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Hybrid semiconductor-based nanocrystals (NCs) are generally synthesized 
in organic media prior to their assembly into catalytically promising 
nanostructures via multistep methods. Here, a tunable, easy-to-adapt and 
versatile approach for the preparation of hybrid nanoparticle networks from 
aqueous nanocrystal solutions is demonstrated. The networks consist of 
interconnected semiconductor NC backbones (made of CdSe/CdS dot-in-rods 
or core/crown nanoplatelets) decorated with noble metal (Au and Pt) or with 
metal-based domains (Co2+ and Ni2+) demonstrating a powerful synthetic 
control over a variety of hybrid nanostructures. The deposition of the 
domains and the formation of the network take place simultaneously (one-
step method) at room temperature in dark conditions without any external 
trigger. Beside the in-depth structural characterization of the gel-like hybrid 
networks, the wavelength-dependent optical features are studied to reveal 
an efficient charge carrier separation in the systems and a controllable extent 
of fluorescence quenching through the domain sizes. Photoluminescence 
quantum yields and decay dynamics highlight the importance of fine-tuning 
the conduction band/Fermi level offset between the semiconductors and the 
various deposited metals playing central role in the electron–hole separation 
processes. This procedure provides a novel platform toward the preparation 
of photo(electro)catalytically promising hybrid nanostructures (acetogels and 
xerogels) without the need of presynthetic hybrid particle design.
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1. Introduction
Semiconductor hetero-nanoparticles with 
tailored and designed electronic structure 
revolutionized the field of optoelectronics 
and photovoltaics due to their size-, shape-, 
and composition-dependent physicochem-
ical properties.[1] Their great applicational 
potential in optics, electronics, energy har-
vesting and catalysis lie on the fact, that 
the formation of a heterojunction in semi-
conductor NCs (e.g., core/shell or core/
crown) can further enhance the fluores-
cence quantum yield and photostability,[2,3] 
and additionally, it alters the photolumi-
nescence dynamics of the resulting parti-
cles by opening new radiative/nonradiative 
pathways.[4] Furthermore, anisotropy sup-
ports the spatial and thus the temporal sep-
aration of charge carriers generated via an 
incoming photon, which makes these NCs 
efficient photocatalysts.[5,6] Anisotropy as 
well as the accessibility of NC surfaces can 
apparently be further increased via assem-
bling hetero-nanocrystals into porous 
gel-like 3D macroscopic structures with 
extended application potential in cases, 
where the powder- or solution-based NC 

catalysts suffer from drawbacks (agglomeration and extraction). 
As we have shown through numerous different gelation tech-
niques recently, the assembly of these NCs provides a platform 
toward novel fluorescent superstructures with exceptionally 
high specific surface area, low density and promising (electro)
catalytic performance.[7–12] Conduction band offset in CdSe/CdS 
heterojunction indicates the formation of quasi-type II structure, 
in which the hole is confined in the core and the electron can 
delocalize in the shell.[13] While this is valid for nanorods, core/
crown nanoplatelets (NPLs) show type I band alignment despite 
the same heterojunction. This behavior can be attributed to the 
high exciton binding energy emerging in NPLs: the hole drags 
the electron to the core, where they recombine radiatively.[14,15]

In quasi-type II and type  I cadmium chalcogenide NCs, 
band-alignment governed interfacial electron transfer (being 
responsible for outstanding optical properties and cata-
lytic performance) could be further improved by depositing 
metal domains on the surface of the hetero-nanocrystals.[16,17] 
Nowadays, the library of the evolving hybrid NCs consists of 
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numerous combinations of semiconductor NCs and the selec-
tively grown metal domains.

Decorating CdSe/CdS hetero-nanocrystals with catalytically 
active domains opens up various new routes toward novel, 
effective and tunable photocatalysts and electrocatalysts. In the 
recent two decades, control over the synthesis procedures and 
the understanding of charge carrier dynamics (thus, the cata-
lytic behavior as well) in such systems attracted a paramount 
research interest. As a result, CdTe quantum dots (QDs), CdSe 
QDs, CdSe nanorods (NRs), CdS NRs and CdSe/CdS dot-in-rod 
NCs can be efficiently decorated with Ag,[18] Au,[19–23] Pt,[24–26] 
AuPd,[27] Ni,[28,29] Co[30–33], Ni(OH)2,[34–36] or Co(OH)2

