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Heterolayered structures consist of two or more different types of layer and can exhibit exceptional physical properties. Rational
routes to synthesize new members of such compounds are required because most of these compounds have been discovered
unintentionally. So far there is no generic method to vertically stack chemically different layers to form two-dimensional com-
pounds owing to a lack of understanding of the synthesis of these materials. Here we report the use of molten hydroxides as
unconventional solutions for the rapid stacking of oxide and chalcogenide layers with precise composition control. In addition,
the crystal growth of heterolayered phases can be achieved by the reaction of different components at their diffusion front in
molten hydroxides. This approach creates conditions in which the building blocks for each heterolayer can coexist, enabling
heterolayered structures and bypassing the challenges of traditional solid-state chemistry methods where short reactant dif-
fusion lengths predominate. This crystal growth methodology for heterolayers is also applicable to systems that do not form

congruent melts at high temperatures.

cally distinct layers stacked in sequence, usually with dif-

ferent anions’, are of broad scientific interest because they
can exhibit a variety of hybrid properties not encountered in the
corresponding homolayered materials. Examples include the semi-
conductors [LnO][CuQ] (Ln=Ilanthanide; Q=S, Se and Te)*’, the
cuprate CaBa[TL,0,][CuO,], (ref. *) and the Fe-based superconduc-
tors [LnO, ,F,][FeAs] (refs. *°). The remarkable properties of these
materials are derived from the possibility of fine-tuning the hetero-
layers. For example, the superconducting transition temperature
(T) of [LaO, F,][FeAs] (x=0.05-0.12) is 26 K, but neither FeAs
nor [LaO][FeAs] are superconductors’. Similarly, FeSe, a homo-
layered material, superconducts below 8K (ref. 7), but on forming
[Li, ,Fe, OH][FeSe], the magnetic superconductor emerges and T,
increases to 43K (refs. *''). These examples highlight the unique
scientific opportunities afforded by heterolayered compounds.

One of the most outstanding challenges in stabilizing heterolay-
ered compounds is posed by thermodynamics, because compounds
with multiple components cannot easily be formed by directly
heating mixtures of precursors; instead they undergo phase sepa-
ration to simpler and more stable phases. The more types of ele-
ment involved, the greater the probability of phase separation and
incongruent melting. Johnson and co-workers used layer-by-layer
vapour deposition to fabricate a variety of heterolayered chalcogen-
ides, such as [SnSe],,[TiSe,] (refs. *'*); however, oxide-containing
layers were not explored because the use of oxygen in the vapour
could cause the oxidation of the chalcogenide layers. The chal-
lenge to find a rational synthetic path to heterolayered compounds,
such as oxychalcogenides, is to stabilize both the oxide- and

| | eterolayered structures, consisting of two or more chemi-

chalcogenide-containing building blocks at the same time so that
they can combine to assemble the correct structure. Because of the
very different chemistry of the two blocks, it often happens that
in most synthesis conditions one is greatly stabilized whereas the
other is not, thereby giving rise to undesired phases. Therefore, the
reaction medium must be sufficiently tunable in terms of reactant
solubility to allow a set of conditions in which both of the building
blocks are present.

Alkali hydroxide fluxes have been successfully used to grow
a variety of oxide crystals, proving effective solvents for the syn-
thesis of oxides'>'®. When hydroxides are mixed with water in
a semi-closed system, they become a new type of flux, coined as
hydroflux, pioneered by zur Loye et al.”-"*. Hydroflux is a unique
reaction medium linking hydrothermal and molten bases, and it
enables the discovery of new oxides and hydroxides. Hydroxides in
hydroflux or as molten fluxes clearly stabilize soluble oxide build-
ing blocks during reactions. We thus hypothesized that if chalco-
philic elements (also known as soft Lewis acids) were present in
these fluxes, they would react more easily with soft Lewis bases,
such as chalcogenides or related anions. In contrast, harder Lewis
acids would prefer a harder Lewis base (oxide). This is similar to the
acid-base chemistry in hydroxide fluxes explained by Lux et al.”’ as
well as by Flood and Forland*. Therefore, a reaction environment
could be created in which both soluble oxide and chalcogenide
blocks could coexist. In addition, the ability to control flux basicity
through the choice of alkali metal ion and the molar ratio of AOH
and AX (A =alkali metal; X=halide) provides a great deal of con-
trol over the solubility of reactants and allows us to find and ratio-
nally select the correct synthesis path to the heterolayered class of
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compounds as well as to create many new class members in a very
general way. Hence, we can rationally target heterolayers by control-
ling the solubility.

