


was targeted using the solid-state method by direct reaction
of stoichiometric BaS, Ag, and S, the yield was less than
20%, and significant amounts of binary impurities such as
BaS, BaS2, and BaS3 were present. It is likely that trivial
binaries are more thermodynamically favorable than ternary
compositions and are difficult to bypass using traditional
solid-state methods. Therefore, the hydroxide/halide flux
method is not just an alternative for discovery synthesis
methodology but a unique approach for many unique
compounds. Our Density Functional Theory (DFT) calcu-
lations and spectroscopic measurements suggest they are
direct band gap semiconductors with Eg as a function of x
from 1.59 to 1.95 eV for x=0 to 0.38, respectively. These
features make Sr(Ag1�xLix)2Se2 an attractive candidate for
photovoltaics or thermal neutron detection because the
atomic percentage of Li can be as high as 18%.[15]

Results and Discussion

The high solubility of oxides in molten hydroxide fluxes
allows the use of simple precursors such as SrO or Ag2O in
synthesis reactions.[2] The dissociated cations can react with
an anion such as a chalcogenide (Se2�), which forms from
the disproportionation of Se under very basic conditions, to
form Ag�Se bonds. Remarkably, despite its extreme
hydroxide basicity, this reaction medium does not interfere
with the formation of metal chalcogenide bonds. For the Sr/
Ag/Se system, a new ternary SrAg2Se2, isostructural to
BaAg2S2 (P-3m, Table S1),

[12] readily forms. To determine if
this phase could be formed by the classical solid-state
reaction, we attempted to synthesize SrAg2Se2 using SrSe
with Ag2Se (1 :1 molar ratio) at 500 and 1000 °C. The
synthesis was unsuccessful, yielding only unreacted precur-
sors such as SrSe and Ag2Se (Figure S1). No quaternary
phase was formed either when we targeted Sr(Ag0.8Li0.2)2Se2
using SrSe :Ag2Se :Li2Se=1 :0.8 : 0.2, suggesting that the
molten alkali hydroxide/alkali halide reaction medium in
this study is unique in enabling the reaction path to
SrAg2Se2.

Interestingly, the Ag atom site of the structure can be
partially replaced with Li to form Sr(Ag1�xLix)2Se2, where x

is the extent of Li substitution with Ag. The generic reaction
equation for this process is as follows:

Sr2þ þ 2xLiþ þ 2ð1�xÞAgþ þ 2Se2� ! SrðAg1�xLixÞ2Se2 (1)

The value of x can be controlled by adjusting the LiOH
fraction in the flux, r(LiOH), and the temperature (T).
When r(LiOH) or T was increased, the value x in the
product also increased, as demonstrated by the selected
samples described in Table 1.

Low x values (<0.1) were obtained for reactions at
450 °C, as shown in Table 1. However, these products were
often mixed with Ag2Se impurities. For reactions with [OH]
below 0.7 at 450 °C, the products were primarily Ag2Se and
unreacted SrO or SrSe. When the reaction temperature was
increased to 500 °C or above, the formation of binary Ag2Se
was suppressed and pure products were obtained, as shown
by the powder X-ray diffraction (PXRD) patterns in Fig-
ure 1b. At T=500 °C and [OH]<0.7, Sr(Ag1�xLix)2Se2 with
x<0.16 was still obtained, but the as-recovered products
contained significant amounts of Ag2Se. Therefore, to target
Sr(Ag1�xLix)2Se2 with low x, we conducted reactions at
600 °C with [OH]<0.7. For [OH]=0.58 at 600 °C, we
obtained SrAg2Se2 (x=0) without Ag2Se. Following a
similar trend, x also increased with an increased [OH] at
600 °C.; however, when [OH] increased above 0.83, metallic
Ag formed. It is likely that Ag+ can be reduced to Ag0 by
Se2� when the basicity is high enough, similar to our
observations of reactions between Ni2+ and S2� in mixed
KOH/LiOH, in which high basicity results in metallic Ni.[6]

These findings described above suggest that reactions in
LiOH/LiCl fluxes exhibit solution-based reaction character-
istics, such as pH-dependent oxidation states in aqueous
solutions.[17]

We conducted differential thermal analysis (DTA) to
study the stability of Sr(Ag1�xLix)2Se2 and explain why direct
combination reactions were unsuccessful. The first heating
cycle for SrAg2Se2 (sample 1, x=0) (Table 1) showed an
anomaly during cooling around 580 °C, suggesting an
endothermic event (Figure S2a), whereas no such features
were observed during subsequent cycles (2–3) (Figure S2b).
Similarly, inconsistency between the first and subsequent

