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Compose and Convert: Controlling Shape and Chemical
Composition of Self-Organizing Nanocomposites

Marloes H. Bistervels, Arno van der Weijden, Hinco Schoenmaker, Marko Kamp,

and Willem L. Noorduin*

Organizing the right material at the right place has the potential to
revolutionize bottom-up assembly of functional architectures. Despite
tremendous progress, this is still difficult in particular because control over
chemical composition and morphology are typically inherently entangled.
Here a two-step strategy is introduced based on self-organization and
conversion reactions to shape a wide selection of chemical compositions into
user-defined designs. First, photogeneration of CO, induces precipitation of
nanocomposites of barium carbonate nanocrystals and amorphous silica
(BaCO,/SiO,) with control over shape and location following arbitrary
illumination patterns. Second, the resulting nanocrystals are converted by
sequential ion exchange into a palette of chemical compositions, while the
original shape is preserved. By considering thermodynamic stability and
chemical reactivity, orthogonal conversion reactions are designed for
sequentially positioning nanocomposites of different metal chalcogenide
semiconductors next to each other. Based on these strategies, different
compositions are integrated into the same hybrid architecture, and the
functionality potential is demonstrated by forming a light-emitting perovskite
semiconductor that is embedded into an optical waveguide. Combining
light-controlled self-organization and shape-preserving ion-exchange
reactions offers exciting opportunities for shaping up materials.

building blocks based on evolutionary
cues, human-designed self-organization
processes can tap into a much wider cat-
alog of materials that include synthetic
compositions with semiconducting, opto-
electronic, or catalytic properties. Driven
by these insights, already many bioinspired
processes have been developed to emulate,
extend, and exceed the performance of
biominerals.['®1°]  Nevertheless, despite
these successes it remains challenging to
achieve independent control over where
and in which shape chemical compositions
of choice can be sculpted, as the control
over shape and chemical composition
are traditionally inherently entangled.

We here propose a two-step assem-
bly/conversion strategy to shape desired
chemical compositions following predeter-
mined designs (Figure 1). In the first
step, photodecarboxylation of ketoprofen
under UV light (275-365 nm) generates
carbonate (CO,), which steers the acid-
regulated coprecipitation of barium car-

1. Introduction

Organizing the right chemical in the right place is at the core of
how organisms steer mundane materials into biominerals with
remarkable functionalities.'*! While biological processes select
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bonate (BaCO,) nanocrystals and amor-

phous silica (SiO,) into a nanocompos-

ite according to light-controlled patterns
(Figure 1B). In the second step, ion exchange reactions con-
vert the nanocrystals in the nanocomposite while preserving
the original morphology and fine features of the original form
(Figure 1C). Even more refined and complex control over shap-
ing of different compositions may be possible by developing or-
thogonal conversion reactions such that consecutive cycles of as-
sembly/conversion can yield complex rationally designed hybrid
architectures. In principle, the here proposed strategy should en-
able independent control over both the shape and chemical com-
position of user-defined architectures.

Our strategy builds upon previous work on precipita-
tion and conversion reactions of bioinspired BaCO,/SiO,
nanocomposites.[2*28] These nanocomposites form during the
acid-regulated precipitation of BaCO, nanocrystals and amor-
phous SiO,. By modulating the precipitation conditions, a wide
diversity of complex shapes can be rationally designed. For in-
stance, nanocomposites with stem-, vase- and coral-like shapes
can be formed at a pH of ca. 12, while helices and leave-like
shapes can be formed at a pH of ca. 11. These shapes can
be further sculpted, patterned and hierarchically organized by
modulating the reaction conditions, e.g., CO, concentration,
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Figure 1. Assembly/conversion strategy for controlling shape and chemical composition of self-organizing nanocomposites. A) UV-irradiation triggers
photodecomposition of ketoprofen, resulting in CO, generation which in turn onsets the coprecipitation of BaCO; and SiO,. B) UV-light steers the
assembly of a BaCO;/SiO, nanocomposite with light-controlled shapes. Subsequently, the chemical composition of the nanocrystals is converted via a
cascade of ion-exchange reactions, which can be chosen from a selection of more than fifty compounds, including metal chalcogenides and perovskites
(MA = methyl ammonium, FA = formamidinium). C) Orthogonal assembly/conversion schemes enable positioning and integration of different chemical
compositions into user-defined architectures such that for instance the first assembly/conversion into MY/SiO, remains unreactive during the sequential

assembly/conversion of another BaCO,/SiO, shape into M*Y*/SiO,.