Although we cannot find any report on the use of neat hydroxide
fluxes for chalcogenides or oxychalcogenides, interestingly, there
is a hint in an alchemy recipe found in Schwartzbach, Germany in
1403 for the synthesis of philosopher’s stone (HgS) involving soda
ash (possibly a mixture of NaOH and Na,CO,)*. According to the
phase diagram of Na,S-NaOH, the two components are completely
miscible and at 400°C a saturated solution consists of 10mol%
Na,S (~22-100g NaOH)*. For comparison, the solubility of Li,S in
mixed LiCI-KCl (58:42), a common type of salt flux, is only 0.03% at
542°C (ref. **). Therefore, chalcogenides or oxychalcogenides could
be formed by controlling the ratio of A,Q and AOH. Although AOH
have been used as mineralizers for the crystal growth of metal sul-
fides under hydrothermal conditions, their primary function is to
modulate the pH of the solution instead of serving as solvents®*.
When molten AOH are used as fluxes, they become solvents and
reaction media, which leads to a different type of solution chemistry
compared with hydrothermal reactions using AOH mineralizers. In
addition, molten AOH allow the in situ formation of A,Q through
the disproportionation of chalcogens (by 6AOH+3Q —2A,Q+A,
QO;+3H,0), obviating a separate synthesis of A,Q. Similar dispro-
portionation reactions have also been seen in the synthesis of chal-
cogenides in hydroflux”. Furthermore, based on the affinity of a
given metal for a chalcogenide (the softer the metal ion, the stronger
the affinity), we can control the oxychalcogenide assembly through
acid-base chemistry. Based on this rationalization, we propose a
powerful and adaptive strategy using mixed AOH and AX fluxes
that enable rapid crystal growth using simple precursors of com-
mon metal halides and oxides as well as elemental chalcogens (S, Se
and Te) without the need to tune their ratios. The key aspects of our
method are firstly, a tunable flux by mixing hydroxides (to control
basicity) and halides (to control solubility) instead of using hydrox-
ides alone. Secondly, the demonstration of efficacy in anion systems
other than oxygen, such as chalcogenides (and even pnictides).
Thirdly, the tunable solubility of reactants and intermediates avoids
known ‘trivial’ phases, which makes it a very effective strategy for
the synthesis of complex multinary systems such as heterolayered
mixed-anion structures. Finally, this method allows the rapid dis-
covery of materials because the main outcome-determining syn-
thetic parameters are temperature and flux ratio.

Here we demonstrate a general approach for the crystal growth
of a large series of heterolayered [AEM,0,][M’,Q,] (AE=Sr or Ba;
M =Mn, Fe, Co, Ni, Cuor Zn; M’ =Cu, Ag or Li) and [LaO][M’,Q,]
materials**~'. Among these, [Sr,M,_,0,][(Cu,_,Li),Q,] (M=Mn or
Ni), [Sr,M,_,0,] [(Cul—yLiy)ZnSrHl] (n=2-4), [S1,Cu,;0,][Cu,Se,],
[Ba,Co,y5,0,][Cu,Se,], [AEM,_,O,] [(Agl—yLiy)zsez] and [Ba;Fe,O4]
[Ag,Se,] are new compounds. In addition, we obtained an example of
a heterolayer with rocksalt ([CoSeO,]*") and anti-PbO ([Cu,Se,]*)
layers in Lig[CoSeO,][Cu,Se,]. The synthesis results are described in
detail in the Methods section. This work advances the synthesis sci-
ence of heterolayered materials and enriches the synthetic apparatus
for the more successful design of targeted compositions.

Results and discussion

Reaction chemistry to two-dimensional oxychalcogenides. In a
typical reaction to form oxychalcogenides, a source of alkali earth
metal, AEO or AE(OH),, a source of transition metal, MCO,, MO or
MCl,, Cu,O and elemental chalcogen were mixed with LiOH-LiCl.
We could tune the basicity of the flux by means of the LiOH/LiCl
ratio and the compositional ratio of LiOH, defined as mol LiOH/
(mol LiOH + mol LiCl), between 0.5-1, where 0.65 gave a eutectic
melt at 285°C. Here, molten LiOH was the solvent and LiCl served
to tune the basicity further. The reactants were typically used in a
stoichiometric ratio, and the molar ratio between reactants and flux

Table 1| Synthetic conditions for oxychalcogenides in the flux of
LiOH-LiCl

Reactants + Cu,0 Product Literature

AE/Ln M Q

SrO MnCO;  S/Se [Sr,;Mn,,0,1[Cu,, Li,Q,] This work

SrO CoCO;  S/Se [Sr,Co0,]1[Cu,Q,] 31,47

SrO NiO Se [Sr,NiO,]1[Cu,Se,1* This work

SrO NiO S No reaction 32,33

SrO NiO Se+S [Sr,NiO,1[Cu,Se,.S,] This work

SrO CuO S/Se No reaction* 40

SrO ZnO S/Se No reaction 28

BaO CoCO;, Se [Ba,CoO,]1[Cu,Se,] This work

La,0, S/Se/Te  [LaO][CuQ] 48,49

Reactants + Ag,0

SrO MnCO;  Se [Sr,Mn, O,1[Ag, LiSe,]  This work

La,0, - Se/Te [LaO][AgQ] ICDD
numbers:
00-050-
1794 and
04-018-8540

The symbol * represents oxidized Ni or Cu species, which will be discussed later. The International
Centre for Diffraction Data (ICDD) includes the diffraction data of LaOAgSe (00-050-1794) and
LaOAgTe (04-018-8540).

