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Abstract. Ternary I-III-VI chalcopyrite-type nanocrystals (NCs) range among the most 

important alternative materials to Cd-based NCs. Within this materials family, AgInSe2 (AISe) 

presents a narrower bandgap than widely studied AgInS2 (AIS), making it more suitable for 

numerous applications. At present, it remains a long-standing challenge to directly synthesize 

high-quality AISe core and AISe/ZnS core/shell NCs in aqueous solution at atmospheric 

pressure. In this work, we describe their synthesis using glutathione and citric acid as dual 

stabilizers. First, to form AISe core NCs, the Se precursor is injected into a solution containing 

the Ag and In complexes at 96 C for 20 min. In the second step, the AISe/ZnS core/shell 

structure is created by growing the ZnS shell on the AISe NCs surface at 90 °C for 60 min. The 

synthesized AISe and AISe/ZnS core/shell NCs are characterized using X-ray diffraction, 

transmission electron microscopy, and UV-Vis absorption and photoluminescence for optical 

spectroscopies. After the growth of the ZnS shell, AISe/ZnS core/shell NCs exhibit higher 

photostability and emit intense luminescence at a wavelength of 680 nm with an impressive 

quantum yield (QY) of 30 %, which represents a threefold higher than the AISe core NCs. These 

properties make the aqueous soluble AISe/ZnS core/shell NCs favorable candidates for lighting, 

displays, and biological imaging applications. 

Keywords: AgInSe2, AgInSe2/ZnS core/shell nanocrystals, water-soluble, photoluminescence, air-stable 

Classification numbers: 2.1.1, 2.4.1, 2.10 

1. INTRODUCTION 

Ternary I–III–VI semiconductor nanocrystals (e.g. CuInS2, AgInS2, CuInSe2, AgInSe2) 
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have attracted much attention in recent years due to their unique optical properties, low toxicity, 

and potential applications in biological and optoelectronic fields [1 - 5]. Their 

photoluminescence (PL) spectra can be tunable from visible to near-infrared by changing the 

chemical composition, size, and reaction conditions (such as reaction temperature, reaction time, 

pH,…). Conventionally, the broad PL and the large Stokes shift of the ternary I-III-VI 

nanocrystals (NCs) are mainly related to the donor-acceptor-pair recombination or surface states 

[6]. Among the I-III-VI ternary NCs, there are numerous reports concerning metal sulfides, in 

particular on CuInS2 and AgInS2 NCs while the number of reports about ternary selenide NCs is 

more limited [4, 7 - 12]. This is related, on the one hand, to the smaller variety and commercial 

availability of suitable Se precursors and the higher oxidation sensitivity of selenide NCs. On the 

other hand, ternary sulfide NCs exhibited up till now superior optical properties to their selenide 

counterparts. Among the ternary selenide compounds, AgInSe2 (AISe) has a direct band gap 

energy of 1.24 eV [13] giving access to a broad spectral range encompassing the visible and 

near-infrared covered by AISe NCs, which are therefore highly appealing for optoelectronic 

devices and bio-related applications. AISe NCs have been synthesized both in the organic phase 

and in water depending on their application fields. Most of the AISe syntheses have been 

reported in organic solvents implying the use of trioctylphosphine (TOP) and tributylphosphine 

(TBP) and require an inert atmosphere and high temperature. For example, Wood et al. [14] 

reported the fabrication of AISe QDs in TOP at 260 °C showing a broad emission of 600-1100 

nm with full-width-half-maximum values (FWHM) from 180 to 260 nm and the PLQY ∼21 %. 

After shelling with the ZnSe layer using a mixed solution of TOPSe and diethylzinc, the PLQY 

of AISe/ZnSe QDs enhanced to 53 % and 73 % for a thin and thick ZnSe shell, respectively. 

More recently, we synthesized AISe core and AISe/ZnS core/shell NCs in more common 

chemicals (dodecanethiol, oleylamine and 1-octadecene) at lower temperatures (<180 C). By 

changing the reaction temperature from 100 °C to 180 °C, the AISe core NCs size could be 

adjusted from ~3.4 nm to 6.1 nm leading to tunable PL emission in a range of 647 - 807 nm, 

respectively. After overcoating with a thin ZnS layer, the PLQY of the obtained AISe/ZnS 

core/shell NCs increased up to 40 % along with high stability for extended storage for up to 12 

months [15].  

