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Abstract: A facile synthesis of catalytically tunable core-shell CdS-Zn,Mn;.,S-nanoparticles in conjunc-
tion with poly(acrylic acid) (PAA) and porphyrin in an aqueous solution is described in the following: The
shell composition of the inorganic nanoparticles is varied to tune the optical properties and to optimize
the catalytic activity. Further, the tetravalent cationic 5,10,15,20-tetrakis(4-trimethylammoniophenyl)
porphyrin (TAPP) fulfills a triple functionality in the catalyst: as a photosensitizer, as an electrostatic
linker connecting the nanoparticles and as a probe to investigate the surface composition of the II-VI
semiconducting nanoparticles. Different nanoparticles with varying zinc sulfide/manganese sulfide
shell ratios are tested with regard to their photocatalytic behavior by crocin bleaching. The results
reveal that the shell composition can be a crucial key to optimize the catalytic activity, which can
further be important in tuning the reactivity of related systems. Fundamentally, the stepwise multi-
component self-assembly in an aqueous solution has been demonstrated to allow the tuning of optic
and catalytic properties of core-shell nanoparticles, a general concept that may be widely applicable.

Keywords: core-shell nanoparticles; electrostatic self-assembly; hybrid nanoparticles; polyelectrolytes;
porphyrin; photocatalysis

1. Introduction

Semiconducting quantum dots have become of great importance as their tunable
optical properties are of significance in light-emitting diodes, solar cells, bio labeling, and
are of great value in catalysis [1-6]. Currently, it is highly desirable to develop concepts
that allow their properties to be further tuned for application in photocatalysis as a route
to solar energy conversion or to the decomposition of organic pollutants in wastewater.
With this motivation, supramolecularly organized catalysts can be of particular advantage
because they can be combined into complex composites that perform various functions in
a facile and versatile manner [7-9]. Fine tuning the optical properties of semiconductor
nanoparticles can be achieved by varying the size, ligands, and doping [10-14]. The
influence of dopants in II-VI semiconductors has been extensively studied for different
transition metals, such as manganese(Il), nickel(Il), silver(I), and copper(], II) [15-23]. The
metal dopant has a strong impact on the semiconductor’s photocatalytic properties [24,25].
In particular, the silver(I) dopant enhances the photoluminescence of CdS nanocrystals
immensely [21]. By overgrowing the CdS core with wide-bandgap semiconducting layers,
the photoluminescence can additionally be increased, as electrons are trapped inside the
core [26]. With a bandgap of 3.5 and 3.1 eV, respectively, both ZnS and MnS represent
promising wide-bandgap semiconducting materials [27,28].

A great amount of these particles are prepared at high temperature by applying
empirically established temperature profiles, and a further assembly has to be performed
in further steps after purification. Thus, it is not only highly desirable to create more and
more complex and target designed structures with such core-shell quantum dots, but also
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to establish routes for an energy-effective and environment-friendly synthesis, preferably
in water and at room temperature. Recently, we have shown for the first time that ternary
structures can be obtained by a combination of electrostatic nanotemplating in poly(acrylic
acid) and self-assembly in an aqueous solution [29]. This attempt is comparable to the
self-assembly of purely inorganic structures [30]. Yet, the wide range of polymers allow
these systems to be adjusted by multiple interactions. These possibilities to target design
the optic and catalytic properties of hybrid core-shell quantum dots, and thereby also the
generality of this concept, are yet to be exploited [31-34].

