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Over the past decades, cation exchange reactions applied to nanoparticles have opened up synthetic
pathways to nanocrystals, which were not accessible by other means before. The limitation of cation
exchange on the macroscopic scale of bulk materials is given by the limited ion diffusion within the
crystal structure. Lyogels or aerogels are macroscopic, highly voluminous, porous materials composed of
interconnected nanoscopic building blocks and hence represent a type of bridge between the macro-
scopic and the nanoscopic world. To demonstrate the feasibility of cation exchange on such macroscopic
nanomaterials, the cation exchange on CdSe/CdS core/shell and CdS nanorod based lyogels to Cu,_,Se/
Cu,_,S and Cu,_,S and the reversible exchange back to CdSe/CdS and CdS lyogels is presented. These
copper-based lyogels can also be used as an intermediate state on the way to other metal chalcogenide-
based macroscopic structures. By reversed cation exchange back to cadmium an additional proof is
given, that the crystal structures remain unchanged. It is shown that cation exchange reactions can also
be transferred to macroscopic objects like aerogels or lyogels. This procedure additionally allows the
access of aerogels which cannot be synthesized via direct destabilization of the respective colloidal

rsc.li/nanoscale solutions.

Introduction

The assembly of colloidal semiconductor nanoparticles into
highly porous, voluminous macroscopic 3D structures like
lyogels or aerogels can combine the physicochemical pro-
perties of nanoparticles with the size of bulk materials.
The assembly of semiconductor nanocrystals with defined
shapes like quantum dots (QDs), nanorods (NRs), nanoplate-
lets (NPLs) or of colloidal metal nanoparticles for different
applications (e.g. photocatalysis,"™ sensors for chemical
detection®®) has received vast attention over the past decades.
Nowadays, there is a large variety of II-VI semiconductor com-
posed aerogels available, such as CdS,”® CdSe,*® CdTe,"® ZnS’
or metal nanoparticle based aerogels, such as Ag,"" ™ Au,"*
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Pt,""'® and Pd."® Furthermore, reports can be found regarding
the synthesis of self-supported aerogels, where the building
blocks are semiconductor heterostructure nanoparticles,
which are composed of two or more components, such as
CdSe/znS QDs,”” CdSe/CdS NRs,*®* and CdSe/CdS NPLs,*?
taking advantage of those elaborate band structures due to
their beneficial physical (optical, electrical, spectroelectrical)
properties. The key challenge of synthesizing macroscopic
aerogels from nanoscopic building blocks is the choice of a
right destabilization agent for inducing a controlled assembly
to form a porous and voluminous self-supporting network.
Based on the solvent and surface chemistry of the nano-
particles, certain specific destabilization reagents are already
known to form self-supported lyogels, which can e.g. be hydro-
gen peroxide,'®?* hydrazine,'® tetranitromethane,>” or salts."?
The as-synthesized lyogels can be transformed to aerogels by
supercritical drying, according to the well-established Kistler’s
route.>* These macroscopic gel networks have the advantages
of a high surface-to-volume ratio, good accessibility of the
surface, and are rare examples of materials with nanoscopic
properties within a macroscopic structure. One drawback of
monolithic cadmium chalcogenide nanoparticle based aerogel
structures is their poor mechanical stability, when immersed
in liquid again as well as in a strong air stream, which can be
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increased, for example, by reinforcement with an additional
silica shell.”® Nevertheless, due to the advantages, macroscopic
gel networks were used in different fields, e.g. electro-
catalysis,”®*”  photoelectrochemical applications,**®* and
photocatalysis.”*?° In the recent past, different working
groups investigated cation exchange reactions on nanocrystals
with different shapes and material composition.’*> Due to
the short diffusion path of the cations within the nanoparticle
crystal, even cation exchange reactions which are unknown (or
extremely slow) on the bulk scale can occur. In nanoparticle
systems, the cation exchange process can take place in the
millisecond regime.’® Brock and co-workers published the first
and so far only work on cation exchange experiments on
macroscopic cadmium selenide quantum dot based gel struc-
tures.>” Their study focused on spherical CdSe quantum dots
with a size of 4 nm which were used as building blocks for the
gelation. The achieved CdSe lyogels were treated with silver
ions to obtain Ag,Se aerogels by the cation exchange reaction.
In the present work, we want to expand the cation exchange
reaction on macroscopic lyogel networks by using nanorod
shaped cadmium sulfide based building blocks. In addition to
pristine CdS NRs, dot-in-rod shaped CdSe/CdS NR hetero-
structures were also investigated as building blocks for macro-
scopic lyogel network formation to establish aerogels with new
material composition via cation exchange reactions. Initially,
CdSe/CdS NRs and CdS NRs were synthesized in organic
media, phase transferred by ligand exchange to aqueous
media and gelated with H,O, to form macroscopic CdSe/CdS
NR and CdS NR lyogels according to our previously described
method."® Subsequently, these gels are subjected to various
cation exchange procedures. In the first cation exchange reac-
tion, we investigated the formation of the copper based lyogels
composed of Cu,_,Se/Cu,_,S and Cu,_,S. Since copper chalco-
genides are known to readily undergo cation exchange reac-
tions due to the high copper ion mobility in these systems, the
copper chalcogenide based lyogels were treated with different
metal ions (Cd*", Pb*>", Ag", Hg>*). By cation back exchange
from copper chalcogenide based lyogels to cadmium chalco-
genide based aerogels the reversibility of the cation exchange
reaction preserving morphology, crystal structure and optical
properties was demonstrated (Fig. 1). Copper chalcogenide
based lyogels were also used as the intermediate state to
achieve NIR emitting lead chalcogenide based gels (PbSe/PbS),
as well as silver chalcogenide and mercury chalcogenide based
gels (Ag,Se/Ag,S, HgSe/HgS, Ag,S, HgS). Finally, all dot-in-rod
shaped or rod shaped nanocrystal-based lyogels obtained by
cation exchange were transformed to aerogel networks by
supercritical drying. To confirm the composition and structure
of the synthesized aerogels, powder X-ray diffraction (PXRD)
patterns and energy dispersed X-ray spectra were recorded. The
influence of the cation exchange on the morphology of the gel
network was investigated via transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Specific
surface area measurements were also carried out to investigate
changes in porosity due to the cation exchange. The synthesis
strategy of cation exchange reactions on well-established nano-
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Fig. 1 Cation exchange mechanism in several steps. 1. Solvent