was typically around 1:10 to ensure good dissolution. In these reac-
tions, hydroxide supplied the extra O*". As the reactions were car-
ried out above 500 °C, the excess water formed during the reaction
probably evaporated. After the disproportionation of the chalcogen
and dissolution of all the precursors at 500 or 600 °C, a generic equa-
tion for the ionic reaction can be described as follows:

2AE?F + M2 4 2Cut + 0%~ +2Q* +20H"

1)
— [AEzMOZ] [CuzQz] + H,0
For comparison, the following equation describes the solid-state
synthesis of similar oxychalcogenides by mixing SrS, M and CuO in
a sealed silica tube at 920°C for 24 h (ref. *%):

25rS + M + 2CuO — [Sr2MO;] [CuzS;] (2)

We summarize the reactions and products in Table 1. We found
that different chalcogen sources, such as S, Li,S or SrS, did not
affect the final product, which suggests that the disproportion-
ation reaction of elemental Q to form in situ Q*" is very effective.
Therefore, unlike in solid-state reactions, the extra step to prepare
alkali earth chalcogenide precursors, such as SrS, is not needed.
We carried out reactions for M=Mn, Co, Ni, Cu and Zn for both
Q=S and Se and obtained 0.08-0.1mm crystals of [Sr,Mn, O,]
[Cu,,Li,Q,] (Supplementary Tables 1 and 2 and Supplementary
Fig. 1), [Sr,C00,][Cu,Q,] (Supplementary Tables 3 and 4) and
[Sr,NiO,][Cu,Se,] (Supplementary Table 5). The crystals obtained
at 600 °C were generally larger than those prepared at 500 °C, but the
sizes of the crystals did not show significant differences for cooling
rates of 4, 7 or 10°Ch™" and the faster cooling of furnace switch-off.
For M=Ni and Q=S§, only Ni,S, and Cu or Cu,S were recovered,
although [Sr,Co0,][Cu,S,] has been reported®>*’. We attribute this
to the high sulfur affinity of Ni. For M = Cu, the as-recovered prod-
uct was digenite (Cu,4S) or Cu,Se without any CuO, indicative of
the reduction of Cu®* by the $*~ ions in the hydroxide flux.
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Table 2 | Synthetic conditions for heterolayered
oxychalcogenides in the flux of NaOH-Nal

Reactants + Cu,O Product Literature
AE M Q

SrO MnCl, S/Se  [Sr,Mn,,0,]1[Cu,Q,] 28

BaO MnCl,  Se [Ba,Mn,,0,1[Cu,Se,] This work
SrO FeCl, Se [SrsFe,051[Cu,Se,] 35
Reactants + Ag,0*

SrO/Ba0  MnCl, Se [AE;Mn,,0,1[Ag,.,Se,] 31,50
BaO FeCl, Se [BasFe,0:1[Ag,Se,] This work
SrO/BaO  CoCO; Se [AE,CoO,1[Ag,Se,] 50

BaO NiO Se [Ba,NiO,][Ag,Se;,] 34

BaO CuO Se [Ba,CuO,][Ag,Se,] 34

BaO Zn0O Se [Ba,Zn0O,1[Ag,Se,] 51

*When LiOH was added as a reactant to substitute Ag in the [Ag,Se,]%" layer, the afforded crystals
were larger and of better quality.

To assess how adaptive this synthetic method is, we explored
the reaction with AE=Ba, M=Co and Q= Se targeting [Ba,CoO,]
[Cu,Se,], which is not reported in the literature. We obtained
black crystals of [Ba,Co0,5,0,][Cu,Se,] (Supplementary Table 6).
When we used Ln instead of AE, we could obtain all known com-
pounds of the [LaO][CuQ] family*, [LaO][AgSe] and [LaO][AgTe]
(Supplementary Fig. 2). These reactions also afforded red crystals
(up to 0.3mm) of [Sr,Mn, ,O,][Ag, LiSe,] (Supplementary Table 7
and Supplementary Fig. 3). These results demonstrate the applica-
bility of this hydroxide flux method to a variety of heterolayered
oxychalcogenide systems.

On targeting the [AE,MO,][Ag,Se,] family, only M=Mn was
successful with the LiOH-LiCl flux; M=Co, Ni, Cu and Zn all
afforded similar ternary compounds of AE-Ag-Se, not reported in
literature. This suggests competing trivial phases (binaries or terna-
ries) are more favourable for the silver system, which can be attrib-
uted to the lower solubility of the silver selenides compared with
the copper selenides. Therefore, we postulated that the crystalliza-
tion would shift towards more complex heterolayers if the solubility
of the ternary phases were increased to prevent their precipitation.
This hypothesis was proved correct by conducting the reactions in
a more basic NaOH-Nal flux, which enables higher solubility. As
shown in Table 2, we were able to grow crystals of [Ba,MO,][Ag,Se,]
for M=Mn, Co, Ni, Cu and Zn (Supplementary Tables 8-11). This
is quite remarkable because the M=Ni and Cu compounds have
only previously been reported to have been prepared under high
pressure (7-15 GPa) above 850 °C (ref. **). Because of the high solu-
bility of ZnO and ZnSe, which are the dominant phases of the reac-
tions in LiOH-LiCl, these trivial binary phases were not found in
the NaOH-Nal flux. In another illustrative example, because of the
high affinity of Fe towards chalcogenides, we were not able to obtain
any intergrowth compounds in the LIOH-LiCl flux, whereas using
NaOH-Nal, we grew crystals of [Sr,Fe,O,][Cu,Se,] (ref. *°) and the
new compound [Ba,Fe,O;][Ag,Se,] (Supplementary Table 8). Thus,
by tuning the solubility, we can shift the direction in favour of
heterolayers against trivial phases.

