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Advancements in many modern technologies rely on the continuous need for
materials discovery. However, the design of synthesis routes leading to new and
targeted solid-state materials requires understanding of reactivity patterns'™>.
Advances in synthesis science are necessary to increase efficiency and accelerate
materials discovery*™°. We present a highly effective methodology for the rational
discovery of materials using high-temperature solutions or fluxes having tunable
solubility. This methodology facilitates product selection by projecting the
free-energy landscape into real synthetic variables: temperature and flux ratio.

We demonstrate the effectiveness of this technique by synthesizing compounds in
the chalcogenide system of A(Ba)-Cu-Q(O) (Q =S or Se; A = Na, K or Rb) using mixed
AOH/AX (A =Li,Na,Kor Rb; X=ClorI) fluxes. We present 30 unreported compounds
or compositions, including more than ten unique structural types, by systematically
varying the temperature and flux ratios without requiring changing the proportions

of starting materials. Also, we found that the structural dimensionality of the
compounds decreases with increasing reactant solubility and temperature.
This methodology serves as an effective general strategy for the rational discovery

ofinorganic solids.

The extent of control and predictability of synthetic outcomes for
extended solids composed of more than three elements compared with
that for many molecular compounds is low. Consequently, explora-
tory synthesis is an invaluable tool for materials discovery—as the
pioneer in this field, John Corbett, described, “It is always difficult to
predict the unimaginable”. Owing to the knowledge accumulating
from exploratory synthesis and the progress made during the past
decades"?, predictive synthesis®, including identifying composition
and structure that confer the desired properties and synthesizing the
desired targets, may soon be within reach. However, this requires the
ability tounderstand and predict viable reaction pathways. Therefore,
new synthetic strategies to show effective reaction pathways that can
add amore ‘rational’ component to exploratory synthesis are required
to accelerate materials discovery and achieve the ultimate goal—
synthesizable materials by design.

We present a more generalized synthesis methodology that can be
adapted to control thereaction paths and phase selectionto achieve the
synthesis of adiverse set of compounds while simultaneously extract-
ing generalized rules and trends in stoichiometry, as well as structure
assembly and dimensionality. We demonstrate the effectiveness of
this approach in the A(Ba)-Cu-Q(O) system using hydroxide/halide
mixtures by synthesizing 30 unreported compounds, including more
thanten unique structure types. Furthermore, we describe a strategy
to control the structural dimensionality of the products and preserve

the building blocks to synthesize compounds with unique structure
types. We also demonstrate how this knowledge can be used to select
reaction paths to obtain targeted solid-state compounds with chal-
lenging structural characteristics, such as mixed anions, by tuning the
solubility of a mixed flux.

Reactivity trends with tunable flux

The solubility can be methodically controlled by using a mixed flux
comprising an effective solvent to ensure high solubility and an
anti-solvent to modulate the solubility. To synthesize chalcogenide
systemsin particular, we selected AOH and AX as the tunable flux com-
ponents because the solubility of alkali chalcogenides can be two to
three orders of magnitude larger in AOH thanin AX**"5, Therefore, the
AXcomponent fine-tunes the solubility, whereas the identity of A serves
to fine-tune the basicity of the flux, whichindependently influences the
solubility and reactivity of chalcogenides. The solubility of the reactants
can be further controlled by using mixed alkali ions in the hydroxide.
Therefore, for a ternary A.M,Q, (M = transition metals) system using
mixed AOH/AX fluxes, we expect the stoichiometric ratio of x/yin the
crystallizing solids to be controllable using the solubility. This would
have a profound effect on the structure because the incorporation
of alarge number of Q* atoms (which would increase the number of
counter cations) will probably reduce the dimensionality from 3D to
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Fig.1| Compositional and dimensionality control withbasicity.

a, Organizational reaction-trend diagram showing the effect of increasing
basicity (whichisafunction of flux ratio, temperature and alkaliion type) on
thesuccessive formation of soluble species (in red font) resulting from the
attack of Q%" ions onlow-dimensional species. These fragments provide the
building blocks for crystalline compounds. The higher the basicity (further right
alongthe x-axis), the higher the solubility and the concentration of low-
dimensional fragments (further up the y-axis). The structures show the products
crystallized under those conditions of basicity. The diagram also shows the
perturbation of thereaction pathinthe presence of further metalions (such as B)
and the formation of mixed-anion structures (provided that Bis an oxophilic
element).b,c, Syntheses in the mixed flux of NaOH/Nal with 7/[OH] phase
diagram for Q =Se (b) and phase diagram for Q=S (c). The dotted linesinband
careestimated phaseboundaries. d, Crystal structures of I (Na,,,OCu,Se,),

11 (Na,.,0,Cuy,,,Se,o) and Il (Nas,,OCugSe,). e, Compound X (NaCu,Se,).
CompoundsIV (Na,,,OCu,S,), V (Na,,.,0,Cuy,,S,,) and VI (Na;, ,OCugS,) are
isostructural with I, I1and 111, respectively. Yellow, light green and blue spheres
represent Na, Se and Cu atoms, respectively.

0D, asillustrated in Fig. 1a (refs. ). The strategy proved to be effective,
consideringthat30 unreported compounds were synthesized, as listed
in Table 1. We detail the reaction trend with the results obtained using
the NaOH/Nal flux below. A similar trend was observed for reactions
in (Na, Li)OH/Nal, (K, Li)OH/Nal (Extended Data Fig.1) and (Rb, Li)OH/
Nal (Extended Data Fig. 1), which are detailed in Methods.
FromreactionsinNaOH/Nalat400-550 °Cwith[OH] =0.5-1,forQ=Se
andS, we obtained eight unreported phases (I-VI, IX and X) by adjusting
the temperature (T) and [OH]. The phase diagrams showing the 7/[OH]
regions of each phase are illustrated in Fig. 1b,c. For Q =Se at 450 °C,
we observed the formation of I (Na,,, OCu,Se,), Il (Na,,.,0,Cu,,,,Se;;)
and III (Na;,, OCugSe,) at [OH] = 0.85, 0.80 and 0.70, respectively
(Fig.1d and Fig. S1). The structure of I (Na,,, OCu,Se,) (Fig. 1d, right)
consists of chains of Cu,Se, formed by corner-sharing triangular CuS,
and Na,,,O (x= 0.4), a1D fragment from a NaCl-type structure with

infinite corner-sharing ONa, octahedra. This structure type is similar to
the Nb,Cu,Si, type, except that the octahedral centre of Nbis empty".
The structures of Il (Fig. 1d, middle) and I (Fig. 1d, left) correspond
ton=2and 3, respectively, in the homologous series of I (n =1) with
chains of Cu,,,,Se;.,.

When [OH]was decreased to 0.6, the products obtained were amix-
ture of Il (Nas,, OCugSe,) and X (NaCu,Se,, Fig. 1e). The structure of
X (NaCu,Se,) consists of two types of Cu-Se coordination: triangular
andtetrahedral.InX, Naand Se form a Cdl,-type 2D honeycomb lattice
and Cu can occupy the tetrahedral sites between the two adjacent Se
sheets or the triangular sites within each Se honeycomb plane. All Cu
sites are disordered, with partial occupancies summing to three Cu
atoms to charge balance with one Na and two Se atoms. These results
clearly show asimilar trend of phase evolution as a function of the flux
ratio as for K/Ni/S in mixed LiOH/KOH (ref. ¥). Notably, when the solubil-
ity wasincreased by using alower NaOH/Nal ratio, the dimensionality
ofthe products decreased inthe order X, III, I1and I as the Cu/Naratio
decreased. This entirely agrees with our hypothesis that increasing
the solubility and A,Q concentration can lead to a larger ratio of x/y
in A,M,Q, and reduce the dimensionality. For reactions occurring at
temperatures exceeding 450 °C, only I (Na,.,OCu,Se,) was observed
for [OH] as low as 0.75. Considering that the solubility increases
with T, it is probable that the overall solubility is higher, despite the
reduction in [OH].