exchange from water to dry acetone and transfer to a glovebox for an
inert environment. 2. and 3. Copper cation exchange and supercritical
drying (SCD) to obtain Cu,_,Se/Cu,_,S and Cu,_,S aerogels. 4. and 5.
Cadmium cation back-exchange, heat treatment and supercritical
drying to obtain CdSe/CdS and CdS aerogels. 6. and 7. Lead cation
exchange and SCD to obtain PbSe/PbS aerogels. 8. and 9. Silver cation
exchange and SCD to obtain Ag,Se/Ag,S and Ag,S aerogels. 10. and 11.
Mercury cation exchange and SCD to obtain HgSe/HgS and HgS
aerogels.

particle-based gel structures developed in this work allows the
synthesis of novel classes of aerogels, while at the same time
the search for the right destabilization method for each indi-
vidual colloidal nanoparticle solution is prevented. Hence,
cation exchange reactions at macrostructures significantly
widen the amount of accessible aerogel materials.

Results and discussion

Initial structures — CdSe/CdS and CdS NRs and their aerogel
structures

The gel building blocks used in this work were CdSe/CdS
nanorods (NRs) and CdS NRs synthesized according to the pro-
cedure from Carbone et al. in a so-called seeded growth syn-
thesis.® In a two-step synthesis, rod-type CdS shells were
grown on previously synthesized CdSe and CdS seeds. From
the TEM micrographs (Fig. 2A and B) it can be observed that
the gel building blocks were homogeneously grown rod-
shaped nanoparticles (NPs) with lengths of 36.4 + 3.1 nm for
CdSe/CdS NRs and 16.6 + 1.6 nm for CdS NRs and thicknesses
of 6.3 + 1.3 nm for CdSe/CdS NRs and 5.0 + 0.9 nm for CdS
NRs. Additionally, the nanoparticle solutions were analysed by
absorbance and emission measurements which are shown in
Fig. 2 (A, B bottom). The absorbance spectra of CdSe/CdS NRs
(Fig. 2, A bottom) in organic (black line) and aqueous solution
(blue line) exhibit nearly the same curve progression for the
CdS absorption onset of 477 nm. The emission maximum at
616 nm of CdSe/CdS NRs is the same for the organic (black
dashed line) and the aqueous solution (blue dashed line) indi-
cating an unchanged charge carrier recombination in the
CdSe core of the core/shell nanorods. The photoluminescence
quantum yield (PLQY) was also measured and is 45.9% + 3.2%
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Fig. 2 TEM micrographs, absorbance spectra and emission spectra of
CdSe/CdS NRs (A) and CdS NRs (B). Absorbance spectra (solid line) and
emission spectra (dashed line) of CdSe/CdS NRs and CdS NRs in organic
solution (black line) and aqueous solution (blue or green line).

