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ABSTRACT: The functionality of materials is intrinsically linked
to their structures, an axiom encapsulated in the principle of
structure—property relationships. The pinnacle of materials design is
the tailoring of its structure for a specific function, which requires
the ability of rational synthesis and the development of synthesis
science. This idea, however, remains elusive for the synthesis of
complex extended solids. A major obstacle is the difficulty in using
established chemical principles selectively to control reaction paths
and favor certain structural patterns over numerous other possible
results. In this context, we are developing a synthesis science
approach that facilitates the control of the structure and bonding to
create new structures. This is achieved by employing a two-
component flux consisting of mixed hydroxides and halides as the
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reaction medium. This enables reaction conditions that allow better control of the structure dimensionality and composition by
manipulating the temperature and solvent basicity (via the flux component ratio). We demonstrate the efficacy of this method in
controlling their structural motifs to arrive at 23 unreported compositions and 6 unique structure types. These materials are expected
to exhibit a broad range of properties, from metallic to semiconducting, with calculations suggesting the potential for emergent
phenomena such as Dirac semimetals. The reaction paths afforded by these mixed fluxes establish a direct correlation between the

synthetic variables and properties, providing significant insight into

B INTRODUCTION

The vision of “materials by design” is of wide interest because,
if implemented at a sufficiently high effectiveness, it could be
pivotal in addressing future technological needs. Innovative
strategies for designing solid-state materials have been
developed by integrating modern synthetic techniques with
rational predictions using artificial intelligence, involving
structural prediction, symmetry analysis, and the control of
critical experimental parameters.'”” Despite considerable
progress in predicting properties from materials databases®~"’
and machine learning,u_13 the actualization of predicted
structures or compositions remains a challenge due to the
limitations of the synthesis science for extended solids
compared to molecular compounds. Therefore, to truly realize
“materials by design”, the discovery process should transition
from a guided “trial-and-error” approach to one driven by
rational synthesis methodologies. This requires advancements
in synthesis science and understanding of the chemical
principles for extended solids.

Our strategy to address this challenge involves the
development of new solution-based methods capable of
shifting thermodynamic landscapes'* and leveraging kinetic
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a broadly applicable approach for new materials.

control >~ to stabilize metastable compounds and control
structural motifs. We seek to uncover and understand new
reaction paths that provide rational access to new materials.
Our recent work with mixed fluxes (high-temperature
solutions) exemplifies this synthetic strategy, allowing us to
alter dimensionality and composition by manipulating reaction
temperature and flux ratio.”" > In a typical mixed-flux
reaction, one component acts as an effective medium, while
another countersolvent serves as a tuning knob by varying their
ratios. Phase selection is driven by the shifting thermodynamic
landscapes of the reaction environment due to the solvent
effect of mixed fluxes.”' Moreover, it can kinetically stabilize
and stack distinct structural motifs to form metastable
heterolayered structures.””*” By creating a connection between
reaction conditions and structures, our synthetic strategy using
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Figure 1. Building complex structures using basic geometric motifs. Structural types built upon corner-sharing tetrahedra: (a) 3D zincblende, (b)
open framework with a small cavity, (c) 4-membered, and (d) 6-membered units to accommodate increasing pore size; edge-sharing tetrahedra, (e)
antifluorite, (f) hollandite, (g) anti-PbO, and (h), KFeS, showing decreasing dimensionality; both corner- and edge-sharing tetrahedra: (i) BaCu,S,
and (g) CaAl,Si, types; corner-sharing triangles: (k) 2D triangular lattice, (1) 2D kagome, (m) 1D double chain, and (n) 1D single chain. Hybrid
tetrahedral and triangular coordination can lead to even more complex structures shown as (0—q) with increasing fractions of triangular to

tetrahedral coordination as 1/3, 1, and 2, respectively.

mixed fluxes can establish a direct correlation between
synthetic variables and properties, and can achieve better
control and predictability of the resulting structures. For
instance, reducing the structural dimension of materials sharing
the same elements in their composition can result in an
increased band gap.”* This feature can be used to tune
semiconductor properties through dimensionality control
using mixed fluxes such as the band gap. Furthermore, with
fine-tuning of reaction conditions, it is even possible to achieve
critical points between metal and semiconductor, leading to
emergent properties such as topological semimetals.

The burgeoning field of machine learning (ML) and artificial
intelligence (AI) has garnered significant attention for its role
in designing and discovering (in silico)) new materials.”**°
These technologies can predict thousands of materials,
predominantly new formulas, by substituting elements in
known structural types, yet they often fall short in forecasting
novel crystal structures. Their predictive power is therefore
limited to known structures, leaving truly unpredictable

outcomes beyond their reach. Furthermore, while ML and
Al can suggest potential new materials, they typically do not
provide synthesis methods, even for compounds that are
analogues of known structures.””** Contrasting this computa-
tional approach, work must take place in the laboratory, where
we focus on controlling or devising innovative reaction
pathways derived from understanding synthetic science. We
show that novel unique structures, which Al has difficulty
predicting, can be rationally synthesized by controlling basic
geometrical components in reaction media. Our approach can
facilitate the development of Al to overcome its limitations in
predicting entirely new structure types.

In this work, we illustrate the generalizable design scheme of
how mixed fluxes can be utilized to stabilize different structural
motifs and selectively control their gradual evolution
selectively. Building upon our established synthetic method-
ology, originally developed for copper-based chalcogenides and
layered heterostructures””** we now apply this approach to the
distinct chemical landscape of silver-based chalcogenides. This
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demonstrates the versatility of our methodology and highlights
its broad applicability across varying material systems,
underscoring its potential to unlock new structures and
compositions across broad classes of materials.

