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Thermodynamic stability

To schematize the thermodynamic solubility limit of CuM;.,M'«O,, we compared their
enthalpy of mixing (AHnmix) and the configurational entropy (ASmix), AHmix IS defined as:

AHpix[CuM1xM'xO;] = E(CuM1xM'xO2)-XxE(CuM'O,)-(1-X)E(CuMOy)

where E(CuM1.xM',O>) is the total energy of CuM;xM’xO, and E(CuM’'O,) and E(CuMO,)
are the total energies of ground states of CuM'O, and CuMO..

AHpix of CuAl;xGaxO, solid solutions can be reliably represented by a regular solution
model, which has a symmetry of x=0.5. To capture the asymmetry of AHmix With respect to
composition of CuAl;xBxO, (0 < x < 0.417), CuGa; xBxO, (0 < x <0.167), Culn;«xBxO, (0 < x <
0.167), CuAli«InO, and CuGa;«xInyO,, a sub-regular solution model was used. The regular
solution model and sub-regular solution model can be represented mathematically by the
following equation:

AHpix = X(1-X)*Q(X)



AHmix = X(1-X)*[Q1(1-X)+ Q2X]
where X is the molar concentration, € is the interaction parameter.

Q(x,0.0 K) = AHpix(X,0.0 K)/[x(1-X)]

The entropy of a solid solution is a sum of the configurational entropy (ASmix) and the
vibrations entropy. The vibrational entropy is negligible compared to ASpix, ASmix has a simple
functional form.

ASnix = —Kkg[XInx+(1—x)In(1-x)], kg is @ Boltzmann constant.

The stability of solid solution is determined by the Gibbs-free energy of mixing (AGnix), Which
includes not only AHpix but also the contribution of ASyix and temperature, which is given by:

AGmix = AHmix — TASmix = (1-x)x* Q + kg T[(1-X)In(1-x) + xInx]
where, ASpix IS positive and -TASpix IS negative, indicating -TASyix has stabilizing effect.
Moreover, from AGnix, One obtains the solubility limits for binodal and spinodal decomposition,

and the critical temperature as shown in Figure 2b.
The calculation of lattice mismatch

The lattice mismatch, Aa/a, and Ac/c between CuMO; and CuM'xO,, can be calculated by

the following equation:

Aa ’aCuMOQ_ acum'o,

a ACuMO,

Ac |CCUM02' Ccumo,

Y CcuMO,
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Figure S1. Average (a) Cu-0O, (b) Al-O, (c) B-O, (d) Ga-O and (e) In-O bond lengths of CuM;.,M’,O; solid
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Figure S2. The partial radial distribution functions (a, ¢, €) Cu-Cu and (b, d, f) M-M average nearest neighbor
occurrence vs distance for CuM,B,0, compounds, the corresponding RDF peaks of Cu-Cu and M-M in the
nearest interlayer are marked with clubs.
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Figure S3. Powder X-ray diffraction and Rietveld plots of CuAl,.,Ga,0,, CuGa;«In,O, and CuAl;In,O,

samples.
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Figure S4. The SEM images and EDS element mappings of (2) CuAlysGags0,, (b) CuAlgg71ng 030, (C)
CuGagglng 10, samples.
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Figure S5. Average Hirshfeld charge Cu, O, Al, Ga and In atoms in CuM;_, MO, solid solutions.
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Figure S6. Projected density of states of CuAl; 4Ga,O,, CuGa;4InyO, and CuAl,4In,O, solid solutions as a
function of content x.
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Figure S7. Optical band gaps of CuAl;,Ga,0,, CuGa;4In,O, and CuAl;4In,O, samples were estimated by the
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Figure S8. Mott-Schottky plots of CuAl,,Ga,0, (x=0, 0.25, 0.5, 0.75, 1), CuAl;«In,O, (x=0, 0.01, 0.03, 1) and
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Figure S9. Band structure and the corresponding density of states of CuGa;.xIn,O, solid solutions.



Table S1 The calculated lattice constants of CuBO,, CuAIO,, CuGaO, and CulnOs,.

This work Computational reference value Experimental value/A

Lattice constants /A Lattice constants /A Computational method
CuBO, a=h=2.5117, a=h=2.512, ¢=16.504% GGA- PBEsol a=b=2.53, c=16.58 (Pulsed laser deposition technique®)

c=16.5031 a=b=2.6, c=16.6% PBE-GGA

a=h=2.8659, a=h=2.861, c=16.978% WIEN97 a=bh=2.8617, c=16.9407 (Hydrothermal method®)
CuAlo, €=16.9179 a=h=2.89, c=17.0% PBE-GGA a=bh=2.8730, c=16.9460 (Solid-state reaction*’)

a=h=2.9864, a=h=2.9770, c=17.1710% TB-LMTO a=h=2.9748, ¢=17.155 ( Hydrothermal method ")
CuGaO,  ¢=17.1373 a=h=2.963, ¢=17.172% LAPW a=bh=2.986, c=17.229 ( Hydrothermal method )*

a=h=2.976, c=17.160 (Solid-state reaction®®)

a=h=3.3488, a=b=3.34, ¢c=17.5% PBE-GGA a=b=3.2922, c=17.388 (Cation exchange reaction )**

CulnO, c=17.3237 a=h=3.359, c=17.529* GGA-PBE
a=h=3.2920, c=17.3880* TB-LMTO

Table S2. Rietveld refinement results of XRD pattern for all compositions of CuAl;,Gas0,, CuGay.«In,O, and CuAlIn,O, samples.

Lattice parameter

Material
a,b(A) c(A) o B (°) v () AL

CuAlO, 2.8578 16.9288 90.0 120.0 119.8725
CuAly 75Gag 50, 2.8883 16.9688 90.0 120.0 122.5952
CuAlysGags0- 2.9305 17.0566 90.0 120.0 126.8562
CuAly25Gag 750, 2.9616 17.1356 90.0 120.0 130.1631
CuGa0, 2.9766 17.1632 90.0 120.0 131.6990
CuAlg g51Ng010; 2.8665 16.9384 90.0 120.0 119.6908
CuAlg 710650, 2.8783 16.9482 90.0 120.0 119.9165
CulnO; 3.3215 17.4000 90.0 120.0 166.2350
CuGay 51N 050> 2.9894 17.1701 90.0 120.0 132.9590
CuGaygelng10; 2.9923 17.1724 90.0 120.0 133.1642




Table S3. The atomic percentage of different cations extracted from SEM-EDS for CuAlysGag 502, CuAlgg7Ing 030, and CuGagglng 10, samples.

Atomic concentration from XPS

Material Cu Al Ga In o

%) ) %) %) (%)
CuAlgsGaps0, | 26.1 132 138 0.0 473
CuAlgg7lngos0, | 25.7 243 0.0 1.1 485
CuGagelng 10, | 21.7 0.0 25.8 2.4 50.1