for the organic CdSe/CdS NRs and 9.5% =+ 1.6% for the
aqueous CdSe/CdS NRs. The absorbance spectra of CdS NRs
(Fig. 2, B bottom) shows a slightly hypsochromic shift of the
CdS absorption onset from 465 nm in organic (black line) to
455 nm in aqueous media (green line). The emission spectra
(Fig. 2, B bottom) of the organic (black dashed line) and
aqueous (green dashed line) solution have the same emission
maxima at 479 nm.

From SEM micrographs (Fig. 3A and B top) both materials
exhibit a porous structure, which is built from interconnected
NRs. Additionally, TEM micrographs show the tip-to-tip con-
nection of the single NRs within the gel network, whose thick-
nesses are 5.6 nm + 0.9 nm for the CdSe/CdS NRs and 4.7 nm
+ 0.5 nm for the CdS NRs. Compared to the initial NRs the
thicknesses are slightly decreased, which can be caused by
increasing the aging time in the presence of H,0, resulting in
a partial surface oxidation of the NRs.'® The absorption
spectra of the CdSe/CdS NR aerogel (Fig. 3A, bottom) and CdS
NR aerogel (Fig. 3B, bottom) show a slight hypsochromic shift
of the CdS absorption band to 470 nm (CdSe/CdS NRs) and
465 nm (CdS NRs), compared to the NR solution, which can be
explained by the change of the dielectric constant of the sur-
rounding media. For both model systems, the particle-particle
contact in the aerogel structures results in a bathochromic
shift of the emission maxima of around 20 nm. For the CdSe/
CdS NR based aerogel a PLQY of 28.2% + 0.3% was measured.
The emission spectrum of the CdS NR aerogel (Fig. 3B,
bottom, dashed line) shows an additional trap-state emission
in the higher wavelength regime. The PXRD patterns of the
CdSe/CdS and CdS NR aerogels (Fig. 3C) show the hexagonal
CdS crystal structure. Due to the much lower volume fraction
of CdSe seeds within the CdSe/CdS NRs, CdSe reflections are
not visible. All cation exchange experiments described in this
article were performed on acetogels consisting of CdSe/CdS
NRs and CdS NRs.
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Fig. 3 SEM micrographs, TEM micrographs and absorption spectra and
emission spectra of CdSe/CdS NR aerogel (A) and CdS NR aerogel (B).
Absorption spectra and emission spectra are shown by solid lines and
dashed lines, respectively. PXRD pattern (C) of CdSe/CdS NRs, CdS NRs
and reference XRD pattern of hexagonal CdS (greenockite, ICDD Card
No. 01-080-0006).

Reversible cation exchange on CdSe/CdS NR and CdS NR
based gel networks

The above-described CdSe/CdS NR and CdS NR hydrogels were
used as the starting material for cation exchange reactions.
Established by recent studies published in the literature for
cation exchange reactions at single nanocrystals, the copper
chalcogenide phase was used as an intermediate for further
cation exchange reactions.*"***" To show the reversibility of
the cation exchange, the copper chalcogenide acetogels were
also exchanged back to CdSe/CdS NR and CdS NR acetogels
and heated for several weeks to recover their original fluo-
rescence properties.>® Microscopic characterization techniques
(SEM and TEM) were performed in order to analyse the mor-
phological changes in the aerogel structures due to the cation
exchange reactions. From the TEM and SEM micrographs
(Fig. 4A-D) of the copper chalcogenide aerogels (Fig. 4A and B)
and the back-exchanged cadmium chalcogenide aerogels
(Fig. 4C and D) it can be seen that the porous gel structure
is not affected by the cation exchange. The TEM images
of all cation exchanged aerogels show a retained tip-to-tip
connection of the single NRs within the porous structures.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SEM (top), TEM micrographs (bottom), and photographs (inset)
of the Cu,_,Se/Cu,_,S NR aerogel (A), Cu,_,S NR aerogel (B), back-
exchanged CdSe/CdS NR aerogel (C), and back-exchanged CdS NR
aerogel (D).