temperature, pH during the growth to stack for instance coral
forms on helices, or create landscapes with stems that open
into vases.!??] Moreover, photogeneration of CO, has been de-
veloped to control the precipitation process following UV light
patterns.[?-31] Once these nanocomposites are formed, we have
shown that the chemical composition of BaCO,/SiO, nanocom-
posites can be converted by performing cat- and anion ex-
change reactions, with preservation of the initial shape and fine
details.3>*0] Importantly, these conversion reactions are to a
large extent independent of the initial shape of the nanocompos-
ite such that the shape and chemical composition are disentan-
gled and independently controllable. By now, an extensive cata-
log of conversion pathways has been developed to more than 50
different chemical compositions including many metal chalco-
genides, metals, and perovskites.**% The semiconducting, op-
toelectronic, and catalytic properties of these compositions have
been used to achieve a range of functionalities such as catalysts
with tunable selectivity.*>-*”] However, up to now it has remained
unclear if these photochemical precipitation processes and con-
version reactions can be combined, let alone if highly selective or-
thogonal assembly/conversion routes can be developed for con-
secutive organization of arbitrary chemical compositions in user-
defined and functional hybrid architectures.

Motivated by these insights, we here demonstrate that a range
of light schemes can be used for precipitating nanocomposites
on preassigned locations, shaping complex contours, and draw-
ing arbitrary-shaped lines, all of which subsequently can be con-
verted into a range of metal chalcogenide semiconductors with
preservation of microscopic shape and fine details. Moreover,
based on the thermodynamic stability and chemical reactivity of
different compositions, we design orthogonal conversion path-
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ways to sequentially position nanocomposites of different chem-
ical compositions next to each other. Finally, we show how differ-
ent compositions can be integrated into the same hybrid archi-
tecture and form a light-emitting perovskite semiconductor that
is embedded into an optical waveguide to demonstrate the func-
tionality potential of this assembly/conversion strategy.

2. Results and Discussion

We test the compatibility between ion exchange reactions and
photoinduced self-organization. To this aim we combine differ-
ent light schemes for controllable self-assembly with different
types of conversion reactions (Figure 2). We show three levels
of control over semiconductor sculpting by forming an array of
coral-shaped cadmium selenide (CdSe), a triangle of cobalt oxide
(Co,0,), and a line of manganese sulfide (MnS).

We position an array of CdSe coral shapes on preassigned
locations by photo-controlled coprecipitation of BaCO,/SiO,
nanocomposites. To this aim, we create a gradient of carbonate
that is too low for nucleation yet sufficiently high for growth. We
achieve this by illuminating an area with a radius of 250 pm us-
ing low intensity 365 nm UV light with a long penetration depth
to photogenerate CO,. Subsequently, we induce nucleation with a
short burst of 275 nm UV light with a short penetration depth that
is projected in a 50 um radius through two lenses from the oppo-
site side inside the area irradiated by 365 nm. Within 15-35 sec-
onds, we observe the formation of a small coral-like form in the
area that is illuminated by the 275 nm UV-light (Figure S2A-D,
see Supporting Information for details). We repeat this short
burst of 275 nm UV light at five other locations to create an ar-
ray of six coral-shaped nanocomposites on preassigned positions.

