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Abstract

Continuous flow synthesis of semiconductor quantum dots (QDs) holds the promise of being
highly reproducible, scalable, and providing precise control of all reaction parameters. Here,
we applied this technique to the aqueous synthesis of Ag-In-S (AIS) core and AIS/ZnS
core/shell QDs and optimized several parameters comprising reaction temperature, pressure,
time, nature, and the ratio of precursors. Photoluminescence quantum yield (PLQY) values of
32%/44% (average/best) for the core and 77%/83% for the core/shell system have been
obtained in short reaction times (8-15 min). We demonstrate by means of combined structural
and optical studies that the high PLQY originates from donor-acceptor pair recombination
processes, involving essentially [Inag?*+ 2 Vaq] defect complexes whose formation is favored
by the large excess of indium used (In:Ag ratio of 4:1), and the low reaction temperature (100-
120°C). The structural disorder is further enhanced during ZnS shell growth, which in addition
to surface passivation and removal of non-radiative decay channels, leads to the partial diffusion

of the added zinc ions into the AIS core and the formation of Zni, antisite defects. The presented
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method provides excellent reproducibility and high scalability, facilitating the large-scale

production of highly luminescent A1S/ZnS QDs.

Introduction

Colloidal quantum dots (QDs) have attracted a lot of attention in the past four decades
because of their unique size-dependent electronic and optical properties. Most research has
focused on QDs with binary compositions, i.e., composed of II-VI, IlI-V, and IV-VI
semiconductors, such as CdSe, CdTe, and PbS due to their size-tunable light emission, broad
absorption spectrum enabling the excitation of multiple fluorescence colors with a single
source, high brightness, and long-term photostability.!® These outstanding properties make
them ideal candidates for a wide range of applications, including biosensing,® drug delivery,’
bioimaging,2 LEDs,® and photocatalysis.’® However, the toxicity of these QDs due to the
presence of Cd or Pb limits their potential for real-life applications, especially in the biomedical
field.!* Therefore, currently large efforts focus on the development of safer and more
environmentally friendly QDs. >4 This evolution has led to a growing interest in ternary I-111-
V12 chalcopyrite QDs (I: Cu, Ag; IlI: In, Al, Ga, Bi; VI: S, Se, Te), with the most widely studied
examples being CulnS; (CIS)**!8 and AgInS; (AIS).** 2% In contrast to traditional binary QDs,
ternary QDs exhibit a much larger Stokes shift and photoluminescence (PL) linewidth (both
typically on the order of some hundreds of meV), long PL lifetimes (hundreds of nanoseconds),
and strong composition dependence of their optical and electronic properties.?? 2223

The colloidal synthesis of ternary I-111-VI QDs, often adapted from binary II-VI
nanocrystal syntheses, is more difficult to set up because it is necessary to control the relative
reactivity of the two different metal cation precursors with the sulfur precursor in the reaction
medium. They are mostly performed in organic solvents, and therefore, the obtained QDs

cannot be directly applied in biological studies or in photocatalytic reactions taking place in



water. The phase transfer from organic to aqueous medium implies additional steps and is
generally associated with a significant decrease in the PL quantum yield (PLQY) and colloidal
stability. As an appealing alternative, the direct synthesis in the aqueous phase has been
developed.?* While the reaction conditions are in most cases much less stringent than in the
organic synthesis of QDs, the reaction mechanism is more difficult to elucidate due to the
complex interplay of multiple parameters. In particular, the complexation of metal ions in
presence of organic ligands, the reactivity of the formed complexes as well as that of the
chalcogenide source are generally strongly dependent on the pH value of the reaction medium,
which itself depends on the species generated during the chemical transformations. The pH also
governs the formation of metal hydroxides, which can occur either in the solubilized or the solid
state.?* In 2017, Raevskaya et al. synthesized mercaptoacetic acid (MAA) stabilized AIS QDs
using a simple heat-up approach.? AlS/ZnS core/shell QDs obtained after passivation with Zn?*
ions exhibited a high PLQY in the range of 40-50%. However, the drawback of this synthesis
is the polydispersity of the obtained QDs. The same group optimized the synthetic protocol by
replacing MAA with glutathione (GSH) in the presence of citric acid and using a precursor ratio
of Ag:In:S = 1:4:5.25 The core and core/shell QDs exhibited a PLQY of 32% and 60%,
respectively. Martynenko et al. recently adapted this synthesis using microwave heating to
prepare mercaptopropionic acid (MPA) stabilized AIS core and AIS/ZnS core/shell QDs, which
allowed reducing the reaction time to 5 min and achieving a PLQY of 66% with the core/shell
QDs emitting at 638 nm.?’