Furthermore, the shape of the nanorod building blocks within
the porous structure is unaltered. The elemental compositions
were analysed via energy-dispersive X-ray spectroscopy (EDXS)
using scanning electron microscopy and the obtained EDXS
spectra are shown in the ESI (Fig. S17).

To clarify the impact of the cation exchange reaction on the
porosity of the aerogel structure, krypton physisorption experi-
ments (Fig. 5) of the copper chalcogenide based aerogels
(Fig. 5B Cu,_,Se/Cu,_,S and Fig. 5D Cu,_,S) were conducted
and the obtained specific surface areas are compared to those
of the initial cadmium-based (Fig. 5A CdSe/CdS and Fig. 5C
CdS) aerogel structures. The surface areas derived from the
Brunauer-Emmett-Teller (BET) method*> are 98 m”> g™ (CdSe/
CdS) and 75 m* g~' (CdS) for the initial aerogel structures.
After the cation exchange reaction the copper chalcogenide
based aerogels exhibit a surface area of 103 m”> g~" (Cu,_,Se/
Cu,_,S) and 98 m”> g~! (Cu,_,S). It can be concluded that the
cation exchange has no significant impact on the porosity of
the aerogel structure according to the BET evaluation.
Furthermore, all values are comparable to previously reported

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Krypton adsorption and desorption curves of initial CdSe/CdS (A)
and CdS (C) aerogels, and copper cation exchanged Cu,_,Se/Cu,_,S (B)
and Cu,_,S (D) aerogels.

surface areas of metal chalcogenide aerogels, which are in the
range of 90-240 m? g~ *,>172

Powder X-ray diffraction (PXRD) patterns of the copper chal-
cogenide NR based aerogels (Cu,_,Se/Cu,_,S and Cu,_,S) and
the back-exchanged cadmium chalcogenide NR based aerogels
(CdSe/CdS and CdS) are illustrated in Fig. 6. Both copper
exchanged aerogels (upper part) show the diffraction pattern
of the orthorhombic Cu,S structure (chalcocite), without any
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Fig. 6 PXRD patterns of exchanged Cu,_,Se/Cu,_,S, Cu,_,S, back-
exchanged CdSe/CdS and back-exchanged CdS aerogels. Reference
PXRD patterns of orthorhombic Cu,_,S (chalcocite, ICDD Card No.
00002-1294) and hexagonal CdS (greenockite, ICDD Card No. 01-080-
0006) crystal structures.

Nanoscale, 2020, 12, 5038-5047 | 5041


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr09875e

Open Access Article. Published on 28 January 2020. Downloaded on 6/30/2026 1:24:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

reflections of the CdS starting material. The PXRD patterns of
the back-exchanged CdSe/CdS and CdS aerogels show reflec-
tions of the hexagonal CdS phase (greenockite). Due to the low
amount of the CdSe core material compared to the surround-
ing CdS media, no CdSe reflections can be observed. Besides
the hexagonal CdS phase no additional reflections are visible,
so that a total back-exchange from 2 Cu” to Cd*>" can be
assumed. Moreover, the results prove that the NR networks are
perfectly penetrable and the accessibility of the NC sites is
ensured in all systems.