Herein, we investigate the possibility to build core-shell semiconductor quantum
dots inside a polyelectrolyte and connect them with a porphyrin photosensitizer di-
rectly in aqueous solution. The goal is an enhancing photocatalytic activity of silver-
doped CdS covered with a ZnS/MnS shell of different compositions combined with
5,10,15,20-tetrakis(4-trimethyl-ammoniophenyl) porphyrin (TAPP) as a photosensitizer,
increasing the spectral range of poorly absorbing inorganic nanoparticles. Poly(acrylic acid)
(PAA) stabilizes the core-shell nanoparticles in aqueous solution and enables their further
interconnection. In addition to its role as a photosensitizer, TAPP serves as an electro-
static linker, connecting the negatively charged CdS-Zn,Mn;_S nanoparticles into larger
supramolecular structures in aqueous solution (Figure 1). The two metals, manganese
and zinc, are used to form a shell with mixed ratios of MnS and ZnS with a variety of
compositions—far from the typical dopant concentration in nanoparticles. The structures
were analyzed by transmission electron microscopy (TEM), dynamic light scattering (DLS),
and absorption and emission spectroscopy. This system was tested with regard to its
photocatalytic activity in dependence on the shell composition, that is, the ratio of ZnTAPP
to MnTAPP.
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Figure 1. Scheme of catalytically active assemblies with tunable spectral properties: fluorescent color
change in dependence on increasing manganese content in the shell and interaction of TAPP with the
inorganic nanoparticles.

2. Results

Synthesis of the core-shell nanoparticles was performed in aqueous medium at room
temperature in the presence of poly(acrylic acid), known as “electrostatic nanotemplat-
ing” [35-39]. Here, first the anionic polyelectrolyte was loaded with cadmium ions and
by the addition of sulfide, CdS nanoparticles formed inside the polyelectrolyte template.
The surrounding ZnS/MnS shell was built accordingly (see SI). After the synthesis of the
core nanoparticles, the size of CdS was determined from UV /vis spectroscopy using the
Henglein equation [40]. The mean size of the core was determined to be 2.0 nm, which is
valid for all synthesized CdS-Zn,Mnj.4S nanoparticles herein. The diameter of the CdS-ZnS
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core-shell nanocrystals was then determined via transmission electron microscopy (TEM),
which revealed nanoparticles with an average size of 3.6 nm (Figure 2a). Hence, the layer
thickness of ZnS covering the CdS core was about 0.8 nm. The HR-TEM revealed a lattice
distance of 0.33 nm, which fit well into the wurtzite lattice of the metal sulfide compounds.
This specific distance was determined for the CdS-Znj sMn 55 and CdS-MnS (see SI) with
only slight deviations. TEM of CdS-Zng gsMny 955 (see Supplementary Figure S2) revealed a
size of about 4.1 nm, leading to a MnS layer thickness of approximately 1 nm, which aligns
with the previous results as the atomic radius of Mn?* is larger than that of Zn2*, leading
to a slightly thicker layer with a higher contrast in the TEM. Dynamic light scattering (DLS)
was used to investigate the sizes of the CdS-ZnS nanoparticle-PAA assemblies before and
after combination with the cationic TAPP directly in aqueous solution (Figure 2b). To detect
a possible key to the stability and size tuning of the hybrid particles, the charge ratio [—that
is, the molar concentration of the positively-charged amines of TAPP divided by the molar
concentration of the negatively-charged acid groups of PAA—was varied. Assemblies
with a narrow size distribution and a hydrodynamic radius from Ry = 38 nm (distribution
width o = 0.06) for [ = 0.06 to Ry = 58 nm (distribution width ¢ = 0.2) for [ = 0.250 were
found. The size increase with increasing amount of porphyrin is due to the integration of
higher amounts of porphyrin into the structure favored by electrostatic interactions of the
negatively-charged PAA and the positively-charged porphyrin. From static light scattering
(SLS), the radius of gyration (Rg) was obtained, such that the shape characteristic was the
Rg /Ry ratio, which gives an indication of the assembly structure. The ratio of Rg /Ry = 1.3
could be found for all samples, indicating the formation of slightly elongated structures.
In contrast, above I = 0.38 the resulting hybrid nanoparticles were polydispersed in size
and started to sediment fast at a charge ratio of [ = 0.5. Due to the small amounts of larger
aggregates, filtration of the solution was crucial.
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Figure 2. (a) TEM and HR-TEM image of PAA-capped CdS-ZnS nanoparticles, (b) dynamic light
scattering: electric field autocorrelation function (dots) and distribution of relaxation times (lines) of
CdS-ZnS-TAPP aggregates with charge ratio 0.060 (black), 0.125 (red) and 0.250 (blue).