Despite these optimizations, several intrinsic problems cannot be solved by
conventional batch synthesis techniques. In particular, the quality of the QDs in terms of
emission peak position, linewidth, and PLQY can vary from batch to batch due to subtle
changes in the experimental parameters, making it difficult to ensure consistency and

reproducibility between several experiments. Continuous flow chemistry has recently emerged



as a promising approach for the synthesis of high-quality colloidal QDs.? It offers the potential
to produce QDs with tighter size control and higher reproducibility by precisely adjusting the
reaction conditions (e.g., heating/cooling rates, reaction time) due to improved heat and mass
transfer in small tubular reactors.?® It also gives access to faster and automated reactions and
allows for rapid reaction optimization while enabling reaction conditions that are not achievable
with standard batch methods, such as the homogeneous rapid heating of the entire reaction
volume eventually combined with increased pressure. In spite of these advantages, the flow
chemistry approach has not yet been widely explored for AIS QDs and previous research
focused mainly on binary QDs or more recently on lead halide perovskite nanocrystals.*® In one
example, Li et al. developed the flow synthesis for composition-tunable AIZS/ZnS and
CI1ZS/ZnS QDs in organic media (Z stands for Zn-doped).®* By modifying the precursor ratio,
the emission of these QDs could be varied from 432 to 615 nm and the maximum PLQY of
CIZS/ZnS reached 40%. In 2019 Ma et al. synthetized AgInS: (capped with MPA) in droplet
microreactors, achieving a PLQY of 8.8% with a maximum PL wavelength of 725 nm.%2 Here,
we present a rapid two-step method using flow chemistry for the preparation of GSH-capped
AIS/ZnS core/shell QDs in the aqueous medium. The obtained QDs exhibit a PLQY up to 83%,
which ranges among the highest values obtained with this material so far. The underlying

emission mechanism is discussed on the basis of XPS studies and elemental analysis.

Methods

Chemicals

All chemicals were used as received without further purification. L-glutathione reduced (GSH,
> 98 %), indium chloride (InCls, 99.999 % trace metal basis), ammonium hydroxide (NH4sOH,
ACS reagent, 28.0-30.0 % NH3 basis), ammonium sulfide ((NH4)2S, 40-48%wt solution in

water) and zinc acetate dihydrate (Zn(OAc)22H20, > 97 %) were purchased from Sigma-



Aldrich. Sodium sulfide nonahydrate (Na2S9H20, ACS, > 98.0 %) was purchased from Alfa
Aesar. Nitric acid (65 %), Propan-2-ol (HPLC isocratic grade) were purchased from Carlo Erba.
Silver nitrate (99.995%), citric acid (anhydrous, 99.5 %), and rhodamine 6G (99%) were
purchased from Arcos Organics. Thiourea (99 %) was purchased from VWR. Milli-Q ultrapure

water (18.2 MQ.cm) was used in all experimental procedures and analyses.

Preparation of the stock solutions

Stock solution of the GSH/In/Ag mixture:

In a typical procedure, 1.2 mmol of GSH was solubilized in 1.9 mL of water and 0.5 mL of
0.25 M NH4OH by using an ultrasound bath for 5 minutes. 0.8 mmol of InClz was dissolved in
0.9 mL 0.25 M HNO:z and finally both solutions were mixed with 2 mL of water. The pH of the
obtained mixture was raised from 3.5 to 9 by adding 1.3 mL of 5.0 M NH4OH under intense
stirring. The addition of ammonia induced the formation of a white precipitate, which dissolved
after 2—-3 min of vigorous mixing. Next, 0.2 mmol of AgNOs diluted in 2.0 mL Milli-Q water
was introduced, and finally, some drops of a 2.0 M aqueous solution of citric acid were added
to adjust the pH close to 7.

Stock solution of the sulfur precursor:

A solution of 1 mmol of NazS or (NH4)2S in 8 mL of water is prepared directly before the
synthesis.

Stock solution for ZnS shell growth:

1.2 mmol of GSH, 0.8mmol, Zn(Ac)2 and 0.8 mmol of thiourea are mixed with 10 mL of water.

The pH is adjusted at 7 with 5N NHsOH.

Continuous flow synthesis of AIS and AIS/ZnS QDs



Milli-Q water is the solvent for all syntheses, performed using the Asia flow chemistry
system by Syrris® configured with pump syringes, automatic reagent injector, heater,
backpressure controller, and sample collector. The two sample loops had a volume of 5 mL,
which limited the volume of the resulting QD colloidal solution to around 9 mL. The heater
used was a 4 mL stainless steel tubular reactor with an inner tube diameter of 1 mm (see sup.
info for picture and scheme). A Tee section was placed after the injectors and before the heater
to enable the mixing of the metal and sulfur precursor solutions at room temperature, just before
arriving at the heating stage. The system was used in the automatic mode, which means that the
flow rate was automatically calculated according to the desired residence time (reaction time).

For the AIS core QD synthesis, equal volumes of the GSH/In/Ag stock solution and the
sulfur precursor solution were placed in two automatic reagent injectors and different
parameters were explored: temperature (80°C, 100°C, 120°C, and 150°C), pressure (3, 5 et 8
bar), residence time (8, 10, 15 and 30 min). An alternative precursor of sulfur (NH4)2S was also
tested. For the AIS/ZnS core/shell QD synthesis, the AIS core QDs and the shell precursor stock
solutions were in the reagent injectors and the following parameters were explored: temperature
(100°C and 120°C), pressure (3 and 5 bar) and residence time (8, 10 and 15 min).

Both AIS and AIS/ZnS QDs were purified by adding one volume equivalent of 2-propanol.
This addition results in the precipitation of the QDs, and the precipitate can be separated by

centrifugation (10 min at 10 000 rpm) and redissolved in the desired volume of deionized water.

