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ABSTRACT: Shape-preserving conversion offers a promising strategy to transform self-
assembled structures into advanced functional components with customizable composition and
shape. Specifically, the assembly of barium carbonate nanocrystals and amorphous silica
nanocomposites (BaCO5/SiO,) offers a plethora of programmable three-dimensional (3D) $n.(OH),0./5i0,
microscopic geometries, and the nanocrystals can subsequently be converted into functional S gl N
chemical compositions, while preserving the original 3D geometry. Despite this progress, the EIYoWS{oh

scope of these conversion reactions has been limited by the requirement to form carbonate salts.

Here, we overcome this limitation using a single-step cation/anion exchange that is driven by the temporal pH change at the
converting nanocomposite. We demonstrate the proof of principle by converting BaCO,/SiO, nanocomposites into tin-containing
nanocomposites, a metal without a stable carbonate. We find that BaCO;/SiO, nanocomposites convert in a single step into
hydroromarchite nanocomposites (Sny(OH),0,/SiO,) with excellent preservation of the 3D geometry and fine features. We explore
the versatility and tunability of these Sn;(OH),0,/SiO, nanocomposites as a precursor for functional compositions by developing
shape-preserving conversion routes to two desirable compositions: tin perovskites (CH;NH,;SnX;, with X = I or Br) with tunable
photoluminescence (PL) and cassiterite (SnO,)—a widely used transparent conductor. Ultimately, these findings may enable

Ba?*

A Hco,

BaCo,/Si03

integration of functional chemical compositions into advanced morphologies for next-generation optoelectronic devices.

B ioinspired strategies offer tremendous opportunities for
ordering building blocks across multiple length scales into
advanced functional materials.'~'* The coprecipitation of
metal carbonate nanocrystals (MCO,, with M = Ba?*, Sr*,
or Ca**) and amorphous silica (SiO,) offers an ideal system to
explore this potential, as their co-assembly yields highly
intricate, yet easily controllable 3D nanocomposite shapes
also known as biomorphs.'*™*° Rational modulation of the
reaction conditions (pH, CO, concentration, temperature,
etc.) enables steering of the assembly toward a wide diversity
of shapes (e.g., coral, vase, and helix forms) that can be further
patterned and hierarchically organized.

Although the initial self-assembly process constrains the
nanocrystals’ chemical composition to metal carbonate salts,
post-assembly procedures have been developed to overcome
this limitation. For example, microhelices have been decorated
with magnetite mesocrystals, and silane chemistry enables
chemical functionalization of the nanocomposites’ silica
matrix.””*® Alternatively, shape-preserving conversion reac-
tions allow for complete conversion of the BaCOj; nanocrystals
into a wide selection of lead perovskites and metal
chalcogenides with desirable optical, electronic, and chemical
properties, while inheriting the 3D shape and fine features of
the original nanocomposite.zg’30 These conversions are
achieved by sequential series of cation and anion exchange
reactions. Here, excellent chemical conversion and shape
preservation are achieved because the high surface-to-volume
ratio of the BaCOj; nanocrystals makes them prone to
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conversion, while the surrounding silica matrix provides
mechanical support needed for shape preservation. Although
many different chemical compositions have been achieved in
this way, all of these conversions require the formation of a
carbonate intermediate. Because many interesting compounds
do not form a metal carbonate, this limits the choice of
accessible chemical compositions for furnishing nanocompo-
sites with advanced functionalities.

The mechanistic details of conversion reactions may offer
inspiration for overcoming this challenge. From a thermody-
namic perspective, the viability of exchange reactions can be
rationalized by the difference in formation energy of the
forming and disappearin§ salt and the reduction potential of
the involved ions.>"** This rationalization is usually
complemented by considerations of the in situ reaction
conditions during transformation, as it is well known that the
local chemistry plays a major role in this process.”” **
Especially the reaction conditions near the solid—liquid
interface, the so-called reaction zone, are important and can
be entirely different from the bulk solution. We hypothesize
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Figure 1. Conversion from BaCO,/SiO, to Sny(OH),0,/SiO, nanocomposites. (A) SEM images of (different) nanocomposites before (left) and
after (right) conversion, showing that the coral-like shape is retained despite significant changes to the nanocrystal morphology (see respective
close-up SEM images). (B) EDS measurements of nanocomposites before (top) and after (bottom) conversion, indicating full replacement of
barium with tin. (C) XRD characterization showing the conversion of BaCO; to Sny(OH),0, (red lines indicate reference peaks). (D) IR
spectrum showing the disappearance of the fingerprint peak of a carbonate anion at ~1450 cm™ after conversion to Sny(OH),0,.
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Figure 2. Proposed conversion mechanism of BaCO; to Sny(OH),0, in nanocomposites. Sn** hydrolysis decreases the pH of water (I). High pH
is indicated by light blue (left) and low pH is indicated by purple (middle, right). Locally, the pH increases again by dissolving BaCO; (II, middle,
indicated by light blue around the nanocomposite), which causes Sn;(OH),0, to precipitate (III). Once all BaCO; is dissolved, the local pH