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Shape-preserving chemical conversion of light-controlled BaCO;/SiO, nanocomposites. A) reaction scheme toward an array of six CdSe/SiO,
coral-shapes. B-D) Optical microscopy time-lapse showing sequential positioning of coral shapes using UV spot (nucleation spot indicated with purple
circle). E-G) EDS SEM of cadmium (Cd) and selenium in resulting coral shapes. H) Reaction scheme toward a Co;0,/SiO, triangle. I-K) Optical mi-
croscopy time-lapse showing the formation of a triangle-shaped nanocomposite within the triangle shaped UV-pattern (indicated in purple). L) EDS SEM
map showing cobalt (Co). M) Optical polarization microscopy of the original BaCO5/SiO, form. N) Optical microscopy of the converted Co;0,/SiO,
form that is shrunken. O) Reaction scheme for MnS/SiO, line. P-R) Optical microscopy time-lapse showing precipitation following a moving UV and
IR spot (depicted in purple and red respectively). S-U) EDS SEM analysis showing manganese (Mn) and sulfide (S) in the resulting line-shape.

Note that for each nanocomposite we adjust the light-intensity, as
during the experiment precursor depletion, photoproduct accu-
mulation, and silica oligomerization change the conditions such
that longer and stronger UV-light irradiation is needed to locally
generate sufficient CO, for nucleation and growth.

We convert this array of coral shapes from BaCO, into CdSe.
Following previously developed methods,?®! we first perform
cation exchange of barium to cadmium by immersing the array
in a solution containing cadmium ions (50 mM). Subsequently,
we perform anion exchange of carbonate to selenium (Se?”) by
exposing the array to selenium gas. Energy Dispersion Spec-
troscopy (EDS) is consistent with complete conversion of BaCO,
to CdSe, while Scanning Electron Microscopy (SEM) shows excel-
lent preservation of the 3D shape and fine features (Figure 2E-G).

To form a triangular-shaped architecture composed of Co,0,,
we project a triangle light pattern of 275 nm (75 pW mm~2) and
induce nucleation and growth (Figure S2H-K, see Supporting In-
formation for details). After 5.5 h we observe a BaCO,/SiO, ar-
chitecture with the contours of the geometric light pattern. The
BaCO; nanocrystals are converted into Co; O, in two steps. First,
we exchange barium for cobalt to yield the triangle shape made of
basic cobalt carbonate (see Supporting Information for details).
Second, we form the desired Co;0, by heating the nanocom-
posite in air at 540 °C (Figure S2H,L, see Supporting Informa-
tion for details). During the conversion the crystal lattice volume
would theoretically shrink with ca. 17%.1*! We find indeed that
the structure visibly shrinks, but that it remains completely intact
with all fine features preserved (Figure 2M,N).
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We explore the versatility of light schemes that can be used in
combination with ion-exchange. From this perspective, it is par-
ticularly interesting to combine UV-induced local photogenera-
tion of CO, with near-infrared (NIR) induced local heating. Since
for increasing temperatures the precipitation rates of BaCO, and
SiO, increase, this local heating can speed up the precipitation
and thereby refine the resolution, while the smaller feature sizes
may enable steering the precipitate in curves.!*”! However, lo-
cal heating can also enhance cross-linking of the SiO, matrix,
which in turn may potentially hinder subsequent ion-exchange
reactions.l*®]

To investigate this scenario, we form a manganese sulfide
(MnS) line-shape nanocomposite. We induce precipitation by
combining a 365 nm UV LED via the objective and a 1435 nm
NIR laser diode via two lenses from the opposite site to locally
generate CO, and heat the solution respectively. By modulating
the light intensity (Figure S20-R, see Supporting Information
for details), we draw an arbitrarily shaped line. To demonstrate
the achievable fidelity, we make two 90 ° turns. Subsequently we
convert the line into MnS, following previously developed con-
version reactions.[*®! Even though the local heating may induce
further crosslinking of the SiO, matrix, we find that the BaCO,
nanocrystals straightforwardly undergo ion exchange to man-
ganese carbonate (MnCO,), which subsequently convert to MnS
upon exposure to hydrogen disulfide gas (H,S). EDS and SEM
of the resulting structure shows that the curvatures of the cor-
ners have changed—likely due to the mechanical forces that are
exerted during the shrinking of the crystal lattice volume during