All cation exchanged aerogels were also characterized by
optical spectroscopy (Fig. 7A-C). The absorption spectra of the
copper chalcogenide based aerogels (Fig. 7A) show a broad
absorption band in the range of 800-2000 nm which can be
attributed to the localized surface plasmon resonance (LSPR)
of doped copper chalcogenides. The LSPR position depends
on the stoichiometric composition of Cu,_,S and Cu,_,Se NPs
which is well known from the literature.*"**** The absorption
spectra of the back-exchanged CdSe/CdS aerogel (Fig. 7B) show
the CdSe core absorption at 605 nm and the CdS absorption
band at 480 nm. The absorption spectra of the back-exchanged
CdS aerogel show the CdS absorption at 477 nm. Due to the
heat treatment and the related healing of defects induced by
cation exchange the emission was regained. The emission
maxima of the back-exchanged CdSe/CdS NR aerogel (Amax =
617 nm, Fig. 7B) and the CdS NR aerogel (. = 477 nm,
Fig. 7C) are shifted hypsochromically compared to the initial
CdSe/CdS NR and CdS NR aerogel (Fig. 3A and B). The shift
can be explained by an etching process during the cation
exchange experiments, since chloride ion containing precur-
sors were used. The reoccurrence of the photoemission (PLQY
of 1.3% + 0.5% for the back-exchanged CdSe/CdS NR aerogel)
is a very good indicator that the back-exchange is a quantitat-
ive process since already the smallest amounts of Cu ions
incorporated into CdSe/CdS NRs are known to completely
quench their PL.

Cation exchange reactions with Pb**, Ag* and Hg>" ions

Copper chalcogenide based lyogels were also used as inter-
mediate states to synthesize other metal (lead, silver, mercury)
chalcogenide based aerogels with interesting (opto)electronic
properties, like photoluminescence in the NIR range, by cation
exchange reactions. Based on recent studies published in the
literature for cation exchange reactions at single nanocrystals,
Cu,_,Se/Cu,_,S NR based solvogels were used for lead cation
exchange reactions to achieve a NIR emitting PbSe/PbS NR
based aerogel.*>**> From TEM and SEM micrographs (Fig. 8A
and B), it can be seen that the porous macroscopic gel network
is not affected by the cation exchange reaction. Furthermore,
the TEM image shows a retained nanorod shape and a tip-to-
tip connection of the single nanocrystals within the porous
structure. The absorbance spectra (Fig. 8C) show a broad band
in the NIR range between 1000 nm-1750 nm, which can be
attributed to the excitonic absorption of the PbSe core, com-
bined with contributions of the PbS shell.***” The emission
maximum at around 1540 nm is in good agreement with the

5042 | Nanoscale, 2020, 12, 5038-5047
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Fig. 7 Absorption spectra of Cu,_,Se/Cu,_,S and Cu,_,S aerogels (A),
absorption- and emission spectra of back-exchanged CdSe/CdS aerogel
(B) and back-exchanged CdS aerogel (C).

band-edge excitonic transitions for PbSe in the range of
0.5-1.1 eV, which can be found in the literature.**>° The
elemental composition of the PbSe/PbS aerogel was analyzed
by EDX-SEM and PXRD. The EDX spectra (Fig. 8D) show only
elemental lines of Pb, Se, and S, without any contamination of
Cu or Cd. Furthermore, the PXRD pattern (Fig. 8E) shows the

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 TEM micrograph (A), SEM micrograph and photograph (B),
absorbance- and emission spectra (C) recorded from PbSe/PbS
acetogel, SEM-EDX spectra (D), and PXRD pattern of the PbSe/PbS
aerogel (E). The reference PXRD pattern of cubic PbS (galena, ICDD
Card No. C5-592).

diffraction pattern of the cubic PbS structure. These findings
all strongly indicate a quantitative cation exchange reaction
and demonstrate the versatility of our approach and the possi-
bility of accessing new and functional materials like NIR emit-
ting aerogels.

As already mentioned, exchange reactions with silver and
mercury cations were also tested. From SEM micrographs
(Fig. 9A-D) it can be seen that in all cases the porous structure
is retained. The silver chalcogenide aerogels seem to contain
Ag nanoparticles as the side product (Fig. 9A and B). On the

B!Ag,S Aerogel g
.

Fig. 9 SEM micrographs and photographs of Ag,Se/Ag,S (A), Ag,S (B),
HgSe/HgsS (C), and HgS (D) aerogels.
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SEM images of the mercury chalcogenide based aerogels
(Fig. 9C and D) large crystals are visible. The diffraction pat-
terns (see ESI Fig. S3f) of the silver chalcogenide aerogels
show the reflections of the monoclinic acanthite Ag,S phase
combined with reflections from the cubic Ag phase, and the
diffraction pattern of mercury chalcogenide aerogels shows the
hexagonal HgS phase with additional reflections of Hg,Cl,.
TEM images of silver and mercury chalcogenide aerogels show
differently shaped nanocrystals compared to the initial
nanorod shape within the macroscopic structure and
additional nanocrystals with a high contrast, which can be
attributed to be pristine Ag nanoparticles, as well as Hg,Cl,
crystals (ESI Fig. S21). It can be assumed that during the
cation exchange from copper to silver or mercury, the replaced
Cu' ions are able to reduce the excess of silver or mercury
ions, which are present in solution, resulting in the growth of
the side products (Ag NPs and Hg,Cl,).

