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Abstract
Multinary chalcogenide quantum dots (MCQDs) exhibit unprecedented variability in composi-
tion and properties, size tunability, and high tolerance to multiple alloying, doping, and deviations
from stoichiometry. This variability enables the synthesis of hundreds of thousands of MCQDs,
characterized by a wide range of composition- and size-dependent spectral and photophysical
properties, with a high potential for optoelectronic applications. At that, the whole compositional
richness of MCQDs can be readily accessed using sustainable aqueous chemistry. The present
Perspective focuses on the challenges of navigating the vast compositional space of MCQDs to
discover new optoelectronic materials for the absorption, emission, and conversion of light. We
argue that the exploration of the compositional versatility of MCQDs requires accelerated research,
going beyond the conventional intuition-driven experiments. The acceleration can be achieved by
high-throughput parallelized experimentation that yields extensive datasets and enables machine-
learning-driven data analysis and automation of the targeted discovery of new MCQDs.

1. Introduction

The physics and chemistry of semiconductor quantum dots (QDs) are fascinating and promising
research areas showing successful development for almost 40 years, crowned in 2023 by the Nobel Prize
in chemistry awarded to M. Bawendi, L. Brus, and A. Ekimov [1–3]. The laureates initiated a broad
exploration of the quantum size effects for tuning the optoelectronic properties of nanocrystalline (NC)
semiconductors without actual modifications of their chemical composition, at the same time showing a
high potential of ‘wet’ chemistry for the synthesis of inorganic semiconductor QDs [1–7].

Originally discovered for halide semiconductor NCs, the quantum size effects were soon reported for
binary covalent II–VI and IV–VI compounds, such as cadmium and lead chalcogenides [2–4, 8, 9]. Later,
more complex compositions were added to the ‘focus group’ of QDs, in particular multinary (ternary,
quaternary) chalcopyrites and kesterites, such as CuInS2 (CIS), AgInS2 (AIS), and Cu2ZnSnS4 (CZTS)
[9–16]. The exploration of multinary chalcogenide QDs (MCQDs) revealed many unique properties of
these materials, with no close analogs in the physico-chemistry of binary QDs [9, 11, 14–17]. In par-
ticular, MCQDs demonstrated an unprecedented compositional variability stemming from a high toler-
ance to off-stoichiometry and formation of solid solutions, as well as to lattice disordering, defects, and
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dopants [17, 18]. At that, typical MCQDs show remarkable size dependences of the optoelectronic, pho-
tophysical, and (photo)chemical properties in the size range of 1–10 nm, which is readily accessible by
‘wet’ chemical approaches [8, 9, 11, 14, 15, 19–24].

The studies of composition- and size-selected MCQDs quickly evolved from purely academic interest
to practical applications related to the generation, conversion, and storage of light energy, with a clear
focus on solution-processed and printable devices [21, 25, 26]. The most prominent examples include
light-emissive materials for bio-sensing, LEDs, and light management [11–13, 16, 17, 19, 24, 27, 28],
photo(electro)catalytic systems [9, 11, 14–16, 29, 30], and QD-based solar cells [10, 11, 16, 18, 20, 21,
25, 30–34].

The implementation of MCQDs in the opto-electronic devices revealed a large space of parameters
available for optimization for every single MCQD composition, for example, the disordering of QD lat-
tice, type and thickness of protecting wider-bandgap shells, and type and density of surface ligands [9,
10, 12–14, 17, 18, 22–24, 31]. Efficient navigation and exploration of this parameter space requires a
significant acceleration of the material screening [35–38]. In the present Perspective, we argue that the
accelerated exploration of MCQDs can be achieved by a combination of automated robot-assisted exper-
imentation, data-driven prediction, and decision-making executed by artificial intelligence (AI) [35–37,
39]. We provide an overview of the unique compositional variability of the MCQDs, focusing on the
potential and scope of aqueous chemistry-based approaches available for the efficient exploration of this
versatile material domain. Using selected examples of the high-throughput screenings of MCQDs per-
formed in our lab, we highlight the aqueous chemistry of MCQDs as a powerful platform for future AI-
driven autonomous exploration workflows.

2. Compositional versatility of MCQDs

Multinary AMX2 QDs reveal extraordinary compositional variability, originating from their high toler-
ance to multiple alloying and non-stoichiometry, and allowing for broad variations at each of the avail-
able sites, A, M, and X [9, 11–15, 17, 22, 23, 27, 28]. Even for the stoichiometric AMX2 compositions,
tens of different QDs can be synthesized by introducing Ag+, Cu+, Na+, etc to the A site, In3+, Bi3+,
Sb3+, or Fe3+ to the M site, and choosing X among S, Se, or Te (figure 1). For any of these compounds,
independent alloyings are possible by combining two or more cations in the A and M positions, as well
as by mixing different chalcogenide anions in the X position. These alloyings result essentially in new
compounds, which share the same lattice type but feature unique spectral and photophysical properties,
increasing the number of possible MCQDs to ca. 103 (figure 1).

