll andJ parameters (effectivid, Uest
=U-J) parameter accounts for the Coulomb interactiengering the choice of the J value to
be arbitrary. Nonetheless, our choice for Jhealue follows the commonly deployed value
for transitional metals [43]. The results are shawirig. 1. The selected-value for TiQ
and FgO; are 13 eVand 8 eV. While for the TiFgQve did not perform 3D band gap



127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

148
149
150
151
152

153

landscape calculations, instddg andUg.0f 8 eV is selected to match with the experimental

band gap of 2.1 eV.
Fig 1.

Furthermore, the magnetic moments of Co and Cu abeebeen considered by varying their
initial orientations ie., £3.0 for each Co an#l1.0 for each Cu), to obtain the lowest energy.
All calculations uses plane wave cut off energyp00 eV and tight Monkhorst-pack grids

[44] serve to perform the Brillouin zone integoati The tolerance on the convergence of

the total energy and atomic force equald &9 and 0.05 eV A, respectively.

2.2 Thermodynamic stabilities

We employ the results of DFT calculations descriabdve to construct the thermodynamic
stability phase diagram comprising all CeOu configurations based on the approaclalof

initio atomistic thermodynamics. The literature desariliee physical illustrations and
derivations of this formalism [5; 32; 45; 46]. Fowulti-component systems existing at
equilibrium with atomic reservoirs, the most stable@face minimizes the free energy at

constant temperatufieand pressurp, as defined by:

1
]/(T, p) = Z (1)

Gsurf — z N;u; (T, p)
7

whered, G, N, and u represent the surface area, the Gibbs surfaceeineegy, the
number of component atoms, and their atomic chdnpcaentials, respectively. For

symmetric Co-Cu-O system, Equation 1 becomes:

1
V(T,0) = 57 [63"(T,p, NeoNew No) = Neotico (T, 0) = Neuttcu (T, 1)

- NO#O(T;P)] @
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Because the surface exists at equilibrium with timelerlying bulk oxide, the chemical
potentials fio, ticu @and o) thermodynamicallynterrelates to one another via the Gibbs free
energy of the bulk oxide per unit formula accordittg Equation 3. Furthermore, the
individual chemical potentials can be expressedeims of relative change on chemical
potential Ay; and the energy of isolated component eneigieas in Equation 4, 5, and 6.
Eb¥k and EZY are energy per unit atom of bulk Co (hexagonal/fa6&) and Cu (cubic

Fm-3m) crystals, whil&,, represents the energy of molecular oxygen.

Uco + 2Ucy + 3Uo = 9?%’;203 (T,p) 3)
tco (T, p) = Duco(T,p) + Eco (4)
teu (T,p) = Ducu (T, p) + Ecy, (5)
o (T.) = Buo (T, p) + 5 o, ©)

buk

In equation 3,9cocu0

(T, P) signifies Gibbs free energy of the bulk oxide peit lormula.

Previous studies [47; 48] have shown that, the &ilbbe energy term can be approximated

by the calculated DFT total energy of a specifitkland/or surface at 0 K and 0 atm:

G = Eppr (7)

Finally, substitution of Equation 3, 4, 5, 6, anth Equation 2 yields the following governing
equations of theab initio atomistic thermodynamics, for determining of scefdree energy
of a multi-component CoG@; system existing at equilibrium with the atomicae®ir of
the surrounding oxygen gas and the macroscopicdiwtkpper or cobalt:

¥ (Qucu,Alo)
1
= N [Esurf — NCoEggé’fLZ% — (N¢y — ZNCO)(Englk + AﬂCu)

(8)
— (No — 3N¢o) (%Eo2 + A.Uo)]
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Y (Ao, Alio)
1 1 .
= ﬂ I:Esurf - ENCuEggCl‘ﬁzos - (NCO —_ ENC‘U,) (Ecbglk + AH.CO)

©
= (Mo = 5w ) (380, + 80|

It must be noted that in Equation of 8 and 9, #i(&,p) dependencies are imposed only
by Auc, (T,p), Auc, (T,p) andAu, (T,p). However, the variations in chemical potentials
have feasible allowable range. For instansg, (T,p) is bounded by oxygen-lean
conditions (denoting the commencement of the folonabf a CoCuOs; bulk upon the

presence of cobalt and copper bulks in a phasev@sef oxygen gas; relatively, this also
implies the condition where the Cof bulk tends to decompose into constituent
metal/metal oxides and oxygen gas), and oxygenkhnah (signifying the condensation of,O
gas on the surface). The oxygen-lean limit isteaby considered to be the enthalpy of the
formation of the metal oxide [45; 49]. Similari@u and/or Co can be abundant or deficient
depending on the surrounding macroscopic compostiothe respective bulk as well as
individual bulk oxides. The reasonable estimatesAfy; limits at equilibrium are given by

the following simultaneous inequalities.