By precisely adjusting reaction conditions within the
A(Ba)—Ag—Se (A = alkali metals) system and employing
mixed hydroxide/halide fluxes, we not only adapt our approach
to new material classes but also uncover unique structures
previously unattainable in any system, including those based
on copper chalcogenides. This adaptation has enabled us to
gain deeper insights into the fundamentals of synthetic science,
elucidating how variations in structure and dimensionality can
be systematically engineered through rational and tunable
synthetic conditions. Moreover, we have discovered a possible
link between the evolution of structures and solvated molecular
species when reaction conditions are altered. Our research has
led to the synthesis of 23 novel structures and compositions,
each exhibiting a novel structure, different local bonding, and
unique electronic features, such as direct band gaps, Dirac
cones, or Weyl points. This advancement in our synthetic
approach showcases a refined ability to fine-tune material
structures through the rational manipulation of dimensionality
and composition, reflecting a significant leap in our under-
standing of how to discover new materials.

B RESULTS AND DISCUSSION

Design of Structural Motifs Using Dimensional
Reduction. The essence of room temperature coordination
chemistry is the ability to design and utilize appropriate ligands
dissolved in solutions to coordinate with metal ions under
kinetic control. If we view extended solids as vast molecules
with infinite coordination networks, then discrete solvated
species formed in a high-temperature solution (flux) could
exhibit behavior similar to molecular coordination chemistry,
thereby influencing product assembly. By stabilizing these
molecular species in a high-temperature solution (flux), we
could control the metal coordination numbers and structural
arrangements, allowing us to manipulate the fundamental
building blocks of extended solids. The new rules uncovered
through our mixed hydroxide/halide fluxes, particularly the
reduction in dimensionality and coordination with higher
hydroxide ratios and elevated temperatures, offer useful
insights into the structural design using this approach. Direct
observation of intermediate building blocks is currently
precluded by the challenging reaction environment. Never-
theless, we hypothesize that their solvated forms evolve with
reaction conditions, analogous to molecular clusters stabilized
differently depending on the solution environment. We
propose that these evolving intermediates and their subsequent
assembly pathways dictate the final solid-state architectures,
thus offering a conceptual framework to understand the
observed structure-directing effects within this complex system.

Based on this hypothesis of molecular species and
dimensional reduction in mixed fluxes, we can formulate
complex structures of extended solids from basic building
blocks, such as the examples of MQ, (M = metal; Q = anion
ligand) with tetrahedral (n = 4) and triangular (n = 3)
coordination illustrated in Figure 1. For simplicity, we focus
solely on the coordination geometry and disregard the charge
balance for MQ, blocks during this structural design process.
For the simplest arrangement of corner-sharing tetrahedra, we
have a zinc blend-type structure (Figure la). By reducing its
dimensionality, we can create three-dimensional (3D) open

framework structures with increasing ring sizes from Figure
1b—1d. This change entails the cornerstone of designing
zeolites, which are widely used in catalysis and petroleum
industries.””*" Tetrahedra MQ, can also form edge-sharing
structures such as the antifluorite-type (Figure le). With
dimensional reduction of the 3D antifluorite, its structure
evolves gradually to 3D open framework (hollandite-type,*!
Figure 1f), 2D (anti-PbO-type,** Figure 1g) and 1D (KFeS,-
type,”” Figure 1h). Tetrahedrally coordinated MQ, can also be
linked via both corner- and edge-sharing to form more distinct
structural types, such as the 3D-BaCu,S,-type (Figure 1i) and
2D-CaALSi,-type (Figure 1j).

Compared to tetrahedral coordination, structure motifs
consisting solely of triangular coordination tend to favor lower
dimensionality due to the planar nature of the basic building
block. The silver atoms are notorious for adopting variable
coordination from tetrahedra to trigonal planar to linear. From
a geometrical standpoint, edge-sharing MQ; triangles are
forbidden as such arrangement leads to shorter M—M bonds
than M—Q bonds, which are energetically unfavorable. Thus,
the simplest arrangement for this type of coordination is
corner-sharing triangles with a triangular lattice formed by M
(KZnP-type, Figure 1k), such as in KCuSe.”* From the
triangular structure, the dimensionality can be reduced to a 2D
kagome lattice (Figure 11) by incorporation of countercations
with higher charges. This insight would be of particular interest
to design quantum spin liquid and topological materials with
kagome lattice.”*® With further reduction of its dimension-
ality to 1D, corner-sharing MQ; triangles can form
homologous chains as shown in Figure 1m,n.

The resulting structures can be even more complex by
mixing building blocks of tetrahedral and triangular MQ,,. With
increasing ratio (17) of triangular to tetrahedral coordination,
the structural motif tends to reduce its dimensionality from 3D
open framework (7 = 1/3 in Ba,_,Cu;0Se,,”’ Figure 10) to
2D (57 = 1 in K3BaCu,S,,”>" Figure 1p). Although the structure
remains 2D with higher 57 = 2 (CsAg;S,-type,”” Figure 1q), it
does show a motif resembling a triangular 1D single chain
(Figure 1n), suggesting transforming toward 1D with 75
approaching infinite.

Now, using mixed AOH/AX (X = halide) fluxes, we
illustrate diverse and rationally evolving structural types
assembled from simple building blocks using varying
coordination numbers and dimensionality. Many diverse
structure types can be built by adding design parameters.
The coordination number of metal ions and framework
dimensionality are selected here as we show that these
parameters can be controlled using mixed hydroxide/halide
fluxes. We demonstrate that the trend of structural motif
evolution illustrated in Figure 1 is generally followed by the
A(Ba)—Ag—Se system synthesized using mixed AOH/AX
fluxes as the Ag—Se coordination and structural dimensionality
reduced with increasing basicity defined as (OH) = n(AOH)/
[n(AOH) + n(AX)] and temperature (T) as depicted by the
synthetic schemes in Figure 2. We have discovered 23
unreported compounds or compositions including 21 silver
chalcogenides and 6 unique structural types (reported in Table
1) using this strategy. In addition, the gradual and predictable
evolution of structural motifs allows the fine-tuning of their
electronic properties, which provides a direct link between
synthetic conditions and properties.