Characterization

For all optical spectroscopy, the aqueous colloidal solutions were placed in 4x10 mm
quartz cuvettes. Absorption spectra were recorded using a Hewlett Packard 8452A diode array
UV-vis spectrophotometer with a range of 190 to 820 nm. PL spectra were recorded using a

Hitachi F-4500 fluorescence spectrophotometer equipped with a 150 W Xe lamp and an R3788



photomultiplier tube detector. An excitation wavelength of 400 nm was used if not stated
otherwise and the emission spectrum was recorded at wavelengths from 430 nm to 850 nm at a
scan rate of 1200 nm/s. For the comparison of the PL intensity, the spectra were normalized
taking into account differences in absorbance at the excitation wavelength.

The optical bandgap (Eg) was determined from the Tauc plots of (ahv)?2 versus hv, where
a is the absorption coefficient, h is Planck’s constant, and v is the light frequency. The valence
band positions were determined using Riken AC-2 Photoelectron Spectrometer (Riken
Instruments). PL decay curves were recorded using the time-correlated single-photon counting
technique on a Fluorolog-3 spectrometer (HORIBA Jobin Yvon) and a pulsed LED with an
excitation wavelength of 352 nm (NanoLED-350, <1 ns pulse, HORIBA) as the excitation
source. The curves were fitted with DAS6 analysis software provided by HORIBA Scientific.

The luminescence lifetime reflects the possible recombination paths involved in the
emission of the QDs. The resulting decay signal can be simulated by a sum of exponential
functions, each corresponding to a distinct recombination path. The accuracy of this exponential
fit is given by the x2 factor, which should be as small as possible (y2 close to 1). As in the
overwhelming majority of literature examples analyzing the TRPL behavior of ternary
chalcopyrite type QDs,* fitting of the decay curves required a triple exponential model, in

particular, to achieve an accurate fit in the short time region:

1(t) = A, 77 4 4, 777 4 4, )

where 1 is the decay time and A is the relative amplitude of each decay component.

The PL quantum yield (PLQY) was determined using an integration sphere mounted on the
Fluorolog spectrometer. Furthermore, control measurements were made relative to rhodamine
6G (QY in ethanol: 95%). The absorbance of the rhodamine 6G and the QDs samples at the
excitation wavelength were made identical (0.04, 0.06, 0.08, or 0.10) by adjusting their

concentrations. Plotting the area of the integrated fluorescence intensity versus absorbance



resulted in straight lines whose slopes were used to calculate the PLQY of the QDs according
to:

QYap = QY rhodaminesc * (SIopeqp/slopernodamine 66) * (Hwater/77EtoH)? X 100

with n being the refractive index.

Morphological characterization was achieved via TEM analysis, using a Tecnai F20
Microscope and an accelerating voltage of 200 kV. A drop of the dilute QD dispersion was
placed on an amorphous carbon substrate on a copper grid and dried in air. The average diameter
and size distribution of the core and core-shell QDs were calculated based on the measurement
of at least 100 nanoparticles selected by eye and using ImageJ processing software. The
standard error (S.E.) in the values was calculated using the following equation:

S.E.=c\n

where ¢ is the standard deviation of the sample and n is the number of measurements taken.
The XRD diffraction patterns were recorded using a Philips X’Pert diffractometer with Cu Ka
radiation, A = 1.5406 A, from 20 =10to 80°.

X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Versa Probe Il
spectrometer (ULVAC-PHI) equipped with a monochromated AlKa source (hv = 1486.6 eV).
The core-level peaks were recorded with a constant pass energy of 23.3 eV. The XPS spectra
were fitted with CasaXPS 2.3 software using Shirley background. Binding energies are
referenced with respect to adventitious carbon (C 1s BE = 284.8 eV).

ICP-AES measurements were performed on a Shimadzu 9000 spectrometer. The
samples were prepared by adding 10 uL aqueous colloidal solution of each synthesis in 6 mL
with 10% HNOg. Standards solutions of the metal ions were prepared by diluting ICP standards
of Ag, In, and Zn with HNO3 10% (v/v). Subsequently, calibration curves were established for
the concentration range relevant to our samples. Ag was detected at a wavelength of 338.289

nm, In at 325.609 nm, and Zn at 213.856, respectively.



Proton NMR spectra were recorded on a Bruker Avance™I|Il HD NanoBay NMR
spectrometer (400 MHz) and analyzed using TopSpin 3.6.2 software. For the sample
preparation, 3-4 mg of purified and dried QDs were diluted in 500 ul of D20O. Analyses of the
Zeta potential and Dynamic light scattering (DLS) were carried out at 25 + 2 °C using a Litesizer

500 (Anton Paar, 40 mW semiconductor diode laser light, wavelength A = 658 nm).