To overcome the intrinsic disadvantages of the preparation of AISe NCs in organic solvents 

(cost, environmental concerns), the aqueous synthesis of AISe NCs has received more attention 

in recent years. The aqueous synthesis approach is known as a cheaper, simpler, and much 

greener method in nature as it avoids the use of large quantities of organic solvents. However, 

aqueous synthesis of AISe QDs also has encountered challenges: due to difficulties in 

controlling the reaction rate, the obtained NCs have low PLQY and unstable optical properties. 

This is also the driving force that promoted recent research on the formation of high-quality 

water-soluble AISe NCs. For instance, Pan et al. reported the synthesis of water-soluble 

AISe/ZnS core/shell NCs using an electric pressure cooker [16]. The AISe/ZnS core/shell NCs 

exhibited PL emission in the range from 582 nm to 650 nm by changing composition with a 

maximum PLQY of 20 %. Zahn et al. synthesized AISe NCs capped by glutathione with PL 

emission tunable in the 650 - 750 nm region depending on the Ag:In ratios. Under optimized 

conditions, the PL QY reached 4 % for AISe core NCs and 12 % for AISe/ZnS core/shell NCs 

[17].  

In this study, we propose a novel approach for the synthesis of AISe core and highly 

luminescent AISe/ZnS core/shell NCs in a 2-step procedure. First, the AISe core NCs were 

produced using both glutathione and citric acid as dual stabilizers at 96 °C for 20 min at different 

pH values of the reaction solution. The simultaneous presence of GSH and citric acid improved 
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significantly the PL properties of the AISe core NCs. After that, a ZnS layer was formed on the 

surface of the AISe NCs at 90 C for 60 min to create an AISe/ZnS core/shell structure. During 

this step, the PLQY of the NCs increased by a factor of three and the obtained AISe/ZnS 

core/shell NCs exhibited long-term (more than 6 months) stability of their optical properties. 

2. EXPERIMENTAL 

2.1. Materials  

Silver nitrate (AgNO3, 99 %), indium chloride (InCl3, 99.999 %), zinc acetate (Zn(ac)2,            

99 %), selenium powder (99.99 %), L-glutathione reduced (GSH, ≥ 98 %), ammonium 

hydroxide (NH4OH, 28.0 - 30.0 %), citric acid (anhydrous, 99.5 %) were purchased from Sigma-

Aldrich. Ethanol (99.5 %) and acetone (99 %) were purchased from Fisher. We used the 

chemicals as received without further purification.  

2.2. Synthesis of AISe and AISe/ZnS core/shell NCs 

AISe NCs were synthesized in an aqueous solution. Typical, 2.4 ml of 0.5 M GSH, 0.8 ml 

of 1 M InCl3, and 5 ml of water were mixed in a three-necked flask. 5.0 M NH4OH solution was 

added slowly to the mixture of In precursor until a white precipitate appeared, then the white 

precipitate gradually dissolved after vigorous mixing, forming a clear solution of the In complex. 

Next, 2 ml of 0.1M AgNO3 was injected into the reaction mixture. All reactions were carried out 

in oxygen-free water degassed by nitrogen, and then 1.0 ml of fresh NaHSe solution (0.5 M) was 

added, which was prepared from selenium powder through a reduction reaction in NaBH4 

solution. Then, some drops of a 2.0 M aqueous solution of citric acid were added to adjust the 

pH in a range from 6 to 9. The reaction mixture was heated to 96 C and kept at this temperature 

for 20 min under stirring to form AISe NCs. Next, the stock solution of Zn and S precursors 

were added gradually into the flask containing AISe core NCs at 90 °C under N2 to grow the 

ZnS shell. This reaction solution was kept at 90 °C for 60 min and then cooled down to room 

temperature. The obtained AISe/ZnS NCs were collected by adding acetone into the NCs 

colloidal solution and then centrifuging. Finally, the precipitated NCs were re-dispersed in water 

for the characterization. 

The stock solution for shelling the ZnS layer was prepared by mixing the mixture of 2.4 ml 

of 0.5M GSH, 0.8 ml of Zn(ac)2.2H2O 1 M, and 0.8 ml of thiourea 1 M and adjusting pH to 7. 

2.3. Characterization 

Structural and morphology characterizations of AISe and AISe/ZnS NCs were analyzed by 

using X-ray diffraction (XRD, D8-ADVANCE, Bruker, Germany), X-ray photoelectron 

spectroscopy (XPS, VG ESCALAB 200i, Thermo Fisher Scientific), and transmission electron 

microscopy (TEM, Tecnai F20 Microscope). Photoluminescence (PL, Horiba iHR550) and UV-

Vis-NIR absorption (Carry 350) spectroscopies were used to estimate the optical characteristics. 

