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ABSTRACT: Plateau—Rayleigh instability—a macroscopic phenomenon describing P-R instability in soft-lattice ionic crystals

the volume-constant breakup of one-dimensional continuous fluids—has now been
widely observed in adatoms, liquids, polymers, and liquid metals. This instability
enables controlled wetting—dewetting behavior at fluid—solid interfaces and, thereby,
the self-limited patterning into ordered structures. However, it has yet to be observed
in conventional inorganic solids, as the rigid lattices restrict their “fluidity”. Here, we
report the general fluid-like Plateau—Rayleigh instability of silver-based chalcogenide
semiconductors featuring soft-lattice ionic crystals. It enables postsynthetic morphing
from conformal core—shell nanowires to periodically coaxial ones. We reveal that such
self-limited reconstruction is thermodynamically driven by the surface energy and
interface energy and kinetically favored by the high ionic diffusion coefficients of

Crystal structure of Ag,E (E = S, Se)

subnanoscale soft-lattice shells. The resulting periodic heterostructures can be
topotactically transformed for epitaxial combinations of functional semiconductors free from the lattice-matching rule. This fluid-like
behavior in soft inorganic solids thus offers routes toward sophisticated nanostructures and controllable patterning at all-inorganic

solid—solid interfaces.

B INTRODUCTION

The wetting—dewetting behavior at the two-phase interface—a
universal property in nature—is widely observed for liquids in
desert beetles,’ spider silk,”> and lotus leaves,’ among others.
These fascinating phenomena have now boomed a new field of
biomimic interfacial engineering, in which the ability to control
their wetting—dewetting process in a predictable and general-
izable manner would have significant implications for many
applications.™

Specifically, the wetting—dewetting behavior for matters on
one-dimensional (1D) substrates is known as the Plateau—
Rayleigh (P-R) instability (Figure la and Video S1)—a
macroscopic phenomenon found in the 1800s that describes
the volume-constant breakup of a continuous water cylinder into
isolated droplets as driven by the surface tension.”” More
generally, P-R instability has now been extended to a broad
range of artificial 1D viscous fluids—even at the nanoscale—
including adatoms,”” liquids,"°~"> polymers,"*~"* and liquid
metals.'°~"® These instabilities that enable transformations into
uniform droplets, ordered microparticles, and periodic fibrous
structures now find practical applications in liquid dispensers,lg
inject printers,zo’m microfluidics,”* water collectors,”** sen-
sors,”” and photonics.**°

However, P-R instability has not been found in conventional
inorganic solids (Figure 1b). Unlike the soft viscous fluids, it
requires repetitive debonding and bonding in these rigid, brittle
lattices to ensure their “fluidity” on substrates, which seems
impossible for conventional inorganic solids unless melted. In
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fact, controlling the wetting—dewetting behavior of inorganic
solids would be more than important for directly engineering the
. . . . 27,28
patterning and ordering of all-inorganic components. I
particular, by carefully managing their interfacial wettability at
the nanoscale, we are then capable of patterning different
functional subunits into high-order nanostructures with well-
defined compositions, structures, interfaces, and spatial arrange-
ments, for instance, periodic heteronanowires. Benefiting from
improved optical absorption, mitigated interfacial defects,
engineerable band structures, and steerable carrier trans-
port,””*® they hold exciting promises for applications in
.31 .32 S 29,30,33
catalysis,”” optoelectronics,”” and solar conversion. In
this respect, the inaccessibility of P-R instability in inorganic
solids has largely impeded the path toward ordered patterns at
artificial inorganic interfaces”*® and toward high-order periodic
i L7 30,32,34
nanostructures with improved or new functions.