[37] domains; 
furthermore, we also published a method for the site-selective 
growth of noble metals on CdSe/CdS core/crown NPLs.[38] The 
electronic structure of these hybrid NCs (i.e., band alignment, 
Fermi level) allows the enhancement of the light-induced charge 
carrier separation endowing them with high potential in pho-
tocatalytic applications such as water splitting[16,29,33,35,37–40] or 
H2O2 production.[40,41] Except solely few examples, the above-
mentioned synthetic procedures take place in organic solvents 
and require external trigger to initiate the reduction of the metal 
precursors. This stimulus can be heat, light or the presence 
of reducing agents. However, if the advantages both of hybrid 
NCs and their assembly into gel-like structures are aimed to be 
exploited, a complex multistep organic synthesis and assembling 
approach must be applied. This approach is time consuming 
and suffers from the drawbacks of the often poor stability of 
hybrid NCs in solution. Hence, to date, the number of studies 
dealing with one-step formation of hybrid semiconductor–metal 
NC superstructures is limited, and the most important study 
is restricted to CdSe nanorods with Pt.[42] Although, selective 
growth of Au on CdSe/CdS NRs in aqueous phase has been 
achieved experimentally (without assembling them), the proce-
dure requires UV illumination as well as a reducing agent.[43]

Therefore, we aimed to establish a novel strategy to prepare 
hybrid NC gel networks, where the advantageous properties at 
the NC level as well as at the micro- and macrostructural level 
can be utilized via the controlled assembly of tailored semi-
conductor NCs (decorated with metal domains) into NC gels 
directly from aqueous phase. Our recent study demonstrated, 
that CdSe/CdS dot-in-rods and core-crown NPLs with different 
surface chemistry are able to be assembled into porous gel 
structures via addition of inert trivalent cations at room tem-
perature.[8] The question arose, whether the assembly and the 
deposition of catalytically active domains might be achieved in 
a single step method without external stimuli, through applying 
highly reactive metal salts.

In this paper, we demonstrate a novel method for the one-
step preparation of porous, hyperbranched hybrid semicon-
ductor–metal gel structures, with control over the structural 
and optical properties. Using two types of nanocrystals as back-
bones (CdSe/CdS dot-in-rods and core/crown NPLs) with dif-
ferent thiolated ligands, this platform provides interconnected 
nanocrystal networks containing catalytically active domains 
evenly distributed throughout the entire network with preserved 
initial particle morphology. This versatile approach allows the 
deposition of different noble metal (Au and Pt) and metal-
hydroxide (Ni(OH)2 and Co(OH)2) domains onto the semicon-
ductor backbone providing significantly enhanced charge car-

rier separation upon illumination. The key advantage of our 
technique lies in its one-step nature: the formation of the semi-
conductor backbone and the deposition of the catalytically active 
domains take place simultaneously without external trigger 
(light, heat, and reducing agent). Consequently, the domain 
formation does not require heat, illumination, or additional 
reducing agents, which makes this process easy-to-adapt and 
versatile. This work aims to break the paradigm, that the decora-
tion of the building blocks (generally in organic phase) must be 
performed prior to the assembly. Due to the interconnection of 
the decorated semiconductor NCs, the charge carrier mobility is 
further enhanced, as a result, these hybrid nanostructures have 
great application potential as photo(electro)catalysts.

2. Experimental Section

As backbones of the hybrid nanocrystal gel networks, CdSe/CdS 
dot-in-rods and core/crown nanoplatelets were chosen. The par-
ticles were synthesized via the hot injection method based on 
the procedures published elsewhere for NRs[44] and NPLs[15,45] 
with applied improvements (see the Supporting Informa-
tion for the detailed description). Prior to the assembly, the 
nanocrystals were transferred from organic to aqueous phase 
using mercaptopropionic acid (MPA) for NRs and mercap-
toundecanoic acid (MUA) for NPLs according to the previously 
published protocol.[46] Phase transfer is of essential importance 
before triggering the assembly: it provides a covalently bound, 
hydrophilic ligand shell around the NCs that helps to control 
the kinetics of the assembly process through the modulation 
of the interparticle forces (electrostatic and steric interac-
tions). According to experience, MUA provides enhanced sta-
bility and helps retain the photoluminescence quantum yield 
of NPLs compared to MPA. It has to be noted, that due to the 
more prominent degree of passivation of the CdSe core, phase 
transfer leads to less loss of quantum yield (QY) for dot-in-
rods compared to core/crown NPLs. Nevertheless, after phase 
transfer, both colloidal systems have excellent stability (over  
6 months), retained particle morphology and remarkable fluores-
cence. The previous studies revealed the optimal concentration 
of CdSe/CdS nanocrystals for gelation,[7,8] thus, the Cd concen-
tration of the aqueous NC solutions was set to 3.6 g L−1 (equals  
to 32 × 10−3  m, measured by atomic absorption spectroscopy, 
AAS) in both solutions and this concentration was applied for 
all further experiments. Afterward, the aqueous NC solutions 
were introduced into Eppendorf tubes followed by the addi-
tion of the aqueous Au3+, Pt4+, Ni2+, or Co2+ salt solutions in 
different concentrations keeping the final NC concentration 
constant (see the Supporting Information for experimental 
details). The mixtures were vortexed immediately for 2 s, then 
were kept in a dark place free of vibration for 17 h (overnight). 
After the network formation occurred, the Eppendorf tubes 
were filled with MilliQ water well-above the hydrogels as a first 
step of the gel washing procedure. The hydrogels were washed 
thoroughly in multiple steps with MilliQ water followed by the 
gradual change of the medium to anhydrous (extra dry) acetone 
through different H2O:acetone solvent mixtures. The prepara-
tion of the final acetogels is time-consuming; however, this time 
period also involves the necessary aging of the gel structure and 
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ensures the removal of the excess of cations, detached ligands, 
water and provides extremely clean hybrid nanocrystal gel net-
works that are stable over time and free of byproducts. Addi-
tionally, anhydrous acetone as the medium of the gels allows 
the preparation of TEM and SEM samples with conserved gel 
morphology due to the significantly reduced capillary forces 
upon rapid drying.[7,8,47] As a further advantage, acetogels can be 
potentially dried supercritically, opening up new routes toward 
hybrid NC aerogels in the future.[7,8] Scheme 1 summarizes the 
steps of hybrid acetogel preparation detailed above.