For Q=S at 450 °C, when [OH] was 0.68, the reaction produced a
mixture of IV (Na,,,OCu,S,) and V (Na,,,0,Cu,,,S,), although only
IVwas observed for [OH] > 0.7 (Fig.S2a,b). Only V was obtained when
[OH]was further reduced to 0.62 (Fig.1cand Fig.S2c). The structure of
IVisidentical toits Seanaloguel (Fig.1d, right), whereas the structure
of Vis aslightly disordered version of Il (Fig. 1d, middle), reducing
its symmetry from C2/m to P2/c. To obtain the sulfide analogues of
IIl or X, the solubility or temperature required further reduction.
When [OH] was reduced to 0.55at 450 °C, the double-chained sulfide
VI (Nas,, OCugS,) was obtained (Fig. S2d). However, pure 2D NaCu,S, (IX)
was not obtained for [OH] aslow as 0.5at 400 °C, at which a mixture of
IX (NaCus,S,) and VI(Na;,, OCugS,) was produced. Thisis probably owing
tothe higher solubility of sulfides than that of selenides in NaOH/Nal.

Perturbation ofreaction path

When further elements such as Bawere introduced during thereaction,
we observed different outcomes involving both ternary Ba/Cu/Q and
quaternary Ba/A/Cu/Q compounds. On the basis of our hypothesis,
the formation of Ba/A/Cu/Q s preferred at high reactant solubility
and temperature, because the solubility of quaternary products is
generally lower than that of ternary products. Through the reactions
performed using the LiOH/LiCl flux, we only obtained a-BaCu,Se,
(Fig.2a) at T=450 and 500 °C, [OH] = 0.6-0.9. However, for Q=S at
450 °C, the product was a-BaCu,S, (Fig. 2a) at [OH] = 0.6, whereas at
[OH] = 0.75, ThCr,Si,-type 3-BaCu, ,Li, S, (XIV, Fig. 2b) was obtained.
Li substitution was probably caused by the more favourable entropy
of mixing in the product, similar to that in Na(Cu, cLi,,)S (XII). How-
ever, unlike the 40% substitution in XII, the lower substitution (30%)
inBaCu, 4Li, ¢S, (XIV)isattributed to the lower synthesis temperature
of 450 °C (instead of 500 °C).

We also controlled the reaction outcome by tuning the Na/Li ratio
in (Na, Li)OH/Nal. For Q=S with Na/Li=1, [OH] =0.85 and 7= 500 °C,
instead of 3-BaCu,_,Li,S,, the product was an unreported mixed-anion
compound, XIX (Ba, sCug;Na, ,0,S, Fig. 2c). Its structure typeis unique,
featuring animmense 1D infinite channel having a diameter of about
12 Aenclosed by four slabs of 7 x « edge-sharing CuS, tetrahedra. The
large cavity is filled with an exotic structure of Ba, sNa, ;0, consisting
of aface-sharing CsCl-type BaOg 1D chain in the centre. The following
shellsurrounding the chain consists of four edge-sharing fluorite-type
NaO, connecting the third shell of distorted face-sharing CsCl-type
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Table 1| New phases synthesized by controlling the reaction paths using mixed AOH/AX fluxes under selected synthetic

conditions

Code Formula Spacegroup Structure type Coordination Dimension Flux [OH] T(°C)
1 Na,.,OCu,Se, 14/m Nb;Cu,Si, Tr 1D NaOH/Nal 0.85 500
] Na10:x0,CU 1, Se1o C2/m Unique Tr, Tet 1D NaOH/Nal 0.80 450
1] Nas,, OCugSeq C2/m Unique Tr, Tet 1D NaOH/Nal 0.70 450
[\'} Na,.,OCu,S, 14/m NbsCu,Si, Tr 1D NaOH/Nal 0.80 450
v N2, 0,CUnSio P2/c Unique L, Tr, Tet 1D (Na, Li)OH/Nal 0.68 450
VI Nas,,0CUgSe c2/m Unique Tr, Tet 1D NaOH/Nal 0.50 400
Vil KaxOCU,S, 14/m Nb,Cu,Si, Tr 1D (K, L)OH/KI 075 450
vl K4, OCu,Se, 14/m NbsCu,Si, Tr 1D (K, L)OH/KI 0.80 500
1X NaCu,S, R-3m Unique Tr, Tet 2D (Na, Li)OH/Nal 0.68 500
X NaCu,Se, C2/m Unique Tr, Tet 2D (Na, Li)OH/Nal 0.85 450
Xl KCu,S, R-3m Unique Tr, Tet 2D (K, Li)OH/KI 0.80 600
Xn Na(Cugglio)S PA/nmm PbCIF Tet 2D (Na, Li)OH/Nal 0.90 500
X Na(Cuggliy,)Se P4/nmm PbCIF Tet 2D (Na, Li)OH/Nal 0.85 600
XIv BaCu,,LiosS, 14/mmm ThCr,Si, Tet 2D LiOH/LiCl 075 450
XV (Bag44Rbo 56)CU,SE, 14/mmm ThCr,Si, Tet 2D (Rb, Li)OH/Rbl 0.60 450
Xvi Na,BaCu,Sg C2/m Unique L, Tr 2D (Na, Li)OH/Nal 0.75 500
Xvil K;BaCu,S¢ C2/m Unique L Tr 2D LiOH/KOH 1.00 450
Xvii Ba,Cu,Na, ;0,,5; C2/m Unique Tr, Tet 2D (Na, Li)OH/Nal 0.85 420
XIX Ba, sCug;Na,;0,Sg 14/m Unique Tet ps-1D (Na, Li)OH/Nal 0.68 500
XX Ba,Cu;;0Se, Pnma Unique Tr, Tet ps-1D (Na, Li)OH/Nal 0.85 450
XX1 Ba,Cu,50,Cu,Se, 14/mmm Heterolayer Tet 2D (Na, Li)OH/Nal 0.75 450
XX Ba,Nay55:0,Cu,Se, 14/mmm Heterolayer Tet 2D (Na, Li)OH/Nal 0.80 450
Xxin (Ba,65K0.57)0,Cu,Se, 14/mmm Heterolayer Tet 2D (K, Li)OH/KI 0.70 450
XXIV Ba,Cu,0;CuS P4/nmm Heterolayer Tet 2D (K, Li)OH/KI 0.80 600
XXV KCusSe, P4,/mnm CsAgsTe, Tr, Tet ps-1D (K, Li)OH/KI 0.85 500
XXVI RbCu,_Se, 14/m Unique Tr, Tet ps-1D (Rb, Li)OH/Rbl 075 450
XXvii Ba,RbsCu,,Se;5 Im-3m Unique Tet oD (Rb, Li)OH/Rbl 0.75 450
XXV Na,Cu,Se, Pbam KsCu,S, Tr 1D (Na, Li)OH/Nal 0.60 550
XXIX BaK,Cu,S,_.Se, Pbam KsCu,S, Tr 1D (K, Li)OH/Kal 0.70 600
XXX BaK,CusS, c2/m Rb,CusSe, Tr, Tet 2D LiOH/KOH 1.00 450

The reactant to flux ratios were not varied, and the temperature and hydroxide concentrations are the only determining factors for the selection of products. L, Tr and Tet represent linear,
triangular and tetrahedral coordination for Cu bonding, respectively, and ps-1D denotes the pseudo-1-dimensional structure type. Compound XXVIII marked with * was recovered from pano-
ramic synthesis, which was carried out in a carbon-coated silica tube instead of a glassy carbon boat. Crystal structures are provided in the Supplementary Data in the form of crystallographic
information files (CIFs) except for VIl and X1 and available at the Cambridge Crystallographic Data Centre (CCDC) database with deposition numbers CSD 2184424-2184451.

BaO,S, (edge centre of the cavity) and BaO,S, (corner of the cavity).
This unique structure type consists of large fragments of anti-PbO
layers from 3-BaCu,S,.

