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1 

Abstract 2 

 3 

This study develops a systematic density functional theory alongside on-site Coulomb 4 

interaction correction (DFT+U) and ab initio atomistic thermodynamics approachs for ternary 5 

(or mixed transitional metal oxides), expressed in three reservoirs. As a case study, among 6 

notable multiple metal oxides, synthesized CoCu2O3 exhibits favourable properties towards 7 

applications in solar, thermal and catalytic processes.  This progressive contribution applies 8 

DFT+U and atomistic thermodynamic approaches to examine the structure and relative 9 

stability of CoCu2O3 surfaces.  Twenty-five surfaces along the [001], [010], [100], [011], 10 

[101], [110] and [111] low-Miller-indices, with varying surface-termination configurations 11 

were selected in this study.  The results portray satisfactory geometrical parameters for bulk 12 

CoCu2O3, and a band gap of 1.25 e V.  Furthermore, we clarified the stoichiometrically 13 

balanced inverted (010)CoCuO, and the non-stoichiometric (001)CuOCu, (001)CoOCo, 14 

(110)OCoO and (110)CoOCu surface terminations as the most stable configurations, out of 15 

which, the (001)CuOCu shows the optimum stability in ambient conditions.  The systematic 16 

approach applied in this study should prove instrumental for the analysis of other 3-element 17 

multicomponent systems.  To the best of our knowledge, the present study is the first to 18 

report DFT + U analysis to any 3-multicompnent systems with two of them requires inclusion 19 

of U treatment (i.e., f- and d- orbitals) in the electronic structure calculations.   20 

 21 

 22 

 23 

Keywords: DFT + U; 3-element multicomponent systems; Band gap; Thermodynamic 24 

stability 25 

 26 

 27 

 28 

 29 
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1. Introduction 30 

 31 

Critical selection of a stable crystal plane can help improve the reactivity, as well as chemical 32 

selectivity of a material.  Clearly, this depends on the surface structure and composition, i.e., 33 

the arrangements of surface atoms and bonding characteristics of the exposed crystal 34 

planes.[1-4]  Moreover, in the interest of understanding the function of surfaces under 35 

realistic conditions, it is crucial to take into account the influence of surrounding parameters 36 

such as the temperature, pressure and the abundance of constituent components in the 37 

immediate environment.[5]   38 

 39 

Ternary compounds provide richer properties than binary compounds, but also require more 40 

complex investigations. Many computational studies for ternary compounds have been 41 

conducted, e.g. MgAl2O4 [6], ZnSnN2 [7], CoO-CuO system [8], spinel LiMn2O4 [9]. Most of 42 

these studies express two reservoirs (represented by chemical potentials), while the third 43 

reservoir is implied. In this study, we develop rather generally a systematic approach for 44 

ternary compounds, which can include transition metal elements, expressed in three 45 

reservoirs explicitly. As widely known, transition metals computations require additional 46 

approximation to account for strong local electron correlations in its d- orbitals. The 47 

underlying aim of this study checks the attribute of the aforementioned parameters on the 48 

thermodynamic stability of various CoCu2O3 surface configurations, as a case study. 49 

 50 

Cobalt-copper oxides (CoxCuyOz) have found distinctive applications in various industrial, 51 

such as optical devices, energy conversion and environmental processes.  The metal oxides 52 

drive the catalysis of the Fischer-Tropsch process, oxygen evolution reactions (EOR), 53 

selective oxidation reactions, synthesis of syngas-based alcohol, and similarly serve as potent 54 

thermoelectric and high-capacitive electrochemical material.[10-24]  Transitional metal 55 

oxides also mediate formation of notorious environmental pollutants from their 56 

corresponding precursors [25-28].  Synthesised CoCu2O3 thin film displays favourable solar 57 

selectivity and mechanical hardness befitting solar thermal purposes [29; 30].  However, in 58 

order to optimize the performance of CoCu2O3, the knowledge of its stability and local 59 

morphology as exposed to different environmental conditions remains important. 60 