Micro- and nanostructural properties, elemental composi-
tion, and crystallinity of the prepared hybrid acetogel struc-
tures were revealed by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), energy-dispersive 
X-ray spectroscopy (EDX), and X-ray diffraction (XRD) via drop-
casting fragments of the gel (diluted with anhydrous acetone) 
onto Si wafers or Cu grids. For the optical measurements, the 
gels were transferred into quartz cuvettes. For all samples, 
extinction, UV–vis absorption and emission spectra, as well 
as PL lifetimes and quantum yields have been determined at 
different metal ion concentrations (latter ones only where 
detectable emission was observed). For detailed experimental 
descriptions of materials, synthetic routes and characterization 
methods please refer to the Supporting Information.

3. Results and Discussion

3.1. Structural Properties of Hybrid Nanostructures

Assembling nanocrystal solutions always requires the synthesis 
of high quality and deeply characterized building blocks. As the 
first step, CdSe/CdS dot-in-rod nanoparticles and core/crown 
NPLs were synthesized and phase transferred followed by the in-
depth optical and structural characterization. The dimensions of 
the NRs were found to be 40.3 (±2.6) nm × 5.7 (±0.2) nm, while 
the NPLs have dimensions of 17.5 (±2.5) nm × 23.1 (±2.9) nm.  

Representative TEM images and the optical properties of the 
initial nanocrystals are presented in Figures S1 and S2 (Sup-
porting Information) for NRs and NPLs, respectively. Network 
formation as well as metal deposition were triggered by the 
addition of Au3+, Pt4+, Ni2+, and Co2+ aqueous solutions (pre-
pared from the respective metal chloride salts) in different con-
centrations to optimize the gelation process and to reveal the 
concentration-dependent optical properties of the assemblies.

During the optimization process, the formation of macro-
scopic, homogenous gels with minimal shrinkage (compared 
to the initial NC solution) was targeted. For NRs, 1, 5, and  
10 × 10−3  m of salt solutions were added, however, in case of  
1 × 10−3  m, observable gelation did not occur. In contrast, 
applying 5 × 10−3 or 10 × 10−3 m salt solutions, hydrogels with 
negligible shrinkage could be obtained (Figures S3 and S4, 
Supporting Information) proving the formation of porous, 
voluminous, branched nanocrystal networks.[8] Figure 1 shows 
the structure of hybrid acetogels built up from NRs applying  
10 × 10−3 m metal salt solutions (TEM images of the networks 
prepared via 5 × 10−3 m metal salts can be seen in Figure S5 in 
the Supporting Information).

Based on these results, NPLs were also assembled using  
10 × 10−3 and 18 × 10−3 m metal salts: MUA on the NPLs surface 
increases their stability against multivalent cations;[8] hence, 
higher concentrations are needed to be applied leading to simi-
larly decorated networks as for NRs (Figure 2). For both NR and 
NPL backbones, addition of metal cations led to hyperbranched, 
interconnected hybrid nanocrystal networks, where the NCs are 
mainly tip-to-tip (for NRs) or edge-to-edge (for NPLs) assembled 
and evenly decorated with domains. For Au and Pt, the size 
of the noble metal domains was found to be tunable through 
the concentration of the added metal salts (Figure  1A,B com-
pared to Figure S5A,B in the Supporting Information and 
Figure  2A,B to Figure S6A,B in the Supporting Information), 
while an increasing concentration of Ni2+ and Co2+ led to struc-
tures possessing domains with similar sizes. This observation 
was also supported by elemental composition analysis (SEM-
EDX), that shows increasing Au and Pt content but solely mod-
erate increase of Ni and Co content in case of higher metal salt 
concentrations for NRs and NPLs as well (Figures S7 and S8, 
Supporting Information).