Results & Discussion

In the case of ternary QDs, the reactivity of the two metal cation precursors has to be
balanced by means of complexation with appropriate ligands. The most commonly used metal
precursors in the aqueous batch-type synthesis of AIS QDs are silver nitrate and indium nitrate
or chloride. These compounds are highly reactive with sulfur, and therefore, carboxylates (e.g.,
citric acid or sodium citrate) are added to the reaction medium to control the reactivity of the
indium precursor, while thiol ligands (e.g., GSH, D-penicillamine, MAA, MPA) are applied to
mediate the reactivity of the silver precursor. The pH of the reaction medium is generally set
above 8 to deprotonate the ligands and assure the solubility of the metal complex intermediates.
Na.S is the most widely used sulfur precursor despite its high reactivity and toxicity. For the
development of the continuous flow synthesis of AIS core QDs, we took the batch synthesis
reported by Stroyuk and coworkers as a starting point, applying in all experiments an In:Ag
ratio of 4:1.%6 This reaction scheme is fully compatible with the requirements of flow chemistry
in terms of precursor solubility and absence of volatile reaction products. In contrast to typical
batch syntheses, the flow setup enables the fast and precise screening of reaction parameters
including hydrothermal conditions, i.e., temperatures >100°C and increased pressure. In the
present case, two channels are used, one for the mixed metal precursor solution, and the other
for the sulfur precursor solution (cf. Fig. S1, Supp. Inf.). Comparative experiments revealed

that mixing both channels at room temperature in a Tee connector just before entering the



heating stage (mimicking a heat-up synthesis) worked better than mixing them within the heater
(similar to a hot-injection synthesis). In the latter case, a small fraction of larger-sized black
particles formed, which led to the clogging of the tubes after a few experiments. For the
core/shell synthesis, the same strategy was applied, premixing the AIS core nanoparticles and

the ZnS precursor solution in the Tee connector before entering the heating stage.

Figure la shows the XRD patterns of the AgInS, and AgInS2/ZnS QDs obtained using
optimized conditions (100°C / 3 bar) as well as a residence time of 8 min (core) and 15 min
(core/shell). The resulting diffractogram of the core is characterized by three broad signals
centered at 27.1°, 45.0°, and 53.0°, which are attributed to the (112), (204), and (312) peaks of
the tetragonal chalcopyrite phase of AIS (JCPDS 00-025-1330). Nonetheless, due to a
significant linewidth of the peaks, the presence of other phases, like cubic AglnsSg (JCPDS No.
25-1329) or orthorhombic AgInS; (JCPDS No. 25-1328), cannot be fully excluded. Compared
to the core, the peaks of the core/shell sample are slightly shifted to higher angles, toward the
characteristic positions of zinc blende ZnS (JCPDS 01-071-5975). This shift has been widely
reported in AIS/ZnS studies and indicates the successful growth of ZnS around the inorganic
QD core.®*3%  Given the smaller lattice parameter of ZnS, the origin of this shift can be
explained by the compressive strain exerted by the ZnS shell. On the other hand, cation
exchange and zinc diffusion into the AIS nanocrystals may also occur and contribute to the
lattice contraction. To determine the role of cation exchange, the change of the In:Ag ratio after
the addition of ZnS was monitored using ICP-OES (cf. Table S1, Sup. Inf.). We observed in
all syntheses that the In:Ag ratio measured for the core AIS nanocrystals decreased during the
shell growth. This behavior confirms that cation exchange indeed occurs and that preferentially
indium atoms are replaced by zinc atoms during the ZnS shell growth.

As generally observed for I-111-V1 ternary compounds, the UV-vis absorption spectra of

the AIS core and AIS/ZnS core/shell QDs do not exhibit distinct excitonic features.? 2634 |n
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addition to the size distribution, inhomogeneities in the composition of the nanocrystals as well
as particle-to-particle variations in the nature and density of defect states contribute to the
spectral broadening. The core/shell sample exhibits a stronger absorbance in the UV range,
which is attributed to the contribution of the ZnS shell. Shell growth is in all cases accompanied
by a widening of the band gap as determined from Tauc plots using the UV-vis absorption data
(cf. Fig. S2). This behavior, attributed to the aforementioned Zn diffusion into the AIS core,
contrasts with that observed in binary core/shell QDs (e.g., InP/ZnS, CdSe/ZnS) where shell
growth induces a red-shift of the absorption and emission spectra due to the leakage of the
electron/hole wave function into the shell.*® The actual band gap difference between the core
(around 2.5-2.8 eV) and core/shell (around 2.6-3.1 eV) QDs depends on the synthetic conditions
of both and varies in the present study from 50 to 580 meV. In all cases, the values are
remarkably higher than the band gap energy of bulk chalcopyrite AginS; (1.87 eV), which can
be related to the off-stoichiometry due to the Ag-poor conditions used and to quantum
confinement effects, as the particle size is much smaller than the Bohr exciton radius of 5.5 nm
(vide infra). Both the core and core/shell QDs exhibit significant absorption below the band gap
energy (the so-called Urbach tail) related to disorder.®” To measure the absolute positions of
the energy bands, we have used photoelectron spectroscopy in air (PESA) of the QD films. The
analysis showed that the position of the valence band (-5.60 eV) does not change for the core
and core/shell QDs, which is expected taking into account that in AIS and AlS/ZnS QDs it is
composed of S 3p and Ag 4d hybrid orbitals.*® Considering the band gap of 2.58 eV for the
core and 2.63 eV for the core/shell QDs (sample presented in Fig. 1), the conduction band levels

can thus be calculated as -3.02 and -2.97 eV, respectively.
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Figure 1: Comparison of the obtained AIS core and AlS/ZnS core/shell nanocrystals. a) X-ray
diffraction patterns; b) UV-vis and steady-state PL spectra; ¢) TRPL decay curves; d) TEM

images (left: AIS, particle size 1.67 £ 0.6 nm; right: AIS/ZnS, 2.35 £ 0.8 nm).