For Q =Se with Na/Li=0.15 and [OH] = 0.85 at 450 °C, the product
was anunreported mixed-anion compound, XX (Ba,_,Cu,;0Se, Fig.2d);
ithasatunnel-type structure similar to that of XIX (Ba, sCu,;Na, ;O,S,,
Fig. 2c) although with smaller cavities and no Na incorporation. The
channel is filled with edge-sharing 7-coordinated BaO,Se,, which
resembles the Ba-O coordination in Ba(OH), (ref. ). Fragments of
anti-PbO-type CuSe, edge-sharing tetrahedra are preserved in this
mixed-anion open-channel structure of XX (Ba,_,Cu; ;0Se,) because
they enclose these channels. The more basic flux, composed of RbOH
atRb/Li=1and [OH] = 0.6 at 450 °C, produced XV (Ba, ,4,Rb, 5,)Cu,Se,
(Fig. 2e), which is isostructural with 3-BaCu,Se, except for a notice-
able substitution of Rbto the Basite. Such large alkali substitution has
never beenreported, and the highest value reported so far was 36% for
(Bag 44K 36)CU,S, (ref. 2°). It seems that pseudo-1-dimensional (ps-1D)
structures such as XIX (Ba, sCu, ;Na, ;0,S,) and XX (Ba,_,Cu;0Se,)
are intermediates to 2D structures exhibiting fragments from
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anti-PbO-type layers. Compared with the condition (Na/Li=0.15and
[OH]=0.85 at 450 °C) that formed XX (Ba,_,Cu,;0Se,) using (Na, Li)
OH/Nal, when the solubility was increased by increasing Na/Li to 2,
ps-1D XX was bypassed and XXII (Ba,Na, ;;0,Cu,Se,) was obtained.
For a similar reaction in (K, Li)OH/KI with K/Li=2 and [OH] = 0.7,
XXIII (Ba, ¢;K, 5,)0,Cu,Se, was formed (Fig. 2f).

When the solubility is sufficiently high to favour mixed-anion struc-
tures such as XXII and XXIII, further perturbations with other transi-
tion metals (M) will produce Ba,MO,Cu,Q,. For example, when a Cu(lIl)
source, suchas CuO, wasintroduced to the reaction that resulted in XXII
(Ba,Na, ;s0,Cu,Se;,), the product obtained was XXI (Ba,Cu, s0,Cu,Se,,
Fig. 2j). When Se was replaced with S under identical conditions, the
product was Ba,Cu, ;0,Cu,S, (isostructural to XXI). The preparation of
these compounds may be difficult, considering that Ba,CuO,Cu,Se, was
only prepared under high pressure (5.5 GPa) at1,000 °C (ref. *), whereas
the sulfide analogue Ba,CuO,Cu,S, has not been reported. Further-
more, when the reaction temperature was increased to 500-550 °C,
we observed alkali substitution at the Ba site, resulting in products
such as [(Ba; gK,,)Cu, s0,1[Cu,Se,], which shows promise for tuning
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the oxidation state of Cuin the oxide layer, because the oxidation state
of high-critical-temperature cuprate exceeds +2. Furthermore, when
the reaction temperature increased to 700 °C, an unknown compound
formed where the oxide layeris the ‘Ba,Cu, ;05 (XXIV, Ba,Cu, ;0,CusS),
as shown in Fig. 2k. This suggests a trend wherein the solubilities of
M,Q,, chalcogenide building blocks and M,Q, oxide blocks increase
with p/q, asillustrated in Fig. 1a. Therefore, the method using tunable
solubility to control the stoichiometry and dimensionality of A,M,Q,
isprobably a general approach that functions for non-chalcogenides.

Furthermore, we tested the effect of Ba** perturbation on the syn-
thetic pathways that form IX (NaCu,S,) and XI (KCus,S,), as shown in
Fig. 2g. When BaO was introduced, the reaction path changed, pro-
ducing XVI (Na;BaCu,S,) and XVII (K;BaCu,S,, Fig. 2h). They exhibit
a unique type of structure featuring corner-sharing triangular CuS,
and linearly coordinated CuS, units. Notably, these linearly coordi-
nated Cu atoms form a kagome (k) layer, whereas the two adjacent
triangularly coordinated Cu atoms form two honeycomb (h) layers,
thereby resulting in a hkh-type hybrid honeycomb and kagome lattice.
When the solubility was further increased using (Na, Li)OH/Nal, the
product was an unreported type of mixed-anion compound, XVIII
(Ba,Cu,Na,;0, ;S;, Fig. 2i), consisting of alternating Cu,S, chalcogenide
layers and Ba,Na, ;0 oxide layers. Each Cu,S; layer comprises chains
of edge-sharing CuS, tetrahedra connected by parallel triangular CuS,
units.

Linking flux conditions to stability

To apply this mixed-flux method for materials design, we need a deeper
understandingofthecorrelationbetweenthestabilityofthe productsand
synthetic conditions. Hence, we carried out panoramic syntheses using
insitupowder X-raydiffraction (PXRD). Theresults (detailedin Methods)
areshownin Extended Data Fig. 3 and Fig. S4. The corresponding tem-
perature profiles are shownin Fig. S3. Overall, the panoramic syntheses

XVl Ba,Cu,Na, ;0, S,

pink, blue, green, red, light yellow and light green spheres represent Na, K, Rb,
Cu,Ba, 0,Sand Seatoms, respectively. Thebottom-left and bottom-right
insetsinlillustrate the [Cu,,Se ;] cluster and the icosahedron enclosing Se,,,
respectively,inwhich the Seatoms at the vortices and centre of theicosahedron
areshowninlightgreenand orange, respectively.

results were consistent with our ex situ reactions for the phase evolution
over basicity. Furthermore, it showed several unknown intermediates
and unreported phases (at least eight, marked with A-H in Extended
Data Fig. 3). With its help, we could identify an unreported compo-
sition, Na,Cu,Se, (XXVIII). We observed that, once the flux is molten,
the binary precursors dissolve in the fluximmediately and start to
precipitate. The products formed at lower temperatures will re-dissolve
andre-precipitate. The addition of an oxide base can affect the solubil-
ity as well, which is explained by the Lux?*?* and Flood* basicity theory
of molten hydroxide. For example, the dissolving ability of the flux
increases with the addition of BaO, as we see complete dissolution.
This is why when a perturbation with a strong base such as BaO was
introduced, it allowed a diverse range of structures to be made.
Withthe addition of BaO, we also observed a highly unusual phenom-
enon:theprecipitate (IV, Na,, OCu,S,) dissolved completely when the
temperature increased from 400 °Ct0450 °C and thenrecrystallized
to XVI(Na;BaCu,S,) when holding at 450 °C over time (diffraction data
in Fig. 3a and Extended Data Fig. 3d). We try to analyse this process
with free energy (AG) using thermodynamic concepts, as shown in
the bottom half of Fig. 3a. At equilibrium with 7=400 °C, the stable
phaseis a (IV), whereas phase 3 (XVI) is metastable. Furthermore,
complete dissolution of a at this temperature is clearly unfavourable
in free energy compared with solution (sol.) + a. Their relative posi-
tions in the energy landscape are reflected in Fig. 3a, left. Because
awasdissolved completely when the temperatureincreased to 450 °C,
the dissolution of a was spontaneous at 450 °C. Therefore, at 450 °C,
the change in AG from sol. + a.to sol. (complete dissolution) is nega-
tive. Thus, we adjust the new-free energy landscape in Fig. 3a, middle
accordingly to show sol. at lower energy compared with (sol.) + a.
However, because 3 was able to crystallize by holding at 450 °C,
it suggests that (sol). is probably a metastable condition and the free
energy of (sol.) + B should be lower than the complete solution (sol.).
Therefore, we observed the crystallization of  in Fig. 3a, right.
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To gain further insights into the thermodynamics, we correlate the
phasestability of the products (AE,,,) withNa/Curatio (or dimensionality)
using density functional theory (DFT) calculations on the heterochains
I-VI, IX (NaCu,S,) and NaCu,S;. The calculations showed a trend that
productstability (AE,,;) decreased with decreasing dimensionality and
increasing Na/Cu ratio in our synthesis (Fig. 3b). Moreover, many of
the heterochains, suchasI-V, exhibit an energy above the convex hull
(AE;,,;) between100 and 200 meV per atom. Arecent summary of 24,526
compounds* showed an average AFE, ,, 0f 32-40 meV per atom, with 90%
ofthem below 100 meV per atom. The large values of AE,, for the hetero-
chains suggest high probability of metastability. One possibility is that
the stabilization of these heterochains is driven by entropy, considering
that higher temperature or solubility (from higher [OH]) favoured their
formation. Therefore, increasing temperature or solubility in these tun-
able mixed fluxes favours products with lower cohesive or lattice energy
(E.on =—H) and higher entropy. However, we want to emphasize that this
isageneral trend instead of a precise rule because this trend is areflec-
tion of the free-energy change of the system as a whole (precipitate +
solution) not just the precipitate, as demonstrated by the dissolution
and reprecipitation process (Fig. 3a). When the dissolving power of
the flux is low, the outcome is very similar to conventional solid state.
This is because with low solubility, the contribution to the free-energy
landscape of the solution from the productsis negligible. Thus, we can
rationalize product selection and structure dimensionality controlinthe
tunable mixed flux, inwhich the free-energy landscape using cohesive
energy E.,and entropy change AS of the products (Fig. 3¢c) can be pro-
jected onto synthetic variables such astemperature and AOH/AXratio
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(inset). Cohesive energy (E.,;,) is the absolute value of enthalpy (-H), and the
larger the value, the stronger the bonding energy of acompound. The cohesive
energy and entropy of the products &, f and y with decreasing dimensionality
andincreasing Na/Curatio tend to decrease with increasing entropy, whichis
favoured at higher temperatures or AOH/AXratios. Thisis projected
synthetically by increasing the temperature or basicity (AOH/AXratio), as
illustratedin theinset.