Similar to the mechanism of ionic gelation of CdSe/CdS NRs 
and NPLs we published recently,[8] it can be assumed that mul-
tivalent cations facilitate the replacement as well as the cross-
linking of the surface grafted thiol-terminated carboxylic acids 
(MPA). It can be hypothesized that the applied high valence 
metal cations replace the cadmium-thiolates on the NC surface 
as Z-type ligands. However, due to the occupied d-orbitals of 
the applied noble metal cations, this replacement likely takes 
place only after a complexation of the cations via, e.g., free 
ligands, which allows the ligand replacement in the next step 
and facilitates the controlled destabilization of the aqueous NC 
solutions resulting the mainly tip-to-tip (for NRs) and edge-to-
edge (for NPLs) connected nanoparticle backbone. In this work, 
we also used multivalent cations to trigger the network forma-
tion, however, these are highly reactive metal salts which tend 
to nucleate heterogeneously. Therefore, not solely the network 
forms (due to the destabilizing effect of these multivalent metal 
salts), but the formation of metal-containing domains also takes 
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Scheme 1. Schematics of the preparation of hybrid nanoparticle gel net-
works from aqueous colloidal nanocrystal solution illustrated through the 
example of CdSe/CdS dot-in-rods.
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Figure 1. TEM images representing the structure of the hyperbranched interconnected semiconductor NR backbone prepared with 10 × 10−3 m Au3+(A), 
Pt4+(B), Ni2+(C), and Co2+(D). The insets show the NRs decorated with domains at higher magnifications. Due to the low visibility of the Ni-containing 
domains, red circles are guide to eye in panel (C). All samples were prepared from acetogels.

Figure 2. TEM images representing the structure of the hyperbranched interconnected semiconductor NPL backbone gelated via Au3+ (10 × 10−3 m,  
A), Pt4+ (10 × 10−3 m, B), Ni2+ (10 × 10−3 m, C), and Co2+ (10 × 10−3 m, D). The insets show the (co)catalyst domains at higher magnifications. All samples 
were prepared from acetogels.
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place. In contrast to the observations of Elmalem et al.[42] (dis-
solution of CdSe upon Pt deposition), our semiconductor NCs 
preserve their size upon gelation and decoration (Figure S9 
in the Supporting Information demonstrates that neither the 
length nor the width of the NRs changes after the decoration 
with larger Au domains using 10 × 10−3  m Au3+ ions). Based 
on this finding, the initial nucleation of the domains is likely 
assisted by the defect sites on the CdS shell (or crown) and by 
the surface-grafted thiols acting as reducing agents. These pro-
cesses make the heterogeneous nucleation of the metals more 
favorable compared to the homogenous metal NP formation in 
the solution, thus, the decoration of the backbone occurs.

For hybrid NR gels, the deposited domains do not show 
preferences regarding their spatial location around the rods: 
the domains are equally and evenly distributed in the intercon-
nected nanorod networks. Due to the domain formation on the 
tip region of the rods as well, in some cases, the interconnecting 
area between rods consists of CdS-CdS as well as domain-
CdS connected regions simultaneously (comparative HRTEM 
images on NR–NR connections are shown in Figure  S10 in 
the Supporting Information). In contrast, platinum shows 
island-like growth around the nanorods;[48] however, these 
islands also have distinct borders (inset of Figure  1B). Based 
on the TEM images, the growth of domains containing Ni2+ 
and Co2+ looks similar to gold (i.e., distinct, quasispherical 
domains are formed), however, their low electron contrast 
makes the imaging cumbersome. Instead, domains in hybrid 
NPL assemblies nucleate and grow on the edge region of the 
NPLs more preferably, that agrees well with our observations 
in solution-based NPL-Pt systems.[38] Nevertheless, this does 
not hinder the formation of direct NPL-NPL connections and 
all types of domains show distinct, quasispherical shape (com-
parative HRTEM images on NPL-NPL connections are shown 
in Figure S11 in the Supporting Information).

For noble metal domains with higher atomic numbers, 
the deposited materials can be visualized in a straightforward 
manner, however, in case of Ni2+- and Co2+-gelated structures, 

due to the low electron contrast and crystallinity of the domains, 
other techniques had to be applied. HRTEM and STEM images 
of hybrid NR@Co and NRs@Ni structures show, that although 
the domains accumulate in certain areas on the NR’s surface, 
a thin continuous layer is formed around the rods (Figure S12, 
Supporting Information). In the domains, d-spacings of the lat-
tices agree well with the value of Co(OH)2 (0.274  Å for {100} 
facet) and Ni(OH)2 (0.232 Å for {101} facet) in the respective 
systems as Figure 3 shows.