As the MCQDs allow large deviations from the AMX2 stoichiometry, any of the MCQDs can be pro-
duced as a series of non-stoichiometric Ax–My–X(x+3y)/2 (or simply A–M–X) QDs with broadly var-
ied A:M ratios, increasing the population of MCQDs to ca. 104. Both AMX2 and A–M–X QDs can be
further modified by a shell of wider-bandgap semiconductor materials [8, 11, 19], the shell materials
including Y = ZnS, MnS, GaSx, etc, elevating the compositional variability of core/shell (A–M–X)@Y
QDs by an order of magnitude (figure 1).

Finally, every core A–M–X and core/shell (A–M–X)@Y QD ensemble can be subjected to post-
synthesis size selection, yielding a series of QDs with the same composition, but different size/size dis-
tribution and exhibiting different spectral and photophysical properties due to quantum size effects [11,
13, 14, 22, 23, 27, 32]. Considering that typical size-selection procedures allow about ten different frac-
tions of MCQDs to be separated, the total number of individual nano-objects again increases to ca. 106

(figure 1).
One of the aims of this Perspective is to show that this enormous compositional space can be har-

nessed by mild approaches of aqueous chemistry, combining the sustainability of synthetic procedures
with a reliable control over the structure, composition, size, and surface chemistry of MCQDs [8, 14,
17, 19, 22, 23]. Figure 1 provides examples of luminescent colloidal MCQDs produced in aqueous solu-
tions, including a family of AInS2 QDs with A = Cu, Ag, or Hg, alloyed core/shell CuxAg1−xInS2@ZnS
(ZCAIS) QDs with a varied Cu/Ag ratio, a family of (Ag–In–S)@ZnS (ZAIS) QDs with varied Ag:In
ratio, a series of core/shell (Cu–In–S)@ZnS (ZCIS) QDs with a varied ZnS shell thickness, as well as two
examples of size-selected ZAIS QD series.

3. Harnessing the compositional versatility of MCQDs by aqueous chemistry

This section aims to illustrate the rich array of different tools available within the aqueous chemistry of
MCQDs for varying and controlling their composition and electronic properties. These tools include
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Figure 1. Gradual increase in complexity of MCQDs through various magnifying factors, including alloying, off-stoichiometry,
shelling, and size selection. Photographs provide examples of colloidal MCQDs produced in our group by aqueous chemistry
(photographs were collected under UV illumination).

(i) tuning MCQD properties by synthetic variables and (ii) modifying the MCQDs by post-synthesis
treatments.

3.1. Variable parameters of the aqueous synthesis of MCQDs
The protocols of the aqueous synthesis of colloidal MCQDs are relatively flexible and allow a wide range
of parameters to be varied. This range includes, but is not limited to: (i) independent compositional
variation of A, M, and X sites in AMX2 QDs; (ii) variations of component ratios in non-stoichiometric
A–M–X QDs; (iii) alloying of several components on each of the A, M, or X positions; (iv) variations of
ligands and shell materials and thickness.

Compositional variations in stoichiometric MCQDs can be performed at all three positions—A, M,
and X, as illustrated by figures 2(a)–(c). A typical example is the A variation in AMX2 (figure 2(a)),
yielding isostructural chalcopyrites AgInS2 (AIS), CuInS2 (CIS), and HgInS2 (HIS), as well as cor-
responding core/shell QDs [40–44]. Isovalent variations on the M position are more challenging for
aqueous protocols in view of the low hydrolytic stability of Ga3+, Bi3+, or Fe3+ precursors. At the
same time, a formal substitution of 2In3+ with Zn2++Sn4+ transforms chalcopyrite CIS QDs to kes-
terite Cu2ZnSnS4 (CZTS) QDs (figure 2(b)) [44–48]. The iso-ligand CIS and CZTS QDs produced by an
aqueous synthesis show a very similar structural motif (figure 2(b), insert) and similar size distributions
[44, 47, 49, 50].

The substitutions on the X site can be exemplified by AgInSxSe1−x (AISSe) QDs with freely variable
x (figure 2(c)) [51]. At that, the sustainable character of the aqueous synthesis is maintained by in situ
generating Se2− via the disproportionation of Na2SeSO3 [51].

