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a b s t r a c t

Aqueous phase synthesized ternary I–III–VI2 Quantum dots (QDs) are getting more and more attention in

biology researches, for their good biocompatibility and easy-to-adjust fluorescence properties. However,

the quantum yield (QY) of these aqueous phase synthesized QDs are often pretty low, which seriously

hindered their further applications in this field. In general, the ripening of the QDs helps to enhance their

QY, closely related to the ripening temperature. But it is still hard to precisely control the fluorescence

performance of the QDs products, due to the difficulties in precise temperature control and cumbersome

temperature adjusting operations in batch reactors. Here we proposed an integrated droplet microflu-

idic chip for the automated and successive AgInS2 QDs synthesis and ripening, with both temperatures

controlled independently, precisely but easily. Taking advantage of the space-time transformation of the

droplet microfluidic chips, the suitable temperature combination for AgInS2 QDs synthesis and ripening

was studied, and the high-performance AgInS2 QDs were obtained. In addition, the reason for the de-

crease of QY of AgInS2 QDs at higher ripening temperature was also explored.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

AgInS2 Quantum dots (QDs) are good representations of ternary

I–III–VI2 QDs, and with their easy-to-adjust fluorescence properties

and good biocompatibility, they have been widely used as biosen-

sors [1,2], in optical imaging [3–5] and in drug delivery [6]. Many

methods have been reported for AgInS2 QDs synthesis, among

which the aqueous phase synthesis is most commonly used when

the AgInS2 QDs were synthesized for biological applications [7,8].

However, the quantum yield of the single-nucleus AgInS2 QDs syn-

thesized by this way is usually unsatisfying [9], making it difficult

to meet the practical application requirements.

Though the quantum yield can be improved after the ripen-

ing of the QDs, compared with the synthesis process, the ripen-

ing process often requires a different reaction temperature, making

the whole procedure labor-intensive when conducted in the tradi-

tional way [10]. Furthermore, like what the synthesis temperature

does, the ripening temperature also affects the properties of the

nanoparticles, and the synthesis efficiency could be critically re-

duced if the ripening temperature is not appropriately regulated

[11]. Because that the change and regulation of the reaction condi-
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tion is not easy in traditional batch reactors, there are still difficul-

ties in both the study of how ripening temperature affects QDs’ flu-

orescence properties and the precise control of QDs’ performance.

Therefore, a simple but flexible method to precisely regulate the

reaction condition is in desperate need.

In recent years, droplet microreactors have shown outstand-

ing advantages in the synthesis of many nanomaterials, including

semiconductors [12] and amorphous nanomaterials [13,14]. This is

because the efficient regulation and precise control of the synthesis

conditions, which are based on the fast mass/heat transfer within

these droplet microreactors [15,16]. Besides, benefit from the high-

integration of microfluidic chips, droplet microreactors have been

no longer confined to the only synthesis of nanomaterials, but

become versatile when different functional units were integrated.

When different reaction regions and on-line detecting units were

integrated into a microfluidic chip, researchers can regulate the

synthesis process and monitor the performance of the QDs in situ,

so that the fluorescence properties can be adjusted on-line. Then,

the research of QDs’ performance regulation can be conducted and

high-performance quantum QDs are obtained [17–19]. Baek et al.,

for example, proposed a microfluidic platform integrated with mix-

ing, aging and sequential growth regimes to study the decisive ex-

perimental parameters in InP nanocrystal synthesis [20]. Without
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Fig. 1. Schematic diagram of the “synthesis-ripening” droplet microfluidic chip.

any intermediate purifications, Yashina et al. successfully synthe-

sized core-shell CuInS2/ZnS QDs, with fluorescence spectrum rang-

ing from 580 nm to 760 nm and high quantum yield, in two-stage

droplet microreactors [21].