 61 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

Regarding individual cobalt and copper oxides, Zasada et al. reported in their theoretical 62 

study that, the (100), (110) and (111) surfaces remain the most stable in Co3O4 spinel, while 63 

predicting the equilibrium rhombicuboctahedral shape of the nanocrystals [27] under 64 

different hydration conditions [31].  Likewise, Soon et al.’s [32] work revealed three 65 

surfaces, along the [110] and [111] directions, to have notably lower surface free energies 66 

within the allowable range of chemical potentials.  The authors reported the catalytic 67 

relevancy of Cu2O(110) terminated with both Cu and O surface atoms, and the Cu2O(111) 68 

containing a coordinative unsaturated Cu vacancy as the energetically-favourable most stable 69 

surfaces under oxygen-rich and oxygen-lean conditions[32; 33].  Clean CoO(100) and 70 

hydroxylated CoO(111) have also been shown as the most stable Cobalt (II) oxide surface 71 

configurations under ethanol steam reforming (ESR) reaction conditions [34]. 72 

 73 

Furthermore, the mixed metal oxide of Co-Cu-O system exhibits only one major ternary 74 

phase, i.e., CoCu2O3, with CuO, Cu2O, CoO and Co3O4 in binary terminal phases.  CoCu2O3 75 

represents an example of a spin ladder compound by having a high transition temperature 76 

superconducting properties.  Experimental phrase diagram studies characterized CoCu2O3 as 77 

high-temperature phase that decays into binary oxides approximately below 1180 K, at 78 

different oxygen pressures [8; 35].  However directional solidification of the melted phase 79 

can result in a considerable amount of CoCu2O3 at ambient conditions, depending on the 80 

fractional component of metal ions (Cu/Co) [35].  For example, Sekar and co-workers 81 

successfully synthesized CoCu2O3 (form Co3O4 and CuO) at high temperature, and preserved 82 

it for further experimental analyses between 115 – 300 K [36]. 83 

 84 

In this paper, we apply density functional theory (DFT) to investigate the geometries of low-85 

Miller-index surfaces (001), (010), (100), (011), (101), (110), and (111) of CoCu2O3 with 86 

various surface-terminations.  The results of DFT calculations, performed at T = 0 K and p = 87 

0 atm, have been extrapolated to finite practical temperatures and pressures according to ab 88 

initio atomistic thermodynamic methodology for multicomponent CoCu2O3 system.  This 89 

enables the determination of thermodynamic stability of respective surfaces.  Accordingly, 90 

we derive propelling conclusions concerning the optimized usage of the ternary-phase metal 91 

oxide film in solar and thermal applications. 92 

 93 

 94 

 95 
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 96 

2. Methodology 97 

 98 

2.1. Structural optimisation of bulk and surfaces 99 

 100 

VASP package[37] facilitates all structural optimisations and energy calculations for each 101 

surface-representative slabs, bulk geometries as well as molecular conformations within the 102 

scope of plane wave DFT.  The computation details involve the spin-polarized PAW-GGA 103 

functional [38], Grimme’s van der Waals dispersion correction [39], and Gaussian smearing 104 

of 0.2 eV.  In plotting projected density of states (PDOS) of the bulk; we deployed the 105 

Vosko-Wilk-Nursair interpolation method [40], and a 0.150 peak width of the Gaussian (σ ) 106 

to broaden the eigenvalues at an electronic temperature of 0.075 eV.  Generally, the PDOS of 107 

a molecular orbital m, ( ( )mρ ε ), is computed based on: 108 

 109 

( ) ( )
MO

m nm r
n

ρ ε δ ε εφ φ= −∑  110 

 111 

in which n runs over all the states with molecular wavefunctions 
MO

m
φ  and energy levels ε .  112 

 113 

We simulate various CoCu2O3 surfaces in multi-layer symmetric slab with 30 Å vacuum 114 

region separating the periodic images.  For Co and Cu systems, it is necessary to apply on-115 

site Coulomb interaction correction (DFT+U) as it enables more accurate band gap 116 

estimation.  As such, we apply the Dudarev et al.’s DFT+U, which has been previously 117 

proven to accurately reproduce experimental measurements [41].  We verify our 118 

methodology DFT + U methodology for ternary metal oxides by considering a TiFeO3 as 119 

literature provides its experimentally measured band gap.  The experimental results are 120 

provided by Thimsen et al [42].  J-value (the on-site exchange parameter) is fixed at 0.95 eV.  121 

In the DFT + U treatment, only the difference between U and J parameters (effective U, Ueff 122 