Evolution of Structural Motifs. The synthetic details of
reactions and their characterizations are described in the
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Figure 2. Evolution of structural motifs by successive dimensional
reduction. The top and middle panels show the succession of
products and corresponding molecular motifs as a function of r(OH)
and temperature (T) by using LiOH/LiCl and NaOH/Nal fluxes,
respectively. Red atoms are Se. The bottom panel shows reactions
using (Li, A)OH/AI for A = K, Rb, and Cs at 400 °C with A/Li = 3.
(a) Antifluorite in Li,_,Ag,Se (I), the (b) [AgsSe,s]**” fragment in II
BaAg,Se;, where the brown ball stands for S-coordinated Ag, (c)
[Ag,Se;;]"®” fragment in an open framework in BaAg,_,Li.Se, (III),
(d) [AgsSes]™™ fragment in CaALSi)>type BaAg,Se, (IV), (e)
[Ag,Se; ]'"® fragment in NaAgSe (VI), the same as the (c, f)
[Ag;Ses]"*™ fragment in anti-PbO-type NaAgSe (VII), the same as (d,
g) triangular [AgSe;]*” fragment interacting with solved Na—O in
solution that forms the 1D single chain of triangular AgSe; in
Na;_,OAg,Se,(H,,,) (VIII), (h) XI (Ba,_Na,)Nay;0,Ag,Se,, (i)
triangular [AgSe;]*” fragment interacting with solved Na—O and Na—
I to form XIIT NagAg,Se,l;40,(Hs), (j) [AgiSe;]'*” fragment in
K,Ag,Ses, (k) Ag,Se,, and 1, [AgSe;]*” fragment combined to form
ID chains in Rb;AgsSe, (XIV) and (m) solved the [AgSe;]*~
fragment that forms Cs,,,OAg,Se,(H,,,) an analogue to VIIL The
product for 1 was extremely air-sensitive, and the product was
predicted by the reaction trend without being confirmed by single
crystal diffraction. Blue, green, and yellow circles show rough phase
boundaries among species of (b, ¢) (or e), (d) (or f), and (g)
determined by-products present in our reactions.

Experimental Procedures. Here, we focus on how increasing
basicity and temperature can predictably influence the
progression of structural motifs in the forming products,
enabling controlled manipulation of the reaction paths. For
reactions with mixed AOH/AX fluxes, the final product is
dictated more by the reaction environment including temper-
ature, basicity, and flux composition than by the initial Q/Ag
(or analogous reactant) ratio, as the overall thermodynamic

landscape of the solution and precipitate as a whole controls
the reaction pathways. In addition, parameters such as the
r(OH) ratio and temperature control the dynamic equilibrium
among reactive species, thereby determining the solvated Ag—
Se fragments that lead to different products. Therefore, as long
as Q remains in excess, its starting ratio with Ag is
inconsequential as excess Q will remain in the solution as
A,Q. Our observations in related systems consistently indicate
that it is the reaction medium that modulates the
thermodynamic landscape instead of the reactant ratios that
define the resulting structural motifs.

For reactions using LiOH/LiCl, we find that Ag and Li can
share the same tetrahedral site in an antifluorite-type structure
with compositions of Li,_,Ag,Se (I, Figure 2a and Table S1
and S2 and Figure S1) as illustrated in Figure 2a. This aligns
with our geometric analysis of the highest dimension of a 3D
structure composed solely of edge-sharing tetrahedra (Figure
le). From a molecular chemistry perspective, this product
could potentially form from the condensation of cubic close-
packed (ccp) Se clusters of Ag/Li solvated species present in
the flux. It is noteworthy that larger chalcogenide clusters of Ag
and Cu compounds often exhibit greater similarity to their
respective bulk chalcogenides.”® This is particularly noticeable
for some reactions at higher temperatures, where Ag—Se
building blocks can grow larger, and eventually forming bulk
Ag,Se.””*” Therefore, we propose a possible selenium-ccp
fragment of [AgsSe;;)*°” (Figure S2) for the formation of I
based on a known molecular compound of Ag,S(S—CsH,—
NCS),,(PPh;), exhibiting similar ccp anions. These charged
fragments are stabilized by counterions in the highly ionic melt
of the flux. Consequently, the reaction medium can
significantly influence the stability of the Ag—Se fragments
under varying conditions, including basicity, ionic composition,
and temperature.

When we introduced a countercation Ba>" in the solution by
adding BaO to reactions using LIOH/LiCl fluxes, we observed
a gradual shift in the structural motifs of the products toward
lower dimensionality from II BaAg,Se; (Tables S3—S4 and
Figure S3a), to III Pnma-BaAg,_,Li,Se, (Table SS and Figure
S3b,c) and IV P3m BaAg,Se, (Table S6 and Figure S3d) with
increasing *(OH) and T (Figure 2b—d). For low a r(OH) =
0.5 and a low-temperature T = 450 °C, the product, II
BaAg,Se; has a 3D framework isostructural to CaFe,Ass,*
consisting of edge-sharing AgSe, tetrahedra connected by a S-
coordinated square pyramidal AgSes, and its smallest building
block can be considered as an [AggSe,s]**” fragment (Figure
2b). The assembly of the [AgsSe;s]** block can form
BaAg,Se; (II) by connecting the square pyramidal AgSes
(depicted in brown in Figure 2b) with tetrahedral AgSe,
(shown in black in Figure 2b) of another cluster as illustrated
in Figure S4.

Upon further increasing the hydroxide ratio to (OH) = 0.80
at 450 °C, we observed the gradual emergence of another open
framework structure III BaAg, .LiSe, (Figure S3b). This
phase features a more expansive framework composed of
ribbons of edge-sharing tetrahedral AgSe, units, which corner-
share to accommodate Ba®* ions (Figure 2c). It can be
conceptualized as the condensation of the basic building block
of [Ag,Se;;]"® (Figure 2c) as illustrated in Figure SS. To
completely subvert the BaAg,Se; phase, a r(OH) > 0.7 at 500
°C is necessary. By elevating the temperature to 550 °C with
r(OH) = 0.8, a 2D structure like the CaAl,Si,-type with a
composition of BaAg,Se, (IV, Figure 2d and Table S6 and
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Table 1. Novel Phases Synthesized by Tuning the Flux Ratio and Temperature Using Mixed AOH/AX Fluxes under Selected
Synthetic Conditions”