Spatial distribution of the deposited domains was further 
analyzed for the Co2+-gelated NR network. EDX elemental maps 
reveals quasiequivalent loads of domains on the connected 
NRs and NPLs upon gelation via Co2+ and Ni2+ (Figure S13, 
Supporting Information). To further prove, that the domain 
deposits as a thin layer on the surface of the NRs, electron 
energy loss (EEL) spectra were taken from a region of intercon-
nected NRs (Figure 4A,B). Spatially resolved EEL spectra show 
(Figure 4C–E), that the Co-containing domain is present on the 
NRs surface relatively evenly (the Co-L3 and Co-L2 white lines 
appear in the region where NRs are also present). These obser-
vations underline the major difference between the formation 
of the domains for noble metal and metal-assisted assembly: 
Au and Pt nucleates forming more distinct domains, while con-
nected building blocks formed via Ni2+ and Co2+ are covered by 
the deposited domains as a layer.

EELS also shows the presence of oxygen (O-K ionization 
edge) in the sample; however, the origin of the oxygen can be 
bifold: i) MPA molecules on the NR surface contain oxygen due 
to their –COO– groups and ii) the deposited domain consists of 
Co and O. The former would lead to weaker O signal in EELS 
if we assume only the presence of residual MPA molecules on 
the NR surfaces. Additionally, O-K ionization edge becomes 
more prominent if Co also appears on the respective measure-
ment spot. Consequently, the domains contain Co and excessive 
O beyond the O content of the ligands. Based on the fact, that 
the Co2+ cations are added to aqueous NC solutions at alkaline 
pH, the formation of Co(OH)2 is the most favorable reaction. 

Adv. Optical Mater. 2021, 9, 2100291

Figure 3. HR-TEM images of hybrid NR gel networks prepared via 10 × 10−3 m Co2+(A) and 10 × 10−3 m Ni2+(B) cations representing the presence of 
Co(OH)2 and Ni(OH)2 domains.
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XRD results show changed peak ratios upon gelation along 
with a slight shift (compared to the pristine NRs) which can be 
attributed to the deposition-induced lattice strain effect between 
the CdS and the deposited hydroxides[49] and indicates, that the 
domains mostly form on the {100} and {101} facets of the shell 
(Figure S14, Supporting Information). Nevertheless, reflections 
from any relevant Co- or Ni-containing hydroxides, oxides or 
oxyhydroxides are not able to be detected. This can be attributed 
to the relatively low amount and low crystallinity of the domains 
on the NCs surface, as other studies have also shown.[35,37,50–52] 
It is important to emphasize, that the formation of cobalt oxides 
and nickel oxides (as well as oxyhydroxides) can only be pos-
sible at elevated temperatures,[53,54] thus, the presence of these 
materials can be ruled out. The experimental conditions and 
the observed structural properties of the domains agree well 

with the theory of Co(OH)2 and Ni(OH)2 formation. As the 
structural and compositional properties indicate, the Ni2+- and 
Co2+-gelated hybrid structures differ from the ones generated 
via the addition of noble metal cations. This can be attributed 
to i) the less reactivity of the Ni2+ and Co2+ cations (forming Ni0 
and Co0 only via pyrolysis[55] or in the presence of hydrazine/
polyols)[56,57] and ii) to the favorable formation of stable hydrox-
ides in the presence of OH– ions. The formation of the metal 
hydroxide domains is a precipitation-driven process;[34,50,52] 
thus, the excess surface energy of the semiconductor NPs might 
play an important role in the deposition of the hydroxides on 
the NRs and NPLs. The nucleating domains destabilize the NCs 
upon growing further facilitating their interconnection.

Interestingly, we observed an increasing electron contrast of 
the Co- and Ni-containing domains in case of longer exposure 

Adv. Optical Mater. 2021, 9, 2100291

Figure 4. STEM images A,C) and EELS analysis B,D,E) of hybrid NR gel networks prepared via 10 × 10−3 m Co2+ cations. A representative EEL spec-
trum (B) was collected from the green spot marked in panel (A). EELS line scan (D) was recorded along the green arrow (equals to 36 nm in length,  
40 spectra) in panel (C). Panel (E) shows the EEL spectra in the energy window relevant for Co.



www.advancedsciencenews.com www.advopticalmat.de

2100291 (7 of 12) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

to the electron beam in the TEM (Figure S15, Supporting Infor-
mation), indicating the formation of metallic Co and Ni under 
these conditions. This implies the reduction of Co2+ and Ni2+ 
cations from the Co(OH)2 and Ni(OH)2 domains to Co and Ni 
upon irradiation with electrons. Similar electron excess (due to 
charge carrier separation, explained below) can be evolved in 
the hybrid nanostructures in photo(electro)chemical processes 
upon irradiation with photons, that makes the initial domains 
potential sources to form metallic domains in situ, which can 
be utilized in electrochemical processes.[34,35,52] The in situ for-
mation of the metallic domains can be supported by scavenging 
the holes via the OH– anions[58] or the surface attached thiolated 
ligands on the surface of the NCs.[59]