In this work, in order to study the effect of ripening temper-

ature on QDs’ performance, and to get high-performance water-

soluble AgInS2 QDs [22], an integrated droplet microfluidic chip

was designed. Based on the unique space-time transformation

characteristics of droplet microfluidic chips, two different regions

to conduct QDs’ synthesis and ripening were sequentially inte-

grated into a droplet microfluidic chip, as shown in Fig. 1, with

their temperature controlled independently by two temperature

controllers. The overall height of the microchannel is 60 μm, and

the widths of the main channel and the flow focusing neck are

100 μm and 50 μm, respectively. The number of channels in the

synthesis region is 20, which is the same as that in the ripening

region. As described before [22], the whole microfluidic chip was

fabricated via soft lithography, and a portable fiber optic spectrom-

eter (QE65000, Ocean Optics, USA) connected with an inverted

fluorescence microscope (TE2000-U, Nikon, Japan) was employed

again as the on-line fluorescence detector.

Apart from using fluorinated oil as the continuous phase, the

composition of the reaction precursors in the dispersed phases

(aqueous phase) were also the same with those in our previ-

ous work [22]. They are a solution containing 5 mmol/L Na2S

precursor and a mixture solution of Ag/In precursors and 3-

mercaptopropionic acid (MPA, as QDs surface ligand). Besides, the

injection rates of the fluorinated oil (40 μL/h) and the two precur-

sor solutions (10 μL/h for each) also remained the same. After the

mixing of the two precursor solutions, the original continuous wa-

ter phase was divided into water-in-oil (W/O) droplets by the oil

phase at the flow focusing port upstream of the chip, and then

flow through the synthesis region, where the reaction begun to

synthesize AgInS2 QDs. After that, these droplets continued flowing

to the next region, and the ripening was conducted. In this process,

we altered the temperatures in both synthesis and ripening regions

at 30, 50 and 70 °C respectively to study the effect of reaction tem-

perature on the fluorescence properties of AgInS2 QDs, with the

help of the on-line fluorescence detector. All the synthesis-ripening

temperature combinations are listed in Table S1 (Supporting infor-

mation).

The stability of the microdroplets was observed to evaluate

whether they are suitable for the continuous QDs’ synthesis and

ripening. As shown in Fig. S1a (Supporting information), droplets

are formed steadily at the flow focusing point, and they remained

stable as they flowed through the entire synthesis region (data not

shown). Because that different temperatures are required in the

synthesis and the ripening of AgInS2 QDs, it is necessary to investi-

gate the droplet stability when they flow through the synthesis re-

gion to the ripening region, where there would be a drastic change

of their ambient temperature. Figs. S1b–d (Supporting informa-

tion), show the stability of droplets when they entered the ripen-

Fig. 2. (a–c) Fluorescence spectra of AgInS2 QDs synthesized at (a) 30 °C, (b) 50 °C
and (c) 70 °C before (black line) and after ripening at different temperatures (red

line: 30 °C, blue line: 50 °C, and green line: 70 °C). (d-f) Fluorescence spectra of

AgInS2 QDs before and after ripened at (d) 30 °C, (e) 50 °C and (f) 70 °C. (The
spectra of QDs without ripening are shown in dotted lines, spectra of QDs after the

ripening at corresponding temperatures are shown in solid lines.).

ing region at different temperatures after they pass through the

synthesis region at 50 °C. When the temperature of the ripening

region varies from 30 °C to 70 °C, the droplets maintained stable

and would not fuse with each other. The stability of the droplets

flowing from a synthesis region at 30 °C to the ripening region at

70 °C was also evaluated and these droplets still remained good

stability (data not shown) under this extreme temperature condi-

tion. It demonstrated that these droplet microreactors were suit-

able for the on-line continuous synthesis and ripening of AgInS2
QDs.