=U−J) parameter accounts for the Coulomb interaction, rendering the choice of the J value to 123 

be arbitrary.  Nonetheless, our choice for the J value follows the commonly deployed value 124 

for transitional metals [43]. The results are shown in Fig. 1.  The selected U-value for TiO2 125 

and Fe2O3 are 13 eVand 8 eV.  While for the TiFeO3, we did not perform 3D band gap 126 
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landscape calculations, instead UTi  and UFe of 8 eV is selected to match with the experimental 127 

band gap of 2.1 eV. 128 

 129 

Fig 1. 130 

 131 

Furthermore, the magnetic moments of Co and Cu have also been considered by varying their 132 

initial orientations (i.e., ±3.0 for each Co and ±1.0 for each Cu), to obtain the lowest energy. 133 

All calculations uses plane wave cut off energy of 500 eV and tight Monkhorst-pack grids 134 

[44]  serve to perform the Brillouin zone integration.  The tolerance on the convergence of 135 

the total energy and atomic force equals 10-4 eV and 0.05 eV Å-1, respectively. 136 

 137 

 138 

2.2 Thermodynamic stabilities  139 

 140 

We employ the results of DFT calculations described above to construct the thermodynamic 141 

stability phase diagram comprising all CoCu2O3 configurations based on the approach of ab 142 

initio atomistic thermodynamics.  The literature describes the physical illustrations and 143 

derivations of this formalism [5; 32; 45; 46].  For multi-component systems existing at 144 

equilibrium with atomic reservoirs, the most stable surface minimizes the free energy at 145 

constant temperature T and pressure p, as defined by:  146 

 147 

�(�, �) = 1	 
���� −	�����(�, �)
�

� 
 

(1) 

 148 

where		, ����, �, and � represent the surface area, the Gibbs surface free energy, the 149 

number of component atoms, and their atomic chemical potentials, respectively.  For 150 

symmetric Co-Cu-O system, Equation 1 becomes: 151 

 152 

�(�, �) = 12	 �����(�, �, ������, ��) −	������(�, �) − ������(�, �)
− ����(�, �)� 

 

(2) 

 153 
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Because the surface exists at equilibrium with the underlying bulk oxide, the chemical 154 

potentials (µCo, µCu and µO) thermodynamically interrelates to one another via the Gibbs free 155 

energy of the bulk oxide per unit formula according to Equation 3.  Furthermore, the 156 

individual chemical potentials can be expressed in terms of relative change on chemical 157 

potential		Δ�� and the energy of isolated component energies	��, as in Equation 4, 5, and 6.  158 

��� �!" and ��� �!" are energy per unit atom of bulk Co (hexagonal P63/mmc) and Cu (cubic 159 

Fm-3m) crystals, while ��# represents the energy of molecular oxygen. 160 

 161 

��� + 2��� + 3�� = &����#�' �!" (�, �) (3) 

���	(�, �) = ∆���(�, �) + ��� (4) 

���	(�, �) = ∆���(�, �) + ��� (5) 

��	(�, �) = ∆��(�, �) + 12��# (6) 

 162 

In equation 3, 
2 3

( , )buk
CoCu Og T P  signifies Gibbs free energy of the bulk oxide per unit formula. 163 

Previous studies [47; 48] have shown that, the Gibbs free energy term can be approximated 164 

by the calculated DFT total energy of a specific bulk and/or surface at 0 K and 0 atm: 165 

 166 

� = �)*+ (7) 

 167 

Finally, substitution of Equation 3, 4, 5, 6, and 7 in Equation 2 yields the following governing 168 

equations of the ab initio atomistic thermodynamics, for determining of surface free energy 169 

of a multi-component CoCu2O3 system existing at equilibrium with the atomic reservoir of 170 

the surrounding oxygen gas and the macroscopic bulk of copper or cobalt: 171 

 172 

�(Δ���,Δ��)
= 12	 ,�-�./ − ��������#�' �!" − (��� − 2���)0��� �!" + Δ���1
− (�� − 3���) 234��# + Δ��56 

 

(8) 
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�(Δ���,Δ��)
= 12	 ,�-�./ − 34��������#�' �!" − 2��� − 34���5 0��� �!" + Δ���1
− 2�� − 74���5 234��# + Δ��56 

 

(9) 