Here, we present a new twist on this issue by demonstrating
the first observation of solid-state P-R instability in a class of soft-
lattice metastable ionic crystals. The inherently weak atomic
interactions and highly mobile cations therein allow fast
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a P-Rinstability in liquids b Conventional rigid-lattice crystals C P-Rinstability in soft-lattice ionic crystals
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Figure 1. Schematics of liquid- and solid-state P-R instability. (a) Two types of P-R instability in liquids: falling droplets and beads on the fiber. (b)
Representative rigid-lattice crystal of Si. (c) P-R instability in Ag,E (E = S, or Se) soft-lattice ionic crystals.
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Figure 2. Plateau—Rayleigh (P-R) instability in soft-lattice Ag,S shells enables periodically coaxial heteronanowires. (a) P-R instability in solids, by
which cation-exchanged Co,Sg@Ag,S conformal core—shell heteronanowires self-limitedly transform into —[CoySg@Ag,S]-CoSg— periodically
coaxial ones. (b) Characterization of Co,Sg nanowires. (b-1) TEM image. (b-2) HAADF-STEM image. (b-3) HRTEM image. (b-4) Corresponding
FFT image. (b-5S) Atomic model with the same orientation as the FFT image. (b-6) XRD pattern corresponding to cubic-phase CoyS. (c, d)
Characterization of CoSs@Ag,S heteronanowires and —[Co,Ss@Ag,S]-Co,Ss— heteronanowires. (c-1, d-1) TEM image. (c-2, d-2) HAADF-STEM
and EDS elemental mapping images. (c-3, d-3) EDS line-scan profiles. (e) Characterization of the Co,Ss/Ag,S heterointerface. (e-1) High-resolution
HAADF-STEM image of —[Co,Ss@Ag,S]-CooSg— heteronanowires. (e-2, e-3, e-4) FFT images corresponding to three dashed squares in (e-1),
showing the epitaxial relationship between Co,Sg core and Ag,S shell. (e-S) Atomic model of the Co,Ss/Ag,S heterointerface with the same
orientation as the FFT image in (e-4).

breaking and reformation of these ionic bonds (Table S1).*°7** solids” and hold promise to realize the fluid-like P-R instability in
As a consequence, they can dynamically behave as “soft viscous a thermodynamic landscape (Figure 1c).
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We showcase the P-R instability in silver-based chalcogenide
semiconductors Ag,E (E = S or Se) featuring soft ionic lattices,
which make up an important class of transformative reaction
intermediates for colloidal nanocrystals. Due to the instability,
preformed Ag,E shells with uniform subnanometer-thickness
wetting on core nanowires (e.g., Co,Ss, ZnS, and ZnSe)—a
configuration we term conformal core—shell heteronanowires—
can postsynthetically dewet into periodic shells (i.e., periodically
coaxial heteronanowires) in a controlled manner. Different from
prior surface-energy-modulated P-R instability in single-
component fluids, the self-limited transformation of such
heteronanowires here is revealed to be an outcome of the
minimization of the surface energy and interface energy.
Meanwhile, the high ionic diffusion coeflicients in such soft-
lattice ultrathin shells ensure that the transformation is
kinetically accessible. As key reaction intermediates, these
resulting high-order periodic nanostructures then further enable
topotactic transformations. We epitaxially integrate therein a
library of functional semiconductor subunits free from the
lattice-matching requirement and, consequently as demonstra-
ted, achieve improved solar energy conversion.

B RESULTS AND DISCUSSION

Morphological Transformation Based on Solid-State
P-R Instability. To realize the P-R instability, we first sought
1D nanowire substrates capable of forming the conformal core—
shell structure when introducing soft Ag® ions therein.
Considering the relatively large ionic radii of Ag* (Table
52),* we postulated that semiconductor nanowires with cations
of small ionic radii, such as cobalt sulfides, may enable expelling
incompatible Ag" in the solid lattices outsides, therefore forming
core—shell structures instead of the doped or alloyed ones.”” We
thus developed a facile catalyzed growth strategy for the one-pot
synthesis of high-quality CoySg nanowires, which can serve as 1D
substrates for the further observation of solid-state P-R
instability (Figure 2a).

