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Building on the groundbreaking pioneering work of the Nobel 

Prize Winners Bawendi, Brus, and Yekimov, a large variety of 

routes to produce colloidal nanocrystals with exceptional con-

trol over size, crystallinity, shape, surface properties and com-

position have been established, enabling the design of ma-

terials with tunable chemical, physical, electrical, and optical 

properties [1, 2]. Quantum dots are one famous member of 

this material class offering strong light absorption and bright 

narrowband emission both tunable across the visible and infra-

red spectral range via crystal size. More complex nanocrystal 

heterostructures combining domains of different semiconduc-

tor materials enable to gain control over localization of charge 

carriers in the structures by relative alignment of valence and 

conduction band states. This wave function engineering con-

cept can be utilized to generate structures supporting, e.g., ei-

ther radiative processes or separation of charge carriers, and 

-

adays, colloidal nanocrystals are researched for applications 

for illumination, in displays, as sensors, in communication 

and information technology, biology and medicine; but also for 

light-harvesting, e.g. in next generation photovoltaics, and for 

light-driven catalysis.

The development of approaches for direct capturing and stor-

ing the energy of sunlight in chemical bonds of a fuel, e.g., 

molecular hydrogen, offering a clean, sustainable, and abun-

dant source of energy is a long-standing challenge. Inspired by 

the successful UV light-activated splitting of water with TiO2 [3] 

CdS particles functionalized with Pt and RuO2 to activate water 

for splitting in to hydrogen and oxygen upon irradiation with 

visible light [4], colloidal semiconductor nanocrystals gained 

more and more attention for application in not just splitting 

water, but solar-driven redox-catalysis in general [5, 6]. The key 

features supporting this development are the tunability of the 

absorption within the visible spectral range and of redox po-

tentials via, e.g. dimensions of the nanocrystal. Nevertheless, 

in the context of light-driven catalysis, the absorption of light 

resulting in the generation of an electron-hole pair, an exciton, 

is to achieve a high photon-conversion yield. In this respect the 

fate of the charge carriers generated upon excitation is impor-

tant. The charge carrier transfer to reactive sites at the sur-

face or to cocatalysts deposited at the surface of the particles 

competes with nanocrystal intrinsic relaxation processes in-

volving charge-carrier trapping, radiative and non-radiative re-

combination. All these processes are sensitive to the structure 

of the particles at hand, e.g. composition, crystallinity, shape 

and dimensions of the semiconductor particles, the nature of 

cocatalysts and the type of surface ligands. Hence, to push for-

ward the development of functional materials based on semi-

conductor nanocrystals for application in light-driven catalysis, 

the function immanent exciton and charge-separation/recom-

bination dynamics in relation to structural parameters and how 

these translates into activity needs to be understood. 

In my research group, we strive to reveal the connections be-

tween structure, charge-carrier dynamics, and the targeted 

function by applying a combination of time-resolved transient 

absorption and photoluminescence spectroscopy. Analysis of 

delivers information on processes competing with the forma-

tion of the emitting lowest excitonic state. This can be the pop-

ulation of trap states, sometimes leading to a characteristic 

photoluminescence from the band edge states; but also charge 

carrier transfer processes, both of holes and electrons to any 

type of acceptor, hence also charge carrier shuttles or reaction 

centers relevant for a catalytic reaction. Time-resolved tran-

sient absorption spectroscopy applied with fs temporal resolu-

tion can give insights into the fast relaxation towards the lowest 

band edge state, and any type of process competing with it, e.g. 

transfer of an electron from the conduction band state manifold 

to an electron acceptor. Extended to the ns-ms time range also 

information on recombination processes can be collected.

A lead structure, which accompanied our research during the 

past years, are dot-in-rod heteronanostructures, especially 

CdSe@CdS nanorods. These particles, consisting of a CdSe 

of interest over the past decade as sensitizers for the light-driv-

en water-reduction half reaction producing hydrogen from wa-

ter. Coupled with potential metal nanoparticles as cocatalysts, 

which can be selectively grown at a certain position, e.g., one 

tip of the rods, such nanostructures are reported to be able 
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[7]. Very roughly summarized, the light-induced processes, 

which need to occur leading to activity, are the transfer of elec-

trons to the cocatalyst, where they are available to reduce pro-

composition and morphology of the metal particles as cocata-

lyst on the charge-separation step at the nanosized semicon-

ductor/metal interface. Both, composition [8] and size [9] can 

-

of Ni-tipped nanorods was the appearance of an optimal met-

al tip size showing superior photon-to-hydrogen conversion 

(Figure 1C). Applying time-resolved transient absorption and 

photoluminescence spectroscopy, we were able to relate this 

semiconductor/metal interface [9]. We observed an optimum 

for the formation of the charge separated state at the tip size 

of the highest activity. We discussed the appearance of this 

optimum based on a model comprising two opposing trends: 

a size dependent Coulomb blockade decreasing with increas-

ing size and another type of barrier growing in with size, which 

we called, in line with often used terminology, Schottky barrier. 