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Orthogonal conversion reactions for positioning multiple chemical compositions. A) Reaction scheme for orthogonal cation exchange toward
an array of Ag,0/SiO,, Mn,0;/SiO,, and Co;0,/SiO, coral shapes. B-E) EDS-SEM analysis of the resulting structures showing selective cation ex-
change to (B) silver (Ag); C) manganese (Mn); and D) cobalt (Co). F) Reaction scheme for orthogonal anion exchange toward an array of CdSe/SiO,,
CdS/SiO,, and CdO/SiO, coral shapes. G-J) EDS-SEM analysis of the resulting structures showing selective anion exchange to G) selenium (Se); H);
sulfide S); and 1) cation exchange to cadmium (Cd). Note that oxygen does not show up on EDS.

the conversion. Nevertheless, we still find complete conversion
(Figure S2S-U, see Supporting Information for details), show-
ing that the conversion reactions and different light-schemes are
compatible.

This compatibility opens the opportunity for sequential se-
ries of photo-induced self-organization and conversion reactions
such that for instance, an array of different chemical composi-
tions can be positioned on predetermined locations next to each
other. However, such sequential series can only be performed
using orthogonal reaction pathways to avoid that earlier formed
structures undergo ion exchange. To develop such orthogonal re-
action pathways, we realize that in water the solubilities of metal
carbonates are orders of magnitude larger than those of metal
chalcogenides. Consequently, metal carbonates may be prone to
undergo ion exchange under conditions in which metal chalco-
genides remain unreactive, which may facilitate sequential or-
thogonal cation-exchange pathways.

To test the concept of such orthogonal cation-exchange path-
ways, we position coral-shapes of three different semiconductor
compositions next to each other (Figure 3). To form the first coral
shape, we photochemically induce the precipitation of a coral-
like shape. We convert the BaCO; into silver carbonate (Ag,CO;),
which subsequently reacts to silver oxide (Ag,0O) under heating
at 120 °C in a nitrogen atmosphere (Figure S3A,B, see Support-
ing Information for details). Following a similar photochemical
scheme, we position a second coral shape next to the first one. Im-
portantly, the precision of the photochemistry allows us to avoid
precipitation on the earlier formed Ag,O coral, while the low re-
activity of Ag,O prevents undesired ion-exchange with the car-
bonate and barium ions in the solution. After growing the sec-
ond coral-shape, we convert it to MnCOj,, followed by thermal
decomposition to Mn, 0O, at 540 °C in an aerobic atmosphere,
thereby simultaneously reducing the silver oxide coral shape to
metallic silver (Figure 3A,C). Finally, a third coral shape is precip-
itated, equidistantly spaced next to the Ag and Mn, O, corals. This
coral is converted via basic cobalt carbonate into Co,0,, while
leaving the earlier formed corals intact (Figure 3A,D). EDS anal-
ysis confirms that only trace amounts of cross exchange has oc-

Adv. Funct. Mater. 2024, 2403715 2403715 (4 of 7)

curred, hence demonstrating that orthogonal sequences of pho-
toinduced precipitation and cation-exchange reactions are possi-
ble (Figure 3B-E).

While orthogonal cation exchange pathways can be designed
based on thermodynamic stability, we find that orthogonal anion
conversion pathways can be rationally planned following chemi-
cal reactivity. Specifically, we realize that many metal carbonates
react toward metal sulfides at temperatures and partial H, S pres-
sures for which metal selenides remain unreactive for anion ex-
change. Moreover, many metal carbonates react to metal oxides at
temperatures at which metal sulfides and selenides remain unre-
active. This suggests that orthogonal pathways for different anion
reactions may be feasible.