The aforementioned oxychalcogenides consist of separate metal
oxide-chalcogenide layers, but there is another class of oxychalco-
genide consisting of a metal centre that binds to O and Q simultane-
ously, such as CaCoOS, BaCoOS, Li,CoOQ and CaFeOSe (refs. **-**).
Such bonding types can be achieved with reaction temperatures
below 500°C in LiOH-LiCl, and we have successfully grown
crystals of BaCoOS, Li,CoOS and Li,CoOSe. In addition, we have
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found that even slices of the three-dimensional antiperovskite type
Li,CoOSe can be used as a basic building block to form the new
heterolayered Lis[CoSeO,][Cu,Se,] by adjusting the solution chem-
istry using hydroxide fluxes. Therefore, our method provides a way
to design heterolayered structures based on the lattice matching of
different building blocks.

Crystal structures of [Sr,Mn, 0O,][Cu, LiQ,]. We found that
when M =Mn the products were quite different from the reported
[Sr,MnO,][Cu, ;Q,] compounds prepared by the standard solid-state
reaction chemistry described in equation (2)***". The compound
[Sr,MnO,][Cu, ,S,] has a tetragonal space group of I4/mmm
(a=4.0139(2) A and c=17.1663(9) A)*. Similarly, the Se analogue
has lattice constants of a=4.06955(7) A and ¢=17.8999(3) A and a
composition of [Sr,MnO,][Cu, ;Se,] (ref. *). Both compounds are
black because of the free-carrier absorption of the metallic state
created by Cu vacancies during the 920°C synthesis. In contrast,
our crystals of [Sr,Mn, ,O,][Cu, Li,Q,] are transparent yellow and
brown for Q=S and Se, respectively (Supplementary Fig. 1), and
the lattice parameters of ¢, indicative of interlayer spacing, are much
larger at 17.923(1) and 18.591(1) A, respectively. The big differences
in interlayer spacing and colour suggest we have different com-
pounds and the lattice expansion can be explained by Li substitu-
tion at the Cu site. Li substitution at the Cu site was reported by
Rutt et al. using post-synthetic lithiation up to complete removal of
Cu (ref. ). Similarly, [Sr,Mn,;O,][Ag, s,Li, sSe,] has lattice param-
eter c=19.591(4) A, which is notably larger than that of [Sr,MnO,]
[Ag,sSe,] (c=19.1179(2) A)*".

Using high-resolution single-crystal X-ray diffraction (SXRD) at
the Advanced Photon Source, we discovered that these Mn oxychal-
cogenides are in fact a series of [Sr,Mn,_,O0,][(Cu,_,Li),Q,] with a
\/2X /2 superstructure in the a—b plane (Fig. 1a and Supplementary
Table 1). The superstructure results from Mn vacancy ordering
(Fig. 1b), where the Mn1-O, squares are compressed and the Mn2-O,
squares are elongated. As a result, Mn favours the site with the
stronger Mn-O bond (Mn1), and the larger the occupancy differ-
ence between the two Mn sites, the stronger the superlattice reflec-
tions (Supplementary Fig. 4). The high-resolution transmission
electron microscopy (HRTEM) image in Fig. le clearly shows the
two sites. In the Se analogue, the Mn2 site is completely vacant,
whereas the Mn1 site is fully occupied. In addition, Li atoms par-
tially replace Cu atoms, causing the interlayer spacing to expand
linearly with the fraction of Li* (Fig. 1c).

Phase formation control with tunable basicity. Having determined
the structures of the new Mn oxychalcogenides, we could establish
a correlation between Li occupancy and the synthetic conditions
using Vegard’s law (Fig. 1d). We found that increasing the basicity
or reaction temperature resulted in higher Li occupancy. These two
parameters can actually be unified as a single parameter, basicity,
because higher temperature increases the dissociation of LiOH thus
increasing the basicity'>'. To test this hypothesis, we carried out
a reaction in which we replaced LiCl with Lil. Because the I~ ion
is larger and more polarizable than CI-, this effectively reduces the
hardness (basicity) of the medium. The as-recovered sulfide crystals
synthesized using LIOH-Lil with a compositional ratio of LiOH of
0.6 at 500°C were a much darker colour with a smaller interlayer
distance of 17.733(3) A, about 0.15 A smaller than similar samples
prepared with LiOH-LiCl (Supplementary Fig. 5). This suggests
a smaller degree of Li substitution (about 22%, extracted using
Vegard’s law) at the Cu site compared with in the LiCl medium.