The fluorescence signals of the QDs before and after ripen-

ing were collected online at the exits of the synthesis region and

ripening region by a portable optical fiber spectrometer (QE65000,

Ocean Optics, USA). QDs products before and after ripening were

collected into a centrifugal tube through a bended glass capillary,

also at the corresponding exits. All the products were prepared

from same reactants at the same initial concentrations, and all the

signals were collected under this same condition. These products

were centrifuged at 10,000 rpm for 3 min, so that the products

could be separated from the oil phase. After that, the products in

the lower water phase were precipitated with ethanol, and cen-

trifuged again at 6000 rpm for 3 min. The pure AgInS2 QDs could

be obtained by repeating the process above for 2 to 3 times for

subsequent XRD, TEM and HRTEM characterization.

Fluorescence properties of AgInS2 QDs synthesized at a same

temperature but ripened at different temperatures were compared

to evaluate the effect of ripening temperature on QDs’ fluorescence

properties. For the QDs synthesized at 30 °C (Fig. 2a), the fluores-

cence intensity (FI) increased from 12 a.u. to 22, 38 and 49 a.u.

after the ripening at 30, 50 and 70 °C, respectively. The higher the

ripening temperature was, the more the FI value increased. Be-

sides, the fluorescence peak position red-shifted from 586 nm to

587 nm, 605 nm and about 720 nm after the ripening at 30 °C,
50 °C and 70 °C, respectively. This red-shift is because that at
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30 °C, the reaction system could not provide enough energy for all

precursors to complete the synthesis, so synthetic reaction went

on at higher temperatures in the ripening region [22].

The maximum emission wavelength of the AgInS2 QDs syn-

thesized at 50 °C is about 606 nm, with an intensity of 161 a.u.

(Fig. 2b). After the ripening at 30 °C, there came a significant FI

increase to 290 a.u., without obvious peak shift. With the ripen-

ing temperature increased to 50 °C, the FI increased to 348 a.u.,

and the peak position red-shifted slightly to 627 nm. However, the

FI decreased to 101 a.u., with the emission wavelength red-shifted

to about 720 nm after the ripening at 70 °C. When synthesized

at 70 °C, the position of the QDs’ fluorescence peak maintained

around 720 nm and would not be affected by the ripening temper-

ature (Fig. 2c). The FI increased from 238 a.u. to 369 a.u. and 446

a.u., when the ripening temperature was 30 °C and 50 °C, respec-
tively. But it decreased to 137 a.u. when the ripening temperature

was 70 °C.
These results demonstrated that different ripening tempera-

tures led to the change of the fluorescence performance, including

emission peak position and the FI, of the final AgInS2 QDs prod-

ucts. Therefore, to further figure out how the ripening temperature

affect these fluorescence performance of the final products, emis-

sion peak position and the FI of the AgInS2 QDs synthesized at dif-

ferent temperatures but ripened at a same temperature were also

compared.

As shown in Fig. 2d, after ripened at 30 °C, the FI of QDs syn-

thesized at all the set temperatures increased. And only QDs syn-

thesized at 30 °C got a slightly red-shifted peak position because

of the incomplete reaction in the synthesis region [22]. While the

peak positions of QDs synthesized at 50 °C and 70 °C remained

untouched. When the ripenings were conducted at 50 °C (Fig. 2e),

the FI of all the QDs increased too, with the peak positions of QDs

synthesized at 30 °C and 50 °C red-shifted. Only the peak positions

of QDs synthesized at 70 °C did not change. When the ripening

temperature reached to 70 °C (Fig. 2f), the fluorescence peaks of

both the QDs synthesized at 30 °C and 50 °C red-shifted to about

720 nm after the ripening. But the fluorescence intensities of all

the QDs, except those synthesized at 30 °C, decreased.
All these results showed that when the ripening temperature of

AgInS2 QDs was below the synthesis temperature, the fluorescence

peak position of the QDs products remained unchanged. When

AgInS2 QDs were ripened at the same temperature as that of syn-

thesis process, the fluorescence peak red-shifted slightly. When the

ripening temperature was higher than the synthesis temperature,

the fluorescence peak position red-shifted to the same position as

the QDs synthesized at the higher temperature. That is, the emis-

sion peak position of the AgInS2 QDs products were only deter-

mined by the higher temperature in the synthesis and ripening

process. This is because that the free energy barrier of QDs is de-

termined by the system temperature. And the higher temperature

in the synthesis and ripening processes would determine the free

energy barrier of the final QDs products, together with the size and

the fluorescence peak position of QDs products [11].