A 355 nm laser was utilized as the excitation source for the PL measurement, and a 

thermoelectrically cooled Si-CCD camera (Synapse) was used to detect the PL signals. The PL 

QY values were calculated as  indicated in our previous report [15].  
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3. RESULTS AND DISCUSSION 

Our study aims to synthesize high-quality NCs emitting stable and strong luminescence in 

the red region (650 - 750 nm), which is an important spectral range for the production of lighting 

devices for plants, and bio-related applications [11, 18]. To tune the emission wavelength, we 

varied the Ag:In ratio from 1:1 to 1:10. The effect of Ag:In ratios on the emission wavelength 

and intensity has been reported earlier [8, 17, 19]. Hereafter, we focus on the characterization of 

the AISe NCs synthesized with the Ag:In molar ratio of 1:4, which showed the strongest PL in 

the targetted spectral range, and investigate the influence of pH on the PL properties.  

In this work, the metal precursors for the preparation of the AISe NCs are AgNO3 and 

InCl3. The reactivities of the Ag
+
 and In

3+
 cations with the Se precursor are different, leading to 

difficulties in controlling the formation of AISe NCs with the desired crystal structure and 

composition [1]. In this context, the presence of both GSH and citric acid played a crucial role in 

the reaction. Based on the hard and soft acids and bases (HSAB) principle [20], In
3+

 is a hard 

acid and citrate and OH

 are hard bases. In this case, the basicity of citrate is stronger than OH


, 

resulting in the formation of indium-citrate complexes. Ag
+ 

is a soft acid and the thiol function in 

GSH is a soft base, so Ag
+
 preferentially reacts with GSH to obtain Ag-GSH complexes. The 

formation of these In-citrate and Ag-GSH complexes enables balancing the reactivity of the 

metal cations with the Se anion [1], similar to the case of AIS NCs [21].  

  

Figure 1. (a) Absorption and (b) PL spectra of AISe core NCs as a pH function. 

Figure 1 shows the absorption and PL spectra of the synthesized AISe NCs at different pH 

values in the range of 6 to 9. As usual for ternary NCs, no well-defined excitonic absorption 

peaks are visible (Figure 1a). With increasing pH, the onset of the absorption bands remained 

unaffected while a decrease of absorption was observed in the 400 - 600 nm region. Only the pH 

7 sample shows a distinct absorption shoulder in the 500 - 550 nm range. The PL peaks of AISe 

core NCs (Figure 1b) shift slightly from 715 nm to 705 nm with the increase of reaction pH from 

6 to 9, respectively. The PL intensity of AISe core NCs at pH 7 is the strongest. When the pH 

value was lower than 7, GSH might be oxidized or hydrolyzed, leading to difficulty in forming 

the Ag-GSH complex. For pH values higher than 7, the OH
 

concentration was increased in the 

reaction solution, which directly affected the stability and reactivity of the Ag-GSH and In-

citrate complexes. Furthermore, surface bonding between the synthesized AISe NCs and the 

stabilizer as GSH, citrate was obstructed, resulting in producing a large number of surface 
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defects, thus enhancing non-radiative recombination effects and reducing the fluorescence 

intensity of AISe NCs [22]. At pH 7, the metal complexes performed well in balancing the 

reactivity of the metal cations while maintaining strong bonding between the AISe inorganic 

core and the GSH ligands, effectively passivating the surface defects of AISe NCs to improve 

their emission [23]. Therefore, the synthesized AISe NCs showed the best PL properties at pH 7.  

 

Figure 2. XRD patterns of AISe core and AISe/ZnS core/shell NCs synthesized at pH 7. 

After finding the optimal pH value to synthesize AISe NCs, we proceeded to their 

overcoating with a ZnS shell to further enhance their PLQY. Figure 2 shows the XRD patterns 

of AISe and AISe/ZnS NCs synthesized at pH 7. The XRD pattern of AISe exhibits three main 

diffraction peaks at 2θ of 26.30°, 44° and 52° corresponding to the (111), (220) and (311) planes 

of the cubic AgInSe2 structure (JCPDS 03–065–7084). After ZnS coating, these three diffraction 

peaks were slightly shifted to higher angles, which are closer to the typical XRD peaks of the 

cubic ZnS structure (JCPDS 00–066–0173). This shift has been widely observed in AISe/ZnS 

core/shell structures, indicating the successful growth of ZnS on the surface of AISe core NCs 

and the  XRD results are in agreement with the published literature for AISe/ZnS core/shell NCs 

[24, 25]. 