To further understand the effect of basicity on the reaction path,
we carried out reactions without any molten hydroxide (LiOH),
instead using mixed LiCl-Lil at a temperature comparable to
that used with the LiOH-LiCl flux. These reactions afforded only
trivial binary phases, such as MnS, Cu,_.S or SrO, without any
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Fig. 1| Crystal structures and formation paths for [Sr,Mn, ,0,1[Cu, Li Q,] heterolayers. a,b, Crystal structure of [Sr,Mn,5,0,1[Cu; 36Lig4S,] solved by
synchrotron SXRD (a) and its Mn vacancy-ordered superlattice (b). The bond length of Mn1-0O is reduced to 1.9463(7) A and the Mn2-0O elongated to
2.0157(7) A. The atom colour code is shown in the top right of the figure and applies to all figures. ¢, Li occupancy (= y/2) for [Sr,Mn,_,0,1[(Cu,_Li),Se,]
as a function of interlayer distance (c), as determined by SXRD. R is the coefficient of determination, indicating the goodness of fit. d, Interlayer distance
and Li occupancy for [Sr,Mn,_,O,1[(Cu,_,Li ),S,] for samples synthesized by tuning the basicity at 500 and 600 °C. The interlayer spacing in d was
determined from the PXRD data and the corresponding Li occupancy was estimated using Vegard's law, determined from the correlation extracted from
SXRD. e, HRTEM image of the vacancy-ordered superlattice of [Sr,Mn,_,0,1[(Cu,_Li ),Se,]. The sites of Mn1and Mn2 are marked by black and yellow
arrows, respectively. The contrast difference between these sites is consistent with the single-crystal model suggesting higher Mn occupancy for site Mn1.
f, Reaction scheme for the stacking of different types of layers by changing the temperature and basicity. Lower temperature (T) and LiOH concentration
(c(LiOH)) favour the stacking of the octahedrally coordinated Co-containing layers in the compound Lig[CoSeO,1[Cu,Se,] (bottom right structure),
formed from the reaction of Cu,Se, with [CoSe,(OH),],, instead of [Sr,CoO,]1[Cu,Se,] (top left structure).

oxychalcogenides (Supplementary Fig. 6), highlighting the critical
role of hydroxides in forming heterolayered oxychalcogenides.

This solution chemistry was also investigated for M=Co,
Ni and Cu. For M=Co with a stoichiometric ratio of CoCO,/
SrO/Cu,0/Q=1:2:1:2 at 500°C, no oxychalcogenide formed
(Supplementary Figs. 7 and 8 and Supplementary Tables 3 and
4). However, when the ratio was raised to 3:2:1:2, crystals of
Sr,C00,Cu,Q, without any Li substitution were obtained at 500°C
along with a minor unknown phase. Pure Sr,CoO,Cu,Q, crystals
were obtained at 600 °C (Supplementary Fig. 7¢).

A closer look at the reactions at 500 °C revealed that the minor
phase is a new type of heterolayered compound Lig[CoSeO,]
[Cu,Se,] (Fig. 1f and Supplementary Table 12) with stacked rocksalt

[CoSeO,]* and anti-PbO-type [Cu,Se,]*" layers. It is likely that an
equilibrium exists between different Co complexes in the molten
base solution whose concentrations can be controlled by tempera-
ture, suggesting a new avenue for controlling heterolayered com-
pounds by tuning the metal coordination geometry.

For M =Ni, we observed the formation of Ni,S, and Cu,_,S with
the LiOH-LiCl flux (LiOH compositional ratio between 0.5 and
0.65), whereas when neat LiOH was used, Ni** was reduced to Ni
metal. In comparison for Q=Se, when the concentration of either
LiOH or Q* was decreased, [Sr,NiO,][Cu,Q,] was obtained without
any Li substitution at the Cu sites of the structure (Supplementary
Table 5). For M=Cu, no [Sr,Cu0,][Cu,Q,] was formed with a
LiOH compositional ratio as low as 0.5, leading to mixtures of CuQ,
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Fig. 2 | Panoramic synthesis to explore reaction pathways to [Sr,Mn,_,0,1[(Cu,_,Li ),Q,] in molten LIOH-LiCl. Panoramic synthesis was performed

using in situ PXRD to monitor the reaction pathways leading to [Sr,Mn,_,0,1[(Cu,_Li),Q,] in molten LiIOH-LiCl as a function of temperature and time.

a, Contour plot of in situ reactions at 400 and 600 °C. The blue arrow indicates the eutectic melting point of the LIOH-LiCl flux at 285 °C. The contour
plot measured at 500 °C, similar to the 600 °C reaction, is shown in Supplementary Fig. 9. The isothermal reaction stage at 400 °C has been omitted from
the graph and only the heating stage from 400 to 450 °C is shown above the break in the graph. The colour gradient gives the scale of the dimensionless
intensities of each one-dimensional (1D) diffraction pattern of the two-dimensional map. RT, room temperature. b,¢, Kinetics at different temperatures

(b) and the corresponding phase map (¢c). The dotted blue and green lines in b show the fits for zero-order and diffusion-limited reactions, respectively.