Off-stoichiometry is a unique feature of the MCQDs, distinguishing them from II–VI or IV–VI QDs,
such as CdSe or PbS [14, 17]. Due to a high tolerance to defects and vacancies, the ratios of A and M
can be extensively varied, yielding isostructural chalcopyrite QDs with different electronic and spectral
properties [14, 15, 17, 23]. The strongest impact is typically exerted by varying the A/M ratio [40–43, 47,
50, 52–57], as illustrated by figure 2(d) for CIS, AIS, and ZAIS QDs, where the Cu(Ag):In ratio can be
tuned from 1:10 (or even 1:20) to 1:1, producing MCQDs with bright PL ranging from green to brown,
red, and deep red colors (figure 2(d)).

Alloying of two or more metals on A or M sites of AMX2 and A–M–X QDs allows the electronic
and spectral properties of MCQDs to be varied [14, 17, 22, 23], as exemplified by (CuxAg1−x)–In–S
(CAIS) QDs (figure 2(e)). The solid-solution CAIS QDs reveal linear evolution of the lattice paramet-
ers with x (insert in figure 2(e)) [44, 58, 59], but narrower band gaps of mixed CAIS and ZCAIS QDs
as compared to those of Cu- or Ag-only QDs, with the lowest Eg values observed at around Cu:Ag = 1:1
(figure 2(e)). This band-bowing behavior is general for Cu/Ag-mixed MCQDs and typically accounted
for by local lattice disordering and inhomogeneities [58].
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Figure 2. Overview of variable parameters during the synthesis of MCQDs. (a) Absorption (solid lines 1–3) and PL spectra (scat-
ters 1–3) of AMX2/ZnS QDs with A= Hg (1), Ag (2), and Cu (3); insert shows photographs of the HIS (1), AIS (2), and CIS
(3) colloids under UV illumination. (b) Absorption spectra in Tauc coordinates for indirect transitions (main figure) and XRD
profiles (insert) of CIS QDs (1) and CZTS QDs (2). (c) X-ray photoelectron spectra for colloidal sulfur-rich and selenium-rich
AgIn(S,Se)2 QDs. Inserts show photographs of corresponding colloidal solutions under UV illumination (350–390 nm). (d)
Absorption spectra of PEI-stabilized AIS QDs with Ag/In ratio of 0.1 (curve 1), 0.2 (2), 0.3 (3), 0.5 (4), 0.7 (5), 0.9 (6), and 1.0
(7). The insert shows exemplary photographs of AIS-PEI, ZAIS-MAA, and CIS-MAA QDs with A:In ratio increasing from left
(0.1) to right (1.0) under UV excitation. (e) Bandgap (main figure) and (112) interplanar distance (insert) of CAIS-MAA QDs
(scatter 1), CAIS-GSH QDs (2), and ZCAIS-GSH QDs (3) as functions of the nominal Cu content. Solid lines in the insert corres-
pond to linear fits, and the photographs show a series of ZCAIS QDs under ambient illumination. (g) PL spectra of AISe, ZAISe,
AIS, and ZAIS QDs. Inserts show PL decay curves (upper panel) and hydrodynamic size (lower panel) of CIS and ZCIS QDs.

The examples presented in figures 2(d) and (e) illustrate a variability of surface ligands in aqueous
syntheses of MCQDs. Similar approaches can be adapted either for the synthesis of positively charged
MCQDs capped by polyethylene imine (PEI) [14, 44, 52] or negatively charged MCQDs capped by
mercaptoacetate anions (MAA) [40, 41, 44, 53, 55, 59] or glutathione (GSH) [44, 55, 56] as shown in
figure 2(d). The stability of metal complexes with anionic ligands determines the size and size distribu-
tion of the final MCQDs, resulting in different bandgaps of MAA- and GSH-capped ZCAIS QDs of the
same composition (figure 2(e), scatters 1,2).

The deposition of a wider-bandgap shell on MCQDs, typically ZnS, results in the strong enhance-
ment of the radiative recombination in MCQDs due to the passivation of surface defects by the shell
and volume defects by diffusing Zn2+ [14, 15, 22, 23]. The PL enhancement factors vary from tens to
hundreds of percent depending on defect population in the core MCQDs (figure 2(g), upper insert).
The deposition of a ZnS shell is typically achieved by introducing Zn2+ complexes with the same sulfur-
containing ligand (MAA, GSH, etc), which decompose under a mild thermal treatment, forming sub-
nanometer ZnS shells (figure 2(g), lower insert) [40, 41, 44, 53–55, 59]. The shell formation is accom-
panied by a partial alloying of ZnS into the core QDs, increasing the bandgap of the core/shell QDs as
compared to the core counterparts (figure 2(g)).

