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ABSTRACT: The ability to manipulate crystal structures using
kinetic control is of broad interest because it enables the design of
materials with structures, compositions, and morphologies that
may otherwise be unattainable. Herein, we report the low-
temperature structural transformation of bulk inorganic crystals
driven by hard—soft acid—base (HSAB) chemistry. We show that
the three-dimensional framework K,SbgQ;; and layered KSbsQg
(Q =S, Se, and Se/S solid solutions) compounds transform to
one-dimensional Sb,Q; nano/microfibers in N,H,-H,O solution
by releasing Q*~ and K" ions. At 100 °C and ambient pressure, a
transformation process takes place that leads to significant
structural changes in the materials, including the formation and
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breakage of covalent bonds between Sb and Q. Despite the insolubility of the starting crystals in N,H,-H,O under the given
conditions, the mechanism of this transformation can be rationalized by applying the HSAB principle. By adjusting factors such as
the reactants’ acid/base properties, temperature, and pressure, the process can be controlled, allowing for the achievement of a wide
range of optical band gaps (ranging from 1.14 to 1.59 eV) while maintaining the solid solution nature of the anion sublattice in the

Sb,Q; nanofibers.

Bl INTRODUCTION

Solid-state synthesis involves high temperatures to form new
chemical bonds and create stable product phases, but
controlling the reaction process to achieve desired structures
is challenging due to the complex nature of solid-state
materials.'~*  Additionally, the formation mechanisms of
inorganic solids are not well understood, hindering the rational
discovery of materials with desirable properties. More
kinetically controllable processes are needed to enable the
formation of new covalent bonds while preserving other bonds
in stable intermediate phases, facilitating the discovery of
materials with improved properties.”

Alternative synthesis methods were developed to address the
aforementioned issues. They use low temperatures to increase
the predictability of reaction products and stabilize structures
that cannot be obtained through high-temperature solid-state
reactions.””” Representative examples are highly successful flux
synthesis using alkali metal chalcogenides'’ H=h
hydro-/solvothermal reactions,'®*° metathesis reactions,
and the recently developed mixed hydroxide halide fluxes.
For example, inorganic fluxes melt at lower temperatures and

g
" and metals,
21-24

9,25

form liquid serving as a reaction medium like organic solvents
in molecular synthesis, and frequently participate in reactions.
Accordingly, central atoms have a better chance to assemble
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building blocks that are not available in a high-temperature
solid-state synthesis.

The manipulation of inorganic solid structures has been
extensively investigated; however, it is a challenging task due to
the multitude of potential structures and the materials’ stability
at low temperatures. Notwithstanding these challenges, there
are successful examples of structure manipulation, mainly
through kinetically controlled processes such as topotactic

. . . . . e 26-29
reactions involving the intercalation of guest species,

0,31

deintercalation of weakly bound species,’ and replacing
atoms or molecules through ion exchange.””™** The first two
cases have been widely applied for layered oxides and
representatively provide the working mechanism of secondary

. 36-38
batteries.

An interesting example is the topochemical
conversion of the layered refractory materials of M,,,;AX,, (M =
early transition metal; A = Al, Si, and X = C, N) and their

boride analogues such as M,AlB, (M = Cr, Mn, Fe) and MAIB
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(M = Mo, W), which have been reported to give the class of
MXenes.”” ™!

Chalcogenide compounds with discrete molecular structures
often dissolve in appropriate polar solvents and can be used as
templates to build more complex structures like open
frameworks.”*~** However, there has been little research on
manipulating infinitely extended structures at lower temper-
atures, aside from basic techniques like ion exchange and
intercalation/deintercalation, despite the fact that chalcoge-
nides have a rich structural chemistry and are capable of
forming Q—Q_bonds (where Q represents chalcogen atoms).
Notable examples are the transformation of A,Bi,Se, (A = Rb,
Cs) and Cs;Bi,Se;,."”* The former undergoes conversion
involving the topotactic oxidative coupling of entire rows of
terminal Se’” ions to give Se,”” groups with the expulsion of
alkali ions from the crystals upon exposure to ambient air.
Consequently, two-dimensional A,Bi,Se, single crystals trans-
form to three-dimensional ABi,Se, single crystals. The latter
involves two successive single-crystal to single-crystal oxidative
topotactic transformations when soaked in H,O, namely, two-
dimensional Cs;Bi,Se;, to Cs,Bi;Se;, to finally three-dimen-
sional CsBi,Se;,.