M and t are normalized molar ratio and reaction time for y- and x- axes, respectively and k and b are constants for linear fit to correlate M with t. The phase
map shown in € was constructed on the basis of the ex situ reactions and in situ studies reported in b and not on actual data points. d, Ex situ reactions

reproducing [Sr,Mn,_,0,1[(Cu;_,Li,);,S,,:] (n=1-4).

Cu,_,Q and Cu. We presume that Cu?** can oxidize Q*~ in molten
LiOH, which explains why no Cu?* species was present after the
reaction. However, this can be mitigated by separating CuO from
the chalcogen source in the reaction vessel using a diffusion-driven
approach. We could obtain [Sr,Cu, ,O,][Cu,Se,] using this kinetic
method, but not by mixing all the precursors®.

Kinetics and crystal growth by panoramic synthesis. To under-
stand the reaction and crystal growth mechanism of the hetero-
layered oxychalcogenides, we monitored the full reaction paths
panoramically (Fig. 2a-c) using synchrotron powder X-ray dif-
fraction (PXRD) collected at beamline 17-BM of Advance Photon
Source. In addition to the progress of reactions, this panoramic
reaction analysis revealed at 400°C a new tetragonal heterolayer
phase with a=4.055(3) A and ¢=31.62(2) A as an intermediate
(Supplementary Fig. 10). Conceptually, this is the #=3 member
of the homologous series [Sr,MnQ,][Cu,,,_,S,,] (n=1-3)". The
reported n=3 structure exhibits a similar tetragonal lattice with
a=4.0057(2) A and ¢=28.296(2) A (note these values are for room
temperature).

When heating the reaction mixtures from room temperature
to 600°C, an intermediate phase briefly appeared above 450°C
(Fig. 2a) and quickly converted to the n=1 phase above 500°C.
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Informed by this observation, we carried out ex situ reactions at dif-
ferent temperatures to isolate the new phases. We successfully iso-
lated three additional phases as black crystals at 320, 400 and 450 °C.
We determined that the product at 320°C is [Sr,MnO,][Cu, S;]
with a P4/m space group and a=3.911(6)A and c=16.79(4) A
(Supplementary Table 13). Interestingly, this compound, which is
the n=4 member of the [Sr,MnO,][Cu,,;_,S,,,] series, does not
have the Mn atom vacancies observed in the n=1 phase. We further
determined that the compounds prepared at 400 and 450 °C are the
n=13and 2 members of the homologous series, respectively. Because
of poor data quality, we were only able to index their unit cells. It is
interesting to note that the n=2 phase exhibits an incommensurate
cell with a=5.610(1) A and b=5.613(1) A and an incommensurate
vector of g=0.234(1)a* +0.235(1)b*, where a* and b* are reciprocal
lattice vectors, in the basal plane (Supplementary Fig. 11a). Elemental
analysis suggested no Mn vacancies (Supplementary Fig. 11b).
The precise structure will be the subject of future research.

These panoramic reaction experiments revealed that the layer
thickness can be controlled by temperature and that the crystalli-
zation of the oxychalcogenides is very fast. They also informed on
the precise control of the heterolayers and shone a light on how the
heterolayered homologous structures form*. For the isothermal
reactions at 500 and 600 °C, the crystallization plateaued at about 3
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and 1h, respectively (Fig. 2b). This suggests that the crystal growth
process is not controlled by cooling, as one may think, but during
the initial precipitation reaction.

Diffusion-driven kinetic method. In traditional solid-state chem-
istry, crystal growth is generally pursued by cooling a congruent
melt or cooling the ingredients dissolved in a flux. In both cases,
all the components are thoroughly mixed to minimize the diffusion
length to afford a pure homogeneous product and avoid localized
impurities. Often reactants are pressed together in pellets to ensure
complete reaction. Thus, growing single crystals by separating the
starting materials is counterintuitive for conventional solid-state
reactions. However, from the point of view of solution chemis-
try, this approach is supported in practice, for example, in crystal
growth by diffusion, at the interface of two solvents and in gels*~*.
We adapted these practices to the molten hydroxide fluxes by plac-
ing the oxide- and chalcogenide-forming reagents at different loca-
tions in a reaction vessel and then allowing them to diffuse across
the solution in opposite directions. We observed that the hetero-
layers can be stabilized by co-precipitation of different components
at their diffusion front at high temperature. This is possible if the
following two requirements for the host solvents are met: firstly, a
relatively low melting temperature to keep the precipitates kineti-
cally stable and secondly, the ability to dissolve substantial amounts
of the chemical building blocks. In contrast, when all the reagents
were mixed in the same location, intermediates can form in close
contact with each other and thereby combine and the target phases
precipitate too quickly, forming polycrystalline powders. Therefore,
separating reactants in molten hydroxides is highly effective for
growing crystals of heterolayered materials.