3.2. Optical Properties and the Mechanism behind Them

Depositing noble metal or metal domains on the surface of 
semiconductor nanoparticles might lead to a partial or com-
plete quenching of the initial photoluminescence, which highly 
depends on the size and number of the domains (i.e., metal or 
metal-hydroxide load).[39,60] Additionally, in hetero-nanoparticle 
systems, the wavelength of irradiation also alters the optical pro-
cesses depending on the nanoscale component being irradiated 
(core and/or shell/crown). To overhaul the effect of the excita-
tion wavelength, all optical measurements were carried out from 
350 to 550 nm (for NRs) and from 350 to 515 nm (for NPLs) in 
distinct steps. This allows to understand the radiative processes 
upon generating excitons in the hetero-nanoparticles. In per-
fect agreement with Hinsch et  al.,[61] the QY of the pure NRs 
shows dependency on the excitation wavelength (Figure S1C,  
Supporting Information): exciting the CdSe core (λexc ≥ 500 nm) 
leads to significantly higher QYs due to the better passivation of 
the core embedded in the CdS shell.[62] For core/crown NPLs, 
the above discussed change of QY is much less remarkable 
(manifesting itself in only an increase of 0.54%; see Figure S2B 
in the Supporting Information) that can be attributed to the 
much less passivated CdSe core and the much higher volume 
ratio between CdSe and CdS (compared to the NRs).

Due to the small domain sizes in the hybrid NRs assembled 
via 5 × 10−3 m salts, residual fluorescence can be detected for all 
NR systems. However, for NPLs, 10 × 10−3 m Au3+ salt caused 
complete quenching and weak, but detectable emission for 
10 × 10−3 m Pt4+ is observed only by irradiating the CdSe core 
NPLs, that can be attributed to the smaller size of Pt domains 
in this particular case. For higher concentrations, noble metals 
cause complete fluorescence quenching, while Ni2+ and Co2+ 
preserves some radiative pathways for both NC systems. Peak 
positions of the emissions show bathochromic shift compared 
to the building blocks without changing the FWHM values 
significantly (Figure 5A,C). This bathochromic shift can be 
attributed to i) the refractive index change in the vicinity of 
the nanoparticles, that is the superposition of two factors: the 
change of the solvent (water to acetone) and the growth of the 
domains on the NCs surface; ii) the reabsorption of the emitted 
light due to the high nanoparticle concentration in the gel sam-
ples. Furthermore, hybrid NPL gels show larger shifts than the 
NR gels. This difference points out the diversity of the model 
systems: while the core is embedded into the shell for NRs, 

core NPLs are more exposed to the changes of the chemical 
environment (due to the growth of the crown solely along their 
edges), thus, their emission shows higher sensitivity to the 
domain formation and solvent replacement.

Extent of quenching was investigated via PLQY measure-
ments on the acetogels. Based on the significant Fermi-level 
differences of the deposited domains, Pt quenches the most fol-
lowed by Au, Co and Ni (Figure 5B,D for QY values of NR and 
NPL systems). It has to be emphasized, that for hybrid NRs net-
works, the wavelength of excitation has a remarkable effect on 
the QYs similar to pure, aqueous NRs (Figure S1C, Supporting 
Information). Irradiating the CdS shell (λexc ≤ 450 nm) leads to 
significantly lower QYs compared to wavelengths, where only 
the CdSe core absorbs (λexc ≥ 500 nm). Due to the band align-
ment of the quasi-type II heterojunction, radiative recombina-
tion can only occur inside the core. By exciting the core, the 
probability of the radiative recombination is remarkably higher 
than by exciting the shell, which is decorated with the domains 
facilitating the charge carrier separation. In case of NPLs, 
this trend is much less obvious due to the above-mentioned 
differences in the passivation of the CdSe core as well as the 
CdSe:CdS volume ratio. Additionally, core NPLs might also be 
partly decorated with domains that hinder the radiative path-
ways inside the core.

Photoluminescence decay dynamics were also measured 
for the hybrid NR and NPL gel structures in order to reveal 
the wavelength-dependent lifetimes in the different hybrid gel 
systems. PL decay curves of the pure NRs and hybrid NR gel 
structures can be seen in Figure 6. Decay curves were meas-
ured at three different excitation wavelengths (368 and 454 nm 
for irradiating the shell, while 572 nm for exciting the core) and 
evaluated by multiple exponential fitting (bi- and triexponen-
tials). Fitted components and average lifetimes can be found in 
the Supporting Information (Table S1, Supporting Information). 
Pure NRs@MPA in water do not show prominent differences 
in decay dynamics as a function of the wavelength (from 368 to 
572  nm, τAV decreases from 17.8 to 16.1  ns). However, gelation 
and deposition of the domains magnifies these minor differ-
ences significantly. In each system, domain deposition reduces 
the lifetime of the excitons. Additionally, excitation at the core 
wavelength leads to even shorter exciton lifetimes, that agrees 
well with the observed higher QYs at wavelengths above 500 nm.