Table 1: Synthetic conditions and lattice parameters for Sr(Ag1�xLix)2Se2. The extent of Li substitution (x) increases with increasing r(LiOH) (defined
as r(LiOH)=n(LiOH)/[n(LiOH)+n(LiCl)]) or T. LiCl is used to modulate the basicity and solubility of the flux, which is crucial for tuning x. The
crystallographic data are described in Table S1–8.[16] The single crystal X-ray diffraction (SXRD) data for Samples 1 and 6 marked with “*” were
collected using a synchrotron X-ray source with a wavelength λ=0.41328 Å, whereas the rest of the samples were collected using laboratory X-ray
sources. In addition, comparison between lab X-ray and synchrotron data were collected for sample 5 and 8, which are shown in Table S10 and
S11, respectively. Sr(Ag1�xLix)2Se2 crystallize in the P-3m space group.

Sample r(LiOH) T [°C] a [Å] c [Å] V [Å3] Li

1* 0.57 600 4.4096(2) 7.1966(4) 121.187(13) 0
2 0.73 450 4.4260(3) 7.2176(5) 122.446(19) 0.077(6)
3 0.80 450 4.4188(3) 7.2109(6) 121.935(19) 0.098(6)
4 0.73 500 4.4119(4) 7.2041(7) 121.44(2) 0.166(4)
5 0.76 500 4.4074(2) 7.204(5) 121.191(14) 0.255(4)
6* 0.80 500 4.4076(1) 7.2147(3) 121.382(7) 0.337(3)
7 0.83 500 4.3973(6) 7.1800(14) 120.23(4) 0.381(8)
8 0.86 550 4.3885(12) 7.188(2) 119.88(7) 0.438(6)
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cycles was also observed in Sr(Ag1�xLix)2Se2 with x=0.38
(sample 7 in Table 1), as shown in Figures S2c and d for
cycles 1, showing an endothermic event at around 620 °C,
and 2–3, respectively. In addition, post-DTA PXRD analysis
for both x=0 and 0.38 revealed major phases of SrSe and
Ag2Se (Figures S3), suggesting Sr(Ag1�xLix)2Se2 decomposi-
tion around 600 °C. It also appears that Li doping increased
the stability of Sr(Ag1�xLix)2Se2 because the complete
decomposition temperature increased by 40 °C for x=0.38.
Hence, this tunable flux with mixed LiOH and LiCl can
access new parts of the composition space in a given system
and form kinetically stable chalcogenides at low temper-
atures.

We attempted to grow larger crystals of Sr(Ag1�xLix)2Se2
at a very slow cooling rate. In the reaction cool-down from
600 °C with [OH]=0.80 at a rate of �1 °C/h, we obtained
yellow crystals that were lighter in color than Sr-
(Ag1�xLix)2Se2. The compound was identified as [Sr3Se2]-
[(Ag1�xLix)2Se2] with x=0.275(4), crystallizing in the R-3m
space group with a=4.4111(11) and c=43.211(17) Å and
consisting of CaAl2Si2-type [(Ag1�xLix)2Se2] and rocksalt-
type [Sr3Se2] layers (Table S9), a unique structure.

[16] We are
unaware of another intergrowth compound of this type. In
addition, it should be possible to further stabilize a
homologous series of [SrnSen�1][(Ag1�xLix)2Se2] with similar
structural motifs. The crystallization of other members may
be dependent on the synthetic conditions such as temper-
ature and r(LiOH), as we observed the formation of
[Sr2MnO2][Cu2n(1�x)Sn+1] (n=1–4) with n as a function of
temperature.[18] The slow cooling of the reaction medium
enabled the subsequent reaction of Sr(Ag1�xLix)2Se2 with
excess Se2� ions inserted in the interlayer space, forming a
thin SrSe slab according to the following equation:

SrðAg1�xLixÞ2Se2 þ 2Se2� þ 2Sr2þ ! ½Sr3Se2�

½ðAg1�xLixÞ2Se2�
(2)

Although Li is known to alloy with Ag or Cu in
tetrahedral sites of the structure, the Li/Ag alloying usually

requires using stoichiometric precursors to target the desired
ratios[19] or post-synthetic ion-exchange of a template.[20]

LiOH/LiCl fluxes offer precise and facile control of Li
substitution by directly correlating the synthetic parameters
with x as shown in Figure 1c. For example, at 500 °C the
value of x exhibits a linear relationship with r(LiOH)
(Figure 1c), which can be used to extrapolate the targeted x
as a function of r(LiOH). We attribute this to the tunable
solubility of the LiOH/LiCl fluxes, in which increasing
LiOH increases the solubility. This Li substitution process
for ternary AxMyQz (A=alkali metal; M= transition metal;
Q=S, Se, or Te) is described by the following equation:

