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Discovery of chalcogenides structures and 
compositions using mixed fluxes

Xiuquan Zhou1, Venkata Surya Chaitanya Kolluru2, Wenqian Xu3, Luqing Wang2,4, 
Tieyan Chang5, Yu-Sheng Chen5, Lei Yu2, Jianguo Wen2, Maria K. Y. Chan2, Duck Young Chung1 
& Mercouri G. Kanatzidis1,6 ✉

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 patterns1–3. 
Advances in synthesis science are necessary to increase efficiency and accelerate 
materials discovery4–10. 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, K or Rb; X = Cl or I) 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 
of inorganic 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”11. Owing to the knowledge accumulating 
from exploratory synthesis and the progress made during the past 
decades1,12, predictive synthesis13, 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 to understand and predict viable reaction pathways. Therefore, 
new synthetic strategies to show effective reaction pathways that can 
add a more ‘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 the reaction paths and phase selection to achieve the 
synthesis of a diverse 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 
than ten 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 
systems in 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 than in AX14,15. Therefore, the 
AX component fine-tunes the solubility, whereas the identity of A serves 
to fine-tune the basicity of the flux, which independently 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 AxMyQz (M = transition metals) system using 
mixed AOH/AX fluxes, we expect the stoichiometric ratio of x/y in the 
crystallizing solids to be controllable using the solubility. This would 
have a profound effect on the structure because the incorporation 
of a large number of Q2− atoms (which would increase the number of 
counter cations) will probably reduce the dimensionality from 3D to 
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0D, as illustrated in Fig. 1a (refs. 1,16). The strategy proved to be effective, 
considering that 30 unreported compounds were synthesized, as listed 
in Table 1. We detail the reaction trend with the results obtained using 
the NaOH/NaI flux below. A similar trend was observed for reactions 
in (Na, Li)OH/NaI, (K, Li)OH/NaI (Extended Data Fig. 1) and (Rb, Li)OH/
NaI (Extended Data Fig. 1), which are detailed in Methods.

From reactions in NaOH/NaI at 400–550 °C with [OH] = 0.5–1, for Q = Se 
and S, we obtained eight unreported phases (I–VI, IX and X) by adjusting 
the temperature (T) and [OH]. The phase diagrams showing the T/[OH] 
regions of each phase are illustrated in Fig. 1b,c. For Q = Se at 450 °C, 
we observed the formation of I (Na4+xOCu4Se4), II (Na10+xO2Cu11+xSe10)  
and III (Na5+xOCu8Se6) at [OH] = 0.85, 0.80 and 0.70, respectively 
(Fig. 1d and Fig. S1). The structure of I (Na4+xOCu4Se4) (Fig. 1d, right) 
consists of chains of Cu4Se4 formed by corner-sharing triangular CuS3 
and Na4+xO (x ≈ 0.4), a 1D fragment from a NaCl-type structure with 

infinite corner-sharing ONa6 octahedra. This structure type is similar to 
the Nb5Cu4Si4 type, except that the octahedral centre of Nb is empty17. 
The structures of II (Fig. 1d, middle) and III (Fig. 1d, left) correspond 
to n = 2 and 3, respectively, in the homologous series of I (n = 1) with 
chains of Cu2+2nSe3+n.

When [OH] was decreased to 0.6, the products obtained were a mix-
ture of III (Na5+xOCu8Se6) and X (NaCu3Se2, Fig. 1e). The structure of  
X (NaCu3Se2) consists of two types of Cu–Se coordination: triangular 
and tetrahedral. In X, Na and Se form a CdI2-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 a similar trend of phase evolution as a function of the flux 
ratio as for K/Ni/S in mixed LiOH/KOH (ref. 18). Notably, when the solubil-
ity was increased by using a lower NaOH/NaI ratio, the dimensionality 
of the products decreased in the order X, III, II and I as the Cu/Na ratio 
decreased. This entirely agrees with our hypothesis that increasing 
the solubility and A2Q concentration can lead to a larger ratio of x/y 
in AxMyQz and reduce the dimensionality. For reactions occurring at 
temperatures exceeding 450 °C, only I (Na4+xOCu4Se4) 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 (Na4+xOCu4S4) and V (Na10+xO2Cu11+xS10), although only 
IV was observed for [OH] > 0.7 (Fig. S2a,b). Only V was obtained when 
[OH] was further reduced to 0.62 (Fig. 1c and Fig. S2c). The structure of 
IV is identical to its Se analogue I (Fig. 1d, right), whereas the structure 
of V is a slightly disordered version of II (Fig. 1d, middle), reducing  
its symmetry from C2/m to P2/c. To obtain the sulfide analogues of  
III or X, the solubility or temperature required further reduction. 
When [OH] was reduced to 0.55 at 450 °C, the double-chained sulfide 
VI (Na5+xOCu8S6) was obtained (Fig. S2d). However, pure 2D NaCu3S2 (IX) 
was not obtained for [OH] as low as 0.5 at 400 °C, at which a mixture of 
IX (NaCu3S2) and VI (Na5+xOCu8S6) was produced. This is probably owing 
to the higher solubility of sulfides than that of selenides in NaOH/NaI.