The question arises, whether this residual QY and the 
reduced lifetime can be attributed to inhomogeneous 
quenching, namely some NRs are not decorated, while others 
are totally quenched. PL decay components show, that in each 
system (where fluorescence is detectable), τ1 and τ2 are sig-
nificantly and simultaneously reduced. This implies that the 
system is homogenously quenched, that is the emission does 
not originate from NRs (or NPLs) that are not decorated.[32] In 
case of the presence of bare/undecorated NCs, the PL dynamics 
should not change while the QY would decrease. Figure 6C,D 
(and Table S1 in the Supporting Information) shows that 
increasing amount of Ni2+ and Co2+ further shortens the PL 
lifetimes, that suggests a spatially more extended coverage of 
the connected NRs. Exciting the core QD (at 572 nm), exciton 
lifetimes become significantly shorter, that implies a faster 
charge carrier separation in the hybrid hetero-nanoparticle 
assemblies: electrons can further travel to the domains through 

Adv. Optical Mater. 2021, 9, 2100291
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the CdS shell; however, this process is more efficient without 
being surrounded by trap states in the shell region. Based on 
the structural characterization of hybrid NR gel structures, 
domains are also present on the rod’s surface which is in the 
vicinity of the core, and thus makes the separation of charge 
carriers (evolved in the core) faster.

It has to be noted, that gelation itself causes dramatic elonga-
tion of the exciton lifetimes in nondecorated NR gel systems[7,8] 
due to the enhanced electron mobility across the interconnected 
NRs. This is the reason of the evolution of a third lifetime decay 
component in the hybrid NR gel structures (even with a τ3 of 
up to 67 ns but with low contribution; see Table S1 in the Sup-
porting Information). However, this component becomes less 
prominent upon irradiation at the core wavelength (572  nm) 
demonstrating a faster recombination in the vicinity of the core 
compared to the shell, where the delocalization of the electrons 
between neighboring NRs might occur.[47]

Decay dynamics shows slightly different behavior for hybrid 
NPL gels. While gold completely quenches the fluorescence in 

both applied concentrations, platinum and cobalt initiate sim-
ilar changes in the lifetime components of NPLs as for NRs: 
PL lifetimes decrease from 9.5  ns (NPLs@MUA in water) to 
3.4 and 5.0  ns for Pt4+ and Co2+, respectively (Figure S17 and 
Table S2, Supporting Information). However, Ni2+ facilitates the 
increase of the average lifetimes even for 10 or 18 × 10−3 m con-
centrations. This can be attributed to the more prominent con-
tribution of the τ3 component (see Table S2 in the Supporting 
Information), which suggests different exciton recombination 
dynamics in the Ni2+-gelated system.

Optical investigation of the hybrid structures revealed an effi-
cient charge carrier separation in all systems which manifests 
in significantly suppressed radiative recombination pathways. 
This effect is the superposition of the hole confinement in the 
CdSe cores and the presence of the domains acting as electron 
sinks. This behavior makes these superstructures promising 
candidates as photocatalysts and photoelectrocatalysts with 
tailorable composition, material combinations, structural and 
optical properties.

Adv. Optical Mater. 2021, 9, 2100291

Figure 5. Emission spectra (A,C) and wavelength-dependent PLQY values (B,D) of pristine nanoparticles in solution and hybrid acetogel networks 
prepared from CdSe/CdS dot-in-rods (A,B) and CdSe/CdS core/crown NPLs (C,D) via metal salt solutions with different concentrations.
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Supported by the above-discussed charge-carrier dynamics, a 
mechanism is established for NR-based as well as NPL-based 
hybrid gel structures. Figure 7 schematically illustrates the 
pathways of the charge carrier transport in case of two intercon-
nected, decorated NRs. Based on the well-known band align-
ment of CdSe/CdS heteroparticle system, electrons are able 
to be delocalized over the CdS shell upon illumination, while 
the holes are confined in the CdSe core region.[7,8,47] This can 
be possible due to the slight energy difference between the 
conduction bands of CdSe and CdS in such dot-in-rod parti-
cles. Interconnection between NRs opens up routes toward 

further delocalization of electrons from one NR to another as 
our previous experiments[7,8] and calculations[47] have already 
demonstrated.

Two main pathways can be distinguished, which are shown 
in Figure 7B,C. Considering an exciton, which is generated in 
the vicinity of the core, the electron tends to accumulate in 
the closest domain (while the hole is moving toward the core). 
However, if the exciton is generated closer to the NR–NR con-
nection, the electron is able to travel through this region and 
accumulates in the domain of the neighboring rod. This makes 
the network a continuous semiconductor backbone, where 

Adv. Optical Mater. 2021, 9, 2100291

Figure 6. Photoluminescence lifetime decays of different hybrid NR acetogels gelated via Au3+ (5 × 10−3  m, A), Pt4+ (5 × 10−3  m, B), Ni2+ (5 and  
10 × 10−3 m, C), and Co2+ (5 and 10 × 10−3 m, D) at different excitation wavelengths. The gray scattered curves represent the decay of pristine NRs in 
solution at different excitation wavelengths. Orange arrows show the trend of the decay changes from pristine NRs to hybrid acetogel networks.
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the charge-carrier separation toward the domains can be sig-
nificantly enhanced based on the possible delocalization of 
the electrons. The applied metal salts initiate the formation 
of the domains possessing different Fermi levels. The Fermi 
level of the domain material alters the extent of fluorescence 
quenching, and consequently, the efficiency of the electron–
hole separation. Based on the relative alignment of the Fermi 
levels in the prepared hybrid nanostructures,[32,40,63] Pt and Au 
accumulate electrons more efficiently than in situ generated Co 
and Ni. This is in agreement with the measured QYs as well as 
average exciton lifetimes.