 173 

It must be noted that in Equation of 8 and 9, the �(�, �) dependencies are imposed only 174 

by	Δ���	(�, �), Δ���	(�, �) and	Δ��	(�, �).  However, the variations in chemical potentials 175 

have feasible allowable range.  For instance, Δ��	(�, �) is bounded by oxygen-lean 176 

conditions (denoting the commencement of the formation of a CoCu2O3 bulk upon the 177 

presence of cobalt and copper bulks in a phase reservoir of oxygen gas; relatively, this also 178 

implies the condition where the CoCu2O3 bulk tends to decompose into constituent 179 

metal/metal oxides and oxygen gas), and oxygen-rich limit (signifying the condensation of O2 180 

gas on the surface).  The oxygen-lean limit is arbitrary considered to be the enthalpy of the 181 

formation of the metal oxide [45; 49].  Similarly, Cu and/or Co can be abundant or deficient 182 

depending on the surrounding macroscopic composition of the respective bulk as well as 183 

individual bulk oxides.  The reasonable estimates for Δ�� limits at equilibrium are given by 184 

the following simultaneous inequalities. 185 

 186 

Max(∆���) = Max(∆���) = Max(∆��) = 0; (10) 

Min0Δ��� + '#Δ��1 = >?@?A#B'CDEF G>?@CDEF4 − ���HIJ − 'K��#LM�   For eqn (8) (11) 

Min(Δ��� + 3Δ��) = ���#���'HIJ − 2���HIJ − ���HIJ − '#��#LM�   For eqn (9) (12) 

 187 

Furthermore, we estimate the temperature and pressure dependencies of		Δ�� from the values 188 

presented in NIST-JANAF thermodynamics table,[50] according to: 189 

 190 

∆���(�, �) = NO��(�, �°) − O��(�°, �°)Q − �NR��(�, �°) − R��(�°, �°)Q + S�TU ��° (13) 

∆���(�, �) = NO��(�, �°) − O��(�°, �°)Q − �NR��(�, �°) − R��(�°, �°)Q + S�TU ��° (14) 

∆��(�, �) = 34�O�#(�, �°) − O�#(�°, �°)� − +4�R�#(�, �°) − R�#(�°, �°)� + 34S�TU ��° (15) 

 191 
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where H, S, T°, p° denote NIST-JANAF’s enthalpy, entropy, reference temperature (0 K), 192 

reference pressure (100 kPa) of the reservoirs; and T, p, k are temperature, pressure, 193 

Boltzmann constant (8.617×10-5 eV/K), respectively. 194 

 195 

 196 

3. Results and discussion 197 

 198 

3.1. Crystallographic structural parameter of bulk CoCu2O3 199 

 200 

The adopted DFT+U method requires us to obtain suitable U-J parameters.  For bulk 201 

CoCu2O3, we fixed the J-value at 0.95 eV, and selected the best U-value of 9.5 eV (Fig. 1). 202 

This U-value was selected based on the following simultaneous conditions: (a) the proximity 203 

to the U-value range of cubic CoO and monoclinic CuO (see Fig. 2), and (b) the band gap 204 

presence in the CoCu2O3. The bulk calculation uses 4 × 8 × 10 k-point of Monkhorst-Pack 205 

scheme and gamma-centred grid for geometric optimisation, as well as 8 × 16 × 20 k-point 206 

for reliable computation of density of states (DOS).  In addition, we investigated the 207 

contribution of the magnetic moment initial orientations for each Co and Cu atoms, and the 208 

optimum directions, in terms of lowest bulk energy, are presented in Fig. 3.  The final 209 

magnitudes of the vectors were obtained via self-consistent calculations. This reveals the 210 

ferromagnetism of bulk CoCu2O3, besides its semiconducting nature. 211 

 212 

Combining these U-value and magnetic moment orientations gives the lowest bulk energy 213 

and also a band gap of 1.25 eV.  Figure 4 plots the band structure (a) and PDOS (b) for bulk 214 

CoCu2O3. To the best of our knowledge, there is no experimental data for the band gap of 215 

CoCu2O3. Bulk CoCu2O3 exhibits orthorhombic crystal structure with Pmmn space group, 216 

and our calculated lattice constants; a = 9.45 Å, b = 3.96 Å and c = 3.19 Å agree well with the 217 

corresponding experimental values 9.41 Å, 3.98 Å and 3.20 Å (from XRD database ICDD 218 