AxMyQz ðsÞ þ dLiþ ðsolÞ $ AxMy�dLidQz ðsÞþ

dMþðsolÞ
(3)

The internal energy change for replacing each M with Li
from the solution is Δɛ= ɛLi�ɛM+ ɛM(sol)�ɛLi(sol), where ɛLi and
ɛM are the internal energies of the M site of the ternary
when occupied with one M and Li, respectively. The state
signs “(s)” and “(sol)” indicate solid-state and solution
states, respectively. Hence, for n number of Li atoms with N
of M in the unsubstituted lattice, we can obtain the change
in entropy as Sc/kB= ln [N!/(N�n)!/n!]�
N ln(N)�N�n ln(n)�(N�n) ln(N�n)+(N�n)=N ln(N)�-
n ln(n)�(N�n) ln(N�n), where Sterling’s approximation for
large numbers was used. Therefore, the following is true for
the equilibrium state:

@DAd=@n ¼ @ðnDe�TScÞ=@n ¼ De�kBT ln½ðN-nÞ=n� ¼ 0 (4)

Thus, ln[N/n�1]=Δɛ/kBT when Equation (2) is at equili-
brium, consistent with our observation that a lower Δɛ (or
higher solubility) or higher T lead to a larger Li substitution.
This explains the generic approach that uses solubility to
precisely target the substitution of Li (or other interchange-
able elements).

The ability to replace Ag with Li has valuable implica-
tions. The strong covalent bonding associated with the
Ag�Se interactions is graduate replaced with more ionic

Figure 1. Powder X-ray diffraction (PXRD) results for Sr(Ag1�xLix)2Se2. a) PXRD patterns at x=0.15 (top) and x=0.4 (middle). A simulated pattern
for x=0.4 is shown at the bottom to serve as tick marks for reflections whereas their intensities are different due to preferred orientation from the
experimental data. b) Unit cell volume as a function of x and c) dependence of x with reaction temperature (T) and r(LiOH).
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bonding of Li�Se interactions. This lowers the p-orbital
energies of Se which dominate the top of the valence band
resulting in gradual widening of the band gap without
altering the structure type (discussed later in detail). If the
degree of Li substitution for Ag can be controlled, precise
band gap tunability and thus desirable optoelectronic
properties can be achieved.

SrAg2Se2 crystallizes in a CaAl2Si2-type structure (P-
3m), in which two-dimensional [Ag2Se2]

2� layers are inter-
leaved by Sr2+ cations (Figures 2a and b). Each [Ag2Se2]

2�

consists of two oppositely stacked layers of AgSe formed by
corner-sharing tetrahedra with triangular faces parallel to
the ab plane, as illustrated in Figure 2c. The local coordina-
tion of the edge-sharing AgSe4 tetrahedra opposite each
other along the c-axis is illustrated in Figure 2d. The lattice
parameters, a and c, and the unit cell volume decrease
linearly with increasing x (Table 1 and Figure 1b), following
Vegard’s law of alloying.[21] Our elemental analysis using
energy dispersive X-ray spectroscopy (EDS) for x=0 and
0.38, shown in Figure S4 and S5, respectively, corroborates
the single crystal data. In addition, our Pawley fit showed
larger cell volume for x=0 (119.41 Å3, Figure S6) than that
of x=0.38 (119.41 Å3, Figure S7). We note that due to the
small change in cell volume by Li substitution (�2% from
x=0.077 to 0.438), the single crystal diffraction data,
especially those obtained using high-resolution and high-flux
synchrotron, are much more reliable than the powder
diffraction data. The behavior can be attributed to Li+ being
smaller than Ag+.[22] For example, the tetrahedral Ag�Se
and Li�Se bond lengths are approximately 2.771(1) Å[23] and
2.6002 Å[24] in Ba2Ag2Se2(Se2) and Li2Se, respectively. In
comparison, the average bond lengths between the AgL�1i
and Se sites for Sr(Ag1�xLix)2Se2 were 2.6937(9) Å and
2.7401(6) Å for x=0.438(6) and 0.077(6), respectively. The
Ag�Se bond length for SrAg2Se2 was 2.7329(4) Å at 100 K.
Although the Ag�Se bond lengths were the same within the
error for each Sr(Ag1�xLix)2Se2, the tetrahedral angles were
different, with θ1 smaller than θ2 (Figure 2d). In addition, the
difference between the two tetrahedral angles decreased
with an increased x. For x=0.438(6), θ2 and θ1 were
109.85(4) and 109.09(4)°, respectively, whereas for x=
0.077(6), θ2 and θ1 were 111.16(3) and 107.73(3)°, respec-
tively. Thus, with increasing x, the AgSe4 in Sr(Ag1�xLix)2Se2
evolves toward an ideal tetrahedron.