Figure Sla illustrates the solution-solid—solid growth
mechanism of CoySg nanowires using superionic Ag,S tips as
the solid catalysts (see the Experimental Section for synthetic
details). The high stability of such solid catalysts can, in
principle, allow diameter- and length-controlled growth of
monodispersed nanowires." Transmission electron microscopy
(TEM) images (Figure 2b-1 and Figure S1b) and high-angle
annular dark-field scanning TEM (HAADF-STEM) images
(Figure 2b-2 and Figure S1c,d) confirmed the high uniformity of
the resulting Ag,S-tipped CooSg nanowires. The length of such
high-quality nanowires can be modulated from sub-100 nm to
micrometers by controlling the reaction time (Figure Sle,f), and
the diameter of nanowires is estimated to be 8.18 + 1.57 nm
depending on the reaction temperature (Figure Slg). The
typical high-resolution TEM (HRTEM) images (Figure 2b-3
and Figure S1h) and corresponding fast Fourier transform
(FFT) images (Figure 2b-4 and Figure S1i) revealed the cubic-
phase structure of CoySg nanowires that grow along the (111)
crystallographic orientation, a result that coincides well with the
oriented atomic model (Figure 2b-S) and power X-ray
diffraction (PXRD) pattern (Figure 2b-6). The energy
dispersive X-ray spectroscopy (EDS) elemental mapping images
(Figures S1j and S2) further confirmed the uniform distribution
of Co and S throughout the nanowire, with Ag,S at the apex. X-
ray photoelectron spectroscopy (XPS) verified the coexistence
of both Co®" and Co*" with a slight amount of Ag* due to the
presence of small Ag,S tips (Figure S3).

To demonstrate the P-R instability of metastable silver-based
chalcogenides, we then constructed the CooSg@Ag,S conformal
core—shell heteronanowires via room-temperature cation
exchange reactions, which were further postsynthetically
transformed into the —[Co,S;@Ag,S]-CosSg— periodically
coaxial heteronanowires upon heating.

According to the Pearson’s hard—soft acid—base (HSAB)
theory,” the cation exchange reaction between CoySg nanowires
and soft-acid Ag" is feasible because both Co** and Co®* are
harder than Ag". Instead of a morphology-conserved homoge-
neous reaction within the nanowires as observed for conven-
tional colloidal nanocrystals, the nanowires presented here were
converted into heterostructures with a uniform shell of
subnanometer thickness, as shown in Figure 2¢-1 and Figure
S4a,b. The formation of such conformal core—shell structures
holds true even with an excess of Ag" introduced in the reaction
solution (Figure SS), suggesting that the reaction is a self-limited
process—a finding we attribute to the low Ag" dopant tolerance
in CoyS; lattices due to the large ionic radius difference of the
two cations.

We further confirmed the conformal core—shell structures of
CoySs@Ag,S nanowires via the HAADF-STEM images, EDS
elemental mapping images, and line-scan profiles (Figure 2c-2,c-
3 and Figure S4c—e), wherein an ultrathin shell of Ag,S
uniformly distribute on the CoySg nanowires. The average
thickness of the Ag,S shells was statistically estimated to be 1.02
+ 0.20 nm (Figure S 4f). The high-resolution HAADF-STEM
images and corresponding FFT images (Figure S6) indicate that
the crystal structure and growth orientation of CoySg nanowires
remain unchanged after the cation exchange reaction, whereas
the lattice of subnanometer-thickness Ag,S shells is severely
distorted because of the large interfacial strain.

Low lattice energies and high-mobility cations of metastable
Ag,S ionic crystals make the Ag,S shells highly deform-
able,>>”*! which are thus capable of presenting the liquid-
like P-R instability and slowly dewetting into periodic shells at
room temperature (Figure S7). By accelerating the dewetting
process, the core—shell CooSg@Ag,S heteronanowires dispersed
in toluene postsynthetically transformed into the —[Co,S;@
Ag,S]-CoySs— periodically coaxial heteronanowires after keep-
ing it at 60 °C for 12 h. As shown in the TEM images (Figure 2d-
1 and Figure S8a) and HAADF-STEM images (Figure 2d-2 and
Figure S8b), Ag,S shells with higher contrast segmentally
distribute along CoySg nanowires in the form of a necklace-like
configuration. The EDS mapping images (Figure 2d-2 and
Figure $8d) and line-scan profiles (Figure 2d-3 and Figure S8e,f)
further demonstrate that the Ag,S shell coating outside of Co,Sg
tends to segregate from an ultrathin, uniform one to a thick,
periodic one, finally yielding the periodically coaxial structures
with well-defined heterointerfaces. The thickness of the periodic
shell is estimated to be around 4.94 + 1.03 nm (Figure S8c).
Despite such thickness variation, the mass of Ag,S shells were
quantified to keep constant before and after the transformation
(Table S3), in line with the volume-constant P-R process.