code formula space group  structure type coordination  dimension color flux r(OH) T (°C)
I Li,_.Ag.Se Fm3m antifluorite Tet 3D dark red LiOH/LIiCl 0.65 450
II BaAg;Se, Pnma CaFe;As, Sq. Pyr., Tet 3D black LiOH/LiCl 0.50 450
111 BaAg,_,Li,Se, Pnma BaCu,S, Tet 3D red LiOH/LiCl 0.70 500
v BaAg,Se, P3m BaAg,S, Tet 2D red LiOH/LiCl 0.80 550
v (Ba,_,Sr,)Ag,Se, P3m BaAg,S, Tet 2D orange LiOH/LiCl 0.80 550
VI NaAgSe Pnma TiNiSi Tet 3D orange NaOH/Nal 0.65 450
VII NaAgSe P4/nmm PbCIF Tet 2D NaOH/Nal 0.80 450
VIII Na;_,OAg,Se,(H,,,) I4/m Nb;Cu,Si, Tr 1D dark red NaOH/Nal 0.65 500
IX Ks_,O05Ag,5¢e,(H,) 4/m Nb;Cu,Si, Tr 1D dark red  KOH/Nal 0.80 450
X Na;_,Pb,OAg,Se, I4/m Nb;Cu,Si, Tr 1D black NaOH/Nal 0.85 500
X1 NagAg,Se,l; O,H, ¢ C2/m unique Tr 1D/2D yellow NaOH/Nal 0.50 600
XII (Ba,_,Na,)Na,;0,Ag,Se, I4/mmm Sr,Mn;Sb,0, Tet 2D orange NaOH/Nal 0.80 500
X111 (Ba,_,K,)Kg30,Ag,Se, I4/mmm Sr,Mn;Sb,0, Tet 2D orange KOH/KI 0.80 500
XIv Rb;Ag;Se, Pnma unique Tr, Tet 1D red (Rb,Li) OH/RbI 0.60 400
XV CsAg;Te, C2/m CsAg;S, Tr, Tet 2D black (Cs,Li)OH/LiCl 0.70 500
XVI CsBaggAgs4Se; P4/mmm CsAgsTeS, Tr, Tet 2D black (Cs,Li)OH/LiCl 0.70 550
XVII Bas ;Rbg,Ags075e,4 P1 unique Tr, Tet 3D dark red (Rb,Li)OH/LIiCl 0.70 480
XVIIL Ba,Ag, LiSes Pnma BaAg,Se; Tet 2D red LiOH/LiCl 0.65 400
XIX BaAg, sSe, s I4/m hollandite Tet 3D black LiOH/LiCl 0.70 450
XX Ba,Ag,Se, P1 unique Tet 3D black LiOH/LiCl 0.55 400
XX1 (KqsBay 5)Ag,Se, P1 unique Tet 3D red (K,Li)OH/LiCl 0.80 400
XXII SrSe, I4/mem SrS, 2D orange 400—-500
known  BaSe, P42,m BaS, 2D red 400—500
XXIII BaSel P2,/c unique 2D orange 420

“The variable r(OH) is defined as r(OH)= n(AOH)/[n(AOH) + n(AX)]. Symbols Tr, Tet, and Sq. Pyr. represent triangular, tetrahedral, and
square pyramidal coordination for Ag—Se bonding, respectively, and 1D, 2D, and 3D represent the structural dimensionality of the product. Crystal
structures are provided in the Supporting Data in the form of crystallographic information files (Cifs) available at the Cambridge Crystallographic
Data Centre (CCDC) database with deposition numbers: CSD 2387834—2387858.

Figure S3d) is obtained. When the Ba site is substituted with
Sr by replacing a portion of BaO with SrO during the reaction,
the resulting crystal structure of (Ba,_,Sr,)Ag,Se, (V) is
identical to that of SrAg,Se, (Table $7).2° This suggests a
cationic size effect that influences the Ba site but does not
affect the arrangement of the Ag—Se blocks. The building
block, [Ag;Ses]"*™ (Figure 2d), of IV is an even smaller trimer
of three edge-sharing tetrahedral AgSe,. The linking of four
corners of two trimers can form a hexamer with 3-fold
symmetry, the expansion of which results in the 2D CaAl,Si,-
type (illustrated in Figure S6a). A similar trimer is also seen in
a molecular cluster of [Ags(S—C¢H,—CN)4(PPh;)s] (two
trimers in the unit cell), which can condense to form a cluster
consisting of the hexamer shown in Figure S6a.*?

Our findings suggest that the observed reduction in
dimensionality may be associated with the evolution of
solvated Ag—Se molecular clusters in the flux, as evidenced
by the decrease in the size of basic building blocks from the
octamer to tetramer and finally to trimer (Figure 2b—d). To
further reduce the structural dimensionality of the product, we
conducted reactions using a stronger base of NaOH/Nal as the
reaction medium. Interestingly, all reactions below 500 °C
resulted in a new ternary phase, V a-NaAgSe (Figure 2e and
Table S8 and Figure S7a), which crystallizes in the TiNiSi-type
and shares the same Ag—Se 3D open framework motif with III
(BaAg,_,Li,Se,, Figure 2c). To balance the charge difference
between Ba®*, there are twice as many Na* ions in the tunnel.
Consequently, its basic building block is the same as that of IIL

When the reaction temperature increased to 500 °C or
higher, the resulting phase was a mixture of Na;_,Ag,Se,O-

(Hy.,) (VIII, Table S9) and a-NaAgSe (VI), with the fraction
of the latter diminishing with higher /(OH) and reaction time
(Figure S7b). The structure of VIII is isostructural to
Na;_,Cu,Se,O, consisting of 1D single chains of corner-
sharing triangular AgSe; (Figures In and 2g) separated by
Na*.*!" Although we could not refine H positions for VIII using
our X-ray diffraction data, we confirmed the presence of a large
amount of H for its analogue Na;_,Cu,Se,O(H,,,) using
neutron diffraction (Figure S4). Therefore, the amount of H in
the formula is likely to be 1+x to balance the charge.