We report a chemical process that occurs at relatively low
temperatures, leading to significant changes in the structure
and composition of the inorganic solids. This non-topotactic
process can be understood and controlled using acid—base
chemistry. We studied two model systems, K,SbgQ,; and
KSbsQg, which have distinct crystal structures made up of
complex three-dimensional and two-dimensional frameworks.
These structures consist of highly distorted, Sb-centered
octahedra consisting of chalcogen atoms, with a charge-
compensating spacer of K' ions. To disrupt the interaction
between the hard Lewis acidic K" ions and the soft Lewis basic
chalcogen atoms, we soaked the crystals in a hard basic
solution of N,H,-H,O. Based on hard—soft acid—base
(HSAB) principle, we expected the extraction of K* ions via
specific solvation and coordination of hydrazine molecules.’!
This led to the formation of Sb,Q; nanofibers, where the K*
and Se®” ions were exsolved to restore the charge neutrality in
the solids. This is a highly unusual chemical transformation
occurring as low as 100 °C under ambient pressure. It involves
a structural reconstruction and significant reorganization of the
Sb—Se covalent bond network, even though the crystals are
not totally dissolved during the reaction process.

Importantly, if K,SbgQ,; and KSbsQg are S/Se solid
solutions, the obtained Sb,Q; nanofibers inherit the solid
solution nature of the parent bulk crystals. The random
distribution of S and Se atoms was directly observed by atomic
resolution spherical aberration-corrected scanning transmission
electron microscope (Cs-corrected STEM) equipped with an
energy dispersive X-ray spectroscopy (EDS). The composition
of the nanofibers directly depends on that of the bulk parent
crystals, thereby allowing for delicate tunability for the
composition and band gap in a wide range from 1.14 to 1.59
eV. Sb,Q; nanofibers can be easily and efliciently produced in
large quantities by using a simple bulk reaction process. The
band gap of these nanofibers can be adjusted by changing the
reaction conditions, such as the level of basicity, S/Se ratio,
and the temperature of the reaction. These nanofibers are also
highly versatile and could be used in a variety of technical
applications, including energy_ harvesting,sz_54 energy stor-
age,”*° and optoelectronics.” " >* Additionally, when Sb,Q,
nanofibers are consolidated into pellets and heated using spark

plasma sintering, they exhibit increased anisotropy in heat
transport with enhanced phonon scattering in the direction
parallel to the press direction.

B EXPERIMENTAL SECTION

Starting Materials. The following reagents were used as received
unless noted otherwise: potassium chunk (99.5%, Aldrich, USA),
antimony shot (99.999%, SN Plus, Canada), selenium shot (99.999%,
SN Plus, Canada), sulfur pieces (99.999%, Alfa Aesar, USA),
hydrazine monohydrate (99+%, Alfa Aesar, USA), N,N-dimethylfor-
mamide (DMF, HPLC grade, Samchun, Korea), acetonitrile (HPLC
grade, Samchun, Korea), and diethyl ether (99.5%, Samchun, Korea).
DMF and acetonitrile were purified in a column of molecular sieves
using a Grubbs-type purification system before use.” K,Q (Q =S,
Se) was prepared by a stoichiometric reaction of elemental K and Q in
liquid NH; as described elsewhere.” CAUTION: Hydrazine
monohydrate is highly toxic and should be handled using proper
protective equipment (gloves, clothing, eye protection) with
special care to prevent contact with either the vapors or liquid.
Containers may explode when heated. Extreme care should be
taken when solvothermal reactions are conducted with hydrazine-
containing chemicals. It requires all necessary precautions to
ensure safe handling and storage.

Determination of the Phase Boundary and Synthesis of
Parent Crystals of K,SbgSe;;_S; and KSbsSe,Ss_,, (I = 0, 1.3,
2.6,3.9,m=0, 2.0, 4.0, 4.8, 5.5). All the preparations for syntheses
were carried out under an argon-filled glovebox (99.999% purity)
where the concentration of H,O and O, was kept at less than 1 ppm.
An appropriate ratio of K,Q, Sb, and Q starting reagents was loaded
into carbon-coated fused-silica tubes. The total weight of reactants
was ~3 g. The tubes were then evacuated to a pressure of ~10~* Torr
and subsequently flamed-sealed. The reaction tubes were heated to
850 °C in 12 h and soaked for 5 days, followed by being cooled to
room temperature naturally. The products were washed with purified
DMF to remove possible residues, followed by drying with ether
under an argon flow. For 0 < [ < 3.9, the nominal compositions of
K,SbgSe;3_S; gave pure black glossy thick rod-shaped crystals with an
~100% yield, without releasing any residues when soaked in purified
DME. Typically, these structures exhibit dimensions of approximately
150—250 pum in length and 20 ym in thickness. As the composition’s
S concentration increases, they tend to become shorter and thicker.
For 3.9 < I < 4.1, products gave a very faint yellow-tinted solution
when washed with purified DMF, revealing the mixture of K,SbgSe ;-
and KSb;Sg-type structures. This observation indicates the removal of
a small amount of residual K,Q, (Q =S, Se, and Se/S solid solutions;
z = 1-6). For 0 < m < 5.5, the nominal compositions of
KSbsSe, Sg_,, provided dark red plate crystals with 100% yield.
Their lateral dimension is typically ~100 gm. They grow greater with
the higher concentration of Se in the composition.