Absorption and fluorescence spectroscopy were used to investigate the optical prop-
erties, providing further information on the lattice morphology at the core-shell interface.
A stepwise increase in the Mn(II) content in the shell led to a red shift in the absorption
and emission spectrum of the nanoparticles (Figure 3a,b). This result may be due to lattice
mismatches or strained shell lattices in the CdS-MnS interface, which can further explain
the abrupt decrease in photoluminescence occurring at a Mn(II) content of 95% [41-43].

TAPP can serve as a probe to inspect the atomic composition on the surface of the
semiconducting nanoparticles. The addition of TAPP to CdS-Zn,Mn;.,S gives rise to a
ZnTAPP and MnTAPP sitting atop the complex at varying ratios with respect to the Zn-MnS
shell composition. The respective Soret-band of ZnTAPP can be found at 435 nm (Figure 3c,
black curve), which is far from its in-plane analogue and cannot be explained by a simple
bathochromic shift due to incorporation into the polymer matrix [44]. The Soret band of
Mn(II)TAPP is located at 461 nm (Figure 3¢, red curve). Since Mn(Il) is too large to fit into
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the pyrrol ring cavity, it preferentially forms sitting atop complexes with porphyrins [45,46].
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Figure 3. (a) Absorption and emission spectra of CdS-Zn,Mnj_, with different Zn:Mn ratios in the
shell (excited at 300 nm), (b) picture of fluorescing CdS-Zn,Mnj.4 nanoparticles, (c) absorption and
(d) emission spectra of CdS-Zn,Mn;_-TAPP (excited at 447 nm).

The formation of MNnTAPP and ZnTAPP can be observed instantly after the addition
of TAPP to the pure CdS-ZnS and CdS-MnS, respectively. For mixed shells, the formation
of ZnTAPP occurs shortly after the addition, whereas the formation MnTAPP is completed
after 30 min. An incomplete surface coverage with the shell would be seen here as well. The
TAPP complexes with CdS particles show a characteristic absorption band at 447 nm, which
is also sensitive to the loading of porphyrin (Supplementary Figure S5). The emission of
the porphyrin attached to the surface of the nanocrystals was completely quenched for
high manganese contents excited at the isosbestic point at 447 nm. A strong decrease in
the fluorescence of TAPP is found from a 1:1 (Mn:Zn) shell to the 2:1 (Mn:Zn) shell, which
likely indicates a change in the shell lattice between these two ratios.

Since optical properties are connected to photocatalytic activity, it is now of high inter-
est to investigate the reactivity in photocatalysis by studying the light-induced degradation
of crocin as a model reaction. Crocin is chosen as an unsaturated carbon backbone in
combination with its glucose moieties. The latter provides a high concentration of the dye,
to demonstrate that the catalysts perform well at high concentrations of, e.g., pollutant,
and the hybrid aggregate is not influenced. The mechanism of degradation occurs via
reactive oxygen species, breaking the conjugation in the carbon backbone [47]. A loading
ratio of 0.06 was chosen in order to use only low amounts of porphyrin. Results are given
in Figure 4. All CdS-ZnMn;_4S-TAPP aggregates show reactivity toward crocin. The
catalytic activity was also judged based on the decomposition after a one-hour reaction
time, plotted versus the shell composition in Figure 4d.

Starting with CdS-ZnS-TAPP, the degree of degradation increases with an increasing
amount of manganese. At a manganese content of 33 and 50%, the highest decomposition
rates are reached and accordingly decrease with the increasing manganese ratio, leading to
the lowest degradation rate for CdS-Zng gsMng 95S. With CdS-MnS-TAPP, the reaction ve-
locity increases again, which likely is a result of a more homogeneous MnS surface. This can
also be seen in the emission spectrum of CdS-Zng gsMng 955 and CdS-MnS (Figure 2, orange
curve), where CdS-MnS provides higher photoluminescence than CdS—Zng psMny 95S.
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Figure 4. Photocatalytic model reaction of crocin with (a) CdS-Zng¢5Mng¢5-TAPP, (b) CdS-
Zng 33Mny 67-TAPP, (¢) CdS-Zngg5Mng95-TAPP and (d) dependence of degradation rate on the
manganese content in the shell.