Max(Auc,) = Max(Auc,) = Max(App) = 0; (10)
ERots,05—ECo " bulk as

Min(Apcy +3Apo) = =22 —=— — EgIN — 2E5*° For eqn (8) (11)

Min(Auc, + 30up) = 535;15003 — 2EQ — ERY — %Ez%j‘s For eqn (9) (12)

Furthermore, we estimate the temperature and peesigpendencies afy; from the values

presented in NIST-JANAF thermodynamics table,[5@jarding to:

p

Aucy (T, p) = [Hey (T, p°) — Hey (T S0°)] — T[Sy (T, 0°) — Scu (T Sp°)] + lenE (13)
p

AMCo (T: p) = [HCo (T: po) - HCo (T S po)] - T[SCO (T: po) - SCo (T 5 po)] + kTin E (14)
1%

Ao (T, p) = 3[Ho, (T,0°) — Ho, (T $p°)] = 5[S0, (T, p°) — S0, (T 5p*)] + %len; (15)
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whereH, S, T°, p° denote NIST-JANAF's enthalpy, entropy, referenemperature (0 K),
reference pressure (100 kPa) of the reservoirs; Bng, k are temperature, pressure,

Boltzmann constant (8.617x1@V/K), respectively.

3. Results and discussion

3.1. Crystallographic structural parameter of bulk CoCu,03

The adopted DFT+U method requires us to obtainablatU-J parameters. For bulk
CoCu0Os, we fixed theJ-value at 0.95 eV, and selected the héstalue of 9.5 eV (Fig. 1).
This U-value was selected based on the following simaltas conditions: (a) the proximity
to theU-value range of cubic CoO and monoclinic CuO (siee B), and (b) the band gap
presence in the Co@Ds. The bulk calculation uses 4 x 8 x &point of Monkhorst-Pack
scheme and gamma-centred grid for geometric oiois, as well as 8 x 16 x 2@point

for reliable computation of density of states (DOS)n addition, we investigated the
contribution of the magnetic moment initial orieidas for each Co and Cu atoms, and the
optimum directions, in terms of lowest bulk energye presented in Fig. 3. The final
magnitudes of the vectors were obtaingd self-consistent calculations. This reveals the
ferromagnetism of bulk CoGQs, besides its semiconducting nature.

Combining thesdJ-value and magnetic moment orientations gives tiveest bulk energy
and also a band gap of 1.25 eV. Figure 4 plotd#ral structure (a) and PDOS (b) for bulk
CoCuyOs. To the best of our knowledge, there is no expenital data for the band gap of
CoCu0Os. Bulk CoCuyOs exhibits orthorhombic crystal structure wilmmnspace group,
and our calculated lattice constants; a = 9.45 A3096 A and ¢ = 3.19 A agree well with the
corresponding experimental values 9.41 A, 3.98 4 ar20 A (from XRD database ICDD
76-0442). Inspecting further the PDOS of bulk Cg@Quin Fig. 4b, it is seen that oxygen
dominates the valence band near the Fermi eneapper dominates the conduction band

near the Fermi energy, while cobalt dominates thkdr band beyond the conduction band.

Fig. 2
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Fig. 3

Fig. 4

3.2. Geometries of low-Miller-index CoCu,O3 surfaces

Having obtained accurate results for bulk CgQys we consider all low-Miller-index
orientations of CoCi0D; surfaces, namely, (001), (010), (100), (011), §10110) and (111)
with various plausible terminations. Each slab Ibesn relaxed with 15 A vacuum distances
at both symmetric ends, and we reuseduhalue and magnetic moment orientations of the
bulk structure. We also impose magnetic momentfpaiCu, and consider the surfaces with
atomic ratio, i.e.,, Co:Cu:O nearing 1:2:3. Refer to Table S1 in thepplementary
Information for further details on the 25 slabsckimesses andk-points used in the
calculations. Fig. 5portrays the optimized minimemergy structure of 25 surfaces, and
Table 1 lists their prominent characteristics

Fig. 5

Tablel
Subsequent discussions refer to the surfaces lmastdtkir planar orientations and elemental
terminations. For example, the (001)CuOCo surfag@esents a construction truncated
along the [001] direction with Cu/O/Co atoms lochia the outmost layer, in sequential
order. As seen in Table 1, ten different surfaeast in the stoichiometry state of CoQy,

i.e., atomic ratio Co:Cu:O = 1:2:3. Meanwhile, the mtaichiometric surfaces have also

been listed with their respective atomic deficiesanith respect to cobalt and copper.

3.3. Thermodynamic stability phase diagram

Equation 10, 11, and 12 afford the estimation gfhgsical allowable range of change in

chemical potentials as follows:

10
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—9.48 < Ap, <0eV,
—4.74 < Ap,, <0eV,and

—3.16 < Aug < 0eV.