The heterolayered [Sr3Se2][(Ag1�xLix)2Se2] in the R-3m
space group (Figures 2e and f) consists of CaAl2Si2-type
[(Ag1�xLix)2Se2] layers, similar to those in Sr(Ag1�xLix)2Se2.
Instead of cation separators such as Sr2+, the [(Ag1�xLix)2Se2]
layers are separated by [Sr3Se2] consisting of three octahe-
dral thick slabs of rocksalt-type SrSe, as shown in Figures 2e
and f. The slabs are slices of the NaCl lattice with cuts
perpendicular to the [111] direction. For the sample
prepared at T=600 °C with [OH]=0.80, the corresponding x
was 0.275(4) with a=4.4111(11) Å and c=43.211(17) Å. The
Ag�Se bond length was 2.7171(7) Å, similar to the distance
of 2.7165(4) Å for x=0.255(4) in Sr(Ag1�xLix)2Se2. Because
each AgSe4 tetrahedron in the Ag layers shares the same
triangular face with its neighboring SrSe6 octahedra in the Sr
layers, the lattice match between these building blocks is

crucial for the stability of their intergrown structures. In
[Sr3Se2][(Ag1�xLix)2Se2], the Se�Se distance for the shared
triangles is 4.4111(12) Å (the same as the lattice constant a),
very similar to the Se�Se distance, 4.4153(9) Å, in the
triangular faces of SrSe6 octahedra in binary rocksalt-type
SrSe.[25] It is likely that the lattice compatibility between
SrSe and Sr(Ag1�xLix)2Se2 allowed the formation of [Sr3Se2]-
[(Ag1�xLix)2Se2] by kinetically stacking the respective build-
ing blocks.

To understand the nature of the electronic properties of
Sr(Ag1�xLix)2Se2, we performed electronic structure calcula-
tions using DFT for [Sr3Se2][Ag2Se2] and Sr(Ag1�xLix)2Se2
with x=0, 0.5, and 1 (Figure 3). All three compositions of
Sr(Ag1�xLix)2Se2 exhibited direct band gap at the Γ-point
with band gap energies (Eg) of 0.55, 1.17, and 2.93 eV for x=
0, 0.5 and 1, respectively (Figures 3a–c), suggesting increased
Li substitution at the Ag site increased Eg. This can be
attributed to the interactions between Ag-4d and Se-4p that
raise the valence band maximum (VBM) toward the
conduction band, as shown in the �2 to 0 eV region in the
density of state (DOS) plots shown in Figures 3a and b. In
comparison, Li-2s was buried too deep in the energy level
and mainly left the Se-4p states in the VBM for x=1
(Figure 3c). When Ag is completely substituted by Li, the
VBM decreases to being composed of the Se-4p bands
(Figure 3c). The energy level at about E=�2.2 eV in the
DOS plot in Figure 3a is now equivalent to the new Fermi
level of that of Figure 3c, increasing Eg from 0.55 to 2.93 eV.

The heterolayered [Sr3Se2][Ag2Se2] also show a direct
band gap at the Γ-point with Eg=1.27 eV (Figure 3d), which
is 0.72 eV larger than SrAg2Se2 without any Li substitution.
Its VBM consists primarily of Ag-4d and Se-4p states (DOS
in Figure 3d), similar to that of SrAg2Se2. However, the thick
[Sr3Se2] slabs and open a wider band gap, consistent with
SrSe (2.19 eV)[26] having considerably larger Eg than
SrAg2Se2 (0.55 eV). Hence, it is likely that thicker SrSe
layers lead to a larger Eg, similar to the effect of Li
substitution on the Ag site. Because there are three SrSe
slabs for every Ag2Se slab, [Sr3Se2][Ag2Se2] can be consid-
ered as a 3-layer ultrathin film of NaCl-type SrSe cut along
the diagonal from the bulk. Note that NaCl-type SrSe is an
indirect band gap semiconductor (Γ to X).[26] The change
from cubic symmetry to hexagonal and bulk cubic SrSe to
highly directional 3-layer slabs leads to the emergence of a
direct band gap in [Sr3Se2][Ag2Se2].