3.2. Post-synthesis variables
Size-selective precipitation/redispersion. Aqueous syntheses of colloidal MCQDs typically produce
ensembles of QDs with sizes distributed between ca. 1 and 5–6 nm [14, 40, 56], which have different
surface area, surface ligand density, and stability to precipitation. These variations allow the ensemble
to be resolved into fractions with different average QD sizes by gradually lowering the general solubil-
ity of the QDs via step-wise additions of antisolvents, such as aliphatic alcohols. Upon the addition of
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Figure 3. Overview of post-synthesis treatments of MCQDs. (a) Examples of size selection of colloidal MCQDs: (i) the ‘cham-
pion’ case of 17 size-selected fractions produced from a single MCQD ensemble (photograph under UV illumination, absorption
spectra, and PL spectra); (ii) a set of cases showing general applicability of the size selection for ZAIS-MAA QDs with differ-
ent Ag:In ratios of 1:10, 1:6, and 1:4, for ZCAIS-MAA QDs, and ZAISe-GSH QDs. (b) Solvent transfer of ZAIS-GSH QDs from
water to toluene to the PMMAmatrix: photographs under UV illumination (i), and normalized absorption/PL spectra (ii). (c,
d) Examples of post-synthesis alloying of (c) AIS-GSH QDs with a Bi3+-GSH complex and (d) colloidal AIS-GSH and CIS-GSH
QDs in their mixture. In (d): (i) absorption spectra of CIS, AIS, CAIS QDs, and a mixture of CIS+ QIS QDs before (left panel)
and after the thermal treatment at 98 ◦C (right panel); (ii) evolution of the PL band maximum EPL of a mixture of CIS+ AIS
QDs at room temperature (squares) and 98 ◦C (circles).

small antisolvent portions, the largest MCQDs in the ensemble precipitate, and by repeating this step-
wise addition of the antisolvent and collecting the precipitates, a series of size-selected QD fractions with
decreasing average size and narrower size distributions can be isolated. As the 1–6 nm MCQDs show
medium-to-strong spatial exciton confinement, the size selection procedure yields collections of QD frac-
tions with strongly different spectral properties, but the same composition [14, 40, 41, 44, 47, 51, 56,
57, 60, 61]. Figure 3(a-i) shows a ‘champion’ case of size-selection of ZAIS QDs, where up to 17 frac-
tions of QDs were separated with PL emission colors ranging from deep red to green and bluish green
for the smallest QDs. The antisolvent-driven size selection is a universal approach and can be applied to
MCQDs with various compositions, stoichiometries, and size distributions. By combining size-selection
with a compositional design, for example, with variations of the Ag:In ratio in the non-stoichiometric
ZAIS QDs, Cu:Ag in the alloyed ZCAIS QDs, or the S:Se ratio in ZAISSe QDs, highly emissive MCQDs
with a very broad gamut of PL colors can be produced, as exemplified by figure 3(a-ii).

Solvent transfer. The MCQDs precipitated by antisolvents can be redispersed in hexane or toluene,
in the presence of additional ligands, such as oleylamine and oleic acid, with no changes in the PL
QYs (figure 3(b-i)) or spectral characteristics (figure 3(b-ii)). This transferability allows the lumin-
escent MCQDs to be incorporated into polymer matrices for light-management applications (figure
3(b-i)) [61, 62].

Increasing the MCQD complexity by post-synthesis alloying. Aqueous MCQDs capped by molecular ligands
form an equilibrium with metal-ligand complexes, for example, with Ag(I)-GSH and In(III)-GSH com-
plexes in the case of AIS-GSH QDs. Such equilibria enable size-selection procedures and result in many
unique properties of aqueous MCQDs, such as a high sensitivity to ambient temperature [14, 22, 23, 40,
44, 55] or spontaneous cation exchanges with other metal complexes. As an example, AgInS2-GSH QDs
can be transformed into AgBiS2-GSH QDs by introducing an excess of Bi3+-GSH complex (figure 3(c)).
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When two sorts of MCQDs with the same ligand are brought into contact, the equilibria between the
QDs and metal-ligand complexes interact, resulting in a new state of equilibrium and gradual alloying of
the two QD types into a more complex compound. In this way, GSH-capped CIS and AIS QDs spon-
taneously alloy into CAIS QDs [63, 64]. This process can be tracked spectrally due to the band-bowing
behavior of mixed CAIS QDs (figure 3(d-i)). The alloying starts already at ambient conditions, accelerat-
ing considerably at higher temperatures (figure 3(d-ii)) [63, 64].

4. Accelerated discovery of MCQDs—automated and autonomous experimentation

The compositional versatility of MCQDs, accessible through mild aqueous chemistry, reveals a large
potential for exploring hundreds of thousands of NC materials. This variability is further elevated
by going from materials to devices, due to a large number of variable parameters to be tuned for
the optimal performance of MCQDs in various optoelectronic applications. The exploration of the
experimental spaces of such dimensions requires innovative approaches, going far beyond the conven-
tional ‘trial and error’ research, by making the speed of exploration commensurate with the number of
variables.