We used Fick’s law of diffusion to formulate the model shown
in Fig. 3a—c with the details described in the Methods section in
the Supplementary Information. Using this approach for M=Mn,
crystals up to 1 mm were grown for the first time over a 48-h dif-
fusion period, one order of magnitude larger than by direct mix-
ing in molten bases and two to three orders of magnitude larger
than in solid-state reactions (Fig. 3d-f). For shorter reaction times
of 24h, smaller crystals were obtained (up to 0.4mm), which is
consistent with our hypothesis. Semiconductors of [LaO][CuQ] are
notoriously difficult to grow, and we have not found any report of
the crystal growth of [LaO][CuSe]. For a 24-h diffusion period, we
were able to obtain crystals larger than 0.2mm (Fig. 3g) with high
phase purity (Supplementary Fig. 12). These results show that this
diffusion-driven crystal growth approach is universal and applica-
ble to many incongruently melting compounds.

This diffusion-driven crystal growth enabled the formation of
0.3mm crystals of [Sr,Ni,,0,][Cu,Se,] (Supplementary Table 14
and Supplementary Fig. 13a) and 0.1 mm crystals of [Sr,Cu,,0,]
[Cu,Se,] (Fig. 3h, Supplementary Table 15 and Supplementary
Fig. 13b) using neat LiOH. This is surprising because Ni** and
Cu?* tend to be fully reduced to metallic Ni and Cu, respectively,
when mixed with Se?” at high LiOH concentrations. By not load-
ing any Se at the oxide source end of the reaction vessel, only
NiO or CuO, the dissolved Ni** and Cu?* can diffuse to the centre
of the container ‘unscathed. Then precipitation of Ni**/Cu*" or
even Ni**/Cu®* with [Cu,Se,]*” (a Cut*-containing block) out of
solution allows them to form oxychalcogenides before being
reduced to the metals. This diffusion-driven strategy using start-
ing materials separated at the opposite ends of a reaction vessel
provides a coherent approach to kinetically stabilizing heterolayers
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even with very oxidizing Ni**/Cu** ions in [Sr,M,,0,]** using mol-
ten hydroxides.

Crystal growth process. Suggest a two-stage reaction sequence
with a zero-order reaction at the beginning and a diffusion-limited
one close to completion of the reaction. Here, we elaborate on this
phenomenon from the point of view of reactions occurring in solu-
tion. As indicated in Fig. 2a, once the flux is molten, almost all the
materials dissolve instantly, creating a solution. Although the exact
solvated species of M?*", Cu* and Sr** are not known, conclusions
could be drawn from comparisons with aqueous species. Hard
cations such as Sr** probably form hydroxide coordination com-
plexes. The borderline soft Lewis acid M** cations probably also
form solvated molecular species, which is consistent with the Co
concentration dependence of the formation of [Sr,Co0,][Cu,Q,].
These molecular complexes are probably octahedrally coordinated
metal ions with OH~ ligands, such as M(OH).*~. However, for the
soft chalcophilic Cu*, the complexes are more likely to be CuS,”~
tetrahedra, or dimer or trimer complexes. Therefore, when these
species combine to form extended compounds, they preserve their
local coordination geometry. As a result, the octahedral M** com-
plexes condense into the positively charged [Sr,MnO,]** oxide layer
and the Cu complexes into negatively charged tetrahedral chalco-
genide layers.

Because the reaction is initially zero order, the concentrations of
the starting materials are not the step-limiting factor. Considering
that zero-order reactions are commonly seen in heterogeneous pro-
cesses, fast precipitation results in a large number of nanocrystal
nuclei, and the reactant concentrations decrease below the level
capable of dominating the reaction. Hence, the growth at the dif-
fusion front interface between the nanocrystals and the solution
becomes the limiting factor (Fig. 4a, left and middle). As the reac-
tion progresses to a certain level of completion, the concentration
of reactants falls further and the growth becomes limited to how
fast these reactants can diffuse from the opposite ends of the reac-
tion vessel. Compared with conventional aqueous solutions, molten
hydroxides are more viscous, and the diffusion rate could be one to
two orders of magnitude lower than in aqueous solutions. Thus, we
observe the diffusion-limited step when the reaction rate becomes
low. Although the reaction could near completion in a matter of
hours, the final equilibrium could take much longer to reach.

We found the sizes of the recovered crystals to be independent
of cooling rate, but longer reaction times favoured bigger crystals.
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on vessel from opposite sides (left), a small number of nuclei form at the

As the reactions can complete in 5-6h, we attribute this growth
effect over time to Ostwald ripening**. As smaller nanoparticles
dissolve faster than bigger ones, the condensation of redissolved
material favours bigger crystals. This is evidenced by the increas-
ing graininess over time in the two-dimensional in situ diffrac-
tion images before integration (evolving from diffraction rings to
diffraction spots). However, because of the low diffusion rate and
the large number of nuclei formed during the initial precipitation,
a much longer time is required to reach the final critical volume,
giving a wide range of crystal size distributions.

This revealing insight into the growth mechanism of oxychal-
cogenides in molten bases enables us to design a diffusion-driven
crystal growth route to afford much larger crystals. As the Ostwald
ripening process cannot reach completion with a higher number of
nuclei, decreasing the number of nuclei will certainly result in larger
crystals. Hence, by suppressing the zero-order growth stage, larger
crystals can be favoured by the diffusion-driven step. As shown in
Fig. 4b, this is achieved by spatially separating the critical starting
materials. This process is expected to be universal and highly effec-
tive, especially when multiple components are involved, and thus is
of particular value for the synthesis of heterolayer structures.