Perturbation of reaction path
When further elements such as Ba were introduced during the reaction, 
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 is 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 α-BaCu2Se2 
(Fig. 2a) at T = 450 and 500 °C, [OH] = 0.6–0.9. However, for Q = S at 
450 °C, the product was α-BaCu2S2 (Fig. 2a) at [OH] = 0.6, whereas at 
[OH] = 0.75, ThCr2Si2-type β-BaCu1.4Li0.6S2 (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(Cu0.6Li0.4)S (XII). How-
ever, unlike the 40% substitution in XII, the lower substitution (30%) 
in BaCu1.4Li0.6S2 (XIV) is attributed 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/NaI. For Q = S with Na/Li = 1, [OH] = 0.85 and T = 500 °C, 
instead of β-BaCu2−xLixS2, the product was an unreported mixed-anion 
compound, XIX (Ba4.5Cu6.7Na1.7O4S6, Fig. 2c). Its structure type is unique, 
featuring an immense 1D infinite channel having a diameter of about 
12 Å enclosed by four slabs of 7 × ∞ edge-sharing CuS4 tetrahedra. The 
large cavity is filled with an exotic structure of Ba4.5Na1.7O4 consisting 
of a face-sharing CsCl-type BaO8 1D chain in the centre. The following 
shell surrounding the chain consists of four edge-sharing fluorite-type 
NaO4 connecting the third shell of distorted face-sharing CsCl-type 
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Fig. 1 | Compositional and dimensionality control with basicity.  
a, Organizational reaction-trend diagram showing the effect of increasing 
basicity (which is a function of flux ratio, temperature and alkali ion type) on 
the successive formation of soluble species (in red font) resulting from the 
attack of Q2− ions on low-dimensional species. These fragments provide the 
building blocks for crystalline compounds. The higher the basicity (further right 
along the 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 the reaction path in the presence of further metal ions (such as B) 
and the formation of mixed-anion structures (provided that B is an oxophilic 
element). b,c, Syntheses in the mixed flux of NaOH/NaI with T/[OH] phase 
diagram for Q = Se (b) and phase diagram for Q = S (c). The dotted lines in b and 
c are estimated phase boundaries. d, Crystal structures of I (Na4+xOCu4Se4),  
II (Na10+xO2Cu11+xSe10) and III (Na5+xOCu8Se6). e, Compound X (NaCu3Se2). 
Compounds IV (Na4+xOCu4S4), V (Na10+xO2Cu11+xS10) and VI (Na5+xOCu8S6) are 
isostructural with I, II and III, respectively. Yellow, light green and blue spheres 
represent Na, Se and Cu atoms, respectively.
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BaO4S4 (edge centre of the cavity) and BaO2S6 (corner of the cavity). 
This unique structure type consists of large fragments of anti-PbO 
layers from β-BaCu2S2.

For Q = Se with Na/Li = 0.15 and [OH] = 0.85 at 450 °C, the product 
was an unreported mixed-anion compound, XX (Ba2−xCu5.5OSe4 Fig. 2d);  
it has a tunnel-type structure similar to that of XIX (Ba4.5Cu6.7Na1.7O4S6, 
Fig. 2c) although with smaller cavities and no Na incorporation. The 
channel is filled with edge-sharing 7-coordinated BaO3Se4, which 
resembles the Ba-O coordination in Ba(OH)2 (ref. 19). Fragments of 
anti-PbO-type CuSe4 edge-sharing tetrahedra are preserved in this 
mixed-anion open-channel structure of XX (Ba2−xCu5.5OSe4) because 
they enclose these channels. The more basic flux, composed of RbOH 
at Rb/Li = 1 and [OH] = 0.6 at 450 °C, produced XV (Ba0.44Rb0.56)Cu2Se2 
(Fig. 2e), which is isostructural with β-BaCu2Se2 except for a notice-
able substitution of Rb to the Ba site. Such large alkali substitution has 
never been reported, and the highest value reported so far was 36% for 
(Ba0.64K0.36)Cu2S2 (ref. 20). It seems that pseudo-1-dimensional (ps-1D) 
structures such as XIX (Ba4.5Cu6.7Na1.7O4S6) and XX (Ba2−xCu5.5OSe4) 
are intermediates to 2D structures exhibiting fragments from 

anti-PbO-type layers. Compared with the condition (Na/Li = 0.15 and 
[OH] = 0.85 at 450 °C) that formed XX (Ba2−xCu5.5OSe4) using (Na, Li)
OH/NaI, when the solubility was increased by increasing Na/Li to 2, 
ps-1D XX was bypassed and XXII (Ba2Na0.55O2Cu2Se2) was obtained. 
For a similar reaction in (K, Li)OH/KI with K/Li = 2 and [OH] = 0.7,  
XXIII (Ba1.63K0.37)O2Cu2Se2 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 Ba2MO2Cu2Q2. For example, when a Cu(II) 
source, such as CuO, was introduced to the reaction that resulted in XXII 
(Ba2Na0.55O2Cu2Se2), the product obtained was XXI (Ba2Cu0.8O2Cu2Se2, 
Fig. 2j). When Se was replaced with S under identical conditions, the 
product was Ba2Cu0.8O2Cu2S2 (isostructural to XXI). The preparation of 
these compounds may be difficult, considering that Ba2CuO2Cu2Se2 was 
only prepared under high pressure (5.5 GPa) at 1,000 °C (ref. 21), whereas 
the sulfide analogue Ba2CuO2Cu2S2 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 [(Ba1.8K0.2)Cu0.8O2][Cu2Se2], which shows promise for tuning 

Table 1 | New phases synthesized by controlling the reaction paths using mixed AOH/AX fluxes under selected synthetic 
conditions

Code Formula Space group Structure type Coordination Dimension Flux [OH] T (°C)