Recent efforts in this direction show several promising approaches to the acceleration of the material
screening, including (i) high-throughput (HTP) robot-assisted experimentation, (ii) automated/autonom-
ous experimentation guided by AI, and (iii) high-performance ab initio calculations capable of precise
targeting of the most promising materials. Here we will focus on the first two experimental approaches,
referring the readers to the recent reviews [65–70] on the computational material screening.

The HTP experimentation can be realized by delegating most of the synthetic procedures to robots,
capable of performing hundreds of combinatorial syntheses and post-synthesis treatments of MCQDs
in parallel by general protocols. The combinatorial HTP synthesis is typically complemented by HTP
characterization, for example, by inline spectroscopies. Two examples of the HTP workflows based on
aqueous syntheses of MCQDs are presented below in section 4.1. Further acceleration of the HTP mater-
ials screening can be achieved by applying AI tools, in particular, machine learning (ML) for the analysis
of the experimental data and identification of the most promising directions for the next experiments.
Ultimately, the ML tools can be used to explore beyond the tested compositional domain by data-driven
predictions and to suggest new experimental parameters/conditions to achieve the target QD properties
with a minimal number of experiments. A combination of ML-driven experiment planning with fully
automated robot-driven synthesis and characterization is expected to result in loop-like workflows, cap-
able of autonomous material screening with minimal human intervention, as discussed in section 4.2.

4.1. HTP screening of MCQDs
As shown in section 3.1, the variations of synthesis parameters of MCQDs and post-synthesis treat-
ments can be performed within the same general synthetic protocol under open-environment conditions
[14, 22], allowing these procedures to be realized using a pipetting robot instructed to screen through
all possible combinations of multiple precursors. In this section, two examples of HTP combinator-
ial screening of MCQDs are discussed, focusing on (i) a family of core AIS and core/shell ZAIS QDs
with varied size and Ag:In ratio (figure 4(a)) and (ii) a library of CuxAg1−xInSySe1−y@ZnS (ZCAISSe)
QDs produced by spontaneous alloying of AIS, CIS, AISe, and CISe QD precursors (figure 4(b)). The
HTP screening of aqueous MCQDs was performed with a four-nozzle pipetting robot with a three-
dimensional freedom of movement, programmed to collect and dispense precursors, dilute QD solutions
for spectral measurements, transfer core QDs into a separate station for shell deposition and film form-
ation, and assist in size-selective precipitation [64]. A typical robot configuration shown in figure 4(b-ii)
includes a pre-configured precursor station (1), a shaking station (2), a heating station (3), auxiliary sta-
tions for post-synthesis manipulations (4), a robotic nozzle set (5), and a plate-reading spectrometer for
inline acquisition of absorption, PL, and PL excitation (PLE) spectra.

In the first HTP screening campaign (figure 4(a)), this platform was applied to produce arrays of AIS
and ZAIS QDs with Ag:In ratio and average size varied along the Y and X axes of the array, respectively
(figure 4(a-i)). The sample arrays, both as original solutions, films, and colloidal solutions regenerated
from solid films, were subjected to spectral HTP characterization, including absorption, PL/PLE, and
time-resolved PL measurements with automated plate-reading setups [60]. In this way, ca. 200 samples
can be produced and tested within 2 d, allowing the photophysical characteristics of AIS and ZAIS QDs
to be mapped versus the QD bandgap [60]. As an outcome, the optimal bandgap range, ca. 2.1–2.2 eV,
was found with maximal PL QYs of up to ca. 55% (figure 4(a-ii)), as well as linear relationships between
the QD bandgap and the average lifetimes (figure 4(a-iii)).

6
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Figure 4. Overview of the HTP screenings of size- and composition-selected aqueous MCQDs. (a) HTP study of spectral and
photophysical properties of AIS/ZAIS QDs: (i) photograph of the array of dried samples under UV illumination; (ii, iii) PL QY
(ii) and average PL lifetime ⟨τPL⟩(iii) as functions of the QD bandgap. (b) Robot-assisted HTP screening of CuxAg1−xInSySe1−y

(CAISSe) and core@ZnS QDs: (i) scheme of the HTP workflow; (ii) photograph of a robotic setup used for the HTP synthesis of
ZCAISSe QDs; (iii, iv) compositional maps of EPL (iii) and ⟨ τPL⟩(iv).