Synthesis of Sb,Se;_,S, Nanofibers under a Solvothermal
Condition. Note that the parent crystals can either decompose or not
react depending on the concentration of the N,H,-H,O solution. The
thickness of the nanofiber products is also affected by the
concentration of the N,H,-H,O solution. The optimized concen-
tration giving the thinnest diameter of products decreases with the
increasing mole fraction of S (ng/nq) in the bulk crystals (Table S1).
A 0.300 g amount of synthesized parent crystals was dispersed in 16
mL of N,H,-H,O solution diluted with deionized water in various
volumetric ratios and transferred to 45 mL Teflon-lined stainless steel
autoclaves. They were heated at 170—180 °C for 36 h. Products were
filtered and washed with purified DMF to remove possible residues in
an argon atmosphere, followed by drying in a vacuum at 90 °C for 12
h

Synthesis of Sb,Se;_,S, Nanofibers under an Ambient-
Pressure Condition. For control reactions, we conducted the same

reaction at 100 °C with magnetic stirring at 200 rpm using a standard
Schlenk line technique in an argon atmosphere rather than autoclaves
under high temperature and high pressure.

https://doi.org/10.1021/jacs.3c03925
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Synthesis of Sb,Se;_,S, Control Bulk Powders. Bulk powders
of Sb,Se;_,S, (x =0, 1,2, 2.12, and 3) were synthesized by melting an
appropriate molar ratio of elemental starting reagents, such as Sb, S,
and Se, in evacuated fused-silica tubes at 650 °C for 12 h. The
obtained ingot samples were manually ground with an agate mortar
and pestle in an argon-filled glovebox.

Consolidating Powders for Thermal Conductivity Measure-
ments. Powders were loaded in a 13-mm-diameter graphite die in an
argon-filled glovebox. After the graphite dies were placed in a spark
plasma sintering (SPS) system (SPS-211Lx, Fuji Electronic Industrial,
Japan), they were compacted at 400 °C for S min under an axial
pressure of 50 MPa in a vacuum of ~1.4 X 1072 Torr using SPS. The
relative densities of the samples were ~96% of their theoretical values.

Transmission Electron Microscopy (TEM). Sb,Se;_,S, nano-
fiber samples were investigated by using a JEOL JEM-2100F
transmission electron microscope at 200 kV with an Oxford X-
Max" SOTLE EDS detector. For cross-sectional STEM specimens
were prepared by focused ion beams (FIB, Helios 650, FEG, FEI).
The atomic structures and chemical compositions of specimens were
examined using a spherical aberration-corrected JEM-ARM200F
microscope (Cold FEG Type, JEOL) equipped with a silicon drift
detector (SDD)-type EDS detector (Solid Angle 0.9-sr, X-Max"
100TLE, Oxford Instruments) at 200 kV installed at the National
Center for Interuniversity Research Facilities (NCIRF) at Seoul
National University. For high-angle annular dark-field (HAADF)
STEM images, the point-to-point resolution was about 80 pm after
the spherical aberration correction, and the angular range of the
annular detector used was 68—280 mrad. All images were acquired
with a high-resolution CCD detector using a 2k X 2k pixel device
(UltraScan 1000, Gatan). For STEM-EDS analyses, elemental maps
were acquired with a probe size of 0.13 nm and a probe current of 40
pA. The convergence and collection semiangles were 19 and 52 mrad,
respectively.

Additional Experimental Details. Further experimental details
about analytical techniques can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Structure of Sb,Se;, K,SbgQ,3, and KSb;Q; (Q =S, Se,
and Their Mixtures). The Sb,Q; structural motif serves as a
major building block for many complex chalcogenide
compounds with the late group 15 elements of Sb and Bi
with the trivalent formal charge as a coordinating center
(Figure 1a), showing remarkably rich structural chemistry. The
Sb,Se; structure consists of parallel double ribbons of [Sb,Se4]
units stacked along the crystallographic b-axis via Sb—Se
covalent bonds with a distance from 2.588 to 3.007 A (Figure
1b).”> Each one-dimensional [Sb,Se], ribbon is further
weakly bound by the long Sb---Se interaction at 3.215—3.247
and 3.486 A to form a pseudo-three-dimensional framework.*®
The weakly bound spaces between the ribbons of the
framework could theoretically accommodate guest species by
breaking Sb—Se bonds and forming derivative structures.
However, this has proven to be a difficult and rare feat. This
observation suggests that the framework indeed possesses a
three-dimensional structure.