The basic building unit for VIII is likely a dimer of triangular
Ag,Ses (with trigonal planar Ag atoms) connected by a
common Se atom (Figure S8) as no discrete [AgSe3]5_
monomer was reported, in contrast to [AgQ,]”” tetrahedral
monomers.”® However, there is a molecular cluster example
that consists of triangular AgQ; linked to a tetrahedral AgQ,
within [Ag,(SPh),(triphos)] (triphos = 1,1,1-tris-
(diphenylphosphinomethyl)ethane).** Thus, the basic unit
for Ag—Se chains in VIII is likely a dimer such as [Ag,Se]®”
fragments, which is likely surrounded by solvated Na* in the
flux as depicted in Figure 2g. As the basicity or temperature
increases, the OH™ dissociation toward H,O and O~ becomes
more favorable, resulting in higher O?~ concentrations in the
flux.** Therefore, as a hard Lewis acid Na* prefers to associate
with a hard base O*~ or OH™ in the flux. This association of
Na'—0%"/OH" is strong, leading to cocrystallization of Na—O
chains along with Ag—Se chains as illustrated in Figure S8. The
possibility of incorporating solvated species is further
evidenced by the formation of XI NagAg,Se,l; ,0,(H;s)
(Figure 2i and Table S10) from a reaction at 600 °C with
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and (k) a synthetic setup using diffusion method and Bag ;Rb, ;Ags0,Se,4 (XVII) prepared using the method shown in (1) full and (m) showing

only anti-PbO slabs for the framework.

r(OH) = 0.5. Due to the lower solubility of Nal, a mixture of
NaOH and Nal with such a ratio can only form a complete
melt above 550 °C. This new phase XI consists of AgSe; single
chains separated by layers of sodium oxyiodide (Figure 2i),
suggesting that with the considerable increase of [I7] in the
flux, the I~ ions can partially replace the O® ions in the
solvated Na* species despite their softer Lewis base character.

The abrupt transition in the structural motifs from VI to
VIII seemed unusually drastic. To gain a deeper understanding
of this change, we conducted panoramic synthesis'’ using in
situ synchrotron X-ray diffraction to monitor the reaction
pathway in real-time, as detailed in the Panoramic Synthesis
section in the Appendix. Through panoramic synthesis, we
found that a-NaAgSe (VI) begins to convert to a PbCIF-type
VII f-NaAgSe (Figures 2f and S10) above 400 °C, consisting

of 2D slabs of edge-sharing AgSe, tetrahedra. This structure
shares a similar building block as the [Ag;Ses]"*™ trimer as IV,
despite a different mechanism of formation (Figure S6b). This
difference in linking the same building block could be a result
of different solvated species of Ba** in LIOH vs NaOH. This is
supported by the evidence that a combination of Ba** and anti-
PbO slabs (tetragonal route in Figure S6b) can be favored with
the presence of rocksalt NaOg and KOy to form heterolayered
structures when using NaOH/Nal or KOH/KI fluxes to form
(Ba,_,Na,)Nay;0,Ag,Se (XII, Table S11) and (Ba,_K,)-
Ky30,Ag,Se (XIIIL, Table S12), respectively.

From the above reaction paths shown in Figure 2a—i, we can
establish a series of reaction paths that allow the reduction of
3D structures to 1D with gradual changes of motifs by
adjusting the basicity and temperature. This realization is
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particularly intriguing considering there are no reported
ternaries in the Na—Ag—Se system and only two known Ba—
Ag—Se ternaries containing polyselenides.”** We observed
that with the increase of basicity by using stronger bases such
as NaOH, the Ag" ion coordination tended to favor triangular
instead of tetrahedral geometries. This is even more so with
stronger bases such as KOH, as we obtained
Ks_,Ag,Se,005(H,) (IX, Table S13 and Figure S12), an
analogue to VIII, for reaction at 450 °C with r(OH) = 0.80. In
comparison, we have stabilized a rare form of AgSes square
pyramidal coordination in BaAg;Se, (II) with the lowest
basicity and temperature, suggesting a trend of decreasing the
Ag" coordination number with increasing basicity.

There is difficulty in probing further structural evolution
using fluxes of AOH/AI for A = K, Rb, and Cs as such fluxes
tend to reduce Ag' to elemental Ag even at moderate
temperatures (~S00 °C) for relatively low hydroxide ratios
(~0.65). This redox effect is complex, and we explain it in
detail in SI. Therefore, instead of further probing with higher
basicity and temperature, we tested whether we could control
the relative ratios (1) between tetrahedral and triangular
coordination in the structures by mixing stronger bases with
LiOH, which appears to favor tetrahedral AgSe, while avoiding
the formation of Ag®. When we combined LiOH/LiCl as the
primary flux with AOH (A = K, Rb, and Cs) to achieve Li/A =
5 and r(OH) = 0.70, reactions involving BaO at 500 °C
yielded a mixture of IT (BaAg,Se;) and III (BaAg,_,Li,Se,) for
A = K and Rb. For A = Cs, the product obtained was
CsAg;Se,, which crystallizes in the CsAg,S,-type (Figure S13),
consisting of both tetrahedral and triangular AgSe, (17 = 2)."
We carried out a similar reaction, replacing Se with Te, and
obtained the new compound CsAg;Te, (XII, Table S14) in
this family, suggesting the generalized nature of the reaction
paths opened by the mixed fluxes to other systems.