According to the PXRD pattern (Figure S8g), the Ag,S shells
stabilize with a monoclinic phase (JCPDS card: 89-3840) in the
resulting periodic structures. The atom-resolution HAADF-
STEM image of the [CooSs@Ag,S]-CosSs segments then
further reveals the crystallographic orientation at the Ag,S-
Co,S; heterointerfaces (Figure 2e-1). FFT images correspond-
ing to the CoySg subunit (Figure 2e-2), Ag,S subunit (Figure 2e-
3), and CoySg/Ag,S heterointerface (Figure 2e-4) suggest the
epitaxial relationship for the (222)Co,Sg/(111)Ag,S hetero-
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interface (Figure 2e-S). The lattice mismatch of 8.07% therein
may contribute to the formation of such periodic coaxial
structure, which allows to reduce the interface strain as
compared with the conformal one.

In-Situ/Ex-Situ Observations and Underlying Mecha-
nisms. To have a closer look at such P-R instability of nanoscale
inorganic solids, we tracked the time-dependent morphological
evolution via both in-situ and ex-situ TEM images. In-situ TEM
images were collected by heating the conformal core—shell
nanowires on holey carbon-coated SiC substrates at 180 °C
(Figure 3a). We note that the periodically coaxial nanowires can

Low electron c
beam dose, |
's
| — 3 4
30s

‘ b In-situ heating chip
Os 5s 8s 15s 20s

a

d 1 € 1
8 e 11.92 £ 0.30 nm
£ ol [e87+052mm 212 i
H 8.30 £0.27 nm o 12.09 +0.23 nm
c
g 8 8.03 +0.29 nm §11 11.28 £ 0.42 nm
g 7 6.94+0.34 nm 210 41020 +0.31 nm
© 6.20+0.38 nm £ 9.97+020nm
lg 6630i0,33nmi\{ g 9 9.38 +0.36 nm =gl
a 6.01 +0.33 nm 8.87 +0.52 hm
5
0 10 20 30 40 50 60 8 0 10 20 30 40 50 60
Time (s) Time (s)

Figure 3. In situ heating experiment of the solid-state P-R instability.
(a) Schematic illustration of the in situ heating experiment. (b) In situ
TEM images of heteronanowires at different heating times. (c)
Schematic illustration of the self-limited transformation process due to
solid-state P-R instability. (d, e) Time-dependent evolutions of the
nanowire diameters (d) and shell diameters (e).

be achieved as well by heating the solid-state conformal core—
shell nanowires on substrates (Figure S9). This indicates that the
transformation of Ag,S shells is a self-limited on-nanowire
process irrelevant to the solvents, which ensures the accessibility
of in situ solid observation.

Generally, the heterogeneous growth modes of two chemi-
cally and structurally distinct materials can be described by the
total Gibbs free energy change of the system, AE,,,, that is, a
sum of surface and interface energy differences (Figure
§10).**" By in-situ heating conformal core—shell nanowires
for different times (Figure 3b, Figures S11 and S12, and Videos
S2 and S3), we found that the uniform Ag,S shells (Frank—Van
der Merwe mode for AE,, > 0) gradually dewet into islands-
on-slabs (Stranski—Krastanov mode for the intermediate state)
and finally stabilize as isolated shells of larger sizes (Volmer—
Weber mode for AE,, < 0), as schematically illustrated in
Figure 3c. The P-R instability is characterized by the time-
dependent decrease of nanowire diameters in the conformal
segments (Figure 3d) and the increase of diameters in the
—[CooSs@Ag,S]— shell segments (Figure 3e), wherein the
ultrathin Ag,S shell diffuses and segregates into larger ones.
Therefore, the evolution of growth modes suggests it as an

energetically preferred spontaneous process from metastable to
thermodynamically stable processes (Figure S13). The mild
heating in experiment mainly assists in overcoming the relatively
low kinetic energy barrier for transformation. As a result, we are
even capable of realizing the direct synthesis of periodic
nanowires by conducting the cation exchange reaction at a
modest temperature of 80 °C for 10 min (Figure S14).