Conclusions

Molten hydroxides are effective media for the controlled synthesis
and crystal growth of a wide range of heterolayered oxychalcogen-
ides. We have successfully grown crystals of these compounds using
over 30 different combinations, including 15 heterolayered oxychal-
cogenides not previously reported. Using a wide selection of alkali
hydroxides and in combination with the corresponding halides, we
can control the basicity and solubility to achieve the optimal con-
ditions for crystallizing a specific compound. Moreover, we can
tune the equilibrium of the molecular species in molten bases by
changing these parameters. This allows stacking of exotic layers
such as Lig[CoSeO,] to form Li[CoSeO,][Cu,Se,]. By controlling
the basicity, the higher oxidation states of transition metals can
be stabilized in the oxide layer, and by varying the reaction tem-
perature, the layer thickness of the copper sulfide layer can be con-
trolled. In addition, this diffusion-driven method enables crystals
one to two orders of magnitude larger than those obtained using
the mixing method, and they can be further improved with longer
reaction vessels and time. We have therefore advanced our under-
standing of the key reaction pathways that stabilize heterolayered
oxychalcogenides.
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Methods

To form oxychalcogenides, an alkali earth metal source (AEO or AE(OH),), a
transition metal source (MCO,, MO or MCl,), Cu,O (or Ag,0) and elemental
chalcogen (Q) were mixed with a flux of LIOH-LiCl or NaOH-Nal. The as-purchased
NaOH that we used contained about 10-15% water by weight, and when heated,

we observed this water leaving the reaction and condensing at the end of the quartz
tube, especially above 200 °C. We performed our reactions in an open system and
under nitrogen flow. This helped to protect the reaction from oxygen and to drive

off the water from the reaction. The basicity of the LIOH-LiCl flux was controlled by
the LiOH/LiCl ratio, and the compositional ratio of LiIOH is defined as mol LiIOH/
(mol LiOH + mol LiCl). This ratio was varied between 0.5 and 1, and 0.65 gave a
eutectic melt at 285 °C. For the NaOH-Nal flux with M=Mn and Cu, LiOH (LiOH/
(NaOH + Nal) =0.1-0.2) was used to substitute the Ag site for Li, which afforded
larger and better crystals than the reactions without any LiOH, whereas the products
showed no difference in composition with or without LiOH for M =Fe, Co, Ni and Zn
as Li substitution at the Ag site was not observed for a LiOH/(NaOH + Nal) ratio up to
0.2. The reactants were typically used in a stoichiometric ratio, and the reactant to flux
ratio was typically around 1:10. The ratios between the precursors were found not to
affect the final product of a reaction. 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 500-600°C for the LiOH-LiCl fluxes and
450-500°C for the NaOH-Nal fluxes at a heating rate of 5°Cmin™". The temperature
was held for 5-24h and then the furnace was cooled naturally to room temperature
by turning off the power (3-5h for cooling). The cooling rate did not affect the final
products or crystal size. The products were washed with water in an ultrasound bath
to remove the flux and subsequently dried in air. The disproportion of Q led to side
products such as A,QO, (x=3 or 4), which could be fully dissolved and removed by
washing with water. The yields for M=Mn, Co and Ni with Cu oxychalcogenides
ranged between 80 and 90% in LIOH-LiCl, whereas the yield for M= Cu was much
lower, between 30 and 50%. All reactions in NaOH/Nal gave yields of about 80%.

Data availability

The data that support the plots within this paper and other findings of this study
are available in the Supplementary Information. Crystallographic data for the
structures reported in this article have been deposited at the Cambridge
Crystallographic Data Centre, with deposition numbers 2109506-2109520,
corresponding to the compounds shown in the Supplementary Tables: 1
(Sr,Mn, (Cu, (Li, 1S, CCDC 2109509), 2 (St,Mny ;0,Cu, 5,Li, sSe, CCDC 2109506),
3 (S1,C00,Cu, ,S,, CCDC 2109519), 4 (St,C00,Cu,Se,, CCDC 2109507),

5 (St,Ni0,Cu,Se,, CCDC 2109510), 6 (Ba,C0, 5,Cu,0,Se,, CCDC 2109508),

7 (Sr,Mn, 5,0,Ag, 5,Liy 65¢,, CCDC 2109514), 8 (Ba,Ag,Fe, 4,0, ,,Se,, CCDC
2109513),9 (Ba,Coy 0,Ag,Se,, CCDC 2109515), 10 (Ba,Cuy 50, 33Ag; 24Lig eS¢,
CCDC 2109511), 11 (Ba,Zn, 0, ,,Ag,Se,, CCDC 2109512), 12 (CoCu,Li; ;,0,Se;,
CCDC 2109517), 13 (StMny :0Cu, 1,8, CCDC 2109518), 14 (S1,Ni,,0,Cu,Se,,
CCDC 2109516) and 15 (Sr,Cu, 0,Cu,Se,, CCDC 2109520). Copies of the data
can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/. Source
data are provided with this paper.
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