In order to understand the silver and mercury exchanges
via the copper phase on the macroscale, all cation exchange
reactions were also carried out on the nanoscale. Therefore,
the pristine NRs were treated with the same synthesis pro-
cedure, expect that the reaction time was shortened. The per-
formed cation exchange reactions at pristine nanorod samples
(Ag,Se/Ag,S, HgSe/HgS) show nearly the same results (change
of the nanocrystal shape or growth of side products) compared
to the macroscopic counterparts. The results are shown and
discussed in detail in the ESI (Fig. S51). Here it should be
mentioned that the cation exchange reactions were performed
using a ten times higher concentration of the starting material
and exchange precursors compared to the literature for col-
loidal dispersed NPs, which can be a reason for the different
results. These high concentrations are however necessary to
achieve complete ion exchange on the macroscopic gel struc-
tures, since these cannot be diluted to the concentration of
typical colloidal solutions.

Conclusions

In the present work the limitation of cation diffusion within a
macroscopic material was circumvented by using a highly
porous and voluminous macroscopic gel network, which was
built from nanoscopic CdSe/CdS and CdS NR building blocks.
It was shown that via copper ion treatment the initial
cadmium-based hydrogel structures can be transferred to
copper-based Cu,_,Se/Cu,_,S and Cu,_,S aerogels. In
addition, the back-exchange from copper to cadmium ions was
investigated to demonstrate the reversibility of the cation
exchange process. By heat treatment of the back-exchanged
CdSe/CdS and CdS NR aerogels the photoluminescence pro-
perties were successfully reclaimed. Regaining the photo-
luminescence is a good indication for quantitative reversibility
of the ion exchange process. SEM, TEM and BET measure-
ments showed that the treatment with different precursor solu-
tions did not affect the porous morphology of the gel net-
works. First experiments and results based on copper chalco-
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genide lyogels as the intermediate state and the successful
exchange with lead, as well as tested exchanges with silver and
mercury ions show that there is a wide range of possible cation
exchange reactions on macroscopic gel networks which broad-
ens the accessibility of aerogel materials from these com-
ponents in future. To conclude, the cation exchange process
on macroscopic gel networks opens up new perspectives
towards novel classes of aerogels by using a well-known and
controllable starting nanoparticle-based gel network.

Experimental section

Chemicals

Cadmium oxide (CdO, 99.998%), methanol (anhydrous,
99.9%), and selenium (Se, 99.999%) were purchased from Alfa
Aesar. Bis(trimethylsilyl)sulfide (97%), silver nitrate (99.85%),
tri-n-butylphosphine (97%), tri-n-octylphosphine oxide (TOPO,
99%) and tri-n-octylphosphine (TOP, 97%) were purchased
from ABCR. Toluene (99.9%) and methanol (>99.5%) were pur-
chased from Carl Roth. Octadecylphosphonic acid (ODPA,
>99%), hexylphosphonic acid (HPA, >99%), and tributyl phos-
phine (97%) were purchased from PCI Synthesis. Cadmium
nitrate tetrahydrate (99%), hydrogen peroxide (H,O,, 35%),
lead acetate trihydrate (>99%), mercaptopropionic acid (MPA,
99%), mercury chloride (99.5%), octadecene (ODE, 90%), pot-
assium hydroxide (KOH, >85%), sulfur (S, 99.98%), tetrakis
(acetonitrile)copper hexafluorophosphate ([Cu(CH3;CN),]PFs,
97%) were purchased from Sigma Aldrich. Acetone (dried,
99.9%) was purchased from Merck.