The emission from Ag-In-S nanocrystals has been attributed to be dominated by
radiative recombination related to intrinsic donor-acceptor defects as well as surface-related
defects due to the high surface-to-volume ratio of the QDs.?> % 4° The PL spectrum of the AIS
core QDs (Fig. 1b) shows a broad peak centered at 610 nm with a linewidth (FWHM) of around
120 nm (400 meV) and redshifted from the band gap energy by 570 meV. These large values
are typical for emission processes involving mid-gap states.?:3” The PLQY of the AIS core QDs
ranged between 28% and 44% (average 32%) depending on the experimental conditions (vide
infra) and was 38% for the sample shown here. In the broader context of diverse types of
colloidal semiconductor QDs, these values are very high for as-synthesized core QDs.
Moreover, it has to be underlined that the AIS QDs are prepared in environmentally benign

conditions in the agueous phase at temperatures around 100°C. The PL spectrum of the

12



AIS/ZnS core-shell QDs shows two significant differences from the core sample: first, the
emission wavelength is blue-shifted by 30 nm relative to the core emission wavelength of 610
nm. This hypsochromic shift is a common feature in CIS and AIS QDs after passivation with a
ZnS shell and is explained as above by Zn diffusion into the AIS core and the associated
widening of the band gap. Second, compared to the core, a significant increase in the emission
intensity was observed leading to PLQYSs in a range of 63-83% with an average of 77% (80%
for the sample in Fig. 1b). This increase is associated with the passivation of surface traps
eliminating non-radiative recombination pathways of the photogenerated electron-hole pairs.
Time-resolved PL (TRPL) measurements are an appropriate tool for investigating the
underlying recombination channels. In the analysis of the TRPL data (Fig. 1c), two exponentials
were not sufficient to simulate the experimental curves. In particular, to assess the short lifetime
component correctly, it is necessary to add a third function despite its small contribution (1%

or less, cf. Table 1).

Table 1: PL lifetime analysis of the AIS core and AlIS/ZnS core/shell QDs presented in Fig. 1.

22 -1% 217 - 30% 1006 - 69% 1.16 938
22-0.4% 250-27% 1344 -73% 1.18 1273

In AlS-related QDs, the short lifetime component (t1) on the order of 20-50 ns has been
attributed to the intrinsic radiative recombination of surface states, while the medium (t2) and
long (t3) lifetimes on the order of several hundred nanoseconds have been proposed to arise
from donor-acceptor pair (DAP) recombination involving surface states and core states of the
QDs, respectively.'® 41 42 As expected, the passivation of the AIS QDs with a ZnS shell
decreases the density of surface-related defects and hence the contribution of t1. Furthermore,

12 increases by ~30 ns and shows a decreased contribution in AIS/ZnS, which indicates the
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filling of defect sites closer to the surface (e.g., Ag or In vacancies) by diffusing Zn?* ions. All
in all, the combination of these effects leads to an increase in the average PL lifetime from 938
to 1273 ns, which is indicative of a lower contribution of non-radiative recombination
enhancing the PLQY.

Transmission electron microscopy (TEM) analysis (Fig. 1d) turned out challenging due
to the small diameters of the AIS core (1.67+ 0.6 nm) and AIS/ZnS core/shell (2.35+ 0.8 nm)
QDs and the related low contrast; the size histograms are given in Fig. S3 (Supp. Inf.). The
observed mean size increase of 0.68 nm corresponds to a ZnS shell thickness of around 1.1
monolayers. These small particle sizes are also close to the lower limit commonly accessible
with dynamic light scattering (DLS) techniques, which give access to the hydrodynamic
diameter. Our measurements on a large number of samples yielded a mean value of 3.80+0.5
nm and 13.5+2.9 nm for the AIS core and AIS/ZnS core/shell QDs, respectively, with a
polydispersity index (PDI) of ca. 0.2 (cf. Fig. S4). The significantly higher values than those
determined by TEM arise from the hydration corona at the periphery of the particles. Moreover,
the thickness of this hydration sphere appears to be much larger in the case of the core/shell
nanocrystals, which has been consistently observed for all samples studied. The surface charge
is a key parameter that affects the colloidal stability of the QDs. It was determined by zeta
potential (¢) measurements (Fig. S4) resulting in an average value of -25 mV for the AIS core
and -30 mV for the A1S/ZnS core/shell nanocrystals. The predominance of a negatively charged
surface is due to the deprotonated carboxyl groups (R-COO") of the GSH ligands in a neutral
or basic medium. The surface state of the QDs was further studied by comparing their proton
NMR spectra with that of free GSH. As shown in Fig. S5, in addition to a few chemical shift
changes for some protons and the characteristic broadening due to the restricted motion of the
ligands bound to the QD surface, protons attached to C5 of GSH (adjacent to the thiolate group)