One should be aware, that it is highly debatable, whether a 

Schottky barrier could form at the scales of these structures 

and there is need for a more detailed investigation of the prop-

erties of such nanoscale interfaces and the source of size de-

pendent barriers appearing [10]. 

Surprisingly, in this series of nanorods with Ni-tips with varying 

-

served time constants for charge separation were unaffected. 

We related this observation to the necessity of migration of 

charge carriers towards the semiconductor/metal interface re-

gion preceding the actual interface crossing step due to the 

-

tion process is slow compared to the actual interface cross-

ing step, it will determine the observed timescale for charge 

transfer. Only recently we were able to supply further proof for 

this hypothesis and observe nanorod length dependent charge 

nanorods, in agreement with charge carrier diffusion towards 

the semiconductor/metal interface [11]. Hence, charge-carri-

er migration between the region of exciton generation and the 

separating interface needs to be taken into account even on 

such short scales of 10s of nm. 

Besides the transfer of electrons to the cocatalyst, a key step 

in these heterostructures turned out to be hole localization in 

the CdSe seed which enables the formation of long-lived charge 

separation in the order of 20 µs due to long-range spatial sepa-

ration of electron and hole [8], supporting charge accumulation 

at the catalytic reaction centers necessary to drive multi-elec-

tron redox reactions. This hole localization in the seed is in 

competition with trapping processes of holes at surface defect 

sites (Figure 1B). We were able to show that by choice of the 

in the seed with poly(ethylene imine) (PEI) ligands while for the 

hole localization in the seed is observed [12]. The amines in PEI 

can saturate and remove surface traps to a wide extent, while 

MUA ligands binding via thiol groups to the surface are source 

of hole traps at the surface. This can be an explanation for the 

for PEI coated metal tipped nanorods compared to MUA capped 

systems [13] and emphasizes the importance to also carefully 

consider the design of surface properties for optimized systems.

So far, we have only considered transfer of electrons from 

conduction band states towards catalysts to drive a reduction 

reaction, in our case proton reduction for hydrogen evolution. 

valence band states is of utmost importance to prevent oxida-

tion of the nanocrystal and ensure long-term stability. Further, 

electron-hole recombination which is detrimental for the pho-

ton-conversion yield. In model systems for hydrogen evolution, 

hole removal is at the current state usually achieved by add-

the reaction. Long-term goal needs to be to link a useful oxi-

dation reaction. In a full water-splitting scheme, this would be 

the oxidation of water to oxygen. To realize this a number of 

challenges need to be addressed which can not be discussed 

here in detail and I only want to give two current examples. 

One starting point is that in the design of nanocrystals also 

the hole extraction process needs to be optimized. As bene-

nanorods might be for driving light-driven reduction reactions, 

the CdS shell presents a barrier for hole extraction from the 

system. In this case careful adjustment of the shell width can 

-

tion catalyst was demonstrated by combining metal-tipped 

Fig. 1:
-

-

-

-
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CdSe@CdS nanorods with molecular metallocorroles suitable 

for catalyzing water oxidation, using redox species as a charge 

transfer shuttle. The hybrid system supports long-term hydro-

-

ber at the corrole center of around 300,000 [15]. 

The last examples illustrate that although model studies for 

light-driven reduction reactions impressively prove the poten-

tial of these CdSe@CdS dot-in-rod structures for light-driven 

redox catalysis, it is still a long way to go to achieve a real sus-

tainable process, which could also be used at large scales. 

Also considering the understanding of charge-carrier dynamics 

we should be aware that the presented studies are discussing 

the transfer of only one charge carriers. In future investiga-

tions we will also take into consideration that multiple charges 

need to be transferred between the excited nanocrystal and 

cocatalysts. We will establish spectroscopic schemes allowing 

to investigate stepwise multielectron transfer processes, but 

also explore the possibility of simultaneous transfer of several 

charge carriers from nanocrystals hosting several excitations, 

so called multiexcitons. 

Acknowledgement

The work presented in this article is mainly originating from a 

wonderful collaboration with Prof. Lilac Amirav, Technion Haifa. 