We then further quantified the self-limited transformation
process via ex-situ TEM observation. We synthesized a series of
conformal core—shell nanowires with tunable shell thicknesses
by changing the amount of AgNO; in the cation exchange
reaction (Figure 4a and Figure S15). The time-dependent size
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Figure 4. Thermodynamic analyses on the solid-state P-R instability.
(a) Statistical diameter evolution of core—shell Co,S;@Ag,S
heteronanowires with different thicknesses of Ag,S shells. (b, c)
Time-dependent evolutions of distances (b) and diameters (c) for Ag,S
shells starting from different conformal nanowires in (a). (d)
Calculated strain energy, surface energy, and total Gibbs free energy
for the periodically coaxial heteronanowires with different shell
distances. (e) Projected surface and strain energy distributions in
different theoretical models. (f, g) Calculated landscapes of total Gibbs
free energies for —[CooSg@Ag,S]-CosSs— periodically coaxial
heteronanowires with varied thicknesses of Ag,S shells (f) and Co,S
cores (g). The dashed lines refer to the corresponding d,,;, values for
different nanowires.

evolutions of these nanowires upon heating were then tracked
and quantified using ex-situ TEM images (Figures S16—S19).
The tendencies are of high consistency with the P-R instability
(Figure 4b,c): (1) by keeping the shell volume constant, all
conformal core—shell nanowires gradually transform into
periodically coaxial ones with increased shell distances and
diameters as the heating proceeds, which eventually stabilize at
equilibrium states; (2) increasing the thickness of initial Ag,S
shells produces periodic shells with larger distances and
diameters.

In fact, the observation of P-R instability in inorganic solids is
amazing yet exciting. Inorganic solids, such as semiconductors
and ceramic insulators, are usually known to be rigid and brittle
as a result of their strong ionic or directional covalent bonds,
which do not deform easily. Despite that a very few of soft-lattice
crystals have shown intrinsic plasticity and deformability in
bulk,””**~** the fluidity of inorganic crystals has yet to be
revealed. To understand the underlying driving forces enabling
such self-limited transformation, we then studied, with respect
to thermodynamics, the surface and interface energies in these
structures before and after the transformation.
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We thus provide a thermodynamic landscape of the CooSy@
Ag,S core—shell structures via finite element analysis (Note S1).
We assume that the total volume of the Ag,S shells remains
constant during the morphological transformation. As such, by
changing the size parameters of the core—shell structures, we
calculated both the interface and surface energies of each
configuration, which constitute the total Gibbs free energy of the
system, Er,.

The interface energy, as manifested by the interface strain of
inorganic solids, positively correlates with the lattice mismatch
between two heterogeneous components. Starting from initially
conformal nanowires with the core diameter of 6.4 nm and shell
thickness of 1.0 nm, we show that as the distance of two adjacent
Ag,S shells increases, the interface strain energy decreases
accordingly (Figure 4d and Figure $20), a finding consistent
with the crystallographic analysis as discussed in Figure 2e. Note
that the distance of 0 nm corresponds to the conformal structure
with a uniform Ag,S shell along the nanowire, which exhibits the
highest Er, dominated by the interface strain energy (Figure
S$20). In parallel, the surface energy is found to monotonically
increase with shell distance. Therefore, as a sum of the surface
and interface strain energies, Er, exhibits a minimum at a shell
distance of around 36 nm (denoted as d,;,), a value close to the
experimental ones. The configuration at d,;, thus represents the
thermodynamically stable state for periodically coaxial nano-
wires.