The interesting exception from the above discussed trend is 
the Ni2+-gelated NPL system. Here, an elongation of the exciton 
lifetime was observed (Figure S17, Supporting Information), that 
apparently does not fit the explanation given above. However, 
in case of NPLs, the much more prominent exciton binding 
energy has to be taken into account in an established mecha-
nism (see Figure S18 in the Supporting Information). While Pt, 
Au and Co have low enough Fermi levels to facilitate the charge 
carrier separation, the Fermi level of Ni lies prominently closer 
to the conduction band of CdSe/CdS. This manifest itself in a 
significantly smaller driving force toward the accumulation of 
the electron in the domain, being comparable with the exciton 
binding energy. Therefore, two driving forces act in parallel: the 
electron hole-separation via the domain, and the high exciton 
binding energy. Consequently, the separation of electron and 
hole becomes less favorable, thus the domain can only delay the 
recombination of the bound exciton. Considering the fact, that 
we have not observed electron delocalization in interconnected 
NPL gel structures so far (likely due to the high exciton binding 
energies in such systems), the longer PL lifetime in NPL@Ni 
hybrid structures can be attributed to this slowed down recom-
bination of the exciton in the CdSe core NPL.

In order to expand the range of investigated systems, xero-
gels were also prepared from the solvogels. Despite the drying 

at ambient conditions, the structures preserved remarkable 
porosity for both the hybrid NR (Figures S19 and S20, Sup-
porting Information) and NPL xerogels. PL decay dynamics of 
xerogels reveals an even more enhanced charge carrier separa-
tion (manifesting itself in further reduced PL lifetimes for all 
systems; Figure S21 in the Supporting Information), which can 
be attributed to the more NC-NC connections and the denser 
structures compared to the acetogels. These findings point 
toward the future application of these hybrid nanostructures, 
due to the easier handling of xerogels.

4. Conclusions

In summary, a new strategy for the preparation of various 
hybrid semiconductor–metal and semiconductor–metal 
hydroxide NC networks was developed. In contrast to the litera-
ture methods, our approach does require neither the synthesis 
of the hybrid NC building blocks prior to their assembly, nor 
the application of external stimuli (e.g., heat, light illumination, 
reduction agent). The formation of the interconnected, hyper-
branched NC backbones (consisting of connected CdSe/CdS 
dot-in-rods and core/crown NPLs) and their decoration with 
domains occur in one single step at room temperature via the 
addition of aqueous metal cations. These cations act as destabi-
lizing agents as well as precursors for nucleation of the noble 
metals or metal hydroxides on the NCs. The procedure provides 
voluminous hybrid NC solvogels, where the synergistic prop-
erties of the semiconductor NCs as well as the domains can 
be utilized. Highly reactive Au3+ and Pt4+ salts instantly form 
noble metal domains, while metallic Ni and Co domains can 
be formed in situ through hydroxides, due to the excited elec-
trons. The structural characterization of the hybrid structures 
showed that the NRs are mainly tip-to-tip connected, while the 
NPLs are edge-to-edge connected and the domains are evenly 

Figure 7. Suggested mechanism of charge carrier transport within the interconnected hybrid NR gel network (A). Detailed illustration of the possible 
pathways of charge carrier separation closer to the NR–NR interconnected area (B) and in the vicinity of the CdSe core  (C). Band alignments interpret 
the valence band (VB), the conduction band (CB) of the quasi type-II semiconductor NR as well as the Fermi level of the noble metal and in situ gener-
ated metal domains. Green and blue arrows indicate the moving direction of the charge carriers (electron: green; hole: blue).
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distributed on the NCs surface. The extent of PL quenching 
can be tuned by the amount of the added cations (through the 
size and number of the evolving domains); thus, it was revealed 
that effective charge carrier separation can be obtained in all 
synthesized systems. Due to the different Fermi levels of the 
domains, radiative recombination of charge carrier can be par-
tially preserved, however, the photogenerated electrons have a 
high affinity to the domains. The structural diversity, the versa-
tility and the demonstrated powerful control over the synthesis 
of these hybrid NC gel networks make them promising can-
didates for novel artificial photocatalytic systems toward clean 
and pure renewable fuels or sensing.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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