on the AIS core showed multiple splitting peaks in the range of 2.9-3.3 ppm. Similar behavior
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was observed in the studies of Ag nanoclusters capped with GSH ligands where these changes
were attributed to the chirality of the ligands at the nanoparticle surface.*® Hence, the splitting
of the protons bound to C5 is expected to originate from the induction of the chiral carbon C4
and the rotation restriction of the C-S bond after the attachment of GSH to the QD surface. In
the case of the core/shell QDs, this splitting is not observed; we note instead a slight splitting
of the protons at C2 at around 2.1 ppm. Zn ions at the ZnS surface have a higher affinity for
amines than for thiols,* while in the case of Ag at the AIS surface the situation is reversed.*
On the other hand, considering the high In:Ag ratio, AIS core nanocrystals are expected to be
mainly In-terminated, which would favor coordination by the carboxylate groups of GSH.
Considering these different nanocrystal surface — ligand affinities for the core and core/shell
QDs, the observed NMR spectral changes are likely indicative of different surface coordination
of the GSH ligands. For both types of QDs, we further note multiple overlapping peaks in the
chemical shift range of 3.6-3.8 ppm, attributed to the interactions of the C6 protons with
adjacent -NH and -COOH groups once the GSH ligands are bound to the nanocrystal surface
(cf. Fig. S6). Finally, the presence of a doublet around 2.6 ppm in the spectrum of the AIS core
QDs is characteristic for citric acid, which can play the role of a surface ligand in addition to
its action of mediating the indium reactivity.

To get further insight into the chemical state of the elements and the composition of the
QDs, XPS measurements were performed yielding an Ag:In:S atomic ratio of the AIS core QDs
of 1: 3.0 : 6.7, which is in line with ICP-OES results (Table S1). High-resolution spectra were
recorded for all the key elements (Fig. 2; survey spectra cf. Fig. S7). The Ag 3d and In 3d
spectra show a doublet of the characteristic 3ds/2 and 3ds/2 electrons corresponding in energy to
Ag*and In®*, respectively, in agreement with previous studies.?® %6 Surprisingly, in the literature
these peaks of AIS are rarely fitted although they can afford very useful information about the

structure of this material. In our case, both the Ag and In 3ds/, signals can be fitted with two
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peaks, at 367.5 and 368.0 eV for Ag, and 444.6 and 445.0 eV for In, respectively. Several
explanations can be used to interpret these peaks, such as the presence of partially oxidized
elements or the difference in the chemical environment between the surface and core atoms. As
the size of our QDs is comparably small, more than 40% of the atoms are located on the surface.
On the other hand, we have to consider that the composition of the AIS QDs used in this work
is strongly off-stoichiometric, leading to the presence of a high concentration of defects in the
lattice. With a large excess of In (In:Ag ratio around 4:1), the principal defects expected are Ag

vacancies Vag~ and antisite defects Inag?* via the formation of [Inag®*+ 2 Vag] defect
complexes.'® 4" The formation of these defects leads to a decrease of electron density at the In
atom and its increase at the neighboring Ag atoms, following the trend of their relative
electronegativity values. While for most of the elements (including In) electron-poor
environments lead to the shift of the XPS signal to higher binding energies, in the case of silver
this trend is reversed and the signal of more oxidized Ag appears at lower energies.*
Accordingly, we can tentatively assign the two deconvoluted peaks of the Ag spectrum as
follows: the peak at higher energy (368.0 eV, 86%) is ascribed to Ag atoms close to an antisite
defect, while that at 367.5 eV (14%) corresponds to Ag atoms in the regular coordination, not
affected by the defect sites. Likewise, in the case of the In 3ds/2 spectra, the peak at 445.0 eV
(89%) is supposed to originate from In atoms on defect sites, while that at 444.6 eV (11%) is
assigned to In atoms in the regular AIS environment. We note that a similar interpretation has
been reported for ZAIS (AIS/ZnS alloyed) QDs prepared in an organic medium.*® A strong
argument in favor of our hypothesis is the fact that the fraction of the higher energy signal
arising from In antisite and Ag vacancy states is approximately the same.

The sulfur signal can be fitted with three doublets of 2ps;2 and 2p1/2 species. The 2par

peak at lower energy (161.5 eV, 59%) corresponds well to the S? signal arising from the

inorganic AIS core while that at 162.7 eV (24%) originates from the thiolate function of the
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GSH ligand.?® Finally, a peak of lower intensity at 168.2 eV (17%) indicates the presence of

oxidized species, most likely sulfonates, on the QD surface.
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Figure 2: High-resolution XPS spectra of the different elements in the AIS core (top row)

and AIS/ZnS core/shell (bottom row) QDs.

For the AIS/ZnS core/shell QDs, the presence of all 4 elements is confirmed (Fig. 2, bottom
row). The high-resolution signal of Ag is similar to the one observed for AIS with two peaks at
367.6 (15%) and 369.3 eV (85%) assigned once again to the atoms in standard coordination
and those close to defects sites, respectively. The slight shift to higher energy with respect to
the peaks of AlS is likely due to the energy loss of the electrons of core elements when passing
through the ZnS shell. The In signal deconvolution features the appearance of a third peak at
higher energy (446.1 eV, 18%) in addition to those already observed for AIS QDs at 444.6
(10%) and 445.1 eV (72%) with a very similar FWHM. To understand the origin of this
additional peak, we first referred to the literature, which shows that compounds displaying a
signal around 446.1 eV are usually In halogenides, which can be ruled out in our case.*® As
mentioned above, upon introduction of Zn?* to the AIS core, in addition to the ZnS shell

formation partial cation exchange is possible, associated with the formation of new types of