Furthermore the distribution & (T, p) within the specified limits from Equation 13, 1dda
15 were computed. Fig. 6 depicts the calculatedngh in chemical potential over a
temperature range of 0 K to 2000 K, and pressueésden ultra-high vacuum (100 nPa) to
high-pressure regime (10 GPa).

Fig. 6

Cobalt incurs the widest range for change in chehgotential. In fact, as seen in Fig. 6, it is
clear that over the selected surrounding tempegatand pressure conditions,
Auco(T,p) exceeds its minimum value,e., its Co-lean limit. Hence from a physical
viewpoint, it may be more noteworthy to prefereiiaconsider Equation 8 for the
calculation of surface free energy. However, Eiguad leads also to the same computational
deductions. The explicit forms @f{Auc, Atp) andy (Auco Apo) are presented in Table S4 in

the Supplementary Information.

Table 2 presents the calculated surface free erddrgly stoichiometric surfaces (see Fig. S1
in the Supplementary Information for the 3-D plot)As expected, all the surface
configurations with Co:Cu:0O = 1:2:3 exhibit a cardtfree energy value (seen as flat planes

in Fig. 6), and the minimum(T, p) lies on the inverted (010)CoCuO termination.

Table?2

Thereafter, we compare the non-stoichiometric sedavith (010)CoCuf, (see Fig. S2 in
the Supplementary Information for the 3-D plot)g.F6 depicts the two-dimensional contour
plane of the section. Over the considered changehémical potential ranges, some non-
stoichiometric surface appear more stable than)@dOuQ,,. The scale oAu., andAuc,

in Fig. 7 indicates that, the facet characteriséicthe lean Cu is qualitatively similar to rich

Co andvice versa Notably, at the lean Cu/rich Co/rich O, the ao€ energies of

11
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(001)CoOCo and (110)OCo0 are lower than that ik, babicating that these surfaces form

spontaneously at such conditions.

Fig. 7

Applicably, one can easily calculate thg., andAu, values corresponding to a particular
temperature and pressure from Equation 13, 1406y inspection of Fig. 6), an then trace
out the most stable surface configuration for theended conditions. For example, at
ambient environmental condition§ & 298.15 K, andp = 1 atm), theAu., and Ay,

respectively equal t60.05 eV and-0.27 eV, hence the (001)CuOCu represents the optimu
surface configuration for such applications. RetelFig. S3 (Supplementary Information)

for further examples.

In addition, we tuned tha&u, parameters at constatt,, values. Theoretically, the surface
free energy of a stoichiometric surface compositiemains independent of the gas phase
chemical potential, and conversely, a surface teatron with excess oxygen will become
more stable while those with an oxygen deficiencly e less stable with increasing gas

phase chemical potential [45; 49].

Fig. 8

The trends in Fig. 8 illustrates that, (001)CuOQueace termination incur surplus oxygen,
whereas, the other slabs are relatively O deficoxar the considered gas-phase chemical
potentials. Consequently, (001)CuOCu becomes nstable with increase imMyu,.
Furthermore, this is justified by referring to Tall, (001)CuOCu has relatively large Cu/O
excess (4, 4) with respect to Co. However, thaatitn is contrary for (110)OCoO,
(001)Co0OCo, (110)CoOCu surfaces, having O defititzy -4, and-6, in that order with
respect to Co. Our findings herein is consisterth vihe general consensus that non-
stoichiometric surfaces with surplus of electro atagly charged atoms (such as O and
halides)[47-49] tend to be more thermodynamicaltgble. In our recent study on
thermodynamic stability of CuBrsurfaces [48], we illustrated that many structuaat
electronic factors may contribute to the stabiliiydering such as the degree of surface

relaxation, reduction in the charge in the topmager as well as the overall polarity of the

12
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slab. Herein, the profound stability of the (00G¥Zu most likely stems from the surface

polarity induced by its non-stoichiometric termioat

4. Conclusions

The structures and surface stabilities of transitietallic (oxide) ternary compounds have
been studiedvia accurate DFT+U method amalgamated widlb initio atomistic
thermodynamics. As a case study, we examined t&uO; surfaces with regards to bulk
Co/Cu and @ gas reservoirs, and presented the suitable $yalphase diagram. The
chemical potential range of the componential specepresents the key variable in the
atomistic thermodynamics. Within the consideredgeafor change in chemical potentials,
our result elucidated five stable surfaces acrtbdeve-Miller-index directions. This includes
the stoichiometrically balanced (010)CoGyQand the non-stoichiometric (001)CuOCu,
(001)Co0OCo, (110)0OC00 and (110)CoOCu facet ternunat Considerably, (001)CuOCu
represents the optimum surface configuration fopliagtions in ambient conditions.
Furthermore, the (001)CoOCo and (110)0CoO surfagefigurations can be formed
spontaneously at certain rare conditions. Findle systematic approach applied in this
study can be easily employed for the analysis: dfLl)other 3-element multicomponent
systems (including transition metal elements);of2the higher Miller-index surfaces; and (3)
of surface phase transition as a function of resesytemperature and pressure. Accordingly,
we derive propelling conclusions concerning thamjaied usage of the ternary-phase metal
oxide film in solar and thermal applications.
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Table 1 The geometry CoG@; surfaces.