I acknowledge support for the initiation of this collaboration 

by COST Action CM1202 PERSPECT-H2O and funding from the 

-

opment (GIF – grant number G-1535-500.15/2021). Further, 

I acknowledge funding by the German Research Foundation 

(DFG) – TRR234 CataLight (project number 364549901, pro-

ject B4) and the Fonds der Chemischen Industrie (FCI). 

References

[1] Talapin, D. V.; Lee, J. S.; Kovalenko, M. V.; Shevchenko, E. V., 

Prospects of Colloidal Nanocrystals for Electronic and Optoelec-

tronic Applications. Chem. Rev. 2010, 110 (1), 389-458.

-

logical progress and future challenges. Science 2021, 373 

(6555), eaaz8541.

[3] Fujishima, A.; Honda, K., Electrochemical Photolysis of Water at 

a Semiconductor Electrode. Nature 1972, 238 (5358), 37-38.

[4] Kalyanasundaram, K.; Borgarello, E.; Duonghong, D.; Grätzel, 

M., Cleavage of Water by Visible-Light Irradiation of Colloidal 

CdS Solutions; Inhibition of Photocorrosion by RuO2. Ange-

wandte Chemie International Edition in English 1981, 20 (11), 

987-988.

structures for solar-to-fuel conversion. Chem. Soc. Rev. 2016, 

45 (14), 3781-3810.

[6] Banin, U.; Ben-Shahar, Y.; Vinokurov, K., Hybrid Semiconductor–

Metal Nanoparticles: From Architecture to Function. Chemistry 

of Materials 2014, 26 (1), 97-110.

[7] Kalisman, P.; Nakibli, Y.; Amirav, L., Perfect Photon-to-Hydrogen 

Nano Lett 2016, 16 (3), 1776-1781.

[8] Wächtler, M.; Kalisman, P.; Amirav, L., Charge-Transfer Dynam-

ics in Nanorod Photocatalysts with Bimetallic Metal Tips. J. 

Phys. Chem. C 2016, 120, 24491-24497.

[9] Nakibli, Y.; Mazal, Y.; Dubi, Y.; Wächtler, M.; Amirav, L., Size Mat-

ters: Cocatalyst Size Effect on Charge Transfer and Photocata-

lytic Activity. Nano Lett. 2018, 18 (1), 357-364.

[10] Amirav, L.; Wächtler, M., Nano Schottky? Nano Lett. 2022, 22 

(24), 9783-9785.

[11] Micheel, M.; Dong, K.; Amirav, L.; Wächtler, M., Lateral charge 

migration in 1D semiconductor–metal hybrid photocatalytic sys-

tems. The Journal of Chemical Physics 2023, 158 (15), 154701.

on Charge-Carrier Trapping and Relaxation in Water-Soluble 

CdSe@CdS Nanorods. Catalysts 2020, 10 (10), 1143.

[13] Ben-Shahar, Y.; Scotognella, F.; Waiskopf, N.; Kriegel, I.; Dal 

Conte, S.; Cerullo, G.; Banin, U., Effect of Surface Coating on 

the Photocatalytic Function of Hybrid CdS-Au Nanorods. Small 

2015, 11 (4), 462-471.

[14] Rosner, T.; Pavlopoulos, N. G.; Shoyhet, H.; Micheel, M.; Wächt-

ler, M.; Adir, N.; Amirav, L., The Other Dimension – Tuning Hole 

Extraction via Nanorod Width. Nanomaterials 2022, 12 (19), 

3343.

[15] Dong, K.; Le, T.-A.; Nakibli, Y.; Schleusener, A.; Wächtler, M.; 

Amirav, L., Molecular Metallocorrole–Nanorod Photocatalytic 

System for Sustainable Hydrogen Production. ChemSusChem 

2022, 15 (17), e202200804.

Prof. Dr. Maria Wächtler

Maria Wächtler studied Chemis-

try at the Friedrich Schiller Uni-

versity in Jena where she also 

received her PhD in 2013. After 

a postdoctoral period at Leibniz 

Institute of Photonic Technology 

Jena, she was appointed head of work group Ultrafast 

Spectroscopy in the department Functional Interfaces 

at Leibniz-IPHT in 2015 and in 2020 founded the work 

she is professor for Physical Chemistry at RPTU Kai-

serslautern-Landau and member of the state research 

center OPTIMAS. The research focus of her group is on 

the design of photoactive functional hybrid materials 

based on colloidal semiconductor nanocrystals, e.g. 

function determining interactions and the characteri-

zation of light-driven processes by (time-resolved) spec-

troscopy. The investigated systems are designed with 

the purpose to be part of assemblies for the application 

in light-driven catalysis, e.g. for hydrogen generation 

from water, as materials for application with non-linear 

optical properties or for sensor applications. 