K,SbgSe;; forms a complex 3D framework consisting of
significantly distorted [SbSe] octahedra. More descriptively, it
can be understood as a modular structure of Cdl,- and NaCl-
type building blocks made up of Sb and Se atoms, viewed
down the a-axis (Figure 1c).% Alternatively, its structure can
also be seen as an assembly of one-dimensional [Sb,Ses] and
[Sb,Ses][SbSe;] chains via sharing Se atoms, running down
the same axis, as reflected in the rod-shaped crystal
morphology. Charge-balancing K" cations fill the resulting
one-dimensional channels. Namely, the very hard acidic K"

pubs.acs.org/JACS
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Figure 1. Structures of Sb,Se;, K,SbgSe 3, and KSbS;. (a) Sb,S;-type
structural building block. Sb,Q; (Q = S, Se, and their mixtures)
phases are isostructural. Crystal structure of (b) Sb,Se; down the b-
axis, (c) K,SbgSe;; down the a-axis, and (d) KSbsSg down the [—101]
direction.

cations are surrounded by soft basic Se’” anions in the
[SbgSe;3]*” covalent framework. According to the HSAB
principle, hard acids tend to bind to hard bases to attain the
thermodynamic stability of the complexes they form.”"*>*° On
that account, we hypothesized that exposing K,SbgSe;; to
highly hard basic solvents may cause the extraction of the K*
cations from the framework, forming soluble complexes with
the solvent.

KSbS; crystallizes in a very different structure from Sb,Se;
and K,SbgSe;. The structure is defined by infinite anionic
corrugated layers of [SbsSg]™ composed of distorted [SbS4]
octahedra (Figure 1d).””"® Charge-compensating spacer K*

https://doi.org/10.1021/jacs.3c03925
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cations are located in interlayer spaces via ionic bonds with
terminal S atoms in the [SbS¢]™ lattices. Similar to the case of
K,SbgSe3, highly hard acidic K* cations interact with soft basic
S*” anions in the [SbsSg]™ layers. Accordingly, HSAB
chemistry is expected to transform the KSbsSg compound
under proper reaction conditions. For both K,SbgSe;; and
KSb;Ss, extracting the K* cation by a hard basic solution would
be accompanied by leaching the chalcogenide ion Q*~ (Q = S,
Se) for charge compensation. It turns out hydrazine is an
effective solvent to accomplish this task.

Transformation under Solvothermal Conditions.
Based on the above hypothesis, K,SbgSe 3 and KSbsSg bulk
crystals were reacted with N,H,-H,O in argon-filled Teflon-
lined stainless-steel autoclaves at 180 and 170 °C, respectively.
Scanning electron microscope (SEM) images show that thick
micrometer-sized rods of as-synthesized K,SbgSe;; bulk
crystals transform to completely dispersed nanofibers with a
typical thickness of ~50 nm and a length of ~50 ym (Figures 2

Figure 2. Representative SEM images for (a) as-prepared K,SbgSe,;
bulk crystals and (b) transformed Sb,Se; nanofibers.

and Sla). After washing a possible exsolved residue of K,Se
with purified DMF under an Ar flow, the powder X-ray
diffraction (PXRD) pattern of the product matches with the
theoretical calculation for the Sb,Se; structure (Figure S2).
Elemental analyses using EDS (Figure S1b) and a field
emission electron probe microanalyzer (FE-EPMA) (Table 1)
indicated compositions close to “Sb,Se;” without the presence
of any K atoms.

Remarkably, although platelike KSbsSg crystals do not
involve any [Sb,Se;]-related structural motif, they show a
solution chemistry similar to the K,SbgSe;; case. The products
after 36 h are nano/microrods with a typical thickness of ~100
nm and a length of ~15 ym (Figure Sla), identified as Sb,S;

Table 1. Chemical Compositions of the Products
Transformed from the Parent Materials Analyzed by a Field
Emission Electron Probe Microanalyzer (FE-EPMA)“

parent crystal parent materials average analyzed
structure type used ng/nq  compositions by FE-EMPA

K,SbgSe 5 K,SbgSe 3 0
K,SbgSe;;7S13 0.10
K,SbgSe 45,6 0.20 Sb; 00 1)532.63(2)50,37(2)

N (1)592.99( 1)
(
(
K;SbgSey ;S50 0.30 sz.oo(l)532.31(2)50.69(2)
(
(

Sby.g 1)532,87(2)5041(1)

KSb,Sg KSb;Se,S, 0.50
KSbsSe,Sq 0.75
KSb,S, 1

Sb; .00 1)531.72(2)51.29(2)
Sbyo1 1)Se0.s7(2)sz.1z(3)
Sb2.00(1)S3.0002)

“ng/nq denotes a molar ratio of S atoms to total chalcogen atoms in
parent materials. The standard deviation in the average analyzed
compositions by FE-EPMA is given in parentheses.

by the EDS and PXRD analyses (Figures S1b and S2). This
result implies that significant structural reorganization occurs
by the reaction between KSbsSg crystals and N,H,-H,O.
Consistent with our hypothesis for both K,SbgSe,; and KSb,S,
K,Q is dissolved out of the structures by the N,H,-H,O, and
Sb,Q; nano/microfibers evolve.