The UV/Vis measurements suggest that Sr(Ag1�xLix)2Se2
are semiconductors whose Eg values increase with increasing
values of x. The corresponding values of Eg for x=0, 0.15,
and 0.38 were 1.59, 1.80 and 1.95 eV, respectively, as shown
in Figure 4a. The results are consistent with the colors of the
crystals, which are black with a metallic luster, red, and
orange for x=0, 0.15 and 0.38, respectively (Figure 4a
insets). However, we noticed that the powders of the ground
crystals turned darker after extensive grinding in air and the
measurements incorrectly showed smaller than expected
band gaps, suggesting sensitivity to air or moisture. Ex-
posure to moisture can lead to surface degradation of
materials with smaller gaps, such as Se. It should be noted
that this effect is likely confined to the surface, as the
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Figure 2. Structures of Sr(Ag1�xLix)2Se2, crystallizing in a CaAl2Si2–type structure (P-3m space group with a=4.4096(2) and c=7.1966(4) Å), along
the a-axis in a) ball-stick and b) polyhedral representations and along c) c-axis with Sr atom hidden for clarity. d) Edge-sharing AgSe4 tetrahedra in
Sr(Ag1�xLix)2Se2 and structures of [Sr3Se2][(Ag1�xLix)2Se2], crystallizing in the R-3m space group with a=4.4111(11) and c=43.211(17) Å, along the
[110] axis in e) ball-stick and f) polyhedral representations. The Sr, Ag, Li and Se atoms are shown in blue, gray, green and crimson, respectively.
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unground samples in the form of 50–300 μm crystals
remained unchanged after being washed with water and
stored in air for two years. Nonetheless, this increase in the
band gap after Li substitution originates from the decreased
covalency in the structure as Ag�Se bonds are replaced with
more ionic Li�Se bonds and is consistent with our DFT
calculations and other semiconducting Ag/Cu-containing
chalcogenides, such as Ag2ZnSnS4 or Cu2ZnSnS4.

[19] Hence,
the band gap of Sr(Ag1�xLix)2Se2 is tunable by adjusting the
synthetic parameters.

Sr(Ag1�xLix)2Se2 also showed photoluminescence (PL)
with broad emission under a 405 nm laser, as shown in
Figure 4b. The intensities of the emission spectra increased
significantly with an increased x. No emission was observed
for x=0. For x=0.15, the emission was identified but was
fairly weak with a low signal/noise ratio. However, for x=
0.38, a strong emission spectrum was observed (Figure 4b)
with intensities over an order of magnitude stronger than
those for x=0.15. The emission spectrum for x=0.38
appeared at around 600 nm (equivalent to 2.06 eV), which
corresponds to orange, consistent with the color of the
crystal (Figure 4a inset for x=0.38). The time-resolved PL
for x=0.38 after removal of high-frequency instrument noise
using Fourier filter[27] is shown in Figure 4c. Its PL decay
time (τ) was estimated to be approximately 8 ns.

Conclusion

Mixed hydroxide/halide fluxes offer adjustable solubility of
reactants and intermediates, enabling easy synthesis of new
direct band gap semiconductors of the Sr(Ag1�xLix)2Se2
series. Precise control of the x value in this series is
achievable through temperature and LiOH fraction in the
flux, improving synthesis efficiency. This allows for direct
correlation between material properties and synthesis
parameters. The flux’s high solubility also enables co-
precipitation of different building blocks, making it suitable
for creating heterolayered structures. By adjusting only a
few key parameters such as temperature or acidity, this
tunable flux approach is a powerful tool for phase selection,
potentially speeding up the discovery and design of new
materials.

Supporting Information

Supporting Information is available free at. Additional
powder and single-crystal X-ray diffraction and differential
thermal analysis. Additional crystallographic information
(CIF): CSD deposit numbers: 2192113 (Table S1), 2192145
(Table S2), 2192153 (Table S8), 2192154 (Table S6), 2192155
(Table S7), 2192156 (Table S3), 2192157 (Table S5), 2192158
(Table S4) and 2192176 (Table S9) contain all the crystallo-
graphic data shown from Table S1–S9.

Figure 3. Band structures and the corresponding density of state (DOS) plots of Sr(Ag1�xLix)2Se2 for a) x=0, b) x=0.5, and c) x=1. d) Density of
states of [Sr3Se2][Ag2Se2]. The calculated band gap energies (Eg) for a), b), c) and d) are 0.55, 1.17, 2.93 and 1.27 eV, respectively. A 2×2×1
superstructure was constructed for the calculations at x=0.5 (SrAgLiSe2).
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