However, though the emission peak position remained the

same, the FIs of the QDs products prepared at the same synthesis-

ripening temperature values but different temperature combina-

tion orders showed significant differences. We compared the flu-

orescence performance of two groups of AgInS2 QDs as blow, to

evaluate the exact role of temperature in synthesis and ripen-

ing process respectively. As shown in Fig. 3a, the fluorescence

peak position of AgInS2 QDs synthesized at 30 °C and ripened at

50 °C (AgInS2–30–50) (605 nm), was nearly the same with that

of QDs synthesized at 50 °C and ripened at 30 °C (AgInS2–50–30)

(606 nm), but the FI of AgInS2–50–30 (290 a.u.) was higher than

that of AgInS2–30–50 (38 a.u.). And it was not a unique instance,

but had its counterpart. As Fig. 3b shows, the fluorescence peak

Fig. 3. Two groups of spectrum comparison of AgInS2 QDs with opposite synthesis

and ripening temperatures. (a) Spectrums of AgInS2–30–50 and AgInS2–50–30. (b)

Spectrums of AgInS2–50–70 and AgInS2–70–50.

Fig. 4. TEM images, high-resolution TEM images and corresponding size distribu-

tion histograms of AgInS2 QDs ripened at different temperatures. (a–c) 30 °C, (d–f)
50 °C, (g–i) 70 °C.

position of QDs synthesized at 50 °C and ripened at 70 °C (AgInS2–

50–70) (720 nm) was also the same with that of QDs synthesized

at 70 °C and ripened at 50 °C (AgInS2–70–50) (720 nm), and the

FI of AgInS2–70–50 (446 a.u.) was also much higher than that of

AgInS2–50–70 (101 a.u.). This phenomenon showed that, in the flu-

orescence performance regulation, not only the temperature values

but also the combination order of the synthesis and ripening tem-

perature matters.

The surface free energy barrier of QDs is formed by the compe-

tition between surface free energy and volume free energy, which

is affected by system temperature and would determine the par-

ticle size of QDs products [11]. When the ripening temperature

was lower than synthesis temperature, the energy provided by

the ripening system was better for the growth of QDs, and there

would be no obvious QDs aggregation, so the FI increased. When

the ripening temperature was higher, Ostwald ripening would pre-

vail in a short time, which led to a continuous aggregation of QDs

particles, resulting in a broad size distribution range of QDs prod-

ucts, so the FI decreased [11,23]. Therefore, a suitable combina-

tion of synthesis-ripening temperature is in need to obtain high-

performance water-soluble AgInS2 QDs with a specific emission

peak. Our present work showed that it was better to adjust the

peak position through regulating the synthesis temperature. And

the following ripening at a lower temperature than that of the syn-

thesis process was conducive to the improvement of QDs’ FI.

In order to figure out why the lower ripening temperatures

helped to increase the FI of the QDs products, but the higher

ripening temperature (70 °C) decreased QDs’ FIs, AgInS2 QDs syn-

thesized at 50 °C before and after the ripening at 30, 50 and

70 °C were collected and observed by Field Emission Transmis-

sion Electron Microscopy (TEM, JEM2010, JEOL, Japan). As shown

in Fig. 4, after ripening, the average particle size of AgInS2 QDs in-

creased from 4.0 ± 0.6 nm (Fig. S2 in Supporting information) to
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Fig. 5. XRD spectra of AgInS2 QDs synthesized at 50 °C (a) without ripening, and ripened at (b) 30 °C, (c) 50 °C and (d) 70 °C.