To glean further synthetic insight, we compare and contrast
these reactions by also carrying out experiments using AOH/
Al (A =K, Rb, and Cs) as major fluxes mixed with LiOH to

achieve Li/A = 1/3 and r(OH) = 0.70 at 400 °C. We obtained
2D K,Ag,Se; (Table S14) for A = K, depicted in Figure 2j.**
Its structure features slabs composed of alternating corner-
sharing triangular AgSe; and edge-sharing AgSe, chains
(Figure 2j) with n = 3. Its building block is [Ag,Se,]'*”
fragments, which are composed of both tetrahedral AgSe, and
triangular AgSe;. Such hybrid coordlnatlon has been observed
in many Ag—Q molecular clusters,” even a dimer con51st1ng of
edge-sharing tetrahedral AgSe, and triangular AgSe,."”* For A =
Rb (Figure 2k), # increased to 4 giving the new compound
Rb;Ag:Se, (XIV, Table S15). Its structure comprises fragments
of the 2D slabs of K,Ag,Se; (Figure 2h) terminated with
triangular AgSe; chains, thus becoming 1D. This suggests that
instead of condensation of [Ag,Se,]'"” tetramers, they are
linked with another type of building block, likely [AgSe;]>~
(Figure 2h). However, for A = Cs, the product was too air-
sensitive to be collected on our diffractometer. Based on the
trend, it is likely Cs,,,OAg,Se,, which is an analogue of VIIL
The use of mixed AOH and LiOH fluxes therefore can control
the ratio between triangular and tetrahedral coordination by
adjusting the solvent’s basicity. Furthermore, as we adjust the
basicity and introduce more countercations, we can system-
atically reduce the structural dimensionality.

Building Complex Structures by Motif Control. With
our ability to control the structural motifs and coordination of
Ag—Se, we aim to demonstrate that this knowledge can be
used to kinetically construct unique structure types. To achieve
this, we use a kinetically controlled diffusion method to allow
different types of building blocks to coprecipitate.”” This level
of control is often lacking in solid-state synthesis compared
with molecular chemistry because it is challenging to preserve
or manage the preferred ligands or basic building blocks during
solid-state reactions. To incorporate triangular AgSe;, edge-
and corner-sharing AgSe, units in one structure, we used a 10
cm long glassy-carbon container half-filled with ground LiOH,
LiCl, and Se to achieve #(OH) = 0.7 and r(Se/OH) = 0.1.
Then we added Ag,O to the right end, RbOH (monohydrate)
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to the center, and BaO to the left end of the crucible with each
area spreading within 1.5 cm. The reaction for this setup
(illustrated in Figure 3k) afforded a new black compound
Bag 3Rbg 7Ags0,Se,, (XVII, Table S16) only at the right end of
the crucible. No black crystals of XVII were spotted in the left
part or in the center of the crucible. It was also the only phase
containing Ag.

The structure of XVII consists of several different types of
motifs, including edge-sharing AgSe, formed anti-PbO slabs
(black tetrahedra in Figure 3l), edge- and BaCu,S,-type
corner-sharing tetrahedra chains (blue tetrahedra in Figure 31),
and triangular AgSe; chains in the NbsCu,Si,—type structure
(green triangles in Figure 31). These motifs can be considered
as fragments from Figure 2e,cf, respectively with an # = 4:1.
The basic framework is built by 8Xoco edge-sharing tetrahedra
of isolated anti-PbO slabs (Figure 3m). The corners between
each of them are joined by triangular AgSe; chains and the
BaCu,S,-type motifs filled the space between these sheets. It is
noteworthy that the AgSe; chains can be broken down to the
same Ag;Se; dimer as we suggested for VIII in Figure 2g. Ba
and Rb atoms filled the rest of the tunnels enclosed by these
different motifs.

Although the structure of XVII is unique and quite complex,
its formation is rational. The matrix of the LiOH/LiCl flux
favors tetrahedral coordination. At the same time, the RbOH
in the center of the reaction vessel promotes the formation of
triangular chains, which are predominately located in the
central region of the glassy-carbon boat. Additionally, placing
BaO at the far-left end of the crucible rather than with Ag,O
(at the right end of the reaction boat) prevents the formation
of more stable Ba—Ag—Se compounds that might prematurely
precipitate out of the flux. This demonstrates that rationally
targeting a specific structural motif is possible using mixed
fluxes.

Structural Modification by Anionic Fragments. In
addition to incorporating different cationic species, mixed
fluxes can stabilize various anions, integrating them into the
product when their concentrations in the solution become
significant. We first observed a layered compound, -Ba,Ag,Se,
(XX, Table S17 and Figure 4a), which appeared around 400
°C and then disappeared above 450 °C during the panoramic
synthesis experiment. We initially identified it as
Ba,Ag,Se,(Se,),” consisting of anti-PbO slabs of [Ag,Se,]*”
(Figure 2e) interleaved by Ba** and pinwheel [Se—Se]*~
(Figure 4b), due to their structural similarities and very subtle
differences in their PXRD patterns. The difference is that
instead of the Se—Se dimer in Ba,Ag,;Se,(Se,), the Se atoms
form polymeric chains or distorted square nets between the
[Ag,Se,]*” sheets (Figure 4a) in XX. By identifying the phase
as Ba,Ag,Se,(Se,), we hypothesized that an equilibrium
between Se’” and Se,”” could exist at lower temperatures,
which is expected to be enhanced by increasing the amount of
Se in the flux. These basic fluxes generate polyselenides by the
redox disproportionation of elemental Se (e.g., SSe + 3[0]*~
— Se0;”™ + 2Se,”7).

As we carried out most reactions with starting molar ratios
of Se to hydroxide, r(Se/OH) = n(Se)/ n(OH) = 0.08—0.10,
the equilibrium may shift toward higher polychalcogenides
Se,”” with higher r(Se/OH). Consequently, we carried out
reactions with r(Se/OH) = 0.15 and r(OH) = 0.65 at 400 °C.
This yielded a pure sample of Ba,Ag,Ses (XVIII, Table S18),*
consisting of the structural motifs of BaAg,Se, (IV, Figure 2d)
and linear [Se—Se—Se]*™ (isoelectronic to I;7) as shown in

Figure 4c. It was easily identified as an intermediate phase
observed during panoramic synthesis. The reaction also gave
BaSe; (Table S19) featuring a bent [Se—Se—Se]*~ poly-
selenide configuration instead of the linear [Se—Se—Se]*".
This rational approach demonstrates how mixed fluxes can
stabilize different anions and incorporate them into the final
product once their concentrations in the solution reach a
significant level. Further analysis revealed that the Ag site in
XVII could be substituted with Li at higher r(OH) or
temperature.