76-0442). Inspecting further the PDOS of bulk CoCu2O3 in Fig. 4b, it is seen that oxygen 219 

dominates the valence band near the Fermi energy, copper dominates the conduction band 220 

near the Fermi energy, while cobalt dominates the higher band beyond the conduction band. 221 

 222 

Fig. 2 223 

 224 
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Fig. 3 225 

 226 

Fig. 4 227 

 228 

 229 

3.2. Geometries of low-Miller-index CoCu2O3 surfaces 230 

 231 

Having obtained accurate results for bulk CoCu2O3, we consider all low-Miller-index 232 

orientations of CoCu2O3 surfaces, namely, (001), (010), (100), (011), (101), (110) and (111) 233 

with various plausible terminations.  Each slab has been relaxed with 15 Å vacuum distances 234 

at both symmetric ends, and we reused the U-value and magnetic moment orientations of the 235 

bulk structure.  We also impose magnetic moment pair for Cu, and consider the surfaces with 236 

atomic ratio, i.e., Co:Cu:O nearing 1:2:3.  Refer to Table S1 in the Supplementary 237 

Information for further details on the 25 slabs thicknesses and k-points used in the 238 

calculations.  Fig. 5portrays the optimized minimum energy structure of 25 surfaces, and 239 

Table 1 lists their prominent characteristics 240 

 241 

Fig. 5 242 

 243 

Table 1 244 

 245 

Subsequent discussions refer to the surfaces based on their planar orientations and elemental 246 

terminations.  For example, the (001)CuOCo surface represents a construction truncated 247 

along the [001] direction with Cu/O/Co atoms located in the outmost layer, in sequential 248 

order.  As seen in Table 1, ten different surfaces exist in the stoichiometry state of CoCu2O3, 249 

i.e., atomic ratio Co:Cu:O = 1:2:3.  Meanwhile, the non-stoichiometric surfaces have also 250 

been listed with their respective atomic deficiencies with respect to cobalt and copper. 251 

 252 

 253 

3.3. Thermodynamic stability phase diagram 254 

 255 

Equation 10, 11, and 12 afford the estimation of a physical allowable range of change in 256 

chemical potentials as follows: 257 

 258 
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−9.48 < Δ��� < 0	[\,  

−4.74 < Δ��� < 0	[\, and  

−3.16 < Δ�� < 0	[\.  

 259 

Furthermore the distribution of	∆�(�, �) within the specified limits from Equation 13, 14 and 260 

15 were computed.  Fig. 6 depicts the calculated change in chemical potential over a 261 

temperature range of 0 K to 2000 K, and pressures between ultra-high vacuum (100 nPa) to 262 

high-pressure regime (10 GPa). 263 

 264 

Fig. 6 265 

 266 

Cobalt incurs the widest range for change in chemical potential.  In fact, as seen in Fig. 6, it is 267 

clear that over the selected surrounding temperature and pressure conditions, 268 

∆���(�, �)	exceeds its minimum value, i.e., its Co-lean limit.  Hence from a physical 269 

viewpoint, it may be more noteworthy to preferentially consider Equation 8 for the 270 

calculation of surface free energy.  However, Equation 9 leads also to the same computational 271 

deductions. The explicit forms of �(Δ���,Δ��) and �(Δ���,Δ��) are presented in Table S4 in 272 

the Supplementary Information. 273 

 274 

Table 2 presents the calculated surface free energy of all stoichiometric surfaces (see Fig. S1 275 

in the Supplementary Information for the 3-D plot).  As expected, all the surface 276 

configurations with Co:Cu:O = 1:2:3 exhibit a constant free energy value (seen as flat planes 277 

in Fig. 6), and the minimum �(�, �) lies on the inverted (010)CoCuO termination. 278 

 279 

Table 2 280 

 281 

Thereafter, we compare the non-stoichiometric surfaces with (010)CoCuOinv (see Fig. S2 in 282 

the Supplementary Information for the 3-D plot).  Fig. 6 depicts the two-dimensional contour 283 

plane of the section.  Over the considered change in chemical potential ranges, some non-284 

stoichiometric surface appear more stable than (010)CoCuOinv.  The scale of Δ���	 and Δ��� 285 

in Fig. 7 indicates that, the facet characteristics at the lean Cu is qualitatively similar to rich 286 