(Fig.3c, inset).Itis expected that products with lower cohesive energy
and higher entropy are selected with increasing temperature or higher
solubility, as depicted in Fig. 3¢, inset, and their free-energy profile as
afunction of increasing temperature or AOH/AXratio becomes closer
and closer to acomplete solution (sol.).

Thescience of synthesis that shows the productive reaction pathways
tonew compounds and its generalization over broad classes of systems
isgreatly underdeveloped. Thisworkis aneffort to advance this science.
Ourresults, with 30 new compounds rationally discovered using mixed
AOH/AXfluxes, demonstrate that product selectionbecomes possible by
projecting the free-energy landscape®?® onto synthetic variables. This
synthetic strategy can be used to rationally enhance the effectiveness
of exploratory syntheses by widening the phase regions and reducing
the number of synthetic parameters because temperature and flux ratio
are the only determining factors. We also demonstrated that certain
buildingblocks or fragments could be preserved in unique structures by
introducing a perturbation to known synthetic conditions. This can be
used totarget new structures having the desired building blocks. Finally,
the proposed method has the potential to yield useful reaction rulesand
patternsand serve asarational approach for the guided discovery synthe-
sisof awide range of materials, althoughits translational value in other
flux systems, such as mixed-metal fluxes, requires further validation.
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Methods

DFT calculations

DFT calculations were performed using the Vienna Ab initio Simula-
tion Package (VASP)*?° with the Perdew-Burke-Ernzerhof** general-
ized gradient approximation for the exchange-correlation functional.
We use Materials Project® recommended projector augmented-wave
atom potentials for all species and set a cutoff energy of 520 eV for the
plane-wave basis set. Reciprocal space sampling was performed using
k-point meshes with 1,000 k-points per reciprocal atom. We perform
spin-polarized calculations and find that the net magnetic momentis
close to zero for all structures. Owing to the use of consistent calcula-
tionsettings, the calculated energies canbe directly compared with the
datainthe Materials Project database. For select compounds, the band
structureis further calculated along high-symmetry directions (Fig. S5).

Synthetic details

Foratypical reaction, Cu,0 andasource of an elemental chalcogen (Q)
in the ratio of Q/Cu =3 were mixed with a flux of LIOH/LiCl or AOH/Al
(A=Na,KandRb). For Li-modulated flux of AOH/AI, either LiOH or Lil
was added to reach the intended A/Li ratio and hydroxide concentra-
tion, [OH] = mol(OH)/[mol(OH) + mol(X)]. The flux to reactant molar
ratios were about 5-10 to ensure complete initial dissolution. Hence,
for each A =Na, K and Rb, there were three synthetic parameters:
temperature, [OH] and A/Li. As described in our previous work’®, we
found that the ratio of Cu and Q did not affect the results, as long as
Qwasinexcess. Furthermore, with the hydroxide fluxes, molten AOH
allow in situ formation of A,Q by disproportionation of chalcogens
(through 6A0H +3Q »> 24,Q + A,Q0; + 3H,0), obviating a separate syn-
thesis for A,Q. This greatly increased the efficiency for our exploratory
synthesis, allowing us to cover wider phase regions in a shorter time,
as the preparation of A,Q is not trivial and can be time-consuming.
Synthesis of chalcogenides by reduction of QO, using As,0; (ref. *?) is
alsoreported in hydroflux, in which hydroxides are mixed with water
inasemi-closed system®3*, This greatly increased the efficiency of this
synthesis strategy, permitting it to cover substantially wider phase
regions in ashorter time. We also note that the effective flux medium
is hydroxide, not halide, as the solubility of chalcogenides or oxides
is much lower in halides compared with hydroxides. Reactions in hal-
ideswithout the presence of hydroxides only afforded binaries below
600 °C, identical to solid-state reactions.

Phase selection using this rationale method will be more straight-
forward because there are only two determining factors for solubility:
temperature and flux ratio. Therefore, for any particularA,Mand Qin
AM,Q,, the expected phase diagram is a function of temperature and
basicity, as demonstrated by the results shownin Fig. 1b,c. This provides
control over and predictability of composition and dimensionality
and reduces the chance of forming trivial binary phases owing to the
high solubility of binaries. These reaction conditions can substan-
tially increase the efficiency of steering the reaction paths towards
new phases. Furthermore, when the solubility is sufficiently high to
synthesize ternaries, they can feed on the formation of quaternary or
quinary systems composed of several anions having low solubilities.

The questionis how well the ability to control the solubility and con-
centration of building blocks facilitates the formation and selection
of new compounds. We conducted our study on Cu-Q (Q =S and Se),
using Cu,0 and elemental Q as the Cu and chalcogenide sources,
respectively,inmixed AOH/AX (A =Li,Na,KorRb; X=Clorl),inwhich
AOH was the alkaline component that enhanced the solubility and AX
was used to modulate the solubility. Therefore, it isimportant to note
that the effective medium of the flux is the hydroxide, not the halide,
because the solubility of chalcogenides or oxides is much lower in
halides. Although halides do not compete with chalcogenides for late
transition metals, as they have been used as fluxes for growing chal-
cogenide crystals®, we found that they can be combined with alkali

metals to form several anion systems of (M-Q)/(A-O-X) under certain
conditions using mixed hydroxide/halide fluxes. We selected Cu as a
chalcophilic element because Cu-Q bonding can be favoured, evenin
extremely high concentrations of OH. To cover alarger phase space, we
used mixed (Li, Na)OH/Nal, (Li, K)OH/KI and (Li, Rb)OH/Rbl fluxes to
allow the change in solubility with the AOH/AXratio and temperature
to be continuous. Subsequently, we introduced Ba in the form of BaO
into the flux systemto study the chemical perturbations caused by the
introduction of further electropositive elements. The strategy proved
tobe effective, considering that 30 new compounds were synthesized,
aslistedin Tablel.