To further understand the formation limits of this
intermediate Ba,Ag,Ses phase, we reduced r(OH) from 0.65
to 0.60. We obtained a product with a majority phase of red
crystals (Ba,Ag,Se;) and dark crystals of Ba,Ag,Se, as a minor
fraction (Table S20) with a structure similar to that of
Ba,Ag,Se,(Se,). However, its Se-net is disordered instead of a
dimer, and the layered spacing is 21.658(5) A at 100 K, slightly
larger than that of 21.5784(8) for BazAgZSez(Sez).45 We
suspected that this could be a kinetic product possessing longer
Se—Se chains and carried out a reaction with a higher r(Se/
OH) = 0.21 and a lower r(OH) = 0.55 to preserve these longer
fragments. From this reaction, we obtained f-Ba,Ag,Se, (XX,
Figure 4a and Table S17) crystallizing in the space group of P1
with infinite Se—Se parallel zigzag chains (Figure 4a) inserted
between anti-PbO layers of [Ag,Se,]*”. The infinity chain
forms a very distorted square net with Se—Se distances within
each chain between 2.78 to 3.03 and 3.13—3.32 A between
chains. These are much longer than the typical covalent
distance of 2.378(3) A between Se—Se dimers in
Ba,Ag,Se,(Se,) or a-Ba,Ag,Se,.*” In addition, the interlayer
distance is 21.892(7) A at 100 K, 0.3136 A longer than that for
Ba,Ag,Se,(Se,), a significant change. This suggests that the
crystal with layered spacing between a- and f-Ba,Ag,Se, is an
intermediate phase consisting of both Se—Se dimers and Se,
polymeric chains. The Ba site in black f-Ba,Ag,Se, can be
doped with K to form red y-Ba,_ K.Ag,Se, (x = 0.55, XXI,
Table S21). K-doping led to the expansion of the layered
spacing to 22.488(S) A about 0.6 A longer than the undoped
phase consistent with a slightly larger ionic radius of K.
However, the average bond distances in the Se—Se zigzag
chain became shorter between 2.724(18)—2.769(18) A,
whereas the distance between Se atoms in different chains
elongates to 3.389(17)—3.342(17) A. Since the shrinkage of
the tetragonal Ag,Se, slabs was negligible after doping K, this
change is accommodated in the Se square net, which likely
undergoes hole doping.

To see whether such Se zigzag chains could be stabilized
without the Ag,Se, layers, we carried out reactions for BaO or
SrO without Ag,O in LiOH/LiCl at 400—500 °C. From
unwashed samples, we observed diselenide crystals of binaries
BaSe, and SrSe, (XXII, Table S22) for r(Se/OH) = 0.15.
SrSe, was not reported previously and features [Se—Se]*~
dimers. We also stabilized Se with longer chains in BaSe;,
K,Se,, and Rb,Ses; however, no polyselenide Se, chains with n
> S5 were observed. These results confirm that there is an
equilibrium between selenide and polyselenides, which favors
the latter with a higher r(Se/OH). However, the longer the Se,
chain, the less stable the binary, as binaries with n > 3
decomposed almost immediately when in contact with air.
Therefore, those with infinite zigzag Se chains were likely
stabilized kinetically by the surrounding Ag,Se, slabs.

Since infinite Se chains can be incorporated in 2D layers, it is
also possible to stabilize such fragments in 1D structures when
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Figure S. Electronic band structures. (a) Diagram showing correlations between synthetic variables, structures, and electronic structures, and band
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(h) f-NaAgSe (VID), (i) CsAg,Te, (XV), (j) Rb,AgiSe, (XIV), (k) BaAg,iSe, (XIX), and (1) Nao_,OH,.,AgSe, (VIIT).

the reaction conditions favor such motifs. For a reaction with
r(Se/OH) = 0.2 and r(OH) = 0.70 at 450 °C, we discovered a
new compound BaAg,Se,; (XIX, Table S23) with longer
linear Se chains (disordered chain with n = 9 in average instead
of infinite) as depicted in Figure 4a. This compound consists of
a hollandite-type structure with tunnels enclosed by 4 X 4 anti-
PbO-type Ag—Se ribbons. The tunnels are filled with Ba®* and
Se, chains in the center. We also carried out reactions with
r(Se/OH) = 0.15—0.20 in NaOH/Nal, but we were unable to
recover any polychalcogenide fragments in the product of the
Ag—Se systems. These reactions led to the new layered
compound of BaSel or Ba,l,(Se,) (XXIII, Table S24),
consisting of both diselenide [Se—Se]*>~ pinwheel layers and
I” layers. This suggests that when a certain flux basicity is
exceeded, it does not favor the incorporation polyselenides
despite their presence in solution.

Electronic Structures. While synthesis science for rational
materials discovery emphasizes controlling reaction pathways,
chemical composition, and molecular and crystal structures, its
ultimate purpose is to achieve the desired chemical and
physical properties. These specific properties can be tailored
through careful selection of elements in the reactions. The
collection of compounds discovered in this work offers a
treasure trove of potential physical properties, including those
of semiconductors, semimetals, and topological materials.
Probing these characteristics, our DFT calculations reveal
that the majority of structures identified in this study
demonstrate characteristics of either direct band gaps or