We further investigated if solid solution Sb,Se;_,S, nano-
fibers with x-dependent band gap tunability can be similarly
achievable from solid solution phases of the respective solid
solution K,SbgQ,; and KSb;Q; crystals. Note that the opposite
end members K,SbgS;; and KSbsSeg do not exist, indicating
that the former structure can be stabilized only in Se-rich
conditions and vice versa. Hence, we first defined the phase
boundary between K,SbgSe ;- and KSbsSg-type structures with
respect to the alloying ratio of S and Se atoms by using PXRD
(Figures 3 and S3). We performed direct combination
reactions for the nominal compositions of “K,SbgSe;;_;S;” (!
= 0—4.1) and “KSb,S,_,Se,” (m = 0—S5.5) by a solid-state
reaction. The products were subsequently washed with purified
DMF under an Ar flow to remove possible residual K,Q, (Q =
S, Se, and Se/S solid solutions; z = 1—6) if present. The PXRD
patterns of the former series show that the pure triclinic
K,SbgSe s-type structure is stabilized in a relatively narrow
range of the S concentration, namely, 0 < I < 3.9 in the
nominal composition of “K,SbgSe;;_;S;”. The maximum mole
fraction of S to the total chalcogen atoms (ng/ng) is 0.300.
When [ is equal to or greater than 4.1 (ng/nq > 0.315), the
K,SbgSe,5-type structure does not form anymore, and instead,
KSb;Sy structure type solid solutions stabilize (Figure S4). In
the intermediate range of 3.9 < I < 4.1, K,SbgSe;; and KSbsSg
structure type solid solutions coexist, determining the phase
boundary. On the other hand, the PXRD patterns of the latter
series present that the monoclinic KSbsSg-type structure
crystallizes in a broad range of 0 < m < 5.5 in the nominal
composition “KSbsS;_,Se,,” (namely, 0.313 < ng/ng < 1.0).
The samples with both K,SbgSe ;- and KSb:Sq-type structures
show the preferred orientation for the (016) and (222) Bragg
peaks in the PXRD patterns, respectively. These correspond to
the growth direction of the pseudo-one-dimensional chain in
the former and the stacking direction perpendicular to the
layers in the latter, respectively (Figure $5).°%¢7

After the phase boundary between K,SbgSe;;- and KSbsSg-
type structures was confirmed, solid solution bulk crystal
precursors of K,SbgSe;;_;S; and KSbSs_,,Se,, were solvother-
mally reacted with N,H,-H,O solvent as summarized in Table
SI1. K,SbgSe;;_;S; and KSbsSg_,Se,, parent materials yield

https://doi.org/10.1021/jacs.3c03925
J. Am. Chem. Soc. 2023, 145, 15951-15962
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Figure 3. Phase boundary between K,SbgQ, ;- and KSbsQ-type crystal structure (Q = S, Se, and their mixtures) with respect to the relative ratio of
S to Q (ns/nq) in the nominal compositions “K,SbgSe;;_;S;” and “KSbsS;_,Se,,”, determined by their powder XRD patterns. The former structure
type stabilizes in Se-rich conditions. At the intermediate range of 0.300 < ng/nq < 0.313, K,SbgQy ;- and KSbsQs-type solid solutions coexist. At ng/
nq > 0.313, KSbsQg-type solid solutions exclusively form. A gradual upshift of the characteristic (016) and (020) Bragg peaks for K,SbyQ,; and
KSbsQg structures, respectively, is shown in the left panels. Note that both K,SbgQ,;- and KSbsQg-type solid solutions transform to Sb,Qs
nanofibers under the proper reaction conditions, as observed in the corresponding PXRD patterns and SEM images in the right panels. White scale

bars correspond to 500 nm.

nanofibrous products with a typical diameter of ~50 nm and a
length of ~50 pum for the former and a diameter of ~100 nm
and a length of ~15 um for the latter (Figure 3). Their PXRD
patterns are fully indexed to an orthorhombic Pnma Sb,S;-type
structure without secondary phase within the detection limit of
a laboratory XRD instrument (Figures 3 and S2). The unit cell
dimensions isotropically contract almost linearly with the
higher content of smaller S atoms following Vegard’s law,
implying S and Se atoms are randomly disordered in the
anionic sublattice in the nanofibers (Figure 4a and Table S2).