)

No. | Miller- Near surface Slab Cu, O Co, O Surface

index atoms composition | excess/defici excess/deficit  area

(Co:Cu:0) with respect | with respect (AZ)
to Co to Cu

1° 001 Cu, O, Co 8:16:24 0,0 0,0 37.43
2 001 Co, O, Co 10:16:26 -4, -4 2,2 37.43
3@ 001 Co, O, Cu 8:16:24 0,0 0,0 37.43

001 Cu, O, Cu 6:16:22 4,4 -2,-2 37.43

001 0O, Co, O 8:16:26 0,2 0,2 37.43
6 001 O, Cu, O 8:16:28 0,4 0,4 37.43
72 010 Co, Cu, O 8:16:24 0,0 0,0 30.19

(inverted)
e 010 Co, Cu, O 9:18:27 0,0 0,0 30.19
(mirrored)

9@ 100 Cu, O, Co 3:6:9 0,0 0,0 12.66
10 100 Co, O, Cu 5:8:13 -2,-2 1,1 12.66
11 100 Cu, O, Cu 3:8:11 2,2 -1,-1 12.66
12° 011 Cu, O, Co 10:20:30 0,0 0,0 48.09
13° 011 Cu, Co, O 10:20:30 0,0 0,0 48.04
142 101 Co, Cu, O 10:20:30 0,0 0,0 39.51
15 101 O, Cu, O 8:20:30 4,6 -2,0 39.51
16 101 Cu, O, Cu 8:20:26 4,2 -2,-4 39.51
17° 101 Cu, Cu, O 8:16:24 0,0 0,0 39.51
18 101 Co, 0,0 8:12:22 -4,-2 2,4 39.51
19 110 O, Cu, O 6:16:24 4,6 -2,0 32.73
20 110 Cu, O, Cu 6:16:20 4,2 -2,-4 32.73
21 110 Cu, O, 0 6:12:20 0,2 0,2 32.71
22 110 Cu, O, Co 6:12:16 0,-2 0,-2 32.73
23 110 O, Co, O 6:8:16 -4,-2 2,4 32.73
24 110 Co, O, Cu 8:12:18 -4, -6 2,0 32.73
252 111 Co, Cu, O 10:20:30 0,0 0,0 49.73

3

aSurface with atomic ratio of Co:Cu:O = 1:2:3
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Table 2 Surface free energies of Cofy4 slabs with atomic ratio of Co:Cu:0 = 1:2:3

No. Miller-index Near surface atoms Surface freergp (eV/X)
1 001 Cu, O, Co 0.17
3 001 Co, O, Cu 0.14
7 010 Co, Cu, O (inverted) 0.09
8 010 Co, Cu, O (mirrored) 0.10
9 100 Cu, O, Co 0.18
12 011 Cu, O, Co 0.12
13 011 Cu, Co, O 0.19
14 101 Co, Cu, O 0.11
17 101 Cu, Cu, O 0.12
25 111 Co, Cu, O 0.12
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Fig. 1. Band gaps of anatase TiChematite FgO; and ilmenite TiFe@ with respect to
varyingU-values. Experimental values are sourced from*Ref

Fig. 2 CoCuyO3; band gaps with respect to varyidg, andUc, values. Red dot represents the
selectedJ-values. Green surface is thevalue range for cubic CoO and monoclinic CuO.
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Fig. 3 Magnetic moments of bulk Co@Ds. Purple, brown and red spheres represents Co, Cu
and O atoms; respectively. The lattice constarmt®.45 A,b = 3.96 A anct = 3.19 A. Black

and blue arrows are the magnetic moment orienstwith magnitude of 2.8 and 0.76

Mg, respectively.
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Fig. 6 Auc, (T,p), Aucy(T,p) and Au, (T,p) as calculated by NIST-JANAF
thermodynamics table via Equation 13, 14 and 15nirfvum chemical potential (dashed
line) was set according to Equation 10, 11 and 12.
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Table of content entry

DFT+U/ab initio atomistic thermodynamics:
CoCu,0; surface

Lean Cu Apuc, (eV) Rich Cu/O

298.15K
1 atm

110
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Highlights

* The present study isthefirst to report DFT + U analysis mixed metallic oxide systems.

*  We applied this approach to examine, band gap the structure and relative stability of CoCu,Os
surfaces.

* This has enabled the determination of thermodynamic stability of respective surfaces.