I Na4+xOCu4Se4 I4/m Nb5Cu4Si4 Tr 1D NaOH/NaI 0.85 500

II Na10+xO2Cu11+xSe10 C2/m Unique Tr, Tet 1D NaOH/NaI 0.80 450

III Na5+xOCu8Se6 C2/m Unique Tr, Tet 1D NaOH/NaI 0.70 450

IV Na4+xOCu4S4 I4/m Nb5Cu4Si4 Tr 1D NaOH/NaI 0.80 450

V Na10+xO2Cu11+xS10 P2/c Unique L, Tr, Tet 1D (Na, Li)OH/NaI 0.68 450

VI Na5+xOCu8S6 C2/m Unique Tr, Tet 1D NaOH/NaI 0.50 400

VII K4+xOCu4S4 I4/m Nb5Cu4Si4 Tr 1D (K, Li)OH/KI 0.75 450

VIII K4+xOCu4Se4 I4/m Nb5Cu4Si4 Tr 1D (K, Li)OH/KI 0.80 500

IX NaCu3S2 R-3m Unique Tr, Tet 2D (Na, Li)OH/NaI 0.68 500

X NaCu3Se2 C2/m Unique Tr, Tet 2D (Na, Li)OH/NaI 0.85 450

XI KCu3S2 R-3m Unique Tr, Tet 2D (K, Li)OH/KI 0.80 600

XII Na(Cu0.6Li0.4)S P4/nmm PbClF Tet 2D (Na, Li)OH/NaI 0.90 500

XIII Na(Cu0.6Li0.4)Se P4/nmm PbClF Tet 2D (Na, Li)OH/NaI 0.85 600

XIV BaCu1.4Li0.6S2 I4/mmm ThCr2Si2 Tet 2D LiOH/LiCl 0.75 450

XV (Ba0.44Rb0.56)Cu2Se2 I4/mmm ThCr2Si2 Tet 2D (Rb, Li)OH/RbI 0.60 450

XVI Na3BaCu7S6 C2/m Unique L, Tr 2D (Na, Li)OH/NaI 0.75 500

XVII K3BaCu7S6 C2/m Unique L, Tr 2D LiOH/KOH 1.00 450

XVIII Ba2Cu2Na1.3O1.1S3 C2/m Unique Tr, Tet 2D (Na, Li)OH/NaI 0.85 420

XIX Ba4.5Cu6.7Na1.7O4S6 I4/m Unique Tet ps-1D (Na, Li)OH/NaI 0.68 500

XX Ba2−xCu5.5OSe4 Pnma Unique Tr, Tet ps-1D (Na, Li)OH/NaI 0.85 450

XXI Ba2Cu0.8O2Cu2Se2 I4/mmm Heterolayer Tet 2D (Na, Li)OH/NaI 0.75 450

XXII Ba2Na0.55O2Cu2Se2 I4/mmm Heterolayer Tet 2D (Na, Li)OH/NaI 0.80 450

XXIII (Ba1.63K0.37)O2Cu2Se2 I4/mmm Heterolayer Tet 2D (K, Li)OH/KI 0.70 450

XXIV Ba2Cu0.8O3CuS P4/nmm Heterolayer Tet 2D (K, Li)OH/KI 0.80 600

XXV KCu5Se3 P42/mnm CsAg5Te3 Tr, Tet ps-1D (K, Li)OH/KI 0.85 500

XXVI RbCu7−xSe4 I4/m Unique Tr, Tet ps-1D (Rb, Li)OH/RbI 0.75 450

XXVII Ba4Rb6Cu12Se13 Im-3m Unique Tet 0D (Rb, Li)OH/RbI 0.75 450

XXVIII* Na3Cu4Se4 Pbam K3Cu4S4 Tr 1D (Na, Li)OH/NaI 0.60 550

XXIX BaK2Cu4S4−xSex Pbam K3Cu4S4 Tr 1D (K, Li)OH/KaI 0.70 600

XXX BaK2Cu8S6 C2/m Rb3Cu8Se6 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 VII and XI and available at the Cambridge Crystallographic Data Centre (CCDC) database with deposition numbers CSD 2184424–2184451.
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the oxidation state of Cu in 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 layer is the ‘Ba2Cu0.8O3’ (XXIV, Ba2Cu0.8O3CuS), 
as shown in Fig. 2k. This suggests a trend wherein the solubilities of 
MnQm chalcogenide building blocks and MqQp oxide blocks increase 
with p/q, as illustrated in Fig. 1a. Therefore, the method using tunable 
solubility to control the stoichiometry and dimensionality of AxMyQz 
is probably a general approach that functions for non-chalcogenides.

Furthermore, we tested the effect of Ba2+ perturbation on the syn-
thetic pathways that form IX (NaCu3S2) and XI (KCu3S2), as shown in 
Fig. 2g. When BaO was introduced, the reaction path changed, pro-
ducing XVI (Na3BaCu7S6) and XVII (K3BaCu7S6, Fig. 2h). They exhibit 
a unique type of structure featuring corner-sharing triangular CuS3 
and linearly coordinated CuS2 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/NaI, the 
product was an unreported type of mixed-anion compound, XVIII 
(Ba2Cu2Na1.3O1.1S3, Fig. 2i), consisting of alternating Cu2S3 chalcogenide 
layers and Ba2Na1.3O1.1 oxide layers. Each Cu2S3 layer comprises chains 
of edge-sharing CuS4 tetrahedra connected by parallel triangular CuS3 
units.

Linking flux conditions to stability
To apply this mixed-flux method for materials design, we need a deeper 
understanding of the correlation between the stability of the products and 
synthetic conditions. Hence, we carried out panoramic syntheses using 
in situ powder X-ray diffraction (PXRD). The results (detailed in Methods)  
are shown in Extended Data Fig. 3 and Fig. S4. The corresponding tem-
perature profiles are shown in Fig. S3. Overall, the panoramic syntheses 

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, Na3Cu4Se4 (XXVIII). We observed that, once the flux is molten, 
the binary precursors dissolve in the flux immediately and start to 
precipitate. The products formed at lower temperatures will re-dissolve 
and re-precipitate. The addition of an oxide base can affect the solubil-
ity as well, which is explained by the Lux22 and Flood23 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.