The as-purchased NaOH that we used contained about10-15% water
by weight and, when heated, we observed this water leaving the reac-
tion and condensing at the end of the quartz tube, especially above
200 °C.Werunourreactionsinanopensystemand under nitrogen flow.
This helped to protect the reaction from oxygen and drive off the water.
In molten hydroxides, such equilibrium exists: 20H™ < H,0 + 0%, in
whichH,0and 0% serve as the acid and base, respectively?>**. Under our
conditions, water cannotbe trapped during the reaction, tobecome a
very different type of flux, known as the hydroflux*?*. However, water
can leave the fluxes, because we use an open system under constant
N, flow. In hydroxide fluxes, the dissociation constant is defined as
K4=[H,01[0%] (ref.>®). As K, is a function of temperature for a given
base, the minimal residual water will always be the same for given con-
ditions. The excess water will be evaporated in such an open system
under nitrogen flow, as we observed water condensing at the end of
the quartz tube and leaving the reaction when the furnace tempera-
ture exceeds 200 °C. Therefore, although the NaOH precursor that we
used contained about 10-15% water, the initial amount of water in the
flux is not a determining factor for the results. We acknowledge that,
during the crystal growth stage, the oxoacidity of the flux can change
over time owingto loss of water inan open system under nitrogen flow.
However, this process is suppressed by the high initial [0*] resulting
from dissolved Cu,0, BaO and disproportionation of Q.

The reactants were typically in the ratio of Q/Cu =3 and the reac-
tant to flux ratiois around 0.1-0.2. The total mass of the flux is about
0.8-1.0 g for the 3-ml glassy carbon boats. The reaction mixture was
loadedinarectangular glassy carbonboat that was then placed inside
afused silica tube with each end connected to a metal valve to allow
nitrogen gas to flow through. The fused silica tube was placed inside
atube furnace heated to 400-600 °C at a heating rate of 5°C min™.
The temperature was held for 20 h and then the furnace was cooled
to 300 °C at arate of 3-6 °C h'?, followed by turning off the power.
The products were washed with methanol in an ultrasonication bath
to remove the flux. The disproportion of Q led to side products such
as A,Q0, (x=3 or 4), which could be fully dissolved and removed by
further rinsing with water. Although it takes more rounds of washing
toremove them with methanol, itis preferred over water if the product
is sensitive to moisture.

Lidoes not formternaries with Cu/Q, as reactionsin the flux of LiOH/
LiCl only yielded various known Cu,_,Q binaries, except for reactions
at 600 °C with Q =Se, which afforded an unknown crystal indexed to
the P3m spacegroup witha =4.07 Aand c = 9.05 A (Fig. S6). Therefore,
LiOH could be a good solubility modulator without affecting the results
by direct participation of the reactions. However, we did notice that Li
substitutes tetrahedrally coordinated Cu. We will also demonstrate how
to control Lisubstitution with our flux reaction, whichmay be desirable
for certainapplications, such as direct band gap semiconductors with
high Li content for neutron detection®.

(Na, Li)OH/Nal

The melting point of NaOH/Nal at [OH] = 0.6 is approximately 330 °C.
Consequently, further reducing [OH] will increase the melting point.
Therefore, we modulated the solubility by introducing Li*into the solu-
tion to avoid reducing [OH]. For such reactions, NaOH and LiOH were



combined with Nal, or Li,O was added to a mixture of NaOH and Nal
toachieve the desired [OH] and Na/Liratios. For Q = Sein NaOH/Nal at
450 °C, the product obtained was pure I (Na,,,OCu,Se,) for [OH] = 0.85
inthe absence of Li. However, at Na/Li = 3, the products obtained were
amixture of I (Na,,,,0,Cuy;,,Se,o) and I (Nas,, OCugSe,) at [OH] = 0.85
(Fig.S7a). Also, at Na/Li=3,when [OH] was reduced to 0.75, the fraction
of Il (Na;,,OCugSe,) increased greatly (Fig. S7b). Furthermore, when
thetemperature wasincreased to 500 °C, the product became purell
withno trace of Il (Fig. S7c). When Na/Li was reduced to 2 and [OH]
to 0.75at 450 °C, the products obtained were mainly X (NaCusSe,),
with the presence of an unreported minor phase having the composi-
tion of NaCu,Se; (Fig. S8), probably isostructural to the ps-1D NaCusS,
(ref.>®). These results indicate that higher temperature and solubility
favour products having lower dimensionality in the ternary flux of
(Na, Li)OH/Nal.

At Na/Liratios of 1 or lower, reactions at 450-600 °C, produced 2D
Na(Cuq 4Li,.)Se (XIII), a derivative of NaCuSe (ref. *°), wherein large Li
substitution occurred on the Cu site. We attribute the stabilization of
this 2D structure instead of a 1D structure such as I-1ll to the higher
entropy of mixing caused by Li/Cu substitution, which led to areduc-
tion in the solubility of Na(Cu, ¢Li, ,)Se (XIII) compared with that of
the parent NaCuSe. We explain this effectin the ‘Additional experimen-
tal details’ section of the Supplementary Information and correlate
x (thefraction of Cusubstituted for Li) with temperature and solubility.
Also, the overall alkalimetal (Na + Li) to Curatio (2.33) was much higher
than that of I-111 (0.7-1.1).

Similar effects to the selenide systems were observed for sulfides,
as increasing Li ratios generally increased the dimensionality of the
products. For the reaction at 500 °Cin NaOH/Nal, the product was IV
(Na,,,0OCu,S,) for [OH] = 0.68 in the absence of Li. However,atNa/Li=1,
the product was IX (NaCu,S,), asshowninFig.S9, which hasastructure
similar to that of X (NaCus,Se,), as shown in Fig. le. Compound X is a
derivative of IX (NaCus,S,) exhibiting higher lattice distortion, with
the symmetry being reduced from R-3m to C2/m (Table 1). Notably,
when using the NaOH/Nal flux, IX (NaCu,S,) was not observed until
[OH]was reducedto 0.6 and Tto 400 °C. The ability of Lito modulate
the solubility is pronounced. As well as pure IX (NaCus,S,) produced
using the Li-modulated NaOH/Nal flux, the crystals obtained at higher
temperatures were larger and of much higher quality. This permitted
ustodetermine the crystal structure. For asimilar reaction performed
at 500 °C with Na/Li =1and [OH] = 0.89, the product changed from
IX (NaCus,S,) to XII (Na(Cu,Li, 4)S). Despite both of these being 2D
structures, XIlis probably more favourable owing to the higher Na/Cu
ratio. These observations match those of Se, except that the crystals
ofthe sulfide analogues IX and X are larger and of higher quality, pos-
sibly because of the higher solubility of the sulfides. The crystals of
XII(Na(CuyLi, 4)S) were up to5 mminsize, which facilitated electron
energy loss spectroscopy to confirm Li substitution (Fig. S10).

KOH/KIand (K, Li)OH/KI

Because the solubility greatly increases when moving from NaOH to
the more basic KOH, reactions performed at [OH] > 0.6 in KOH/KI at
450 °C or higher generally resulted in metallic Cuand minor unknown
phases composed of minuscule crystals unsuitable for synchrotron
X-ray diffraction studies. Hence, LiOH was added to KOH to prevent
the reduction of Cu* and enable the crystallization of chalcogenides.
Asshownin Extended DataFig. 1a, for the flux composed of (K, Li)OH/KI,
at[OH] =0.85,K/Li=0.15and 500 °C, the product was XXV (KCusSe;,),
whichisunreported andisostructural with CsAg;Te; (ref. *°). Compared
with the 1D and 2D compounds prepared using NaOH/Nal, this com-
pound has a ps-1D structure with K-ion-filled 1D channels defined by
four chains of 3 x « edge-sharing CuSe, tetrahedra. For a similar reac-
tionwithidentical[OH]and T, but performed at K/Li = 3, the products
were a-KCu,Se, (Extended Data Fig.1b), which has a2D structure®, and
an unknown phase exhibiting a broad peak at 10.6° (Fig. S11a). When

[OH] was reduced to 0.7, the unknown phase disappeared, and only
«-KCus,Se, (Fig. S11b) remained, implying that this unknown phase is
favoured at high solubilities.