 

Figure 3. HRTEM images of (a) AISe core and (b) AISe/ZnS core/shell NCs synthesized at pH 7. 
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Figure 3 presents HRTEM images of the synthesized AISe and AISe/ZnS core/shell NCs 

at pH 7. It can be seen that the AISe core and AISe/ZnS core/shell NCs are spherical particles 

with an average diameter of 2.8 nm and 3.6 nm, respectively. The observed mean size increase 

of 0.8 nm corresponds to a ZnS shell thickness of around 1.3 monolayers. Both the synthesized 

core and core/shell NCs samples show good crystallinity and clear lattice fringes with the 

observed lattice spacing of ~0.33 nm, which matches the (111) plane of the cubic AISe NCs 

structure [26]. This fringe spacing is almost unchanged after shelling with the ZnS layer due to 

the ZnS lattice spacing of 0.31 nm being close to that of AISe. 

 

Figure 4. High-resolution XPS spectra of (a) Ag 3d, (b) In 3d, (c) Se 2p and (d) S 2p and Zn 2p core 

level of AISe core and AISe/ZnS core/shell NCs synthesized at pH 7. 

The elemental states and chemical compositions of the synthesized NCs were investigated 

by XPS. Figure 4 presents the XPS spectra of the AISe NCs before and after ZnS shell growth. It 

can be seen clearly that the peaks of Ag, In and Se elements are shifted to higher binding 

energies after coating the AISe core with the ZnS shell (Figures 4(a - c)). Particularly, the double 

peaks of 3d5/2 and 3d3/2 at around 367.1 and 373.1 eV, 444.1 and 451.6 eV, 53.3 and 54.2 eV, 

respectively, which correspond to the existence of Ag
+
, In

3+
 and Se

2-
 are in agreement with 

previous literature [15, 26 - 28]. After shelling with the ZnS layer, these peaks shift to higher 

energy by 0.2 eV for Ag and In, and by 0.5 eV for Se. This shift could be attributed to Zn
2+

 ions 

replacing Ag
+
 and In

3+
 ions or the formation of the ZnS shell leading to a change in the 

electronic environment in the AISe NCs. Given the observed blue-shift of the PL peak upon 

shell growth (vide infra), the former hypothesis is most likely, consistent with reports on 

AIS/ZnS NCs [19]. These results are consistent with the shift in the XPS spectra of Cu, In, Se 
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and S elements reported for CISeS/ZnS and ZnCISeS/ZnS NCs [28]. Besides, the Zn and S 

signals were detected and shown in Figure 4d. The binding energy peaks of Zn 2p3/2 and Zn 2p1/2 

at 1021.3 eV and 1044.4 eV are attributed to the presence of Zn
2+  

species in the sample
 
[15]. The 

peaks located at around 162.8 eV and 164.0 eV originate from S 2p3/2 and S 2p1/2 of S
2

 species 

in the Zn-S bond [15, 29]. These XPS results confirm the existence of the ZnS layer on the 

surface of the AISe NCs to form the AISe/ZnS core/shell structure.  

The absorption and PL spectra of the AISe core and AISe/ZnS core/shell NCs prepared at 

pH 7 are shown in Figure 5. The absorption of AISe/ZnS NCs (Figure 5a) is very similar to the 

AISe core NCs. However, the PL spectrum of the AISe/ZnS core/shell NCs (Figure 5b) exhibits 

a distinct blue shift from 715 to 680 nm compared to the core, with an emission line width                                  

of ~130 nm.  

  

Figure 5. (a) Absorption and (b) PL spectra of AISe core and AISe/ZnS NCs synthesized at pH 7. 

The blue shift indicates the formation of Ag-In-Zn-Se alloyed NCs during the growth of the 

ZnS shell by cation exchange between Ag
+
 or In

3+
 and Zn

2+
 ions. Most importantly, the PLQY 

increased remarkably up to 30 % after coating the ZnS shell on the AISe surface, which was a 

more than threefold enhancement compared to the AISe core NCs. This increase can be 

attributed to the ZnS shell passivating dangling bonds and other defects on the surface of the 

AISe core NCs [7, 15, 16], which may be further enhanced by the formation of the alloyed core. 

Moreover, the stability of the optical properties of NCs was significantly improved after the 

growth of the ZnS shell as shown in Table 1.  

Table 1. PL QY of AISe core and AISe/ZnS core/shell NCs with storage time under ambient air. 

Samples AISe NCs AISe/ZnS NCs 

QY (%) as-prepared 10 30 

QY (%) after 1 month 1 27 

QY (%) after 3 months 0 25 

QY (%) after 6 months 0 22 

Concretely, the PLQY of the bare AISe NCs was quenched rapidly after 1 month, with 

almost no fluorescence remaining, while the QY of the AISe/ZnS core/shell NCs was only 
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reduced by around 26 % compared to the initial value after 6 months’ storage under ambient air 

conditions. Thus, the ZnS shell plays an important role in passivating effectively the surface to 

enhance both the PLQY and the stability of the emission properties.   