Synthesis of CdSe seeds, CdS seeds and growth of the
CdS shell

CdSe seeds and CdS seeds syntheses and CdS shell growth fol-
lowed the method of Carbone et al with certain modifi-
cations.*® For a detailed description of the syntheses see
the ESL}

Phase transfer of CdSe/CdS NRs and CdS NRs

The as-synthesized CdSe/CdS NRs and CdS NRs were trans-
ferred to aqueous solution by the method of Kodanek et al.”*
For a detailed description of the phase transfer see the ESI.{

Synthesis of acetogels and cation exchange reactions

In the following Experimental section all information before
the slash character addresses the synthesis with CdSe/CdS
NRs and all information behind the slash character belongs to
the synthesis with CdS NRs. All cation exchange experiments
take place in the glovebox under an argon or nitrogen
atmosphere.

Synthesis of CdSe/CdS NR and CdS NR acetogels

The CdSe/CdS NR and CdS NR acetogels were prepared follow-
ing the method of Sanchez-Paradinas et al. with certain modi-
fications.'® For a detailed description of the acetogel prepa-
ration see the ESLT
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Copper cation exchange

The copper cation exchange was adapted from the method of
Miszta et al. for core/shell nanocrystals and applied on CdSe/
CdS NR and CdS NR based gel structures with certain modifi-
cations.> A copper exchange solution with a molar ratio of
Cd:Cu 1:10 was used and 65 mg/141.5 mg (0.34 mmol/
0.76 mmol) [Cu(CH3CN),]PFs was dissolved in 1.5 mL dry
methanol. The solution was slowly injected at the edges of the
NR based acetogel. After 12 h, the acetogels were washed 5
times with 1.5 mL dry acetone to purify the supernatant solu-
tion. Then, again 1.5 mL methanolic copper exchange solution
(65 mg/141.5 mg [Cu(CH3CN),]|PF¢) was slowly injected to the
acetogels and left there for additional 12 h. Subsequently, the
acetogels were washed 5 times with 1.5 mL dry methanol to
remove excess copper and cadmium cations. Afterwards, the
gels were washed 8 times over several hours with 1.5 mL dry
acetone and stored overnight. The following day, before the
transfer to the critical point dryer, the gels were washed 2
additional times with 1.5 mL dry acetone.

Cd cation back exchange

The cadmium ion back-exchange from copper based acetogels
was adapted from the method of Jain et al. for cadmium chal-
cogenide nanocrystals and applied on the CdSe/CdS NR and
CdS NR based gel structures with certain modifications.** For
the reversible cation exchange an exchange cation ratio of
Cu:Cd 1:100 was used. For the exchange solution 536 mg/
1.17 g Cd(NO3),-4H,0 (1.74 mmol/3.79 mmol) and 100 pL TBP
were dissolved in 1.5 mL dry methanol. The solution was
slowly injected at the edges of the gel and left for 24 h. After
that, the gels were washed 5 times with 1.5 mL dry methanol
and freshly prepared cadmium exchange solution was injected
and left once more for 24 h. The methanol washing step and
the replacement of the cadmium cation exchange solution was
repeated. After a total reaction time of 96 h the gels were
washed 5 times with 1.5 mL dry methanol and over the time of
several hours 8 times with 1.5 mL dry acetone and stored over-
night. On the subsequent day, the gels were washed again 2
times with 1.5 mL dry acetone. The gels were placed in an oven
at 50 °C for 3 weeks in order to complete the cation exchange
and to obtain the photoluminescence back.

Lead cation exchange

The cation exchange from Cu to Pb was performed at CdSe/
CdS aerogels by following the method of Bouet et al. for core/
shell nanocrystals and applied to our acetogel system.*® The
atomic ratio from copper to lead was set to 1:47. For the lead
cation exchange solution 89.6 mg Pb(Ac),-3H,0O (0.236 mmol)
and 67 pL tributyl phosphine were dissolved in 1.5 mL dry
methanol. The exchange mixture was replaced every 24 h and
after a total time of 168 h the exchanged solvogels were
washed 5 times with methanol and 10 times with dry acetone.

Silver and mercury cation exchange

The cation exchanges from Cu to Ag, and Cu to Hg were also
realized following the method of Miszta et al. for core/shell
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nanocrystals and applied to our acetogel system.?" The atomic
ratio from copper to silver was set to 1:1.8 and for copper to
mercury was set as 1: 3. For the silver cation exchange solution
10.5 mg/96.5 mg AgNO; (0.06 mmol/0.56 mmol), and for
mercury cation exchange 35.4 mg/206.2 mg HgCl, (0.13 mmol/
0.76 mmol) were dissolved in 1.5 mL dry methanol. The
exchange mixture was replaced every 24 h and after 96 h the
exchanged solvogels were washed 5 times with methanol and
10 times with dry acetone.