4.1 ± 0.6 nm (30 °C, Figs. 4a–c), 4.5 ± 0.7 nm (50 °C, Figs. 4d–f)
and 5.0 ± 1.5 nm (70 °C, Figs. 4g–i), with the size homogeneities

decreased. The increased particle sizes of QDs ripened at 50 °C and

70 °C rightly corresponded to the red-shifted fluorescence peak po-

sitions of the QDs products. And according with the Ostwald ripen-

ing model [24], the decreased size homogeneities were due to the

constant dissolving of the QDs with smaller size, and the constant

growing of the QDs with larger size during the ripening process,

which minimized the free energy of the whole system. In addition,

it was shown that AgInS2 QDs ripened at 70 °C had the poorest

crystallinity (Fig. 4h).

Then, we measured the XRD spectrum of the QDs products syn-

thesized at 50 °C before and after ripened at all set temperatures,

to further explore how the ripening temperature affected the crys-

tallinity of the QDs products. The results were shown in Fig. 5.

Corresponding to standard cards (JCPDS No. 25-1328), lower ripen-

ing temperatures (30 and 50 °C) made the characteristic diffrac-

tion peaks (2θ at 43.7°, 44.5° and 48.1°) of QDs sharper than that

of QDs without ripening, indicating that the crystallinity of QDs

was improved, which might correspond to the increased FI at these

ripening temperatures [25]. However, the intensities of the char-

acteristic diffraction peaks of (040)/(320) and (123) phases, corre-

sponding to QDs’ 2θ at 44.5° and 48.1°, decreased obviously when

QDs were ripened at 70 °C. It indicated that the original crystalline

state of QDs might be destroyed in this ripening process, and the

crystallinity of QDs became worse, which corresponds with the

TEM results. This might be due to the too fast growing of the QDs

at such a high ripening temperature, leading to a high lattice mis-

match ratio and poor crystallinity, so that the fluorescence inten-

sity of the QDs products decreased [26].

Finally, the QYs of the AgInS2 QDs products synthesized at 50

and 70 °C before and after being ripened at 50 °C and 70 °C were

also compared. The QY increased from 3.9% (synthesized at 50 °C)
and 8.8% (synthesized at 70 °C) to 9.6% and 10.3% respectively

through on-line ripening at 50 °C, while decreased to 3.1% and 3.4%

respectively when the ripening temperature reached to 70 °C. And
this result corresponds well with our deduction about the ripen-

ing process at 70 °C above. Altogether, the characterization analy-

sis above shows that high-temperature ripening process (ripening

at 70 °C) changed the original crystal structure of the QDs prod-

ucts, causing the increase of QDs’ defects and the decrease of QDs’

QY, which consequently decreased the QDs’ FI.

In conclusion, we designed an integrated microfluidic chip to

screen the most suitable temperature combination in the synthe-

sis and ripening process of water-soluble AgInS2 QDs preparation,

to get high-quality QDs products. Taking advantage of the high

stability of the droplet microreactors, and the unique space-time-

transformation characteristics of the droplet microfluidic chip, suc-

cessive synthesis-ripening of AgInS2 QDs was conducted in an au-

tomated way, with the temperatures regulated independently. It

was found that the synthesis and the ripening temperatures af-

fect the fluorescence performance of AgInS2 QDs in a synergis-

tic way. With the synthesis temperature adjusted from 30 °C to

70 °C, the emission peak position of the AgInS2 QDs products red-

shifted from 589 nm to 720 nm. However, though the ripening

temperature plays a role in the emission peak regulation as impor-

tant as the synthesis temperature, it is better to set it lower than

the synthesis temperature to effectively enhance the FI of the QDs

products. Guided by this law, we successfully enhanced the QY of

AgInS2 QDs synthesized at 70 °C, from 8.8% [22] to 10.3%, after the

ripening at 50 °C.
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