These results were compared to those reported in the literature as shown in Table 2. 

Overall, with the hot-injection method in organic solvents, the PLQY of the obtained NCs is 

higher than that of the water-soluble NCs [14, 15, 30]. However, the organic syntheses require 

higher temperatures and more expensive chemicals and solvents, which in addition present risks 

for human health and the environment. In comparison with the reported AISe and AISe/ZnS(Se) 

NCs syntheses in water, our method is simpler and yields a higher PLQY. While most methods 

apply hydrothermal conditions using temperatures > 100 °C and elevated pressure [8, 16, 31], 

here temperatures below 100 °C were applied at ambient pressure. The key aspect of the present 

procedure for synthesizing AISe and AISe/ZnS NCs of high quality is the use of GSH and citric 

acid as dual stabilizers during the precursor preparation. 

Table 2. Comparison of the optical properties of the AISe core and AISe/ZnS core/shell NCs                

synthesized in this work with other reports. 

Sample Synthesis conditions PL (nm) 
FWHM 

(nm) 

Max. QY (%) at 

PL peak (nm) 
Ref. 

AgInSe2 NCs 

AgInSe2/ZnS NCs 

Aqueous solution at 96 °C for 

core and 90 °C for core/shell  

Core: 715 

Core/shell: 680 

130 Core: 10 % 

Core/shell: 30 % 

This 

work 

Ag–In–Se QDs 

Ag-In-Se/ZnS QDs 

Aqueous solution at 98 °C  Core: 700 

Core/shell: 650 

120 Core: 4 %       

Core/shell: 12 %  

[17] 

AgInSe2 QDs 

AgInSe2/ZnS QDs 

Hydrothermal at 120 °C (180 

kPa) for core and 80 °C for 

core/shell 

Core/shell: 

orange- and red-

emitting PL 

100 Core/shell:  

10.1 - 20.5 %  

[16] 

AgInSe2 QDs 

AgInSe2/ZnSe QDs 

Hydrothermal at 240 °C for 

core and 200 °C for 

core/shell 

Core: 701 

Core/shell: 675 

 

150 Core: 0.62 %  

Core/shell: 5.6 %  

 

[8] 

AgInSe2 QDs 

AgInSe2/ZnS QDs 

Hydrothermal at 120 °C for 

core and 80 °C for core/shell 

Core/shell: 705 

 

170 Core/shell: 10.16 

%   

[27] 

AgInSe2 NCs 

AgInSe2/ZnS NCs 

Hot injection at 100 - 180 °C 

for core and 150 °C for 

core/shell 

Core: 647 - 807 

Core/shell: 

610 - 762 

Core:    

159 - 200 

Core/shell: 

119 - 180 

Core: 9 % (713) 

Core/shell: 40 % 

(671) 

[15] 

Ag3In5Se9 NCs  

Ag3In5Se9/ZnSe 

NCs  

Hot injection at 260 °C 640 - 1150 > 260 Core: 21 % (950) 

Core/shell: 73 % 

(640) 

[14] 

AgInSe2/ZnS QDs Hot injection at 175 - 250 °C 700 - 820 

 

200 

 

Core: 10 % (800) 

Core/shell: 40 % 

(775) 

[30] 
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4. CONCLUSION 

In conclusion, water-soluble AISe NCs have been synthesized by a simple and economical 

route at 96 °C within 20 min. Using GSH and citric acid as dual stabilizers to balance the 

reactivity of the precursor metal cations in aqueous medium produced AISe core NCS with a 

size of 2.8 nm. Optimization of the pH value of the reaction solution yielded the strongest 

emissive AISe core NCs showing a PLQY of 10 % at pH 7. AISe/ZnS core/shell NCs with size 

3.6 nm were produced at 90 °C within 60 min by injecting slowly the ZnS precursor stock 

solution into the colloidal solution of the AISe core NCs. They exhibit excellent luminescence 

properties, peaking at 680 nm with PLQY as high as 30 % and retaining ∼83 % after 3 months 

and ∼73 % after 6 months of storage under ambient conditions in air. The ZnS shell plays a dual 

role in passivating effectively surface defects to enhance the PLQY and to protect the AISe core 

NCs against degradation/oxidation. The optical properties of obtained AISe/ZnS core/shell NCs 

are promising for the production of lighting devices for plants, and for bio-related applications 

such as in vivo imaging. 
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