Co and vice versa.  Notably, at the lean Cu/rich Co/rich O, the surface energies of 287 
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(001)CoOCo and (110)OCoO are lower than that in bulk, indicating that these surfaces form 288 

spontaneously at such conditions. 289 

 290 

Fig. 7 291 

 292 

Applicably, one can easily calculate the Δ��� and Δ�� values corresponding to a particular 293 

temperature and pressure from Equation 13, 14, 15 (or by inspection of Fig. 6), an then trace 294 

out the most stable surface configuration for the intended conditions.  For example, at 295 

ambient environmental conditions (T = 298.15 K, and p = 1 atm), the Δ��� and Δ��  296 

respectively equal to −0.05 eV and −0.27 eV, hence the (001)CuOCu represents the optimum 297 

surface configuration for such applications.  Refer to Fig. S3 (Supplementary Information) 298 

for further examples. 299 

 300 

In addition, we tuned the Δ�� parameters at constant Δ��� values.  Theoretically, the surface 301 

free energy of a stoichiometric surface composition remains independent of the gas phase 302 

chemical potential, and conversely, a surface termination with excess oxygen will become 303 

more stable while those with an oxygen deficiency will be less stable with increasing gas 304 

phase chemical potential [45; 49]. 305 

 306 

Fig. 8 307 

 308 

The trends in Fig. 8 illustrates that, (001)CuOCu surface termination incur surplus oxygen, 309 

whereas, the other slabs are relatively O deficient over the considered gas-phase chemical 310 

potentials.  Consequently, (001)CuOCu becomes more stable with increase in Δ��.  311 

Furthermore, this is justified by referring to Table 1, (001)CuOCu has relatively large Cu/O 312 

excess (4, 4) with respect to Co.  However, the situation is contrary for (110)OCoO, 313 

(001)CoOCo, (110)CoOCu surfaces, having O deficit of −2, −4, and −6, in that order with 314 

respect to Co.  Our findings herein is consistent with the general consensus that non-315 

stoichiometric surfaces with surplus of electro negatively charged atoms (such as O and 316 

halides)[47-49] tend to be more thermodynamically stable.  In our recent study on 317 

thermodynamic stability of CuBr2 surfaces [48], we illustrated that many structural and 318 

electronic factors may contribute to the stability ordering such as the degree of surface 319 

relaxation, reduction in the charge in the topmost layer as well as the overall polarity of the 320 
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slab.  Herein, the profound stability of the (001)CuOCu most likely stems from the surface 321 

polarity induced by its non-stoichiometric termination.  322 

  323 

 324 

4. Conclusions 325 

 326 

The structures and surface stabilities of transition metallic (oxide) ternary compounds  have 327 

been studied via accurate DFT+U method amalgamated with ab initio atomistic 328 

thermodynamics.  As a case study, we examined the CoCu2O3 surfaces with regards to bulk 329 

Co/Cu and O2 gas reservoirs, and presented the suitable stability phase diagram. The 330 

chemical potential range of the componential species represents the key variable in the 331 

atomistic thermodynamics. Within the considered range for change in chemical potentials, 332 

our result elucidated five stable surfaces across all low-Miller-index directions.  This includes 333 

the stoichiometrically balanced (010)CoCuOinv, and the non-stoichiometric (001)CuOCu, 334 

(001)CoOCo, (110)OCoO and (110)CoOCu facet terminations.  Considerably, (001)CuOCu 335 

represents the optimum surface configuration for applications in ambient conditions.  336 

Furthermore, the (001)CoOCo and (110)OCoO surface configurations can be formed 337 

spontaneously at certain rare conditions.   Finally, the systematic approach applied in this 338 

study can be easily employed for the analysis: (1) of other 3-element multicomponent 339 

systems (including transition metal elements); (2) on the higher Miller-index surfaces; and (3) 340 

of surface phase transition as a function of reservoirs, temperature and pressure. Accordingly, 341 

we derive propelling conclusions concerning the optimized usage of the ternary-phase metal 342 

oxide film in solar and thermal applications. 343 
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Table 1 The geometry CoCu2O3 surfaces.  