In the second HTP campaign (figure 4(b)), four types of precursor QDs, AIS, AISe, CIS, and CISe,
with the same ligand (GSH or MAA), were subjected to a combinatorial robot-assisted alloying in all
possible binary, ternary, and quaternary combinations. Then, CAISSe QDs were alloyed with a Zn2+-
ligand complex, resulting in corresponding core/shell ZCAISSe QDs and collected as colloidal solutions
and drop-cast films (figure 4(i)) [64]. Analysis of absorption and PL data in the library revealed a gen-
eral band-bowing behavior both for CAISSe and ZCAISSe QDs (figure 4(b-iii)) [58, 64]. The average PL
lifetime also showed non-additive dependences on the QD composition, demonstrating maximal values
at Ag:Cu = approximately 1:1 and increasing with the molar fraction of sulfur (figure 4(b-iv)) [64].

4.2. Accelerated discovery of MCQDs by autonomous lab workflows
The HTP workflows can produce at least two orders of magnitude larger data arrays, as compared to
human-driven experiments, resulting in ever-increasing scale of data analysis. This challenge can be met
by applying different AI-based instruments, in particular, ML and large language models, to mine big
experimental data arrays in search of hidden relationships between input synthesis parameters and prop-
erties of final materials [35–38, 71]. The ML tools are well-suited for chemical applications, while ML
can directly process experimental data in various forms (tables, graphs, images, etc) in situations when
physical relationships between the experimental variables and outcomes are unknown [71]. Typically, ML
algorithms are applied to (i) predict new datapoints starting from an existing dataset and (ii) to plan
new experiments based on previously collected datapoints.

Prediction aims to establish a mathematical relationship between the properties of materials (for
example, size and bandgap of QDs) and a set of experimental conditions (for example, type and ratio
of precursors, temperature, etc) [71]. The ML-driven prediction allows a large dataset to be generated
from a much smaller experimental dataset [72, 73] or literature reports [74, 75]. For example, gradient
boosting and random forest models were found to efficiently predict dependences between the PL band

7



Nano Futures 9 (2025) 042505 O Stroyuk et al

Figure 5. (a)–(d) Examples of ML-driven prediction of the synthesis outcome of lead-halide perovskite NCs (a), (b), CdSe QDs
(c), and PbS QDs (d). (e) A scheme of sampling in combinatorial and active-learning-driven NC synthesis. (f) Comparison
between systematic screening (upper graph) and active-learning-guided sample selection (lower graph) in the microfluidic
synthesis of perovskite NCs. (a), (b) [72] John Wiley & Sons. © 2022 The Authors. Advanced Photonics Research published by
Wiley-VCH GmbH. (c) Reprinted with permission from [77]. Copyright (2012) American Chemical Society. (d) Reprinted with
permission from [78]. Copyright (2019) American Chemical Society. (e) Reproduced from [37] with permission from the Royal
Society of Chemistry. (f) Reprinted with permission from [79]. Copyright (2018) American Chemical Society. (g) Reproduced
from [71], with permission from Springer Nature.

maximum wavelength and spectral width of lead-halide perovskite NCs, allowing the experimental data-
set of 470 datapoints to be expanded into a predicted dataset of more than 180 000 datapoints generated
within the experimentally probed range (figure 5(a)) [72]. This larger dataset can then be used to visu-
alize ‘rules of the synthesis’, that is, dependences between experimental parameters and PL properties
(figure 5(b)) [72]. An ML model was trained on ca. 300 experiments with Cs–Pb–Br perovskite QDs and
was able to predict ca. 500 000 datapoints for a detailed mapping of composition and phase as functions
of precursors feed ratio [76].

An artificial neural network (ANN) trained on the synthesis of 256 batches of CdSe QDs was able
to predict ca. 5000 new datapoints for mechanistic studies of the QD formation [73]. A similar ANN-
based approach was applied to a dataset of 1500 datapoints collected in the combinatorial synthesis of
CdSe QDs with six variables, generating a set of ca. 26 000 predicted datapoints for ‘parameter-property’
mapping [77], identifying a domain of reaction conditions, yielding the highest PL QYs (figure 5(c)).

The ML algorithms allow the accumulated data to be used more efficiently, providing a ‘data
pool’ for the AI-assisted extraction of hidden ‘synthesis parameter—QD property’ relationships. As an
example, an ML model was trained using 2300 experimental datapoints collected during 6 years of PbS
QD syntheses, revealing the most significant factors that define the ratio of QD nucleation and growth
rates (figure 5(d)) [78].

Experiment-planning ML algorithms focus on efficient data collection and workflow optimization,
suggesting next experiments and optimal synthesis conditions for the required outcome [35–38, 71]. The
most popular experiment-planning ML algorithm, Bayesian optimization, was specifically developed for
cost- and time-intensive experiments, reaching targets with the minimal number of trials. The ability of
ML to suggest new experimental conditions allows the experimentation and modeling to be orchestrated
in a loop, where every new experiment is used to retrain the model and derive the next synthetic step—
the concept typically referred to as ‘active learning’ (AL). The training starts from a sparse and random
initial variable grid, yielding a predictive map of the target parameters (figure 5(e)), showing the most
promising parameters of the next experiment. The suggestion is experimentally verified, and the model
is retrained, eventually resulting in the new suggestion, with the entire process performed iteratively until
the target property of QDs is reached.