decreases to the bulk pH, thereby initiating dissolution of Sn;(OH),0, (right, IV).

that the temporary local concentration gradients in the
reaction zone may offer new reaction mechanisms for
previously impossible conversion reactions.

In this article, we demonstrate that chemical gradients in the
local reaction zone enable conversion of barium carbonate
nanocomposites (BaCO;/SiO,) into a selection of tin-
containing nanocomposites. A straightforward cation exchange
is not possible in this conversion, as tin does not form a stable
carbonate salt.”® However, we find that the transient local
conversion conditions, along with the poor solubility of tin in
water, result in a concurrent cation/anion exchange toward
hydroromarchite (Sny(OH),0,). Meanwhile, the inert silica
maintains the macroscopic shape and fine details of the original
nanocomposite, as previously demonstrated.””*® Furthermore,
we explore the versatility and tunability of these Sny(OH),0,/
SiO, nanocomposites as precursors for functional composi-

tions by developing shape-preserving conversion routes to two
desirable compositions: transparent, conducting cassiterite
(Sn0,), and semiconducting tin perovskite (CH;NH,;SnX,,
with X = I or Br).”*™* Hence, by demonstrating this
conversion mechanism, we open up pathways to new
functional materials with controllable shapes.

Bl RESULTS AND DISCUSSION

We study the ion exchange to tin from BaCO;/SiO, coral-
shaped nanocomposites. We assemble BaCO;/SiO, coral
shapes following previously reported procedures.”” Subse-
quently, these coral shapes are immersed in an aqueous
solution of 100 mM SnCl, under a nitrogen atmosphere (see
Supporting Information for details). Within 30 s of immersion,
the barium ions in the nanocomposites are completely replaced
by tin according to energy-dispersive X-ray spectroscopy (EDS,
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Figure 3. Conversion of Sny(OH),0, to the SnO, nanocomposite. (A) Schematic representation of the conversion from Sny(OH),0, to SnO,.
(B) SEM of the resulting SnO,/SiO, nanocomposites, showing preservation of the coral-like shape. (C) EDS and (D) XRD confirming complete

conversion to SnO, (red lines indicate SnO, reference peaks).

Figure 1B). Furthermore, scanning electron microscopy
(SEM) shows excellent shape preservation with sub-micro-
meter fidelity, despite significant changes to the nanocrystal
morphology (Figure 1A).

Remarkably, X-ray diffraction (XRD, Figure 1C) reveals that
the nanocrystals inside the nanocomposites are composed of
hydroromarchite (Sn;(OH),0,) with an average grain size of
33 nm (see Supporting Information).** Thus, besides the
barium cations being replaced for tin, the carbonate anions are
also substituted with oxyhydroxide. Infrared spectroscopy (IR)
confirms that the characteristic carbonate fingerprint peak
(~1450 cm™) of BaCO; disappears after the conversion
(Figure 1D). Hence, both cations and anions are replaced in a
single step during this shape-preserving chemical conversion.

We hypothesize that during the concurrent shape-preserving
cation/anion exchange, a cascade of reactions occurs (Figure

2). First, in the bulk solution, the following reaction occurs "’

$n**(aq) + H,0(1) - Sn(OH)"(aq) + H(aq) )

Here, tin ions hydrolyze in water, forming SnOH" and acid
(1), which is consistent with an observed decrease in the pH
from 7.0 to 2.0. This acidic solution leads to the dissolution of
BaCOj; nanocrystals in the nanocomposite and thereby locally
increases the pH in the close vicinity of the nanocomposite

(1)

BaCO;(s) + 2H*(aq) — Ba’*(aq) + H,0 + CO,(aq)
(1)