No. Miller- 
index 

Near surface 
atoms 

Slab 
composition 
(Co:Cu:O) 

Cu, O 
excess/deficit 
with respect 

to Co 

Co, O 
excess/deficit 
with respect 

to Cu 

Surface 
area 
(Å2) 

1a 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 a 001 Co, O, Cu 8:16:24 0, 0 0, 0 37.43 

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

5 001 O, 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 

7 a 010 Co, Cu, O 
(inverted) 

8:16:24 0, 0 0, 0 30.19 

8 a 010 Co, Cu, O 
(mirrored) 

9:18:27 0, 0 0, 0 30.19 

9 a 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 a 011 Cu, O, Co 10:20:30 0, 0 0, 0 48.09 

13 a 011 Cu, Co, O 10:20:30 0, 0 0, 0 48.09 

14 a 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 a 101 Cu, Cu, O 8:16:24 0, 0 0, 0 39.51 

18 101 Co, O, O 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, O 6:12:20 0, 2 0, 2 32.73 

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 

25 a 111 Co, Cu, O 10:20:30 0, 0 0, 0 49.73 
a Surface with atomic ratio of Co:Cu:O = 1:2:3 
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Table 2 Surface free energies of CoCu2O3 slabs with atomic ratio of Co:Cu:O = 1:2:3 
 

No. Miller-index Near surface atoms Surface free energy (eV/Å2) 

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 TiO2, hematite Fe2O3 and ilmenite TiFeO3 with respect to 
varying U-values. Experimental values are sourced from Ref 36. 

 

 

Fig. 2 CoCu2O3 band gaps with respect to varying UCo and UCu values. Red dot represents the 

selected U-values. Green surface is the U-value range for cubic CoO and monoclinic CuO. 
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Fig. 3 Magnetic moments of bulk CoCu2O3. Purple, brown and red spheres represents Co, Cu 

and O atoms; respectively. The lattice constants a = 9.45 Å, b = 3.96 Å and c = 3.19 Å. Black 

and blue arrows are the magnetic moment orientations with magnitude of 2.89 µB and 0.76 

µB, respectively. 
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(a) 

 

(b) 

Fig. 4 (a) Band structure and (b) projected density of states (total spin) of bulk CoCu2O3. 

Estimated band gap ≈1.25 eV. 
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1. (001)CuOCo 

 

2. (001)CoOCo 

 

3. (001)CoOCu 

 

4. (001)CuOCu 

 

5. (001)OCoO 

 

6. (001)OCuO 

 

7. (010)CoCuOinv 

 

8. (010)CoCuOmir 

 

9. (100)CuOCo 

 

10. (100)CoOCu 

 

11. (100)CuOCu 

 

12. (011)CuOCo 

 

13. (011)CuCoO 

 

14. (101)CoCuO 

 

15. (101)OCuO 

 

16. (101)CuOCu 

 

17. (101)CuCuO 

 

18. (101)CoOO 

 

19. (110)OCuO 

 

20. (110)CuOCu 

 

21. (110)CuOO 

 

22. (110)CuOCo 

 

23. (110)OCoO 

 

24. (110)CoOCu 

 

25. (111)CoCuO 

 

Fig. 5 Vertical cross sections of the optimized CoCu2O3 surfaces. Purple, brown and red 

denote Co, Cu and O, respectively. 
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Fig. 6 Δ���	(�, �), Δ���(�, �)		and Δ��	(�, �) as calculated by NIST-JANAF 

thermodynamics table via Equation 13, 14 and 15.  Minimum chemical potential (dashed 

line) was set according to Equation 10, 11 and 12. 
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Fig. 7 The most stable phase diagram of �(Δ���,Δ��) and �(Δ���,Δ��) for all inspected 

surfaces. � is surface free energy (eV/Å2) and Δ� is chemical potential variation of the 

respective atom (eV). Diagonal brown line indicates	Δ���. 
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Fig. 8 Surface energies of the most stable surface terminations for low-index surface facets 

considered in this work. Δ�� (drawn at different scales) is considered as tuneable parameter 

under fixed Δ��� values. Negative gradient (line sloping downward from left to right) 

signifies slabs with excess O, and positive gradient (line sloping upward from left to right) 

represent slabs with O deficiency. 
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Highlights  

 

• The present study is the first to report DFT + U analysis mixed metallic oxide systems.  
 

• We applied this approach to examine, band gap  the structure and relative stability of CoCu2O3 
surfaces. 
 

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