17



defects such as Znix™ (and to a lesser extent Znag*)*® leading to a two-peak Zn 2psy. fitting model
corresponding to Zn atoms at AIZS defect sites (peak at 1022.5 eV) and in classical ZnS
coordination (1021.8 eV). Consequently, this situation leads to the occurrence of the 3™ In peak
corresponding to partially oxidized In in close vicinity of Zni,~ defects. The concentration of
Ag in AIS is much lower than that of In, therefore, the QD surface is mostly In-rich leading to
a preferential In replacement by Zn?* in agreement with the observed decreased In:Ag ratio (3.0
for the core AIS QDs vs. 2.5 for core/shell AIS/ZnS. As a result, the effect of Zn introduction
on the Ag XPS signal is less pronounced. The S 2p signal for the core/shell QDs can be fitted
similarly as for the core with two doublets at 161.6 (inorganic sulfide) and 162.6 eV (GSH
ligands), while in contrast to the AIS core QDs no sign of oxidized species is detectable. The
AQg/S ratio calculated from XPS measurements is 13.5 (vs. 6.7 for AIS core QDs), highlighting
the further increased concentration of S with respect to Ag and In after Zn incorporation. This
high sulfur content cannot be fully explained by the ZnS shell formation (S/Zn ratio of 5.6) but

is attributed to a thicker organic layer as indicated by the DLS data (Fig. S4).

Influence of experimental parameters

To optimize the PL properties of the AIS QDs, we investigated the effect of temperature,
pressure, and reaction time on the PL intensity. Only one parameter was changed at a time and
the precursor ratio of Ag:In:S = 1:4:5, optimized independently, was kept constant. Noteworthy,
no clear correlation between any of the experimental parameters studied and the final In:Ag
ratio could be established: while in all experiments a feed ratio of 4:1 has been used, the
experimental values determined by ICP vary between 2.0 and 4.3 (cf. Table S2), in agreement

with the XPS results.
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Figure 3: Effect of the temperature (for 8 min reaction time and 3 bar), residence time (at
100°C, 3 bar), pressure, and nature of the sulfur precursors on the PL properties of AIS
core nanocrystals (c/d: 8 min, 100°C). The corresponding UV-vis absorption spectra are

depicted in Fig. S8.

As observed in Fig. 3a, the increase of the temperature of the reaction from 80°C to 150°C
significantly shifts the maximum wavelength towards the red (from 588 to 668 nm), while the
maximum PL intensity is obtained at 100°C. This redshift can be attributed to the size increase
of the AIS core NCs as evidenced by DLS measurements: for a reaction time of 8 min (pressure:
3 bar), the hydrodynamic diameter was in the range of 2.3-2.7 nm at 80°C, 3.5-3.6 nm at 100°C,
3.75-3.9 nm at 120°C and 9.5 nm at 150°C. At the same time, the FWHM increases with
temperature from 109 nm (391 meV) at 80°C to 158 nm (489 meV) at 150°C. The PLQY is
lower at 80°C (<30%), oscillates between 30 and 42% at temperatures in the range of 100°C —
120°C, and drops to 12% at 150°C. Finally, the TRPL data of different samples obtained at

100-120°C and residence times of 8-10 min demonstrated a very similar behavior with average
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lifetimes of around 860 ns (cf. Table S3, Supp. Inf.). It should be noted that the time economy
compared to batch syntheses is significant: while one hour is necessary for the equivalent batch
syntheses, the reaction time used in the continuous flow synthesis can be as low as 8 or 10 min
without reducing the reaction yield (around 70% for the AIS core QD synthesis) and achieving
QDs with equivalent or even better PL properties. As expected, increasing the reaction time
leads to larger particle sizes with redshifted emission (cf. Fig. 3b), which has been confirmed
by DLS measurements: at 100°C and 3 bar a hydrodynamic diameter of 3.56 +0.5 nm was
obtained after 8 min, 3.73+£0.9 nm after 10 min, and 4.13£0.8 nm after 15 min, while for longer
reaction times (30 min) no further size increase was observed. The pressure (3 or 5 bar) applied
in the tubular reactor does not seem to have an impact on the photophysical properties of the
QDs (Fig. 3c).

As a further parameter of interest, we investigated the use of (NH4)2S as the sulfur
precursor instead of NaxS. In addition to its toxicity, NazS is a highly hygroscopic compound,
which makes it difficult to know precisely its state of hydration and hence the quantity to use
in syntheses. In terms of the optical properties, no significant differences are observed for QDs
prepared with one or the other precursor (Fig. 3d). Additional tests were also carried out with
thiourea, which is known to be less reactive than the former two sulfur precursors. However,
the formation of gas during the reaction leads to an important pressure increase incompatible
with its use in the (closed) continuous flow system. Finally, the excellent reproducibility and
scalability of the syntheses have been confirmed by further control experiments (cf. Fig. S8).