At[OH] =0.7and 450 °C, the primary product was another 2D layered
structure*? K;CugSe, (Extended Data Fig. 1c and Fig. S11c). When K/Li
wasincreasedto 6 and Tto 400 °C, the reaction produced a mixture of
K;CugSe,and KCu,Se, (ref. **) (Extended DataFig.1d). Because KCu,Se,
possesses a higher K/Curatio (0.5) than K,;CugSe, (0.375), it is probable
that the effect of increasing [KOH] was stronger than that of reducing
the temperature. Consequently, the equilibrium shifted marginally
towards KCu,Se,, resulting in amixture with K;CugSe,. For reactionsin
KOH/Klinthe absence of Liat 450 °C, the main product obtained follow-
ing washing with methanol was metallic Cu. However, some air-sensitive
needle-shaped crystals were observed on top of the flux before wash-
ing and were indexed to an /4/m space group with a =11.5540(16) A
and c=4.3985(9) A, which is assigned as K,,,OCu,Se, (VIII, Extended
Data Fig. 1e), aK-analogue of Na,,, OCu,Se, (I). Similarly, frombto e
as shown in Extended Data Fig. 1, at K/Li higher than 3, the unknown
phase (Fig. S11a) is also VIII (K,,, OCu,Se,). These results demonstrate
thatlower dimensionality and higher A/Cu ratios are favoured at higher
solubilities, which agrees with the results obtained when using NaOH/
Nal as the flux.

For Q =S, XI(KCu,S,, Extended DataFig. 1f), whichis an unreported
compound andisostructural to IX (NaCus,S,), was obtained at 600 °C,
[OH] = 0.8 and K/Li =1 (Fig. S12a). When K/Li was increased to 2 but
the temperature was reduced to 450 °C, the product obtained was
VII (K,,,OCu,S,, Extended DataFig.1e), whichwas indexed to the /4/m
spacegroup witha =11.1980(4) Aand c =4.068(3) A, and is probably an
analogue of Na,, OCu,S,. However, at K/Li = 2, when the temperature
was notreduced to450 °C, the Cu,O precursor was particularly reduced
tometallic Cu. Hence, KOH seems to exert amuch stronger effect than
NaOH. AtK/Li=1and [OH] = 0.8, when the reaction was carried out at
400 °Cinstead of 600 °C for XI (KCu,S,, Extended DataFig. 1f), the prod-
uct obtained was a-KCus,S, (ref. **) (Extended Data Fig. 1g and Fig. S12b),
which s isostructural to the Se analogue, as shown in Extended Data
Fig.1b. Therefore, the trend of favouring products having lower dimen-
sionality with increasing temperature and solubility holds.

(Rb, Li)OH/RbI

The solubility of the reactants was greater in the flux composed of
RbOH/Rbl than that in KOH/KI; therefore, we reduced it by using a
Li-modulated flux of (Rb, Li)OH/Rbl. This produced an unreported
compound, XXVI(RbCu,_Se,), that has aunique structure (Extended
DataFig.2a) at[OH] = 0.75and Rb/Li=2at 450 °C. This compound has
infinite 1D channels enclosed by four chains of 2 x » edge-sharing CuSe,,
tetrahedra instead of 3 x - as seen in XXV (KCu,Se,). The complete
occupation of the Cussite would yield aformula of RbCugSe,. However,
with unfilled Cuvacancies, the actual formulaisRbCu, ;Se,, suggesting
formal Cu-ion mixed valence. When Rb/Li was increased from 2 to 4,
the product obtained was 2D layered Rb,CugSe, (Extended Data Fig. 2b
and Fig. S13a) instead of ps-1D XXVI (RbCu,_,Se,). When the tempera-
turewasincreased to 500 °Cand Rb/Lidecreased to 0.35, the product
was 2D RbCu,Se; (Fig. S13b), consisting of thicker anti-PbO layers of
Cu,Se;, as shown in Extended Data Fig. 2c. Therefore, the dimension-
ality decreases here as well with increasing basicity, temperature and
solubility.

0D cluster of Ba,Rb,Cu,,Se,;

The suggested reaction paths formed the unique 0D compound Ba,Rb,
Cu,,Se;; (XXVII) together with the above-mentioned 1D, 2D and ps-1D
compounds (Fig. 2). It was formed with XXVI (RbCu,_,Se,) when BaO
was presentat [OH] = 0.75and Rb/Li=2at 450 °C.Ithasdiscrete Cu,,Se,;
icosahedral clusters. There are 20 tetrahedral sites formed by Se(1) and
Se(2), and 12 Cu atoms occupy every other tetrahedral site such that
Cu-Cuinteractions can be prevented. Although copper chalcogenide
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clusters have been widely reported, thisis the first time such a cluster
has formed in solution without organic ligands*. Its stabilization indi-
rectly shows the nature of dissolved species and the potential building
blocks presentinthese solutions. Knowledge gained by further inves-
tigating the cluster compounds under different conditions may help
to understand the molecular mechanisms of these reactions.

Itis probable that this compound was not formed at the crystalliza-
tiontemperature of 450 °C because a higher-dimensional compound,
RbCu,_Se, (XXVI), was also formed. If the solubility of the flux using
RbOH is excessive, the solution may never saturate and precipitate
chalcogenides. However, when the solution was cooled to below the
melting point, all solutes crystallized immediately with the surrounding
ions. Itis possible that thisicosahedral cluster was the exact coordina-
tionenvironment for Cu-Seimmediately before freezing the solution.
Thiswas evidenced by the smallandirregular size of the Ba,Rb,Cu,,Se ;
(XXVII) crystals. We found that much smaller yellow particles were
also obtained when using high [OH] with KOH/KI and NaOH/Nal, but
they readily dissipated during ultrasonication in methanol. These
may also be cluster compounds having a much smaller crystal size.
The stabilization of Ba,Rb,Cu,,Se;; (XXVII) over the products using
KOH and NaOH may be a result of the large cationic size of Rb* and
high ionic charge of Ba*'.

Panoramic synthesis

We carried out the following panoramic syntheses using in situ PXRD
at17-BM at the Advanced Photon Source (APS): (1) NaOH/Nal with
[OH]=0.60, Q =Se; (2) NaOH/Nal with [OH] = 0.8, Q=Se; (3) (Na, Li)
OH/Nalwith[OH] = 0.60,Q=Se, Na/Li = 3; (4) NaOH/Nal with [OH] = 0.7,
Q=S;(5)NaOH/Nalwith [OH] = 0.65, Q=S and further BaO. Theresults
for reactions (1)-(3) and (5) are shown in Extended Data Fig. 3 and the
corresponding temperature profiles are shown in Fig. S3. The results
for reaction (4) is shown in Fig. S4.

For all reactions, we saw that NaOH started to disappear around
70 °C. We observed the formation of an unknown phase A (marked in
Extended Data Fig. 3a-c) with a narrow stability window between 70
and 160 °C for reactions (1)-(3). Unknown A is probably a metastable
phase that dissolves completely above 160 °C, which is why it has not
been observed for any of the ex situ reactions. For reaction (2) with
low [OH] = 0.60, the initial product was Il (Na,,,,0,Cuy;,,Se,,) at lower
temperatures between 200 and 400 °C but quickly converted to 1
(Na,,,0OCu,Se,) completely before reaching 450 °C. No phase change
was observed after that heating to 600 °C, at which I started to convert
to X (NaCu,Se,) and almost completed after reaction for 3 hat 550 °C.
The conversion from Il to I with increasing temperature is similar to
what was observed for ex situ reactions, in which higher temperature
favours higher Na/Cu ratios and lower dimensionality. However, com-
pared with our ex situ reactions, the formation of the heterochained
products such as I or Il were surprising for such low [OH] at 0.60. In
comparison, the as-recovered products during ex situ reactions were
Illor X. Itisimportant to note that theisothermal stage of the reaction
was 20 hforexsitu synthesis, whereas the timescale was much shorter
fortheinsituones (<3 h). Therefore, the reactions for in situ studies may
not have reached completion and kinetic effects cannot beignored. The
initial formation of Il or Imight be due to higher [OH] thanintended, as
Nal was not fully dissolved owing to its high melting point compared
with NaOH. Thisis supported by the PXRD patterns shownin Extended
DataFig.3a, as Nal was present until 600 °C, whereas NaOH completely
disappeared before 200 °C. This also explains why when more Nal went
into the solutionat higher temperatures above 500 °C, I (Na,,,OCu,Se,)
started to convert to X (NaCu,Se,), a higher-dimension product. The
conversion from I to X was complete after holding at 600 °C for 2 h.
Thisis consistent with our observation for ex situ reactions.