Preparation of aerogels

After the exchange procedures the washed acetogels were
placed in a critical point dryer (E3100, Quorum Technologies)
and the acetone phase was substituted with a liquid carbon
dioxide phase. Therefore, the critical point dryer was flushed
for 10 min with liquid CO,, closed completely and left over-
night. After 24 h the critical point dryer was flushed again for
10 min. At least, the temperature of the critical point dryer was
increased, so the aerogels were dried at 31.5 °C and 75.8 bar.

Atomic absorption spectroscopy

The Cd concentration of the aqueous CdSe/CdS NR/CdS NR
solution was determined by atomic absorption spectroscopy
(AAS) using a Varian AA140 instrument supplied with an air/
acetylene (1.5 : 3.5) flame atomizer. The samples were prepared
by dissolving defined amounts of CdSe/CdS NRs and CdS NRs
in 500 pL fresh prepared aqua regia and diluting them in
50 mL volumetric flasks. Additionally, five Cd** solutions with
known concentrations were measured to obtain a calibration
curve.

Transmission electron microscopy

The morphology of the CdSe/CdS NR/CdS NR in solution and
all aerogels were investigated by transmission electron
microscopy (TEM) using a FEI Tecnai G2 F20 TMP (Cg = 2 mm,
Cc = 2 mm), equipped with a 200 kV field emission gun.
Micrographs were obtained in bright field mode. For grid
preparation out of solution, 10 puL of the purified and diluted
sample was dropcast on a 300 mesh carbon coated copper
grid, purchased from Quantifoil. For grid preparation of the
aerogels the grid was pressed slightly to the top of the aerogel.

Scanning electron microscopy

The morphology of the aerogel samples was investigated by
scanning electron microscopy (SEM) using a JEOL JSM 6700F
instrument equipped with a cold field emission gun electron
source. The elementary components of the aerogels were ana-
lysed by energy-dispersive X-ray spectroscopy (EDXS) and the
software Oxford Instruments INCA 300.

Spectroscopic characterization

UV/Vis absorbance spectra of the solutions were recorded in
transmission mode using an Agilent Cary 5000 absorption
spectrophotometer. Therefore, 10 pL of the organic NR solu-
tion was diluted to 3 mL and measured inside fluorescence
quartz cuvettes purchased from Hellma Analytics. The absorp-
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tion spectra of the copper-based aerogels were recorded in
reflection mode using a Cary 5000 spectrophotometer from
Agilent as well equipped with an Agilent DRA-2500 integrating
sphere. The absorption spectra of back-exchanged CdSe/
CdS and CdS aerogels were acquired with a Fluoromax-4
equipped with a Quanta-¢ integrating sphere (HORIBA).
Photoluminescence (PL) emission spectra were obtained using
a Horiba Fluoromax-4. Photoluminescence quantum yields
(PLQYs, measured in absolute mode by dividing the number
of emitted photons by the number of absorbed photons) of the
samples were recorded using a Horiba Dual-FL spectrophoto-
meter equipped with a Quanta-¢ integrating sphere (Horiba).
PL emission spectra in the NIR range were obtained using an
Edinburgh FLS 1000 spectrometer with an NIR InGaAs PMT
detector with a spectral range of 1000-1600 nm.

Krypton physisorption

Krypton physisorption was measured with an Autosorb-1
instrument from Quantachrome operating at 87 K. Prior to
physisorption measurements, the samples were degassed
under vacuum at room temperature for 24 h. Surface areas
were estimated by applying the Brunauer-Emmett-Teller (BET)
equation.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the aerogel
samples were measured in transmission mode using an STEO
StadiP diffractometer with CuK,; radiation with a wavelength
of 2 =1.54060 A and a Ge(111) monochromator. The powders
were ground before the measurements and placed between
X-ray amorphous polymer foils. Powder X-ray diffraction pat-
terns of the nanorod solutions were measured in reflection
using a Bruker D8 Advance with a CuK,; source operating at
40 kV and 30 mA. The samples have been prepared by drop-
casting a concentrated NR solution on a single crystalline
silicon sample holder.
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