The number of iterations depends on the system complexity, number of variables, and the size of
the starting dataset, typically remaining below 30–50 cycles, thus providing a considerable accelera-
tion in the material discovery as compared to the combinatorial HTP screening. For example, the AL-
guided autonomous microfluidic screening of lead-halide NCs started from a sparse grid of 16 data-
points (figure 5(f), upper panel), identified ca. 40 parameter combinations leading to a target prop-
erty in 10–12 iterations, while the conventional systematic gridding revealed only 8 target compositions
(figure 5(f), lower panel) [79]. A similar AL-based microfluidic workflow was developed for the synthesis
of lead-halide NCs, handling ten variables with ca. 107 potential parameter combinations and identifying
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optimal conditions for the synthesis of 10 compositions with targeted PL maxima within one hour of
operation [80].

The concept of an autonomous or self-driving lab has rapidly developed over the last years, being
considered as one of the most significant technological developments, revolutionizing the field of mater-
ial discovery [36–38, 67, 81–84]. With the acceleration of material discovery as one of the main aims,
the self-driving labs are often referred to as material acceleration platforms (MAPs), deployed for screen-
ings of organic semiconductors [85, 86], metal-halide perovskites [85–87], and metal-chalcogenide QDs
[36, 88]. The MAP concept integrates automated synthesis and characterization with AL-driven decision-
making and experiment planning into closed-loop operation (figure 5(g)) [38, 39, 67, 84, 85, 89]. The
automated synthesis generates materials, subjected to automated characterization to train a model
for the prediction of new conditions and the next cycle of experiments, until the target property is
achieved [67, 83].

Automated synthesis is typically organized along two different concepts: (i) microfluidic synthesis and
(ii) robot-assisted human-mimicking synthesis. The microfluidic synthesis is perfectly suited for liquid
NC materials [90], including metal-chalcogenide QDs [36, 91–94], metal NCs [91], and metal-halide
perovskite NCs [72, 76, 79, 80, 92, 95–98]. It combines rapid and homogeneous mass and heat transfer,
inline detection tools, and a large potential for upscaling [90, 91, 93, 99].

The concept of a human-mimicking automated synthesis is realized in two versions: (a) as a
robotized platform integrating manipulators, pipettes, vial-handlers, heaters, shakers, and inline
characterizations [38, 81, 82, 100], and (b) as a modular system including conventional laboratory work-
places united by a human-mimicking robot that transfers samples between the stations [38, 81, 84, 101].
The human-mimicking platforms provide high flexibility in the state of samples, being adaptable for the
formation of thin films [89, 100, 102] and solid-state reactions [101]. The integrated robotic systems
were successfully applied for the automated synthesis of chalcogenide QDs [73, 78, 88, 103, 104], metal
NCs [105, 106], while their potential for the automated synthesis of MCQDs is still to be explored and
evaluated.

Automated characterization includes inline methods, such as absorption, PL, or Raman
spectroscopies [81, 82, 84, 97] with the human-mimicking robots providing access to a wider spec-
trum of off-line tools, for example, x-ray diffraction, mass spectrometry, x-ray photoelectron spec-
troscopy, energy-dispersive x-ray spectroscopy, nuclear magnetic resonance, etc [38, 81, 89, 100]. The
human-mimicking systems can also be coupled with HTP modules for the characterization of the func-
tional properties, such as photo(electro)chemical [107–109] or electrochemical activity [110, 111], as
well as with automated lines for the production and testing of functional devices, for example, solar
cells [112–114].

5. Summary and outlook

MCQDs reveal an extraordinary variability of composition, high tolerance to substitutions and doping,
lattice disordering, and deviations from the AMX2 stoichiometry. This compositional flexibility offers
versatile ways to tune the opto-electronic properties by independently varying QD composition and QD
size, resulting in a myriad of possible combinations with different electronic, spectral, and photophys-
ical properties. In contrast to the mature state of the research of II–VI and IV–VI semiconductor QDs,
the exploration of the vast compositional space of MCQDs is still at the uprising stages, mostly focusing
on a few selected combinations, such as CIS(Se), AIS(Se), and CZTS, already revealing a high potential
of these MCQDs for energy conversion. In this view, further exploration of MCQDs is expected to be
a high-gain research venue for novel MCQD-based materials for existing and new applications, espe-
cially those related to light conversion and emission. The navigation of the vast compositional space
of MCQDs and discovery of novel materials can be considerably accelerated by upscaling the ‘trial and
error’ strategy to a new HTP level, both by massive parallelization of the synthesis/characterization, and
by automation and ML-guided experiment planning.