With the addition of BaO, we also observed a highly unusual phenom-
enon: the precipitate (IV, Na4+xOCu4S4) dissolved completely when the 
temperature increased from 400 °C to 450 °C and then recrystallized 
to XVI (Na3BaCu7S6) 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 (ΔG) using thermodynamic concepts, as shown in  
the bottom half of Fig. 3a. At equilibrium with T = 400 °C, the stable 
phase is α (IV), whereas phase β (XVI) is metastable. Furthermore, 
complete dissolution of α at this temperature is clearly unfavourable 
in free energy compared with solution (sol.) + α. Their relative posi-
tions in the energy landscape are reflected in Fig. 3a, left. Because  
α was dissolved completely when the temperature increased to 450 °C, 
the dissolution of α was spontaneous at 450 °C. Therefore, at 450 °C, 
the change in ΔG from sol. + α 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.) + α. 
However, because β was able to crystallize by holding at 450 °C,  
it suggests that (sol). is probably a metastable condition and the free 
energy of (sol.) + β should be lower than the complete solution (sol.). 
Therefore, we observed the crystallization of β in Fig. 3a, right.
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Cu, Ba, O, S and Se atoms, respectively. The bottom-left and bottom-right  
insets in l illustrate the [Cu12Se13]14− cluster and the icosahedron enclosing Se13, 
respectively, in which the Se atoms at the vortices and centre of the icosahedron 
are shown in light green and orange, respectively.



76  |  Nature  |  Vol 612  |  1 December 2022

Article

To gain further insights into the thermodynamics, we correlate the 
phase stability of the products (ΔEhull) with Na/Cu ratio (or dimensionality)  
using density functional theory (DFT) calculations on the heterochains 
I–VI, IX (NaCu3S2) and NaCu5S3. The calculations showed a trend that 
product stability (ΔEhull) decreased with decreasing dimensionality and 
increasing Na/Cu ratio in our synthesis (Fig. 3b). Moreover, many of 
the heterochains, such as I–V, exhibit an energy above the convex hull 
(ΔEhull) between 100 and 200 meV per atom. A recent summary of 24,526 
compounds24 showed an average ΔEhull of 32–40 meV per atom, with 90% 
of them below 100 meV per atom. The large values of ΔEhull 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 
(Ecoh = −H) and higher entropy. However, we want to emphasize that this 
is a general trend instead of a precise rule because this trend is a reflec-
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 products is negligible. Thus, we can 
rationalize product selection and structure dimensionality control in the 
tunable mixed flux, in which the free-energy landscape using cohesive 
energy Ecoh and entropy change ΔS of the products (Fig. 3c) can be pro-
jected onto synthetic variables such as temperature and AOH/AX ratio 

(Fig. 3c, inset). It is expected that products with lower cohesive energy 
and higher entropy are selected with increasing temperature or higher 
solubility, as depicted in Fig. 3c, inset, and their free-energy profile as 
a function of increasing temperature or AOH/AX ratio becomes closer 
and closer to a complete solution (sol.).

The science of synthesis that shows the productive reaction pathways 
to new compounds and its generalization over broad classes of systems 
is greatly underdeveloped. This work is an effort to advance this science. 
Our results, with 30 new compounds rationally discovered using mixed 
AOH/AX fluxes, demonstrate that product selection becomes possible by 
projecting the free-energy landscape25,26 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 
building blocks or fragments could be preserved in unique structures by 
introducing a perturbation to known synthetic conditions. This can be 
used to target new structures having the desired building blocks. Finally, 
the proposed method has the potential to yield useful reaction rules and 
patterns and serve as a rational approach for the guided discovery synthe-
sis of a wide range of materials, although its translational value in other 
flux systems, such as mixed-metal fluxes, requires further validation.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 3 | Projecting the energy landscape onto synthetic parameters. a, X-ray 
scattering patterns at three temperatures showing conversion from α (IV) to β 
(XVI) and corresponding changes of the free-energy landscape during the 
dissolution of IV and recrystallization of XVI, shown below. b, DFT calculations 
of the formation energies of the heterochains I–VI, IX (NaCu3S2) and NaCu5S3. 
ΔEhull denotes the energy above the convex hull and a value of 0 indicates 
stability against decomposition into other known phases. c, Diagrams showing 
how the free-energy landscape can be projected onto synthetic variables 

(inset). Cohesive energy (Ecoh) is the absolute value of enthalpy (−H), and the 
larger the value, the stronger the bonding energy of a compound. The cohesive 
energy and entropy of the products α, β and γ with decreasing dimensionality 
and increasing Na/Cu ratio tend to decrease with increasing entropy, which is 
favoured at higher temperatures or AOH/AX ratios. This is projected 
synthetically by increasing the temperature or basicity (AOH/AX ratio), as 
illustrated in the inset.
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Methods

DFT calculations
DFT calculations were performed using the Vienna Ab initio Simula-
tion Package (VASP)27–29 with the Perdew–Burke–Ernzerhof30 general-
ized gradient approximation for the exchange-correlation functional. 
We use Materials Project31 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 moment is 
close to zero for all structures. Owing to the use of consistent calcula-
tion settings, the calculated energies can be directly compared with the 
data in the Materials Project database. For select compounds, the band 
structure is further calculated along high-symmetry directions (Fig. S5).