This increased local pH, combined with the high tin
concentration in the solution, results in the formation of the
desired Sn,(OH),0, (111)****

3Sn(OH)"(aq) + H,0(1) = Sny,(OH),0,(s) + 3H*(1)
(1)

Consistent with this mechanism, deliberately increasing the
pH of the bulk solution to 13—14 by adding a base (1.0 M
NaOH) results in precipitation of Sny(OH),0, in the entire
solution via III (see Supporting Information).49

Allowing the conversion to continue after the formation of
the desired Sn;(OH),0, results in an undesired reaction 1V,
which causes the dissolution of the nanocrystals

Sny(OH),0,(s) + 3H"(aq) — 2Sn(OH)"(aq) + H,0(1)
)

This reaction occurs once all BaCOj is dissolved and the
local pH decreases to the acidic pH of the bulk solution. Due
to this, Sn;(OH),0, in the nanocomposites dissolves as it is
only stable at a pH above 3.5 (bulk pH = 2.0)," leaving the
empty silica scaffold behind (see Supporting Information).
Thus, the suggested mechanism indicates that preservation of
the local reaction zone is essential for the conversion.

The importance of this local reaction zone can be
demonstrated by simply disturbing the experiment. Already
gently stirring the reaction solution or shaking the substrate
disturbs the local gradients, resulting in either incomplete
conversion or depletion of the nanocomposite. Collectively,
these experiments suggest that dissolution of BaCOj creates a
local transient reaction zone that enables the precipitation of
Sny(OH),0, in the nanocomposite with preservation of the
original 3D shape.

This shape-preservation reaction to Sni(OH),0,/SiO,
nanocomposites opens up opportunities for developing further
conversion pathways toward shape-controlled 3D morpholo-
gies with desirable tin compositions. We explore this potential
for the conversion of Sn;(OH),0, to tin dioxide (cassiterite,
Sn0O,). SnO,-based materials are widely used for optoelec-
tronic and battery applications, where shape-controlled 3D
morpholosgies could offer new and improved functional-
ities.”*™*” Previous studies have already shown that
Sn;(OH),0, crystals can be converted into SnO, via
dehydration and subsequent oxidation as follows™*~>*

Sn,0,(OH),(s) — 3SnO(s) + H,0(g) v)

28n0(s) + O,(g) — 2Sn0,(s) (VI)

So far, these reactions have only been performed on bulk
crystals where the initial shape preservation was lost during
conversion,*® as the mechanical stress during the dehydration
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Figure 4. Conversion of Sn;(OH),0,/Si0, to CH;NH;SnX;/SiO, nanocomposites with X = Br~ and I". (A) Schematic representation of the
conversion from Sny(OH),0,/SiO, to CH;NH,SnX,/SiO, nanocomposites, which occurs at elevated temperatures when CH;NH,X is added. (B)
SEM of a CH;NH;SnBr;/SiO, nanocomposite. (C) SEM of a CH;NH,Snl;/SiO, nanocomposite. (D) PL intensity map of a CH;NH;SnBr;/SiO,
nanocomposite at 610 nm showing emission from the nanocomposite exclusively. Lighter color indicates higher intensity. (E) EDS and (F) XRD
analyses of coral-like nanocomposites containing CH;NH;SnBr; (top) and CH;NH,Snl; (bottom). (G) PL spectrum of CH;NH;SnBr;/SiO, (at

610 nm) and CH;NH;Snl;/SiO, nanocomposites (at 880 nm).

and oxidation processes destroys the morphology of the
original crystal. In contrast, ion-exchange reactions on
nanocomposites do enable shape preservation, as the
supporting silica matrix provides mechanical support during
the conversion reaction, while the nanocrystals’ size improves
the chemical reactivity.””*® We rationalize that these shape-
preserving properties of the nanocomposites can also be
utilized for the conversion toward SnO,.

To perform the conversion, we position the Sny(OH),0,/
SiO, nanocomposites in a tube oven that is open to air. The
oven is heated to 200 °C for 3 h to induce thermal dehydration
(V) and subsequently heated for 3 h at 600 °C to form SnO,
(Figure 3A, reaction VI). XRD and EDS analyses confirm
complete conversion of the nanocrystals in the nanocomposite
to tetragonal SnO, with a grain size of 10 nm (Figure 3C,D,
see Supporting Information), while electron microscopy shows
excellent preservation of the microscopic features of the
nanocomposite (Figure 3B). Thus, the nanocomposites retain
their coral-like shape, while the nanocrystalline interior is
completely converted to SnO,.