semimetal features, as depicted in Figure Sa-1. Although the full
analysis of the calculation results is beyond the scope of this
report, the salient points in the reported compounds are
presented below. Starting from the fluorite-type Ag,Se (1), it
forms a semimetal featuring symmetrical conduction and
valence bands at the high symmetry points (Figure Sb). This
resembles a nodal line semimetal character but without band
crossing.*”’ By further reducing the dimensionality, as in
BaAg,Se; (II) the band structure features a type II Weyl
semimetal as its conduction and valence band cross over at the
I-point at the Fermi level (Figure 5c).°' For the 3D
BaAg, ;Se, s (XVII) metallic behavior is predicted with large
flat bands below the Fermi level (Figure Sk), which are often
seen in hollandite-type structures. A gap (Figure 5d) emerges
in BaAg,Se, (III), and this gap increases when oAg is
substituted with Li (Figure Se). This substitution also results in
a reduced hole effective mass () from 0.7m, to 0.4m, in
BaLiAgSe, (III with x = 0.5), enhancing mobility. Further
dimensional reduction to 2D structures leads to a direct band
gap (E,) of 0.26 eV opening at the I'-point (Figure 5f) in the
2D BaAg,Se, (IV). For compounds with Na, such as a-
NaAgSe (V) the calculations point to a topological semimetal
feature of a quasi-Dirac cone at the I'-point at the Fermi level
(Figure Sg). In comparison, f-NaAgSe is a direct narrow band
gap semiconductor with <0.1 eV (Figure Sh). Similarly,
Rb;Ag:Se, (XIV) shows a direct band gap of 0.16 eV (Figure
5i). The E, (direct) value increases to 0.55 eV (Figure 5I) as
the [AgSe] framework converts to the 1D structure of
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Na;_,OH,,,Ag,Se, (VIII). By creating a bigger oxyhalide
block to separate these 1D chains, as in NagAg,Se,l; ;0,(H; 5)
(XI), the E, (direct) widens to 0.87 eV (Figure S14). This is
consistent with our observation of dark red Na;_ OH,,,Ag,Se,
(VIII) and yellow NagAg,Se,l;,0,(H;g) (XI). The calcu-
lations offer early insights into the expected properties, laying
the groundwork for future experimentation and in-depth
investigations of the optoelectronic properties.

B CONCLUSIONS

Our experimental-based general approach advances our
knowledge and intuition on how to rationally create new
structures and compositions with specific dimensionalities in
silver chalcogenides and related materials classes, affording
over 23 new materials. Our hypothesized potential connection
between dissolved molecular species in hydroxide fluxes and
the formation of products with predictable dimensionalities
suggests the possibility of a more advanced design approach for
building structures from the molecular level. Our results cut
across only a small slice of the composition space, and we have
succeeded in discovering a large number of unreported
structures and compositions. The insights and discoveries
into experimental reaction pathways serve to enrich the
database of known materials and synthesis methods. The
synthesis science and methodology described will also aid
advancements in ML and Al within the field of materials
science, which generally seeks to leverage existing knowledge
to predict materials with known structures. By combining our
approach of constructing complex structures from fundamental
building blocks with Al, we can overcome its limitations in
predicting entirely new structure types. Furthermore, the
stability regions of these building blocks could serve as
boundary conditions or even training data sets for machine
learning models to predict synthetic conditions. Hence, our
design strategy has the potential to enable Al to suggest
synthetic conditions for the materials that they predict. As the
boundaries of what is synthetically possible are expanded, more
diverse data sets will be created for computational models.

B EXPERIMENTAL PROCEDURES

Synthetic Details. For a typical reaction, Ag,O and a source of an
elemental chalcogen (Q) in the ratio of Q/Ag = 3 were mixed with a
flux of LiIOH/LiCl or AOH/AI (A = Na, K, Rb, and Cs). By varying
the ratio between AOH and AX, we have a tuning nob with the
nominal hydroxide ratio in the flux, defined as *(OH) = mol(OH)/
[mol(OH) + mol(X)]. The flux/reactant molar ratios were ~5—10 to
ensure complete initial dissolution. Hence, for each reaction, there
were two synthetic parameters: temperature and r(OH). For reactions
with stronger bases such as KOH, RbOH, and CsOH, we used Li-
modulated fluxes of AOH/AI to reduce the basicity to avoid the
reduction of Ag,O to elemental Ag. In these cases, either LiOH or Lil
was added to reach the intended A/Li and hydroxide ratios in the flux.
With the hydroxide fluxes, molten AOH allows in situ formation of
A,Q by disproportionation of chalcogens (via 6AOH + 3Q — 2A,Q +
A,QO; + 3H,0), obviating a separate synthesis for A,Q.

The as-purchased NaOH and KOH that we used contained about
10—15% water by weight, and the RbOH and CsOH were
monohydrate. Therefore, during the initial heating stage, we observed
water leaving the reaction 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 helps to protect the reaction
from oxygen and drive the water. In molten hydroxides, such
equilibrium exists: 20H™ < H,O + 07, where H,O and O~ serve as
the acid and base, respectively.”>*®> Under our conditions, water
cannot be trapped during the reaction to become a very different type

of flux, known as hydrcvﬂux.‘%'55 However, all water can leave the

fluxes, since we use an open system under constant N, flow. In
hydroxide fluxes, the dissociation constant is defined as Ky =
[H,0][0*"].** Since K is a function of temperature for a given base,
the minimal residual water will always be the same for given
conditions. 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
temperature exceeds 200 °C. Therefore, although the AOH
precursors we used contain water, the initial amount of water in the
flux is not a determining factor in the observed results.

The reactants were typically in the ratio of Q/Cu = 3 and the
reactant-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
S °C/min. The temperature was held for 20 h, and then the furnace
was either quenched in air or cooled to 300 °C at a rate of 3—6 °C/h
followed by turning off the power. The products were washed with
water or methanol in an ultrasonication bath to remove the flux. The
disproportion of Q led to side products such as A,QO, (x = 3 or 4),
which could be fully dissolved and removed by repeated washing.
Although it takes more rounds of washing to remove them with
methanol, it is preferred over water if the product is moisture-
sensitive.

Panoramic Synthesis. For the collection of in situ X-ray
diffraction data, we utilized a versatile setup developed at the
beamline 17-BM-B at the Advanced Photon Source (APS) with A =
0.24107 A as described previously.”® The reaction vessels can be
directly connected to a regular gas cylinder of inert gas (Ar or N,) in
the pressure range between 1 and 3 atm. The vessel can be as large as
3.1 mm, which allows for more materials. In addition, larger capillaries
can avoid trapped bubbles when fluxes are molten due to low surface
tension compared to smaller ones. The heater is placed beneath the
sample, which allows a more uniform temperature. The whole
transparent setup allows real-time monitoring of the sample location.
Moreover, during reactions, a motor can oscillate the capillary
vertically to collect the average information from the entire sample.
This robust setup allows rapid screening of in situ reactions with
simple and fast sample change and alignment.
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