Synthetic details
For a typical reaction, Cu2O and a source of an elemental chalcogen (Q) 
in the ratio of Q/Cu = 3 were mixed with a flux of LiOH/LiCl or AOH/AI 
(A = Na, K and Rb). For Li-modulated flux of AOH/AI, either LiOH or LiI 
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 work18, we 
found that the ratio of Cu and Q did not affect the results, as long as 
Q was in excess. Furthermore, with the hydroxide fluxes, molten AOH 
allow in situ formation of A2Q by disproportionation of chalcogens 
(through 6AOH + 3Q → 2A2Q + A2QO3 + 3H2O), obviating a separate syn-
thesis for A2Q. This greatly increased the efficiency for our exploratory 
synthesis, allowing us to cover wider phase regions in a shorter time, 
as the preparation of A2Q is not trivial and can be time-consuming. 
Synthesis of chalcogenides by reduction of QO2 using As2O3 (ref. 32) is 
also reported in hydroflux, in which hydroxides are mixed with water 
in a semi-closed system33,34. This greatly increased the efficiency of this 
synthesis strategy, permitting it to cover substantially wider phase 
regions in a shorter 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-
ides without 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 particular A, M and Q in 
AxMyQz, the expected phase diagram is a function of temperature and 
basicity, as demonstrated by the results shown in 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 question is 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 Cu2O and elemental Q as the Cu and chalcogenide sources, 
respectively, in mixed AOH/AX (A = Li, Na, K or Rb; X = Cl or I), in which 
AOH was the alkaline component that enhanced the solubility and AX 
was used to modulate the solubility. Therefore, it is important 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 crystals35, 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, even in 
extremely high concentrations of OH. To cover a larger phase space, we 
used mixed (Li, Na)OH/NaI, (Li, K)OH/KI and (Li, Rb)OH/RbI fluxes to 
allow the change in solubility with the AOH/AX ratio and temperature 
to be continuous. Subsequently, we introduced Ba in the form of BaO 
into the flux system to study the chemical perturbations caused by the 
introduction of further electropositive elements. The strategy proved 
to be effective, considering that 30 new compounds were synthesized, 
as listed in Table 1.

The as-purchased NaOH that we used contained about 10–15% 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. We run our reactions in an open system and under nitrogen flow.  
This helped to protect the reaction from oxygen and drive off the water. 
In molten hydroxides, such equilibrium exists: 2OH− ↔ H2O + O2−, in 
which H2O and O2− serve as the acid and base, respectively22,23. Under our 
conditions, water cannot be trapped during the reaction, to become a 
very different type of flux, known as the hydroflux33,34. However, water 
can leave the fluxes, because we use an open system under constant 
N2 flow. In hydroxide fluxes, the dissociation constant is defined as 
Kd = [H2O][O2−] (ref. 36). As Kd 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 owing to loss of water in an open system under nitrogen flow. 
However, this process is suppressed by the high initial [O2−] resulting 
from dissolved Cu2O, BaO and disproportionation of Q.

The reactants were typically in the ratio of Q/Cu = 3 and the reac-
tant to flux ratio is 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 
loaded in a rectangular glassy carbon boat that was then placed inside 
a fused silica tube with each end connected to a metal valve to allow 
nitrogen gas to flow through. The fused silica tube was placed inside 
a tube furnace heated to 400–600 °C at a heating rate of 5 °C min−1. 
The temperature was held for 20 h and then the furnace was cooled 
to 300 °C at a rate of 3–6 °C h−1, 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 A2QOx (x = 3 or 4), which could be fully dissolved and removed by 
further rinsing with water. Although it takes more rounds of washing 
to remove them with methanol, it is preferred over water if the product 
is sensitive to moisture.

Li does not form ternaries with Cu/Q, as reactions in the flux of LiOH/
LiCl only yielded various known Cu2−xQ binaries, except for reactions 
at 600 °C with Q = Se, which afforded an unknown crystal indexed to 
the P3m space group with a = 4.07 Å and c = 9.05 Å (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 Li substitution with our flux reaction, which may be desirable 
for certain applications, such as direct band gap semiconductors with 
high Li content for neutron detection37.

(Na, Li)OH/NaI
The melting point of NaOH/NaI 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 NaI, or Li2O was added to a mixture of NaOH and NaI 
to achieve the desired [OH] and Na/Li ratios. For Q = Se in NaOH/NaI at 
450 °C, the product obtained was pure I (Na4+xOCu4Se4) for [OH] = 0.85 
in the absence of Li. However, at Na/Li = 3, the products obtained were 
a mixture of II (Na10+xO2Cu11+xSe10) and III (Na5+xOCu8Se6) at [OH] = 0.85 
(Fig. S7a). Also, at Na/Li = 3, when [OH] was reduced to 0.75, the fraction 
of III (Na5+xOCu8Se6) increased greatly (Fig. S7b). Furthermore, when 
the temperature was increased to 500 °C, the product became pure II 
with no trace of III (Fig. S7c). When Na/Li was reduced to 2 and [OH] 
to 0.75 at 450 °C, the products obtained were mainly X (NaCu3Se2), 
with the presence of an unreported minor phase having the composi-
tion of NaCu5Se3 (Fig. S8), probably isostructural to the ps-1D NaCu5S3 
(ref. 38). These results indicate that higher temperature and solubility 
favour products having lower dimensionality in the ternary flux of 
(Na, Li)OH/NaI.