To reveal the origins of these energetic evolutions, we provide
the cross profiles of elastic strain tensors (Figure S21a) as well as
the projected distributions of strain and surface energy in
theoretical models of different shell distances (Figure 4e and
Figure S21b,c). As shown, the lattice mismatch leads to
compressive stress on the Ag,S shell and tensile stress on the
Co,S; core, which all concentrate at the heterointerfaces. In this
way, the total strain energy of heteronanowires dictated by the
interface area decreases with a larger shell distance, despite the
fact that the strain energy at each heterointerface is larger,
whereas the surface energy is mainly contributed by the high-
energy Co,Sg cores and, thereby, increases with a larger shell
distance by exposing more CooSg outsides. As a result, the
opposite dependences on shell distances for strain energy and
surface energy lead to a thermodynamically stable configuration
at d;,. The calculation results interpret well the self-limited
transformation as a combinatorial, spontaneous outcome of
surface and interface energy changes, according well with the
TEM observations for cases from AEr.,; > 0 to AEp, < 0.

We further show that the island-like shell distance is highly
tunable by changing the core diameters and shell thicknesses of
initial conformal structures. First, when keeping the diameter of
CoySg cores constant, the energy landscape indicates that d,,
increases with the initial shell thickness and gradually reaches an
equilibrium (Figure 4f and Figure $22a,b)—a tendency matches
well with the experimental ones (Figure 4b,c). This occurs
because the P-R instability is dominated by the strain energy of
shells, which prefer to repel each other into a large shell distance
to reduce the strain energy. Second, when keeping the thickness
of Ag,S shells constant, d,;, decreases with the core diameter
(Figure 4g and Figure S22¢,d). Accordingly, we experimentally
validated this tendency by using CoySg nanowires of a larger
diameter for reactions, which finally produced periodic
heteronanowires of smaller shell distances (Figure $23).
Third, to examine the influence of the ratio of shell thickness
to core diameter, we further calculated the energy evolution and
thermodynamically stable structures for different conformal

core—shell nanowires with the same shell-to-core size ratio
(Figure S24). Consequently, d,,;, varied from 35 to 38 nm when
their initial sizes increased by 0.75, 1, 1.25, and 1.5 times. This
implies that, instead of the shell-to-core size ratios, the P-R
instability is in fact controlled by their absolute sizes of initial
core—shell nanowires, because the strain energy scales with the
volume of the model and the surface energy is related to its
surface area.

Despite the thermodynamic accessibility for the P-R
instability in solids, the kinetic understanding of the “liquid-
like fluidity” in such kind of soft-lattice ionic crystals that are
unattainable for conventional rigid solids remains unclear. To
this end, molecular dynamics simulations were employed to
quantify the “fluidity” of Ag,S shells of different thicknesses
(0.5—10.0 nm) on a stable, oriented Co,Sg substrate (Note S2).
Thanks to the weak atomic interactions in the soft-lattice ionic
crystals, we found that Ag* and S>~ therein are highly mobile, as
reflected by the mean square displacements (MSDs) and
corresponding diffusion coefficients (D) (Figure Sa—d).
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Figure S. Molecular dynamics simulations. (a, b) Mean square
displacements (MSD) of Ag* (a) and S*~ (b) in molecular dynamics
simulations. (c, d) Diffusion coefficients (D) of Ag* (c) and $*~ (d). (e)

Snapshots of Ag,S shells with different thicknesses (1.0 2.0, and 10.0
nm) at different times (# = 0 and 10,000 ps).

Both Dg and D,, exhibit volcano-shaped relationships as the
thickness of Ag,S shell increases and reach their maximal values
for those with subnanometer thicknesses. The Ag,S lattices stay
almost fixed with bulk-like features when the thicknesses are
below 0.5 nm and approach 10.0 nm, because atoms adjacent to
the substrate and far from the substrate are restrained by the
Co,S; lattice and the Ag,S bulk lattice, respectively (Figure Se,
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Figure 6. Generality of solid-state P-R instability in Ag-based chalcogenides Ag,E (E = S, Se). (a—d) Characterization of ZnE@Ag,E conformal core—
shell heteronanowires (a, b) and —[ZnE@Ag,E]-ZnE— periodically coaxial heteronanowires (c, d). (c-1, d-1) TEM image. (c-2, d-2) Schematic
structure model. (c-3, d-3) HAADF-STEM image. (c-4, d-4) EDS elemental mapping images.