The results of elemental analysis using an electron probe
microanalyzer (EPMA) show that the concentration of S in the
transformed Sb,Se;_.S, nanofibers is finely tunable because it
directly depends on that in bulk crystal precursors of
K,SbgSey;_S; and KSbsSs_,,Se,, (Figure 4b and Table 1). We
denote the mole fraction of S to Q in Sb,Se;_,S, nanofibers as
15 nano/ Hnanos TN€ Mg nuno/Mnane i smaller than the corre-
sponding ratio in the starting bulk precursors. For example, the
15 nano/ HQqunano Of 0.12 and 0.43 are derived from the bulk parent
materials with ng/ng = 0.20 and 0.50, respectively. When a
smaller mole fraction of S substitutes for Se in K,SbgSe;_;S,
namely, ng/nq < 0.20, the ng,,,,/fqnamo in SbySe;_.S,
nanofibers increases parabolically with the increasing S mole
fraction in the precursors. For ng/ng > 0.20, however, the

15955

15 nano/ Q nano iNCTeases almost linearly with increasing ng/ng in
the bulk precursors (Figure 4b). We conducted the
solvothermal reaction for the K,SbgSe;; bulk crystal under
the same conditions with soft basic acetonitrile (CH;CN).
However, we did not observe any structural change (Figure
S6). This verifies that the observed transformation is driven by
HSAB interaction with the suitably hard basic solution to
extract K* cations.

Transformation under Ambient Pressure. We also
performed control reactions for K,SbgSe;;_;S; and
KSb,Ss_,,Se,, (I =0, 3.9; m =0, 5.5) bulk crystals at 100 °C
under ambient pressure rather than a high-temperature and
high-pressure solvothermal environment, keeping all the other
conditions the same as the previous cases, namely, the
concentration and volumetric ratio of the N,H,-H,O solution
(Table S1). The resulting products were investigated by using
SEM and PXRD (Figures S10). Remarkably, the K,SbgSe;;
(ng/nq = 0) sample transforms to Sb,Se; without the need of
solvothermal conditions (Figure S7). Note that the average
thickness of the obtained Sb,Se; nanofibers is smaller at ~15
nm compared to ~50 nm for solvothermally transformed
fibers. However, the S alloyed K,SbgSey S5, solid solution
sample (I = 3.9 and ng/nq = 0.30) partially converts to
Sb,Se;_,S, nanofibers with a small fraction of the unreacted

https://doi.org/10.1021/jacs.3c03925
J. Am. Chem. Soc. 2023, 145, 15951-15962
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Figure 4. (a) The lattice parameters of transformed Sb,Se;_.S,
nanofibers with respect to the concentration of S atoms in the
composition. (b) The concentration of S and Se atoms in Sb,Se;_,S,
nanofibers as a function of the mole fraction of S in the parent crystals
of K,SbgSe;;_;S; and KSb;S,_,,Se,, precursors (n5/ng). The analyzed
compositions were determined by EPMA. (c) Normalized optical
absorption spectra of Sb,Se;_,S, nanofibers as a function of the S
concentration, confirming their band gap tunability. (d) The band gap
as a function of the S concentration in Sb,Se;_ .S, nanofibers in
comparison with those of Sb,Se;_,S, bulk counterparts prepared by
high-temperature solid-state reaction. The observed spectra of the
latter are given in Figure S12.

parent material at the same reaction condition (Figure S8).
The resultant nanofibers show an average thickness of ~15 nm
and a similar analyzed composition of ‘Sb, o;Se,56S¢7,” by EDS
to that of solvothermally transformed fibers. The KSbS, ;Ses s
sample with the increased fraction of S alloying (ng/nq =
0.313) does not react with the N,H,-H,O solution according
to the PXRD and EDS results (Figure S9a and S9b). Instead,
its bulk crystals physically exfoliate to form nanowires with an
average diameter of ~25 nm (Figure S9c). Mechanical
exfoliation could not be achieved for the pure sulfide KSbsSg
(ns/nq = 1) sample (Figure S10).

These observations imply that the transformative reaction by
N,H,-H,0 solution is directly affected by the ng/nq ratio in
the reactant bulk crystals and reaction conditions such as the
pressure and concentration of solvents driving HSAB reactions.
As the fraction of the harder Lewis basic S>~ in the parent
crystals increases, the driving force to form the hard acid—hard
base adduct [K(N,H,),]* decreases. Note that variations of
both the hardness of the cations and the softness of the anions
are important in this chemistry given the complete reactions.
Under the relatively high pressure present in solvothermal
conditions, the HSAB reaction accelerates, favoring the growth
of thicker fibers. Consequently, structural and chemical
transformations driven by HSAB interactions can be delicately
tunable by controlling the reaction conditions.