At Na/Li ratios of 1 or lower, reactions at 450–600 °C, produced 2D 
Na(Cu0.6Li0.4)Se (XIII), a derivative of NaCuSe (ref. 39), 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–III to the higher 
entropy of mixing caused by Li/Cu substitution, which led to a reduc-
tion in the solubility of Na(Cu0.6Li0.4)Se (XIII) compared with that of 
the parent NaCuSe. We explain this effect in the ‘Additional experimen-
tal details’ section of the Supplementary Information and correlate  
x (the fraction of Cu substituted for Li) with temperature and solubility.  
Also, the overall alkali metal (Na + Li) to Cu ratio (2.33) was much higher 
than that of I–III (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 °C in NaOH/NaI, the product was IV 
(Na4+xOCu4S4) for [OH] = 0.68 in the absence of Li. However, at Na/Li = 1, 
the product was IX (NaCu3S2), as shown in Fig. S9, which has a structure 
similar to that of X (NaCu3Se2), as shown in Fig. 1e. Compound X is a 
derivative of IX (NaCu3S2) exhibiting higher lattice distortion, with 
the symmetry being reduced from R-3m to C2/m (Table 1). Notably, 
when using the NaOH/NaI flux, IX (NaCu3S2) was not observed until 
[OH] was reduced to 0.6 and T to 400 °C. The ability of Li to modulate 
the solubility is pronounced. As well as pure IX (NaCu3S2) produced 
using the Li-modulated NaOH/NaI flux, the crystals obtained at higher 
temperatures were larger and of much higher quality. This permitted 
us to determine the crystal structure. For a similar reaction performed 
at 500 °C with Na/Li ≈ 1 and [OH] = 0.89, the product changed from 
IX (NaCu3S2) to XII (Na(Cu0.6Li0.4)S). Despite both of these being 2D 
structures, XII is probably more favourable owing to the higher Na/Cu 
ratio. These observations match those of Se, except that the crystals 
of the 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(Cu0.6Li0.4)S) were up to 5 mm in size, which facilitated electron 
energy loss spectroscopy to confirm Li substitution (Fig. S10).

KOH/KI and (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 Cu and 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.  
As shown in Extended Data Fig. 1a, for the flux composed of (K, Li)OH/KI, 
at [OH] = 0.85, K/Li = 0.15 and 500 °C, the product was XXV (KCu5Se3), 
which is unreported and isostructural with CsAg5Te3 (ref. 40). Compared 
with the 1D and 2D compounds prepared using NaOH/NaI, this com-
pound has a ps-1D structure with K-ion-filled 1D channels defined by 
four chains of 3 × ∞ edge-sharing CuSe4 tetrahedra. For a similar reac-
tion with identical [OH] and T, but performed at K/Li = 3, the products 
were α-KCu3Se2 (Extended Data Fig. 1b), which has a 2D structure41, 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 
α-KCu3Se2 (Fig. S11b) remained, implying that this unknown phase is 
favoured at high solubilities.

At [OH] = 0.7 and 450 °C, the primary product was another 2D layered 
structure42 K3Cu8Se6 (Extended Data Fig. 1c and Fig. S11c). When K/Li 
was increased to 6 and T to 400 °C, the reaction produced a mixture of 
K3Cu8Se6 and KCu2Se2 (ref. 43) (Extended Data Fig. 1d). Because KCu2Se2 
possesses a higher K/Cu ratio (0.5) than K3Cu8Se6 (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 KCu2Se2, resulting in a mixture with K3Cu8Se6. For reactions in 
KOH/KI in the absence of Li at 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 I4/m space group with a = 11.5540(16) Å 
and c = 4.3985(9) Å, which is assigned as K4+xOCu4Se4 (VIII, Extended 
Data Fig. 1e), a K-analogue of Na4+xOCu4Se4 (I). Similarly, from b to e 
as shown in Extended Data Fig. 1, at K/Li higher than 3, the unknown 
phase (Fig. S11a) is also VIII (K4+xOCu4Se4). These results demonstrate 
that lower dimensionality and higher A/Cu ratios are favoured at higher 
solubilities, which agrees with the results obtained when using NaOH/
NaI as the flux.

For Q = S, XI (KCu3S2, Extended Data Fig. 1f), which is an unreported 
compound and isostructural to IX (NaCu3S2), 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 (K4+xOCu4S4, Extended Data Fig. 1e), which was indexed to the I4/m 
space group with a = 11.1980(4) Å and c = 4.068(3) Å, and is probably an 
analogue of Na4+xOCu4S4. However, at K/Li = 2, when the temperature 
was not reduced to 450 °C, the Cu2O precursor was particularly reduced 
to metallic Cu. Hence, KOH seems to exert a much stronger effect than 
NaOH. At K/Li = 1 and [OH] = 0.8, when the reaction was carried out at 
400 °C instead of 600 °C for XI (KCu3S2, Extended Data Fig. 1f), the prod-
uct obtained was α-KCu3S2 (ref. 44) (Extended Data Fig. 1g and Fig. S12b), 
which is 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/RbI than that in KOH/KI; therefore, we reduced it by using a 
Li-modulated flux of (Rb, Li)OH/RbI. This produced an unreported 
compound, XXVI (RbCu7−xSe4), that has a unique structure (Extended 
Data Fig. 2a) at [OH] = 0.75 and Rb/Li = 2 at 450 °C. This compound has 
infinite 1D channels enclosed by four chains of 2 × ∞ edge-sharing CuSe4 
tetrahedra instead of 3 × ∞ as seen in XXV (KCu5Se3). The complete 
occupation of the Cu site would yield a formula of RbCu8Se4. However, 
with unfilled Cu vacancies, the actual formula is RbCu6.1Se4, suggesting 
formal Cu-ion mixed valence. When Rb/Li was increased from 2 to 4, 
the product obtained was 2D layered Rb3Cu8Se6 (Extended Data Fig. 2b 
and Fig. S13a) instead of ps-1D XXVI (RbCu7−xSe4). When the tempera-
ture was increased to 500 °C and Rb/Li decreased to 0.35, the product 
was 2D RbCu4Se3 (Fig. S13b), consisting of thicker anti-PbO layers of 
Cu4Se3, as shown in Extended Data Fig. 2c. Therefore, the dimension-
ality decreases here as well with increasing basicity, temperature and 
solubility.