For reaction (2) with higher [OH] at 0.8, the initial product was Il
(mixed chain) at lower temperatures but quickly converted toI (single
chain) completely before reaching 450 °C, and no phase change was

observed thereafter for reactions up to 550 °C (Extended Data Fig. 3b).
Because the [OH] remained high for this reaction, unlike reaction (1),
no conversion to X was observed. A similar reaction for Q =S described
inreaction (4) (Fig.S4) alsoresulted in the single-chained product, IV
(Na,,,OCu,S,), an analogue of I.

Thereaction for even lower solubility (basicity) with (Na, Li)OH/Nal
of reaction (3) is even more interesting, as shown in Extended Data
Fig.3c.We observed Il between 200 and 400 °C, which converted tol
at450 °C. When heated above 500 °C, I started converting to X. When
heated from 550 °C, both I and X converted to a new phase C with an
unknownintermediate B. When the temperature was raised to 600 °C,C
converted to another unknown D, which reverted back to C during cool-
ing. We solved the structure of C by picking out the single crystal from
the reaction, which is a new phase Na,Cu,Se, isostructural to K,Cu,S,
(ref. *¢). Therefore, we give the code name XXVIII to the unknown C.
Wealso found red crystals of D, which wasindexed to a trigonal crystal
system with a = 3.038(14) A and c = 7.429(60) A by single-crystal dif-
fraction. Its lattice constant c agrees with the Bragg peak marked in
the yellow boxshownin Extended DataFig.3c. Therefore, itis probable
thatthe red crystals were the unknown D. However, owing to the small
size of its crystals (<20 pm), we were not able to solve its structure.

For reaction (5) (NaOH/Nal with [OH] = 0.65, Q =S) with BaO as the
perturbation, several intermediate phases such as E, F and G marked
on Extended Data Fig. 3d appeared before reaching 400 °C. We also
observed the formation of V (Na,,.,0,Cuy.,S,0) at around 250 °C. It
converted toIV (Na,,,OCu,S,) above 400 °C, the only phase when the
temperature was held at 400 °C for 1 h. However, when heating from
400 °Cto 450 °C, IV was completely dissolved. This is surprising, as
no complete dissolution was observed for reaction (4) with[OH] = 0.7
(Fig.S4), indicating higher dissolving power of the flux with the addition
of BaO. When the temperature was held at 450 °C, XVI (Na;BaCu,S,)
started to crystallize and the intensities of its reflection increased over
time. Withmore XVI (Na;BaCu,S,) formed at 450 °C over time, the dis-
solving power of the flux reduced as well. As aresult, IV (Na,.,OCu,S,)
re-emerged as shown in Extended Data Fig. 3d. When cooled to room
temperature from450 °C, two more previously unidentified phases H
and I were observed (Extended Data Fig. 3d).

Now, with a better understanding of the chemistry, we demon-
strate how we canrationally tune the properties of materials. Both the
K;Cu,S,-type*®and Rb,CugSes-type* structures are metallic, owing to
extraholesin their valence bands. The traditional solid-state method
cannot produce electron-precise semiconducting products for these
structural types. They contain hole carriers delocalized in Cu-d and
Q-porbital states. Because these mixed-valence compounds are mainly
formed with low solubility at lower temperatures or [OH], we targeted
BaK,Cu,S,_,Se, (x =2) (XXIX) by slightly increasing the temperature
t0 600 °Cfrom 550 °C (compared with the condition of XXVIII shown
in Table 1) with Li/K =3 and Cu,0/BaO =2 in a (Li, K)OH/KI flux with
[OH] = 0.7. DFT band-structure calculations show that BaK,Cu,S, and
BakK,Cu,Se, are direct band gap (£,) semiconductors (Fig. S5a,b), respec-
tively, for which these phases are electron precise. BaK,Cu,S,_,Se, is
atunable direct band gap semiconductor whose E, decreases with
increasing x. Similarly, we targeted and obtained BaK,CugS, (XXX)
with a LiIOH/KOH flux (Li/K = 9) at 450 °C, which is also a direct band
gap semiconductor, with £,= 0.5 eV (Fig. S5¢).

As well as the phase-selection mechanism, panoramic synthesis
experiments also show aspects of the crystal-growth mechanism.
Asshownin Extended DataFig. 3, once the flux is molten, most materials
dissolve quickly (whether completely dissolved or not, depending on
theratio of reactant/flux) and start to precipitate immediately, just as
with solution reaction. Even during the isothermal reaction period,
the powder Bragg rings became grainier over time (2D diffraction
patterns shownin Fig.3a). For example, for the reaction of Ba/Cu/Sin
NaOH/Nal, we see at 400 °C that the powder pattern was well-formed
Braggrings after about1h of reaction, indicating very tiny crystallites.



When heated to 450 °C from 400 °C, all solids dissolved and no Bragg
diffractionringis visible. However, after reacting for 1 h, we started to
see grainier spots, which became more grainy after 1.5 h, indicating
crystal growth over time. When the reaction was cooledto225°Cata
rate of 15 °C min™, we saw much larger spots, showing crystal growth
by cooling.

These observations are consistent with our ex situ synthesis and
we have observed that the grown crystals are generally larger with
higher reaction temperature and longer reaction time. These crystals
evidentlyservedasseedsandgrewevenlargerduringcooling. Therefore,
toproduce larger crystals, we can set the growth temperature as high as
possible (without changing to a different phase) for areaction period
that reaches growth equilibrium, usually >20 h. Then, we can apply
thermal oscillation to the system by cooling by 50-100 °C slowly at
arate of 3-10 °C h™ and quickly heating to the set temperature at
100-300 °C h™ and repeating for several cycles before cooling it to
room temperature. The thermal oscillation process allows smaller
crystallites formed during cooling to be re-dissolved and large crystals
to grow larger.

Data availability

Crystallographic data for the structures reported in this article have
been deposited at the Cambridge Crystallographic Data Centre, with
deposition numbers 2184424-2184451, corresponding to compounds
shownin Table1:1(Na,, ,OCu,Se,, CSD 2184424), 11 (Na,,,,0,Cuy;.,S€;o,
CSD 2184425), 11 (Nas, OCu,Se,, CSD 2184427), IV (Na,,,OCu,S,, CSD
2184435), V (Na,,,,0,Cuy,,,S,o, CSD 2184429), VI (Nas,, OCugS,, CSD
2184433), VIII (K,,,0Cu,Se,, CSD 2184438), IX (NaCu,S,, CSD 2184426),
X (NaCu,Se,, CSD 2184428), XII (Na(Cu,,Li,,)S, CSD 2184430), XIII
(Na(Cug Li,,)Se, CSD 2184431), XIV (BaCu, ,Li, .S, CSD 2184436), XV
((Bag 44Rby s,)Cu,Se,, CSD 2184441), XVI (Na,BaCu,S,, CSD 2184432),
XVII (K;BaCu,S,, CSD 2184434), XVIII (Ba,Cu,Na, ;0,,S,, CSD
2184442), XIX (Ba, ;Cu,,Na, ,0,S,, CSD 2184439), XX (Ba,_Cus0Se,,
CSD 2184437), XXI (Ba,Cu,30,Cu,Se,, CSD 2184443), XXII
(Ba,Na, ;;0,Cu,Se,, CSD 2184440), XX ((Ba, ;K 5,)0,Cu,Se,, CSD
2184445), XXIV (Ba,Cu, s0,CuS, CSD 2184450), XXV (KCu,Se,, CSD
2184444), XXVI (RbCu,_Se,, CSD 2184448), XXVII (Ba,Rb,Cu,,Se,;,
CSD 2184447), XXVIII (Na,Cu,Se,, CSD 2184446), XXIX (BaK,Cu,S,_.Se,,
CSD 2184451), XXX (BaK,CugS,, CSD 2184449). Copies of the data can
be obtained free of charge at https://www.ccdc.cam.ac.uk/structures/.
Source datafor Extended DataFig. 3 is provided within this paper. Data
arealsoavailable onrequest. Source dataare provided with this paper.