The HTP experimentation combines the excellent performance of modern robotic materials screening
platforms with the capacities of compositional design of MCQDs provided by mild aqueous chemistry,
which is perfectly compatible with the commercially available robots. The HTP synthesis/characterization
of MCQDs is a powerful instrument for accelerated build-up of massive datasets on the ‘composition-
property’ rules of MCQDs, which can then be used by AI-based tools for predictions of new MCQD-
based materials and orchestrating autonomous experimentation. The autonomous materials screening
workflows realized by self-driving labs or MAPs will bring material discovery to a qualitatively new level
of efficiency and depth. The MAPs offer (i) unrivaled experimental precision and reproducibility, (ii)
accelerated feedback on the functionality of new materials in different applications by combining MAPs
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with device acceleration platforms (DAPs), and (iii) seamless integration of the experimentation and
computations into hybrid workflows, where further material discovery acceleration can be achieved by
creating and exploiting virtual digital twins of real experimental processes. The potential of MAPs was
demonstrated for a few classes of nanomaterials, including inorganic semiconductor and halide per-
ovskite NCs. While the applicability of MAPs to explore metal-chalcogenide QDs was proven for II–VI
and IV–VI chalcogenide QDs, the broad and systematic autonomous screening of MCQDs remains a
mission for future studies.

In this view, the present Perspective is an appeal of the authors to raise broader interest and aware-
ness of the great potential of the accelerated research of MCQDs. Simultaneously, it outlines the state-
of-the-art in this field, serving as a starting point and a background for the practical realization of the
concept of the autonomous discovery of new MCQD-based materials. In this concept, we aim to integ-
rate our previous experience in the accelerated solution-processed screening of organic, hybrid, and inor-
ganic semiconductors, machine-learning-based prediction and experiment-planning algorithms, and PV-
oriented DAPs, allowing for automated optimization of solar cells into a fully autonomous lab to dis-
cover new MCQD-based materials for energy conversion applications. This lab will be capable of effi-
cient exploration of the compositional space of MCQDs, providing a large dataset on the MCQD prop-
erties, and simultaneously pushing us up along the learning curve by continuous evolution of the auto-
mated experimentation and the decision-making AI algorithms. The exploitation of such an automated
lab will shape a medium-to-long-term strategy for further development of the field.

Some promising components of this strategy can already be outlined at the present stage of devel-
opment. For example, the complexity of MCQDs is expected to reach the domain of high-entropy com-
pounds, combining 7–8 elements in comparable molar ratios and featuring new properties, untypical of
the less complex materials [115–121]. A ‘cocktail’ effect of random mixing of multiple components res-
ults in high stability of high-entropy compounds, flexibility and disordering of the lattice, and a variety
of active sites available for catalytic, electrocatalytic, and photo(electro)catalytic reactions [117, 118, 121].
The effects of crystal size and spatial exciton confinement on the functional properties, naturally expec-
ted for high-entropy MCQDs, are still to be characterized and interpreted.

The spatial confinement in QDs results in clearly defined sets of quantized energy levels, featuring
MCQDs as ‘artificial atoms’ with a unique composition/size-dependent electronic configuration [2–
4, 11]. The autonomous discovery of MCQDs is expected to yield a large library of artificial MCQD
‘atoms’, available for building self-assembled superlattices with advanced optoelectronic and charge trans-
port properties [122, 123]. Going from discrete QDs to QD superlattices will bring the MCQD-based
material design to a new level of complexity and variability by self-assembly of different sorts of artificial
atoms.

The strategy of autonomous research can go beyond MCQDs and include combinations of different
material classes, in particular, chalcogenide and halide semiconductor QDs, into a new family of chalco-
halides as a natural successor of MCQDs and metal-halide perovskite NCs [124–126]. In parallel, the
conventional role of organic surface ligands can be expanded by introducing new ligands with multiple
functionalities, including charge and energy exchanges with the QD core, modulating dark and pho-
toinduced redox-activity of MCQDs, facilitating charge transport in the QD superlattices, providing
QDs with chemical selectivity or bio-compatibility, etc [127]. This approach is brilliantly exemplified
by light upconversion through triplet-triplet annihilation in rationally designed ‘QD-molecule’ assemblies
[127–129].

In summary, the autonomous materials discovery of MCQD-based materials shows highly promising
future perspectives going far beyond the immediate compositional screening of individual MCQDs and
providing ample ‘anchoring points’ to other chemistries and material classes.
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