0D cluster of Ba4Rb6Cu12Se13

The suggested reaction paths formed the unique 0D compound Ba4Rb6 
Cu12Se13 (XXVII) together with the above-mentioned 1D, 2D and ps-1D 
compounds (Fig. 2l). It was formed with XXVI (RbCu7−xSe4) when BaO 
was present at [OH] = 0.75 and Rb/Li = 2 at 450 °C. It has discrete Cu12Se13 
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–Cu interactions can be prevented. Although copper chalcogenide 
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clusters have been widely reported, this is the first time such a cluster 
has formed in solution without organic ligands45. Its stabilization indi-
rectly shows the nature of dissolved species and the potential building 
blocks present in these solutions. Knowledge gained by further inves-
tigating the cluster compounds under different conditions may help 
to understand the molecular mechanisms of these reactions.

It is probable that this compound was not formed at the crystalliza-
tion temperature of 450 °C because a higher-dimensional compound, 
RbCu7−xSe4 (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. It is possible that this icosahedral cluster was the exact coordina-
tion environment for Cu–Se immediately before freezing the solution. 
This was evidenced by the small and irregular size of the Ba4Rb6Cu12Se13 
(XXVII) crystals. We found that much smaller yellow particles were 
also obtained when using high [OH] with KOH/KI and NaOH/NaI, but 
they readily dissipated during ultrasonication in methanol. These 
may also be cluster compounds having a much smaller crystal size.  
The stabilization of Ba4Rb6Cu12Se13 (XXVII) over the products using 
KOH and NaOH may be a result of the large cationic size of Rb+ and 
high ionic charge of Ba2+.

Panoramic synthesis
We carried out the following panoramic syntheses using in situ PXRD 
at 17-BM at the Advanced Photon Source (APS): (1) NaOH/NaI with 
[OH] = 0.60, Q = Se; (2) NaOH/NaI with [OH] = 0.8, Q = Se; (3) (Na, Li)
OH/NaI with [OH] = 0.60, Q = Se, Na/Li = 3; (4) NaOH/NaI with [OH] = 0.7, 
Q = S; (5) NaOH/NaI with [OH] = 0.65, Q = S and further BaO. The results 
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 II (Na10+xO2Cu11+xSe10) at lower 
temperatures between 200 and 400 °C but quickly converted to I 
(Na4+xOCu4Se4) completely before reaching 450 °C. No phase change 
was observed after that heating to 600 °C, at which I started to convert 
to X (NaCu3Se2) and almost completed after reaction for 3 h at 550 °C. 
The conversion from II 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 II were surprising for such low [OH] at 0.60. In 
comparison, the as-recovered products during ex situ reactions were 
III or X. It is important to note that the isothermal stage of the reaction 
was 20 h for ex situ synthesis, whereas the timescale was much shorter 
for the in situ ones (<3 h). Therefore, the reactions for in situ studies may 
not have reached completion and kinetic effects cannot be ignored. The 
initial formation of II or I might be due to higher [OH] than intended, as 
NaI was not fully dissolved owing to its high melting point compared 
with NaOH. This is supported by the PXRD patterns shown in Extended 
Data Fig. 3a, as NaI was present until 600 °C, whereas NaOH completely 
disappeared before 200 °C. This also explains why when more NaI went 
into the solution at higher temperatures above 500 °C, I (Na4+xOCu4Se4) 
started to convert to X (NaCu3Se2), a higher-dimension product. The 
conversion from I to X was complete after holding at 600 °C for 2 h. 
This is consistent with our observation for ex situ reactions.

For reaction (2) with higher [OH] at 0.8, the initial product was II 
(mixed chain) at lower temperatures but quickly converted to I (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 
in reaction (4) (Fig. S4) also resulted in the single-chained product, IV 
(Na4+xOCu4S4), an analogue of I.

The reaction for even lower solubility (basicity) with (Na, Li)OH/NaI 
of reaction (3) is even more interesting, as shown in Extended Data 
Fig. 3c. We observed II between 200 and 400 °C, which converted to I 
at 450 °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 
unknown intermediate 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 Na3Cu4Se4 isostructural to K3Cu4S4 
(ref. 46). Therefore, we give the code name XXVIII to the unknown C. 
We also found red crystals of D, which was indexed to a trigonal crystal 
system with a = 3.038(14) Å and c = 7.429(60) Å by single-crystal dif-
fraction. Its lattice constant c agrees with the Bragg peak marked in 
the yellow box shown in Extended Data Fig. 3c. Therefore, it is probable 
that the red crystals were the unknown D. However, owing to the small 
size of its crystals (<20 μm), we were not able to solve its structure.

For reaction (5) (NaOH/NaI 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 (Na10+xO2Cu11+xS10) at around 250 °C. It 
converted to IV (Na4+xOCu4S4) above 400 °C, the only phase when the 
temperature was held at 400 °C for 1 h. However, when heating from 
400 °C to 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 (Na3BaCu7S6) 
started to crystallize and the intensities of its reflection increased over 
time. With more XVI (Na3BaCu7S6) formed at 450 °C over time, the dis-
solving power of the flux reduced as well. As a result, IV (Na4+xOCu4S4) 
re-emerged as shown in Extended Data Fig. 3d. When cooled to room 
temperature from 450 °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 can rationally tune the properties of materials. Both the 
K3Cu4S4-type46 and Rb3Cu8Se6-type47 structures are metallic, owing to 
extra holes in 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-p orbital states. Because these mixed-valence compounds are mainly 
formed with low solubility at lower temperatures or [OH], we targeted 
BaK2Cu4S4−xSex (x = 2) (XXIX) by slightly increasing the temperature 
to 600 °C from 550 °C (compared with the condition of XXVIII shown 
in Table 1) with Li/K = 3 and Cu2O/BaO = 2 in a (Li, K)OH/KI flux with 
[OH] = 0.7. DFT band-structure calculations show that BaK2Cu4S4 and 
BaK2Cu4Se4 are direct band gap (Eg) semiconductors (Fig. S5a,b), respec-
tively, for which these phases are electron precise. BaK2Cu4S4−xSex is 
a tunable direct band gap semiconductor whose Eg decreases with 
increasing x. Similarly, we targeted and obtained BaK2Cu8S6 (XXX) 
with a LiOH/KOH flux (Li/K = 9) at 450 °C, which is also a direct band 
gap semiconductor, with Eg = 0.5 eV (Fig. S5c).