For the core/shell synthesis also the influence of a number of parameters on the optical
properties has been investigated comprising the reaction temperature, the residence time, the

amount of shell precursor, the pH of the ZnS solution, and the nature of the core used.
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Figure 4: Effect of a) the amount of shell precursor added; b) the pH of the ZnS solution; c)
the nature of the AIS core on the PL properties of the obtained AIS/ZnS core/shell QDs

(corresponding UV-vis absorption spectra: cf. Fig. S9).

As visible in Fig. 4a, increasing the amount of the ZnS shell precursor solution by a factor of 2
does not affect the properties. The same applies to a change of the reaction temperature from
100°C to 120°C (not shown). The TRPL data shows an increase by around 250 ns in the average
PL lifetime compared to the core, from 863 ns to 1115 ns for both temperatures. This increase
is mainly the consequence of the extension of the longest component t3 (Table S3 & S4, Supp.
Inf.). As discussed earlier, this component is usually attributed to donor-acceptor pair
recombination processes involving core states. Therefore, its modification can be considered as
a further manifestation of the partial cation exchange / zinc diffusion into the AIS core during
the shell growth, which has already been assumed based on the XRD, XPS, and elemental
analysis data (vide supra). Concerning the pH of the ZnS solution, for values around neutral pH
(6.5 and 7.0) the maximum PL intensity is observed, while all values lead to a similar blue shift
of the emission wavelength to 570-575 nm compared to the core QDs (600-610 nm, cf. Fig.
4b). Finally, some influence on the emission properties of the AIS/ZnS core/shell QDs is
observed when changing the core AIS QDs (Fig. 4c), albeit with no direct correlation between

the core and core/shell PL intensity. As for the AIS core synthesis, the time gain compared to
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the batch synthesis is significant (15 min instead of 60), and the reproducibility of the shell
growth is excellent with the setup used.

Taking together the optical, structural and elemental analysis data of a larger number of
samples, the following observations can be made comparing the AIS core to the AIS/ZnS
core/shell structure (cf. Table 2): i) the average In:Ag ratio goes down from 3.87 to 2.69 due to
cation exchange and partial diffusion of Zn into the core (cf. Table S1); ii) considering the sizes
determined with TEM (core: 1.67 nm, shell: 2.35 nm), which are characteristic for the samples
obtained using the optimized conditions, the average composition of the core is Ago.26INS1.63
and that of the core/shell system Ago.37InZNo.67S2.35/ZN1.63S1.63 (assuming charge neutrality for
the calculation of the S contents). These values lead to a nominal composition of a single core
QD of Ag11In43S7o and of a core/shell QD of Agioln27Zn18Ses/(ZNnS)110. iii) ZnS shell growth
induces passivation of surface states and hence a reduction of the contribution of the shortest
PL lifetime component t1. At the same time, a significant portion of the added zinc ions diffuses
into the AIS core, creating additional disorder and Znin antisite defects, which is the main origin
of observed enhancement of the PLQY, the blue-shift of the emission peak, and the increase of
the slowest lifetime component t3 in the case of the core/shell QDs. We note that the reduction
of the number of In atoms in the initial AIS core (16) almost perfectly matches the number of

Zn atoms in the ZAIS core (18), in line with the mentioned Zni, antisite defect formation.

Table 2: Average values of PL lifetimes, elemental ratios, size (DLS), and composition of the

AIS core and AIS/ZnS core/shell QDs.

213 - 211 - 916 - 873 3.87 N.A. 3.80 AgIn3.9S6.35 Ag111n43S70
1.0% 25.7% 73.3% +0.5 nm

23.7 - 228 - 1178 - 1116 2.69 2.30 13.5 Ag|n2,7zn1,355,35/ Agloln272n13854/
0.7% 26.2% 73.1% 2.9 nm Zn4,454,4 (ZnS)llo
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Conclusions

We presented the aqueous synthesis of AIS and AIS/ZnS QDs using a flow chemistry approach,
which gives access to highly luminescent samples in a very reproducible manner. A number of
experimental parameters have been investigated and optimized for maximizing the PLQY,
culminating at 83% in this study. The combination of elemental and XPS analyses with steady-
state and time-resolved PL spectroscopy indicates that the comparably high PLQY of the AIS
core QDs (32% on average) can be attributed to the large density of defect states, such as
[Inag®*+ 2 Vag] defect complexes, which are involved in DAP recombination processes. Their
formation is favored by the synthetic conditions used, in particular the large In:Ag ratio (around
4:1), the low reaction temperature (100-120°C), and short reaction time, factors expected to
induce pronounced structural disorder. The addition of the shell precursors, also achieved using
the same continuous flow setup, leads in addition to the ZnS shell formation also to significant
diffusion of Zn ions into the AIS core. This process generates novel defect sites, such as Zn”
antisite defects, which are, together with the passivation of non-radiative surface recombination
centers, at the origin of the observed PL enhancement to 77% on average, i.e., by a factor of
2.4, of the AIS/ZnS core/shell QDs. The synthetic scheme is very robust, and the proposed
continuous flow process can be easily scaled up for producing large quantities of highly
luminescent, toxic heavy metal-free AIS/ZnS QDs for various applications encompassing

lighting, displays, and (bio-)detection.

Supporting Information.
Description of the flow chemistry setup, Tauc plots, size histograms, DLS data, NMR data,
XPS survey spectra, addition PL and UV-vis spectra and property summary tables for samples

obtained with different reaction parameters.
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