Optical Band Gap Tunability. The solid-state optical
absorption spectra of the obtained Sb,Se;_,S, nanofibers reveal
that their absorption edge shifts gradually from 1.14 eV for
Sb,Se; to 1.59 eV for Sb,S; (Figure 4c), confirming their fine
optical band gap (E,) tunability over a wide near-infrared
spectral range. This observation implies that Se and S atoms

are randomly distributed to form solid solution Sb,Se;_,S,
nanofibers in contrast to typical phase segregations found in
Sb,Se;_,S, nanomaterials prepared by conventional bottom-up
synthesis methods.”””" The measured E, values can be fitted as
a function of the S concentration, x, by a standard bowing

equation:72
E,(x) = R(1 — x/3) + PB(x/3) — B(x/3)(1 — x/3)

where P, and P, are E, at x = 0 and 3, respectively, and B is the
bowing parameter, whose value is ~0.27 eV, showing the
quadratic increase with the higher S mole fraction in the
Sb,Se;_,S, nanofibers. They are comparable to those for the
bulk counterparts (Figures 4d and S11) due to their
macroscopic dimension along the fiber growth direction. The
controllability of E, in Sb,Se;_,S, nanofibers, coupled with
their inherent high absorption coefficients,”””* plays a crucial
role in various optoelectronic applications. These applications
include photodetection®””*”® and solar light harvesting, where
the ability to manipulate the band gap enables enhanced
performance and efficiency.’>%*”"~*

Direct Observation of Atomic Arrangement. Accord-
ing to the laboratory PXRD patterns, superior thermoelectric
systems of AgPb,SbTe,,, (LAST-m; [AgSbTe,][PbTe],)"'
and Sn,_Pb.Se ([SnSe],_ [PbSe],)** follow Vegard’s law
with respect to the ratio of two end members. Accordingly,
they have been believed to form solid solutions. However, the
TEM studies have revealed that a substantial degree of
nanostructures with a compositional fluctuation is embedded
in the surrounding matrix in these materials.*****” The
importance of atomic-resolution analysis to properly confirm
the solid solution nature is highlighted by these observations.
Nanostructures have unique interactions with charge carriers
and phonons, which greatly impact the electrical and thermal
properties of the bulk materials.®”**~"*

Representative low-magnification TEM images of the Sb,Se;
nanofibers transformed from K,SbgSe;; bulk crystals show a
single-crystalline nanofibrous morphology (Figure Sa). The
corresponding fast Fourier transform (FFT) image shows a
single set of the diffraction spots down the [10—1] zone axis of
the Sb,Se; structure and the growth direction of the nanofibers
along the [010] direction (inset of Figure Sa). The magnified
image taken at the red rectangular region in Figure Sa clearly
displays periodic spacings of ~0.831 and ~0.398 nm between
the repeating atomic arrays, corresponding to the interval of
the (101) and (010) planes, respectively (Figure Sb). Indeed,
the observed atomic arrangement coincides with the Sb,Se;
structure viewed down the same zone axis. Similar results are
observed for “Sb,Se;,,S;,,” (analyzed composition by FE-
EPMA) nanofibers (Figure Sc). The repeating interval distance
along the [101] and [010] directions is reduced to ~0.814 and
~0.391 nm, respectively, along the [10—1] zone axis due to the
substitution of smaller S atoms for Se atoms (Figure 5d). All
constituent elements are homogeneously distributed over the
Sb,Se; and Sb,Se, 5,5, 55 nanofibers at the resolution of TEM
and the corresponding EDS elemental analysis (Figure S12).

To directly determine the location of the constituent
elements in the Sb,Se;,,S;,o nanofibers, we took HAADF
images using Cs-STEM. Figure Se clearly reveals the atomic
arrangement of zigzag [Sb,Qs], double-ribbon building blocks
viewed down the [010] zone axis and the van der Waals gap
between them. Because the signal intensity of the HAADF-
STEM image is approximately proportional to the square of
the atomic number, bigger and brighter spheres can be

https://doi.org/10.1021/jacs.3c03925
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Figure 5. (a) Typical low-magnification TEM and the corresponding
FFT image down the [10—1] zone axis (inset) of the transformed
Sb,Se; nanofiber sample, showing its single-crystal nature and the
growth direction along the [010] direction. The selected spots in the
FFT image are indexed. (b) High-resolution TEM image taken at the
red rectangular region in (a). The (101) and (010) lattice planes are
indexed. (c) Typical low-magnification TEM and the corresponding
FFT image down the [10—1] zone axis (inset) of the transformed
“Sb,Se; 7,S149” nanofiber sample, showing its single-crystal nature and
the growth direction. (d) Enlarged TEM image obtained at the red
rectangular region in (c). The (101) and (010) lattice planes are
indexed. (e) Atomic-resolution HAADF-STEM image of the
transformed “Sb,Se, ;,S,,,” nanofiber sample along the [010] zone
axis. (f) Atomic-resolution elemental maps of Sb, Se, and S atoms by
STEM-EDS recorded at the red rectangular region in (e) (upper
panels). It is created by overlaying respective EDS signals from Sb, Se,
and S atoms displayed in blue, magenta, and yellow, respectively
(lower panel). Sb,Se; structure is overlaid on (b), (d), (e), and (f) for
comparison. “Sb,Se;;,S,,0” and “Sb,Se;;,S,5” are the analyzed
composition by EPMA.