3. Discussion

The photocatalytic behavior displays that the activity cannot only benefit from pristine
CdS-ZnS or CdS-MnS nanoparticles or shell compositions close to the pristine materials
since the high band gaps of MnS and ZnS prevent electron transfer. This can be seen in the
negligible catalytic performances of the pristine particles (Supplementary Figure S3). The
CdS core and TAPP cannot provide a significant degradation when tested separately [29].
However, it is possible to achieve decent catalytic activity for the CdS-MnS core-shell
structures for other catalysis processes [48]. By changing the composition to more equal
amounts of ZnS and MnS, the catalytic activity is affected drastically, indicating a beneficial
contribution of the inorganic shell. Apparently, the mixture of these gives access to the core,
likely with trap states in the core—shell interface. Hence, an electron transfer mechanism
including the shell as the medium or direct target takes place. In this, manganese in
the shell can serve as an electron donor for ZnTAPP/MnTAPP, leading to the highest
catalytic activity for CdS-Zng ¢sMng 34S-TAPP and CdS-Zng 5sMny 55, where higher contents
of ZnTAPP can be found on the surface [49,50]. At amounts above 50%, manganese states
likely are replaced by continuous bands of larger manganese sulfide clusters inside the
shell, which cannot enhance the electron transfer anymore. Thus, an optimum composition
of CdS-MnS core-shell particles in ternary assemblies for the photocatalytic model reaction
in water has been identified.

Recently, related self-assembled systems have successfully demonstrated their catalytic
ability, but those consisted of fewer components [9,29]. Herein, the multicomponent
structure target designed for a certain function demonstrates that further complexity can
simply be generated by self-assembly in water, representing a key for expanding the scope
of other catalytic materials.

4. Materials and Methods

Chemicals. Cadmium nitrate tetrahydrate (99.999% trace metals basis), zinc chloride
(99.99% trace metals basis), manganese chloride tetrahydrate, sodium sulfide nonahydrate
(>98.0%), silver nitrate (>99.0%) and poly(acrylic acid) (Average My 100,000 g mol 1)
(PAA100k) were purchased from Sigma Aldrich (Schnelldorf, Germany). 5,10,15,20-Tetrakis
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(4-trimethylammonio-phenyl) porphyrin tetrachloride (H,TAPP) was purchased from
Fluka (Charlotte, NC, USA).

In all experiments, deionized water was used, which was filtered through a 0.20 um
hydrophilic filter purchased from Millex (Merck, Darmstadt, Germany).

Sample preparation. The synthesis of Ag-doped CdS-Zn,Mn;.4S core-shell nanopar-
ticles were achieved in a two-step approach. First the CdS core was prepared via pre-
cipitating CANO3 (2.9 x 10~* mol L~!) and AgNO; (4.4 x 107® mol/L) with NayS
(4.2 x 107*mol L™1) in presence of PAA100k (c(Monomer) = 3.4 x 107* mol L71) in
deionized water at pH = 7. In a second step, ZnCl, and MnCl, were added in their
respective ratios keeping the overall concentration of the additional cations constant at
22 x 1074 mol L1 Subsequently, Na,S (3.0 x 10~ mol L™') was injected to form the
shells and the pH was adjusted to 10.5 using 1 M NaOH. An increasing concentration of
Mn(II) in the shell lead to darker yellow solutions. The growth of the NPs was observed
with a UV lamp resulting in longer growth times for higher Mn content in the shell. The
growth of CdS-MnS was completed after 5 h.

To the readily formed nanoparticles, a solution of 5,10,15,20-tetrakis(4-trimethylammonio-
phenyl) porphyrin (H,TAPP) in deionized water was added and the sample was filtered
with a 0.450 um PTEE filter. The charge ratio I (-NMes*/ -COO™) was set to 0.060
(c(H,TAPP) = 5.1 x 10~% mol L™1), 0.125 (c(H,TAPP) = 1.1 x 10~* mol L) and 0.250
(c(H,TAPP) =2.1 x 10> mol L™1).