We exploit this insight by designing a pathway of orthogo-
nal anion reactions to position coral shapes of cadmium se-
lenide (CdSe), cadmium sulfide (CdS) and cadmium oxide (CdO)
(Figure 3F). We position a first coral shape and convert this coral
to CdSe (Figure 3F,G). We position a second coral shape next
to the first one, and convert this shape to CdCO;. Subsequently
these shapes are exposed to H, S gas at 290 °C. Under these reac-
tion conditions, the CdSe remains unreactive, while EDS shows
complete conversion of the CdCO; to CdS (Figure 3F,H). Finally,
we position a third coral shape at equidistant spacing of the al-
ready formed CdS and CdSe coral shape. Again, the BaCO, in
the coral is converted into CdCO; and then heated to 290 °C,
which results in the conversion to CdO while leaving the CdS
and CdSe structures unreacted. Hence, orthogonal anion reac-
tion pathways can be designed by judiciously selecting sequences
of reaction conditions.

The combination of spatiotemporal control over self-
organization and orthogonal shape-preserving conversion
reactions presents the opportunity for the creation of hybrid
materials in which different nanocrystals of preselected chemi-
cal compositions are integrated within a single nanocomposite
(Figure 4). We exploit these insights to form an integrated
hybrid structure composed of a CdSe triangle and Ag circle
(Figure 4A-D). Using a photomask, we first induce growth of
a triangular nanocomposite, which we convert to CdSe (see

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Integration of different compositions within a single nanocomposite. A) Reaction scheme for integration of Ag,O/SiO, circle and CdSe/SiO,
triangle shape via light-controlled assembly and orthogonal conversion reactions. B) Optical microscopy time-lapse showing the assembly of the triangle
shape. C) Optical microscopy time-lapse showing the assembly of the circle shape after conversion of the triangle into CdSe/SiO,. The red arrow in B and
Cindicates the same location. D) Optical microscopy image after conversion of the Ag,0/SiO, circle and CdSe/SiO, triangle. E) EDS-SEM map showing
confirming Cd and Se in the triangle and Ag in the circle. F) Reaction scheme for integration of MAPbBr;/SiO, coral into an elongated BaCO,;/SiO,
shape. G) Optical microscopy time-lapse showing the assembly of the SrCO;/SiO, coral. (H) Optical microscopy time-lapse showing the assembly of
the elongated BaCO3/SiO, structure by moving the UV spot away from the initial coral shape that is converted into PbCO;/SiO,. I) SEM of the final
hybrid BaCO;/SiO, composite with integrated light emitting MAPbBr;/SiO, core. ) Polarized microscopy image showing that the nanocrystals are not

aligned, and K) fluorescence microscopy showing photoluminescence from hybrid BaCO5/SiO, with light emitting MAPbBr;/SiO, core.

Supporting Information). We then project a circular UV-light
pattern with a radius of 100 ym on the corner of the triangular-
shaped CdSe and induce nucleation. We observe new nucleation
exclusively on top of the edges of the already grown and con-
verted CdSe triangle, likely because exposed nanocrystals favor
nucleation at these locations. We continue growth until the
contours of the circle are filled. We subsequently convert the
BaCO; in the circle to AgCO;. Consistent with our orthogonal
conversion scheme, the low solubility product of CdSe prevents
conversion of the triangle. Subsequent heating to 120° C re-
sults in the conversion of the circle to Ag,O while the triangle
remains CdSe, thus forming a shape-controlled hybrid structure
(Figure 4E).

The combination of spatiotemporal control and orthogonal
chemistry can be used to integrate synergistic properties within
a single architecture with independent control over shape and
composition of the separate parts. Building upon our previ-
ous work with optical structures,?l we demonstrate this poten-
tial by integrating a light-emitting lead methyl ammonium bro-
mide perovskite (MAPDBr;) semiconductor with a BaCO,/SiO,
shape that serves as optical waveguide (Figure 4F-K). To form
the light-source, we induce the nucleation and growth of a small
coral-shaped nanocomposite. Instead of BaCO;, we precipitate
strontium carbonate (SrCO,). SrCO; has similar properties as

Adv. Funct. Mater. 2024, 2403715 2403715 (5 0f7)