assigned to the 3'Sb atom unambiguously and smaller and
fainter ones to the **Se or 'S atom. We recorded atomic-
resolution elemental maps using STEM-EDS in the red
rectangular area in Figure Se to directly observe elemental
arrangements in the nanofibers. The top panel in Figure 5f is
the overlay of the respective EDS signals directly from the
constituent Sb, Se, and S atoms shown in the lower panel.
These results confirm that Se and S atoms are randomly
distributed at the anion sites in the Sb,S;-type structure, and

our transformed Sb,Se;_.S, nanofibers crystallize in solid
solutions.

Enhanced Anisotropy in Thermal Conductivity. The
obtained Sb,Se; nanofibers were consolidated into a dense
bulk pellet (>~96% of the theoretical density) by SPS. We
similarly prepared a control SPS sample of bulk Sb,Se;
powders synthesized by a high-temperature solid-state
reaction. Because of the one-dimensional crystal structure of
Sb,Se;, the PXRD patterns for both pellets show significant
preferred orientation perpendicular to the pressing direction of
SPS (Figures 6a and S13). The contrasting morphologies of

—— SPS-processed nanofibers (1)
Pressing direction

—— SPS-processed nanofibers (//)

¥

Intensity (a.u.) o
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L1200)
—(201)
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sed qu’pO\rNderr ‘

?ﬁz«
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Figure 6. (a) The PXRD patterns of the SPS-processed Sb,Se,
nanofibers taken perpendicular (L; upper, orange) and parallel (||;
middle, red) to the pressing direction in comparison with the
theoretical calculation for Sb,Se; (ICDD PDF No. 75-1462). The
selected peaks are indexed. (b) Representative cross-sectional SEM
images of the SPS-processed pellet samples of the transformed Sb,Se;
nanofibers (upper) and melt-synthesized bulk powders. Highly
oriented nanofibrous morphology is evident in the former, in sharp
contrast to the irregular feature in the latter.
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the two pellets are clearly depicted in representative cross-
sectional SEM images. The title sample exhibits a remarkable
well-oriented, fibrous morphology, while the control sample
displays randomly oriented, irregular grains. This difference in
morphology is visually striking, as shown in Figure 6b.

We also performed temperature-dependent total thermal
conductivity (k) measurements along the perpendicular
(Kio,1) and parallel (k) pressing SPS directions. The K
for all samples decreases with increasing temperature from
room temperature to 200 °C (Figure 7). Remarkably, the title
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Figure 7. Temperature-dependent total thermal conductivities of the
SPS-processed Sb,Se; nanofibers recorded perpendicular (solid) and

parallel (open) to the pressing direction in comparison with those of
melt-synthesized bulk Sb,Se; powders.

SPS sample exhibits much lower &, than the control samples,
while both samples show nearly the same k. For example,
the Ko, for the former is ~0.64 and ~0.45 W m~' K7!at 27
and 200 °C, respectively, in comparison with ~0.70 and ~0.52
W m™ K_1 for the latter at the same temperature. The
significantly increased anisotropy in thermal conductivity in
the title pellet is mainly ascribed to the increased phonon
scattering at the grain boundaries arising from the nanofibrous
morphology.”” The ki, | has not been previously reported for
any forms of bulk Sb,Se; samples including single crystals and
pressed pellets of nanowires to the best of our knowledge. The
title sample shows similar K, to the reported values for SPS-
processed polycrystalline bulk samples at room temper-
ature.”>”® The k,,, of the individual nanowires and nanotubes
ranges from ~0.037 to 1.8 W m™' K™' near room
temperature.””*””® Their anisotropy in the K, has not been
reported.

B CONCLUSION

We have demonstrated that the hard—soft acid—base principle
can enable us to selectively manipulate crystal structures of
inorganic solids via solution chemistry. Hard basic aqueous
hydrazine interacts with hard acidic K* cations in the inorganic
framework and facilitates the breakdown of crystal structures in
solid-state materials, leading to the formation of novel

morphologies. This chemical process occurs at low temper-
atures and ambient pressure and drives significant structural
reconstruction in insoluble structures such as K,SbgSe;; and
KSb;Sg, which involves the complete exsolution of hard basic
K" cations out of the soft acidic chalcogenide surface of the
anionic [SbgSe;;]*” and [SbsS]™ lattices. Our findings suggest
that solid structures can be manipulated in solution without
the need for high temperatures or pressures. The whole
process can be elucidated by the hard—soft acid—base
principle. This points to effective paths for the delicate design
of new structural motifs, compositions, and morphologies.
Future work will focus on in situ observation of these
transformation processes to uncover the formation mechanism
of these and related inorganic solids.
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