27. Kresse, G. & Furthmdiller, J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996).

28. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).

29. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-
wave method. Phys. Rev. B 59, 1758-1775 (1999).

30. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865-3868 (1996).

31.  Jain, A. et al. Commentary: The Materials Project: a materials genome approach to
accelerating materials innovation. APL Mater. 1, 011002 (2013).

32. Albrecht, R. & Ruck, M. Chalcogenides by reduction of their dioxides in ultra-alkaline
media. Angew. Chem. Int. Edn 60, 22570-22577 (2021).

33. Bugaris, D. E., Smith, M. D. & zur Loye, H.-C. Hydroflux crystal growth of platinum group
metal hydroxides: SrgNaPd,(OH),; Li,Pt(OH)s, Na,Pt(OH)g, Sr,Pt(OH)s, and Ba,Pt(OH)s.
Inorg. Chem. 52, 3836-3844 (2013).

34. Chance, W. M., Bugaris, D. E., Sefat, A. S. & zur Loye, H.-C. Crystal growth of new
hexahydroxometallates using a hydroflux. Inorg. Chem. 52, 11723-11733 (2013).

35. Klepov, V. V., Juillerat, C. A., Pace, K. A., Morrison, G. & zur Loye, H.-C. “Soft” alkali bromide
and iodide fluxes for crystal growth. Front. Chem. 8, 518 (2020).

36. Mugavero lll, S. J., Gemmill, W. R., Roof, I. P. & zur Loye, H.-C. Materials discovery by
crystal growth: lanthanide metal containing oxides of the platinum group metals
(Ru, Os, Ir, Rh, Pd, Pt) from molten alkali metal hydroxides. J. Solid State Chem. 182,
1950-1963 (2009).

37. Chica, D. G. et al. Direct thermal neutron detection by the 2D semiconductor °LilnP,Se,.
Nature 577, 346-349 (2020).

38. Effenberger, H. & Pertlik, F. Crystal structure of NaCusS;. Monatsh. Chem. Chem. Mon.
116, 921-926 (1985).

39. Savelsberg, G. Ternare Pnictide und Chalkogenide von Alkalimetallen und IB-bzw.
11B-Elementen/On ternary pnictides and chalkogenides of alkaline metals and IB-resp.

1l B-elements. Z. Naturforsch. B 33, 370-373 (1978).

40. Li, J., Guo, H.<Y., Zhang, X. & Kanatzidis, M. G. CsAgsTes: a new metal-rich telluride with a
unique tunnel structure. J. Alloys Compd. 218, 1-4 (1995).

41.  Rettie, A. J. E. et al. Copper vacancies and heavy holes in the two-dimensional
semiconductor KCu,_,Se,. Chem. Mater. 29, 6114-6121 (2017).

42. Nather, C., Rohnert, D. & Bensch, W. Synthesis, crystal structure and low-temperature
X-ray investigations of K;CugSe,. Eur. J. Solid State Inorg. Chem. 35, 565-577 (1998).

43. Tiedje, O. et al. Bridging from ThCr,Si,-type materials to hexagonal dichalcogenides: an
ab initio and experimental study of KCu,Se,. Phys. Rev. B 67, 134105 (2003).

44. Burschka, C. & Bronger, W. KCu,S,, ein neues Thiocuprat/KCu,S,, a new thiocuprate.

Z. Naturforsch. B 32, 11-14 (1977).

45. Fuhr, O., Dehnen, S. & Fenske, D. Chalcogenide clusters of copper and silver from
silylated chalcogenide sources. Chem. Soc. Rev. 42, 1871-1906 (2013).

46. Shoemaker, D. P. et al. In situ studies of a platform for metastable inorganic crystal growth
and materials discovery. Proc. Natl Acad. Sci. USA 111,10922-10927 (2014).

47.  Schils, H. & Bronger, W. Ternére Selenide des Kupfers. Z. Anorg. Allg. Chem. 456, 187-193
(1979).

Acknowledgements This work was supported by the U.S. Department of Energy, Office of
Science, Basic Energy Sciences, Materials Sciences and Engineering Division. Work carried
out at the Center for Nanoscale Materials (SEM, ACAT and Carbon high-performance
computing cluster), a US Department of Energy (DOE) Office of Science User Facility, was
supported by the US DOE Office of Basic Energy Sciences under contract no. DE-AC02-
06CH11357. The computational work is supported by the US DOE Office of Science Scientific
User Facilities Al/ML project titled 'A digital twin for spatiotemporally resolved experiments.'
M.KY.C. acknowledges support from the BES SUFD Early Career award. Work at the beamlines
15-IDD and 17-BM at the Advanced Photon Source (APS) at Argonne National Laboratory was
supported by the US DOE, Office of Science, Office of Basic Energy Sciences under contract
no. DE-AC02-06CH11357. NSF’'s ChemMatCARS Sector 15 is supported by the Divisions of
Chemistry (CHE) and Materials Research (DMR), National Science Foundation, under grant
no. NSF/CHE-1834750.

Author contributions The work was conceived by X.Z., D.-Y.C. and M.G.K., with input from all
authors. X.Z. carried out the synthesis, lab X-ray diffraction and elemental analysis. X.Z. and
W.X. collected and analysed in situ synchrotron diffraction data. V.-S.-C.K., LW. and M.K.C.
performed first-principle calculations. X.Z., T.C. and Y.-S.C. collected and analysed
single-crystal diffraction data. L.Y. and J.W. collected and analysed electron energy loss
spectroscopy spectra. D.-Y.C. and M.G.K. supervised the project.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-022-05307-7.

Correspondence and requests for materials should be addressed to Mercouri G. Kanatzidis.
Peer review information Nature thanks Hans Conrad zur Loye and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://www.ccdc.cam.ac.uk/structures/
https://doi.org/10.1038/s41586-022-05307-7
http://www.nature.com/reprints

Article

b
Cee

XIKCu,S,
T=600 °C, [OH] = 0.8, K/Li=1

—_— \
[OH]>07 @ T=400°C

KCu,Se,

Extended DataFig.1|Reaction pathwaysin the (K, Li)OH/KIflux. a, XXV VIllareidentical to that of 1 (Na,,,OCu,Se,) and XIisisostructural with IX
(KCu,Se,). b, a-KCu,Se,. ¢, K;CugSe¢. d, KCu,Se,. e, K,,,OCu,Q,. f, XI (KCu,S,). (KCus,S,). Purple, blue, red, light yellow and light green spheres represent
g, a-KCu,S,. Compounds from Table 1are shown as VII (K,,,OCu,S,), VIII K, Cu,O,SandSe atoms, respectively.

(K,.,OCu,Se,), XI (KCu,S,) and XXV (KCu,Se,). The crystal structures VIl and



Rb/Li = 0.35 Rb/Li = 4
T=500°C
0000
XXVIRbCu,_Se, Rb,Cu,Se,
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T=450 °C, [OH] =0.75, Rb/Li =2

Extended DataFig.2|Reaction pathways in the (Rb, Li)OH/RbI flux. a,RbCu,Se;. b, XXVI(RbCu,_Se,). c, Rb;CusSe,. Compounds from Table1are shown as
XXVI(RbCu,_Se,). Pink, blue and light green spheres represent Rb, Cuand Se atoms, respectively.
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Extended DataFig. 3 | Panoramicsynthesis. Insitu synchrotron powder X-ray
diffraction patterns of reactions collected in the mixed flux of NaOH/Nal for

(c)and[OH] = 0.65, Q=S with addition of BaO (d). Their respective temperature

profiles areshowninFig.S3. G marked with the purple boxindis probably
[OH]=0.60,Q=Se(a),[OH]=0.80,Q=Se(b),[OH]=0.80,Q=Se,Na/Li=1 several different unknown phases with overlapping Bragg peaks.
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