Characterization techniques. For the light scattering experiment, a CGS 3 goniometer
(ALV, Langen, Germany) with a 22 mW laser providing a wavelength of 632.8 nm and an
ALV 5000 correlator with 320 channels were used. During the measurement, the angles
between 30 and 150° were covered in 10° steps. Data analysis of dynamic light scattering
was performed via transformation of the autocorrelation function of the scattered light into
the autocorrelation function of the electric field using Siegert equation. The inverse Laplace
transformation was carried out with the program CONTIN.

UV /vis measurements were taken out with a Shimadzu UV-spectrometer (UV-1800)
(Shimadzu Germany, Duisburg, Germany). Quartz cuvettes with a pathlength of 1 cm and
1 mm purchased from Hellma/Miillheim were used, respectively.

Fluorescence measurements were performed with a Horiba Yvon Jobin fluorescence
spectrometer (Horiba, Oberursel, Germany) using a slit width of 3 nm and an integration
time of 0.1 s.

The transmission electron microscopy (TEM) images were performed with a Zeiss EM
912 microscope, operated at 80 kV at magnifications ranging from 20,000 to 250,000. The
specimens were prepared by depositing 5 puL of the sample solution onto carbon-coated
copper grids, 300 mesh, and air-drying the grids. The sizes of the particles were determined
using the freely available software Image] (Version 1.51h, open source).

Photodegradation of crocin. The photocatalytic decomposition of crocin (purchased
from Sigma Aldrich) was performed in aqueous medium using 3 mL of the initial catalyst
stock solution (at pH 10.5). To this solution, 60 puL of a 3.3 x 1073 mol L~ ! crocin stock
solution were added. The irradiation was taken out with a 500 W lamp and the reaction
process was detected every 20 min for the first hour.

5. Conclusions

In conclusion, a new type of powerful supramolecular photocatalytic system in water
was built from a core-shell nanoparticle assembly with tunable optical properties prepared
in water with mediating anionic poly(acrylic acid) in combination with a tetravalent cationic
porphyrin. Thereby, the nanoparticle shell determined the catalytic activity. A shell
stoichiometry Zng¢6Mny 34S led to a strong increase in the catalytic activity of the CdS-
Zn,Mn;_S-TAPP assemblies in contrast to a pure ZnS or MnS shell. This can likely be
attributed to active manganese states in the shell allowing electron transport through the
shell. The photocatalytic activity of CdS—ZnS and CdS-MnS was lower and identical, which
is due to the high bandgap of the shell sulfides leading to a screening of the CdS core
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and TAPP. Further, the shell composition was investigated via UV /vis spectroscopy by
taking advantage of porphyrin as a sensitive probe for surface atoms. The electrostatic self-
assembly of the PAA stabilized inorganic 3.6 nm nanoparticles with the cationic porphyrin
led to their interconnection and to well-defined assemblies with a tunable size in the range
of 38 < Ry < 58 nm, which were stable in aqueous solution.

Overall, synthesis in water, which avoids toxic precursors and solvents, combined
with multi-component modular self-assembly—again in water—offers a versatile and
tunable concept for a targeted structure design. This may have an impact on solar energy
conversion. The beneficial effect of co-dopants in core-shell nanostructures on catalytic
behavior may be extended to related systems, including wide bandgap semiconductors
such as ZnO and TiO;. The polymeric basis can allow such composites to be deposited
onto metallic or semiconducting surfaces as a functional polymer film.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/catal12080907 /s1, Figure S1: Absorption and emission spectra of TAPP,
Figure S2: TEM images of CdS-ZnS core-shell nanoparticles, Figure S3: Absorption spectrum of
crocin and time dependent photo-bleaching reaction of crocin with CdS-Zn,Mn; _,S-TAPP aggregates
including references without TAPP, Figure S4. Absorption spectra of crocin with CdS-Core-shell zinc
manganese mixtures, Figure S5: Absorption spectra of TAPP binding to a CdS particle in dependence
of TAPP concentration.
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