>7)
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Figure 7. Topotactic transformations into a library of —[CoySs@M,S,]-CosSg— (M = Zn, Cd, Pb, Hg) periodically coaxial heteronanowires. (a)
Schematic illustration of the topotactic transformation. (b) Library of chalcogenides involved in the transformations. (c—f) Characterization of a
library of —[CoySs@M,S,]-CoySs— (M = Zn, Cd, Pb, Hg) periodically coaxial heteronnaowires. (c-1, d-1) HAADF-STEM image. (c-2, d-2) EDS
elemental mapping images. (d-3, d-3) EDS line-scan profiles.

Figure S25, and Videos S4—S6). By contrast, for Ag,S shells of frustrated and only suffer weak restraints from both the substrate
subnanometer thicknesses, atoms in transition layers are and the bulk lattice, thus ensuring their high “fluidity”.
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Nevertheless, the “fluidity” almost disappeared when converting
the subnanometer Ag,S shell into a rigid-lattice CdS shell with at
least two-orders-of-magnitude smaller diffusion coefficients, as
verified both experimentally (Figure S26a—c) and theoretically
(Figure S26d—f and Video S7).

These results indicate that soft lattices and subnanometer
thicknesses are two indispensable ingredients for the high
“fluidity” of inorganic solids. Overall, we conclude that both
thermodynamic and kinetic considerations are of equal
importance for the observation of P-R instability in inorganic
solids.

Synthetic Generality and Further Topotactic Trans-
formation. Based on the above theoretical guidance, we then
sought to examine the generality of such P-R instability in other
cores of semiconductor nanowires and shells of silver-based
chalcogenide ionic crystals. Given the large differences of cation
radii and lattice parameters between Ag- and Zn-based
chalcogenides, we took monodispersed ZnS nanowires as the
1D substrates (Figure S27a,b) and fabricated the ZnS@Ag,S
core—shell nanowires in a similar cation exchange approach,
which feature the uniform Ag,S shells with subnanometer
thickness as well (Figure 6a and Figure S27c—f). We then
postsynthetically transformed them into periodically coaxial
—[ZnS@Ag,S]-ZnS heteronanowires (Figure 6c and Figure
$27g—m). In analogy, Ag,Se shells of metastable ionic crystals
can dewet from uniform ones into periodic ones on the 1D
substrates of ZnSe nanowires (Figure 6b,d and Figure S28).
HRTEM images (Figures S27i and S28h) and corresponding
FFT images (Figures S27j and S28i) confirmed the epitaxial
integration of cores and shells in those —[ZnE@Ag,E]-ZnE— (E
= S or Se) periodically coaxial heteronanowires, wherein the
lattice-mismatch-induced interfacial strain energies drive such
dewetting processes.

These results signify that the P-R instability may be a general,
fundamental nature for soft inorganic solids and offers an
exciting route toward high-order heterostructures that are
inaccessible by conventional synthetic methodologies.

We highlight that these resulting high-order periodically
coaxial heteronanowires can serve as key reaction intermediates
for further topotactic transformations,””~*° which enable
integrating therein diverse functional subunits and thus create
the periodically coaxial heteronanowire library.

As a proof of principle, we showcase the topotactic
transformations on —[CoyS;@Ag,S]-CoySs— periodically co-
axial heteronanowires via cation exchange reactions between the
soft-acid Ag* and target hard-acid cations (Figure 7a). We
therefore managed to integrate functional subunits with spectral
absorption spanning from the UV, visible, and near-infrared
regions to the mid-infrared region, yielding a library of
—[CosSs@M,S,]-CogSs— (M = Zn, Cd, Pb, and Hg) periodi-
cally coaxial heteronanowires (Figure 7b—f and Figures $29 and
$30). TEM images and HAADF images (Figure 7c—f and
Figures S$29a,c and S30ab) show the uniform and well-
conserved periodic morphology of all heteronanowires after
the transformation.