To demonstrate the versatility and tunability of
Sn;(OH),0,/Si0O, nanocomposites as a precursor for func-
tional compositions, we develop a second conversion route
toward shape-controlled methylammonium tin halide perov-
skites (CH;NH,;SnX; with X = Br~ or I"). These semi-
conductors have a tunable band gap in the visible and near
infrared spectrum, which makes them attractive for photo-
voltaic applications. Moreover, tin perovskites have gained
attention as an environmentally friendly alternative to the
widely popular lead perovskites, Zet control over the 3D
morphology has remained limited.”"~* Inspired by previous
conversions to lead halide perovskites,” we envision that
conversion of Sny;(OH),0, to CH;NH;SnX; may be achieved
by reaction with methylammonium halide (CH;NH;X, with X
= Br~ or I") following VII

Sny(OH),0,(s) + 9CH,NH,X(s)

— 3CH;NH,SnX,(s) + 4H,0(g) + 6CH,NH,(g)
(vin)

We show the proof of principle for the conversion toward
methylammonium bromide tin perovskite (CH3;NH;SnBr;).
The Sn;(OH),0,/Si0, nanocomposites are placed in a tube
oven, and an alumina boat containing CH;NH;Br is placed
directly besides them. The pressure in the oven is reduced to
50 mbar, followed by a temperature increase to 120 °C for 30
min and subsequently passively cooling down the oven back to
room temperature. SEM analysis shows that the initial
macroscopic geometry is well preserved (Figure 4B). XRD
and EDS analyses confirm that the nanocrystals in the resulting
nanocomposites are completely converted to orthorhombic
CH;NH;SnBr; with a grain size of 90 nm (see Supporting
Information), as shown in Figure 4E,F. A slight roughening of
the surface is observed, which may be contributed to the
insertion of methyl ammonium halide and the increase in the
crystal lattice from 48 to 204 A3 per tin atom. VII suggests that
selecting the methylammonium halide precursor enables
control over the halide moiety in the perovskite. Indeed,
reaction of Sny(OH),0, nanocomposites with CH;NH,Snl,
results in conversion to the methylammonium iodide tin
perovskite with a grain size of 81 nm (CH,;NH,Snl;, Figure
4C,E,F and Supporting Information).

Control of the halide moiety during the conversion offers
tunability of the band gap of the perovskite semiconductor. We
characterize this band gap using photoluminescence (PL)
spectroscopy. The CH3;NH;SnBr;/SiO, and CH3;NH;Snl;/
SiO, nanocomposites show PL with a peak at 610 nm and 880
nm, respectively (Figure 4G), which is slightly blue-shifted
compared to previously reported values, likely because of the
quantum confinement of the perovskite nanocrystals in the
silica matrix."”*>*> This confinement is consistent with the
relatively broad PL peak, presumably from the size dispersion
of the crystals. PL mapping furthermore shows light emission
from the entire architecture, thus offering corroborative
evidence of complete conversion (Figure 4D). These tin
perovskites nanocomposites thus have the same photo-
luminescent properties as 2D tin perovskites, while offering
the ability to straightforwardly program the 3D shape.
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B CONCLUSIONS

Here, we introduce a shape-preserving conversion from
BaCO,/Si0, to Sn;(OH),0,/Si0, nanocomposites. We
propose a mechanism based on a cascade of reactions which,
driven by the local pH in the reaction zone, allows this one-
step cation/anion exchange. We show that the Sny(OH),0,
forms can straightforwardly be converted to functional tin
compositions: the semiconductor tin perovskite
(CH;NH;SnX;) and the conductor tin oxide (SnO,), while
maintaining the 3D geometry and fine features of the original
BaCO;/Si0, nanocomposite. We envisage that localized
reaction zones in nanocomposites may be further exploited.
Specifically, our results may enable shaping metals such as
molybdenum, ruthenium, or palladium, none of which form
stable carbonates, but all of which are of wide interest for their
catalytic activity. Moreover, these conversion reactions could
also be applied to other complex-shaped nanocomposites, such
as the wide catalogue of biominerals, and create intricate
patterns using lithography methods.”* Ultimately, these
findings may enable shaping metals into advanced morphol-
ogies for next-generation catalysts and optoelectronic devices.
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