As well as the phase-selection mechanism, panoramic synthesis 
experiments also show aspects of the crystal-growth mechanism.  
As shown in Extended Data Fig. 3, once the flux is molten, most materials  
dissolve quickly (whether completely dissolved or not, depending on 
the ratio 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 shown in Fig. 3a). For example, for the reaction of Ba/Cu/S in 
NaOH/NaI, we see at 400 °C that the powder pattern was well-formed 
Bragg rings after about 1 h of reaction, indicating very tiny crystallites. 



When heated to 450 °C from 400 °C, all solids dissolved and no Bragg 
diffraction ring is 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 cooled to 225 °C at a 
rate of 15 °C min−1, 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  
evidently served as seeds and grew even larger during cooling. Therefore,  
to produce larger crystals, we can set the growth temperature as high as 
possible (without changing to a different phase) for a reaction 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 
a rate of 3–10 °C h−1 and quickly heating to the set temperature at 
100–300 °C h−1 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 
shown in Table 1: I (Na4+xOCu4Se4, CSD 2184424), II (Na10+xO2Cu11+xSe10, 
CSD 2184425), III (Na5+xOCu8Se6, CSD 2184427), IV (Na4+xOCu4S4, CSD 
2184435), V (Na10+xO2Cu11+xS10, CSD 2184429), VI (Na5+xOCu8S6, CSD 
2184433), VIII (K4+xOCu4Se4, CSD 2184438), IX (NaCu3S2, CSD 2184426), 
X (NaCu3Se2, CSD 2184428), XII (Na(Cu0.6Li0.4)S, CSD 2184430), XIII 
(Na(Cu0.6Li0.4)Se, CSD 2184431), XIV (BaCu1.4Li0.6S2, CSD 2184436), XV 
((Ba0.44Rb0.56)Cu2Se2, CSD 2184441), XVI (Na3BaCu7S6, CSD 2184432), 
XVII (K3BaCu7S6, CSD 2184434), XVIII (Ba2Cu2Na1.3O1.1S3, CSD 
2184442), XIX (Ba4.5Cu6.7Na1.7O4S6, CSD 2184439), XX (Ba2−xCu5.5OSe4, 
CSD 2184437), XXI (Ba2Cu0.8O2Cu2Se2, CSD 2184443), XXII 
(Ba2Na0.55O2Cu2Se2, CSD 2184440), XXIII ((Ba1.63K0.37)O2Cu2Se2, CSD 
2184445), XXIV (Ba2Cu0.8O3CuS, CSD 2184450), XXV (KCu5Se3, CSD 
2184444), XXVI (RbCu7−xSe4, CSD 2184448), XXVII (Ba4Rb6Cu12Se13, 
CSD 2184447), XXVIII (Na3Cu4Se4, CSD 2184446), XXIX (BaK2Cu4S4−xSex, 
CSD 2184451), XXX (BaK2Cu8S6, CSD 2184449). Copies of the data can 
be obtained free of charge at https://www.ccdc.cam.ac.uk/structures/. 
Source data for Extended Data Fig. 3 is provided within this paper. Data 
are also available on request. Source data are provided with this paper.
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Extended Data Fig. 1 | Reaction pathways in the (K, Li)OH/KI flux. a, XXV 
(KCu5Se3). b, α-KCu3Se2. c, K3Cu8Se6. d, KCu2Se2. e, K4+xOCu4Q4. f, XI (KCu3S2).  
g, α-KCu3S2. Compounds from Table 1 are shown as VII (K4+xOCu4S4), VIII 
(K4+xOCu4Se4), XI (KCu3S2) and XXV (KCu5Se3). The crystal structures VII and 

VIII are identical to that of I (Na4+xOCu4Se4) and XI is isostructural with IX 
(KCu3S2). Purple, blue, red, light yellow and light green spheres represent  
K, Cu, O, S and Se atoms, respectively.



Extended Data Fig. 2 | Reaction pathways in the (Rb, Li)OH/RbI flux. a, RbCu4Se3. b, XXVI (RbCu7−xSe4). c, Rb3Cu8Se6. Compounds from Table 1 are shown as 
XXVI (RbCu7−xSe4). Pink, blue and light green spheres represent Rb, Cu and Se atoms, respectively.
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Extended Data Fig. 3 | Panoramic synthesis. In situ synchrotron powder X-ray 
diffraction patterns of reactions collected in the mixed flux of NaOH/NaI for 
[OH] = 0.60, Q = Se (a), [OH] = 0.80, Q = Se (b), [OH] = 0.80, Q = Se, Na/Li = 1  

(c) and [OH] = 0.65, Q = S with addition of BaO (d). Their respective temperature 
profiles are shown in Fig. S3. G marked with the purple box in d is probably 
several different unknown phases with overlapping Bragg peaks.
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