XRD patterns (Figure S31), HRTEM images, and corre-
sponding FFT images (Figures S29a—c and S30c,d) confirm the
crystal structures of all M, S, semiconductor shells. Thanks to the
topotactic transformation, the periodic shells present a well-
defined epitaxial relationship between (111) planes of Co,Sg
cores and (111) planes of the ZnS subunit (Figure $29a-2,a-3),
(001) planes of the CdS subunit (Figure S30c,d), (222) of the
PbS subunit (Figure S29b-2,b-3), and (222) planes of the HgS

subunit (Figure $29¢-2,c-3). We further confirmed the periodi-
cally coaxial structures by EDS elemental mapping images and
EDS line-scan profiles (Figure 7c—f), implying that they were
well-inherited from the —[Co,Ss@Ag,S]-CoySs— periodically
coaxial heteronanowires free from the lattice-matching rule.

Therefore, as compared to core—shell structures and single-
component counterparts, this kind of periodic heterostructures
are expected to exhibit unblocked optical absorption of solar
irradiations by exposing both components, mitigated interfacial
defects by reducing lattice distortions, engineerable band
structures by vast material combinations, and steerable carrier
transport by adjustable shell distances, thus holding exciting
potentials for advanced applications in photoelectric and
photochemical conversions.””*” To demonstrate the utility of
these functional high-order heteronanowires, we further show,
by taking —[CooSs@CdS]-CooSg— heteronanowires as an
example due to their suitable band alignment, the potentials
for solar-to-chemical conversions. We measured the optical
band gap of plain Co,Sg nanowires to be ca. 2.25 eV according to
the Tauc plot as transformed from the UV—vis diffuse
reflectance spectrum (Figure S30g,h). Ultraviolet photoelectron
spectroscopy (UPS) reveals that the valence band maximum of
Co,Sg nanowires locates at 1.62 eV and the work function (@,
the relative energy between the Fermi level and the vacuum
level) is 4.49 eV (Figure S30i,j). Combining with the band
energy structure of CdS,”® we thus confirmed the type II energy
band alignment between CoySg and CdS (Figure S30k), which
would facilitate the charge separation at the heterointerface®"
and, therefore, improve the solar-to-fuel conversion efficiency.
The Fermi level alignment was also confirmed by the increased
binding energies of Co 2p core levels (Figure S30m—o). Thanks
to the enhanced light-harvesting ability and superior charge-
separation ability in such type II heterostructures, the
—[CoySs@CdS]-CoySg— heteronanowires exhibited 40-fold
and 6-fold higher photocurrent density during the photo-
electrochemical hydrogen production reaction in alkaline
electrolytes, respectively, as compared with plain CoySg
nanowires and CoySg@CdS conformal core—shell nanowires
(Figure S301).

The generality of P-R instability identified in silver
chalcogenides together with the feasibility of further topotactic
transformation translates to the access toward a broad range of
functional periodic heteronanowires, which would hold great
promise for applications in solar fuels, optoelectronics, and
catalysis.

B CONCLUSIONS

In conclusion, we report a general solid-state P-R instability of
silver-based chalcogenide semiconductors (e.g, Ag,S and
Ag,Se) of soft ionic solids, which enables the postsynthetic
morphological transformations from conformal core—shell
nanowires to periodically coaxial ones. Thermodynamically,
the P-R instability occurs as a combinatorial result of surface and
interface energy; kinetically, the high “fluidity” of solids for
transformation is ensured by the subnanoscale soft-lattice ionic
crystals. These findings enrich the concept of P-R instability in
soft inorganic solids, which is expected to be general for other
kinds of soft ionic crystals—for instance, perovskites**—and
beyond.® It therefore offers a controllable approach for creating
periodic nanostructures with improved or new functions,
regulating the patterning at artificial all-inorganic solid—solid
interfaces in devices, and fabricating flexible, deformable
electronics.
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