BaCO;, but the smaller crystal lattice facilitates straightforward
ion-exchange to perovskite precursor PbCO;. We subsequently
focus a 365 nm UV light top of the PbCO,/SiO, structure and
induce precipitation of BaCO,/SiO,. After 60 min, we move the
UV spot to selectively direct the growth to one side into an elon-
gated shape with a tip. Finally, we immerse the resulting struc-
ture into methyl ammonium bromide to convert the PbCO; into
a methylammonium bromide perovskite semiconductor. SEM,
EDS, and light microscopy using crossed polarizers confirm that
lead is only present in the bottom part while the nanoscopic crys-
tallographic alignment is lost, but the microscopic shape remains
preserved (Figure S41-], see Supporting Information for details).
The final architecture performs waveguiding of the light emitted
from the perovskite core toward the tip of the elongated shape
(Figure 4K).

3. Conclusion

We here demonstrate how light-driven self-organization pro-
cesses and ion-exchange reactions can be combined to gain in-
dependent control over shape and composition. This two-step as-
sembly/conversion strategy allows us to position, sculpt and hier-
archically organize a wide range of metal oxides, metal sulfides,
and perovskites according to light-controlled designs. Complex
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hybrid architectures and landscapes of preassigned palettes can
be formed by consecutively assembling and converting nanocom-
posites using orthogonal reaction pathways with independent
control over shape and composition of each component.

Our assembly/conversion strategy takes advantage of funda-
mental features of self-organization. In traditional synthesis pro-
cesses shape and composition are inherently entangled such
that for each composition a new method is required to con-
trol the shape. In contrast, in our assembly/conversion strategy
the self-organization process autonomously generates and orders
nanoscopic building blocks. Because of this inherent nanostruc-
ture, these architectures subsequently can be converted into a
wide catalog of chemical compositions independent of their ini-
tial shape. The self-organized nanostructure is essential for these
shape-preserving conversions: the nanocrystals offer enhanced
chemical reactivity while the nanocomposite layout fascilitates
transport of reactants and offers mechanical stability for com-
plete conversion with preservation of the initial shape.

By decoupling the control of shape and composition, our mul-
tistep self-organization strategy gives spatiotemporal control over
where which chemical composition is positioned. Photochemical
reactions provide hands-on control over positioning and shaping,
while orthogonal conversion pathways enable integration of dif-
ferent chemical compositions independent of their shape in se-
quential steps for the synthesis of complex hybrid components.
This work adds to an expanding collection of self-organization
strategies that have been coined non-covalent synthesis.[*!42]
Akin to organic chemistry—in which covalent bonds are ratio-
nally designed at molecular scale using for instance protection
groups, reactive centra and reaction cascades, we here are learn-
ing how non-covalent interactions can be precisely controlled at
nano- and microscale via multistep reaction pathways to shape,
convert, orient and construct increasingly complex components
and devices.

Indeed, we foresee that further control over the assem-
bly/conversion process is possible. In particular, for the assembly
step two-photon or light-sheet illumination schemes may offer
refined control over the self-organization in three spatial dimen-
sions. Moreover, for the conversion step, the continuously grow-
ing catalog of conversion pathwaysl3>#**44—which currently
provide routes to more than fifty different chemical compositions
including perovskites, metal chalcogenides and metals, that have
desirable catalytic, photochemical or electronic functionalities—
can be further expanded and refined.

Beyond these coprecipitation reactions, we anticipate that
other self-organizing systems such as Liesegang inspired pat-
terns and chemical gardens can be controlled using this assem-
bly/conversion strategy.***®] Specifically, we believe that light-
induced chemical conversion can be developed, akin to classi-
cal photography techniques, to pattern different chemical com-
positions into preformed substrates. Also, assembly/conversion
strategies can leverage the complexity and seemingly effortless
control by biomineralizing organisms. These conversion routes
can already be used to convert biomineralized skeletons.[35-38:49.50]
We foresee that biomineralization processes can be influenced
and steered using light patterns using for instance IR.3% These
opportunities are highlighting new pathways for advanced and
functional components, with refined hands-on control when
needed, and effortless self-organization when possible.
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