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ABSTRACT 

     Independently controlling the shape anisotropy and chemical composition of multinary 

semiconductor particles is important for preparing highly efficient photocatalysts. In this study, 

we prepared ZnS-AgInS2 solid solution ((AgIn)xZn2(1-x)S2, ZAIS) nanoparticles with well-

controlled anisotropic shapes, rod and rice shapes, by reacting corresponding metal acetates with 

a mixture of sulfur compounds with different reactivities, elemental sulfur and 1,3-dibutylthiourea, 

via a two-step heating-up process. The chemical composition predominantly determined the 

energy gap of ZAIS particles: the fraction of Zn2+ in rod-shaped particles was tuned by the ratio 

of metal precursors used in the nanocrystal formation, while post-preparative Zn2+ doping was 

necessary to increase the Zn2+ fraction in the rice-shaped particles. The photocatalytic H2 evolution 

rate with irradiation to ZAIS particles dispersed in an aqueous solution was significantly dependent 

on the chemical composition in the case of using photocatalyst particles with a constant 

morphology. In contrast, photocatalytic activity at the optimum ZAIS composition, x of 0.35~0.45, 

increased with particle morphology in the order of rice (size: ca. 9 × ca.16 nm) < sphere (diameter: 

ca. 5.5 nm) < rod (size: 4.6 × 27 nm). The highest apparent quantum yield for photocatalytic H2 

evolution was 5.9% for rod-shaped ZAIS particles, being about two-times larger than that obtained 

with spherical particles.  
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INTRODUCTION 

Controlling dimensions of nanomaterials has been a promising strategy to develop novel 

functionality and to improve their performance for various applications, such as photoluminescent 

devices, biomolecule markers, solar cells and photocatalysts, because the physicochemical 

properties are remarkably varied by both the degree of electron confinement in materials and the 

change in electron transport property to other materials.1-9 Since procedures for the synthesis of 

high-quality binary semiconductor nanoparticles have been well established, most studies have 

been carried out with binary particles to determine the correlations of particle size and shape with 

physicochemical properties of the particles. For example, it was found that photo-functionalities 

of II-VI group semiconductor nanoparticles could be improved by control of their shape anisotropy. 

Rod-shaped CdSe particles were used for the fabrication of quantum dot-polymer hybrid solar 

cells, in which the conversion efficiency was improved with an increase in rod length.2 The three-

dimensional structure of tetrapod-shaped CdTe particles increased the number of electron transport 

paths across the light absorption layer of hybrid solar cells compared to that in the case of the one-

dimensional structure of rod-shaped particles.4 Photocatalytic activity of multi-armed CdS rod 

particles was higher than that of spherical or non-branched rod particles.10 A change in the ratio of 

{0001} to {10-11} facets exposed on nanocrystals with a wurtzite structure resulted in a change 

in the anisotropic shape of the particles from a cone shape to a plate shape, and plate-like CdS 

particles with the largest {0001} facet showed the highest photocatalytic activity for H2 

evolution.11 

On the other hand, much interest has recently been shown in multinary metal chalcogenide 

semiconductor particles as light-absorbing materials for solar cells and photocatalyts12-24 because 

of their physicochemical properties that are tunable by their chemical composition and their low 
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toxicity compared to that of conventional binary semiconductors such as CdSe, CdTe and PbS. 

Spherical multinary nanoparticles of Cu2ZnSnS4 and Cu(In,Ga)(S,Se)2 were synthesized by 

solution phase methods14-16, 21, 23  and used as precursors for the fabrication of thin-film solar cells. 

13-14, 16, 18 Sensitized quantum dot solar cells were successfully prepared by immobilizing spherical 

nanoparticles of a Zn-Cu-In-Se quaternary semiconductor on porous metal oxide electrodes, and 

solar energy conversion efficiency as high as ca. 11% was achieved.25 Furthermore, visible-light-

driven photocatalytic reactions, such as H2 evolution24, 26-31 and degradation of an organic dye,32-

34 have been intensively investigated using multinary semiconductor nanoparticles. We carried out 

photocatalytic H2 evolution with spherical ZnS-AgInS2 solid solution nanoparticles as a 

photocatalyst, the activity being controlled by particle size and chemical composition.29  

Recent progress in solution phase syntheses has enabled multinary nanoparticles with 

anisotropic shapes, such as rod, arrow, tetrapod, disc and seed shapes, to be produced by 

controlling the reaction conditions,35-42 and studies have been carried out to clarify their shape-

dependent photocatalytic activities.24, 27, 30, 33 Cabot et al. reported that the incorporation of Ga into 

bullet-like CuInS2 particles resulted in a decrease in the length of particles but improvement in the 

photocatalytic H2 evolution rate, the maximum activity being obtained with the composition of 

CuIn0.3Ga0.7S2.
27 Han and co-workers reported that rod-shaped particles of ZnS-CuInS2 solid 

solution (ZnS:CuInS2=10:1) showed higher photocatalytic H2 evolution activity than that of 

CuInS2 rods.30 Recently, we successfully prepared wurtzite-type Cu2ZnSnS4 nanorods via a two-

step heat treatment procedure at 200 °C and 240 °C, in which the aspect ratio of particles could be 

varied by the ratio of individual sulfur compounds used as precursors.43 As demonstrated in 

previous studies,12, 13, 21, 24, 27, 30 the chemical composition has been clarified to be the primary 

parameter for determining the photocatalytic properties of multinary semiconductors. In addition, 
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by analogy with Cd-based binary nanoparticles, control of the particle morphology of multinary 

semiconductors is expected to be another significant parameter in designing multinary 

nanoparticles with controlled functional properties. However, accurate assessment of their shape-

dependent photocatalytic activity remains a challenge because independent control of the 

morphology and chemical composition of multinary semiconductor particles, especially those 

consisting of four or more elements, has been difficult owing to the considerable difference in 

reactivities of precursors for individual elements.21, 24, 27, 30, 33, 44-45  

   Here, we report independent control of the particle shape and chemical composition for ZnS-

AgInS2 solid solution ((AgIn)xZn2(1-x)S2, ZAIS) nanoparticles. Two-step heat treatment of 

precursor solutions, in which corresponding metal acetates reacted with a mixture of sulfur 

compounds, resulted in the production of rod-shaped and rice-shaped particles. The absorption 

properties could be controlled, without remarkable modification of the individual particle 

morphology, by changing the chemical composition. The ZAIS nanoparticles were suitable 

materials for clarifying shape- and composition-dependent photocatalytic activities.  

 

EXPERIMENTAL SECTION 

Materials 

Oleylamine (OLA) was purchased from Tokyo Chemical Industry, and indium(III) acetate was 

obtained from Aldrich. Zinc(II) acetate, 1-dodecanethiol (DDT), 1,3-dibutylthiourea (DBTU), and 

elemental sulfur were purchased from Wako Chemicals. Other chemicals were supplied by Kishida 

Reagents Chemicals. All reagents were used as received. Aqueous solutions were prepared with 

purified water just before use by a Millipore Milli-Q system. 
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Syntheses of anisotropic-shaped ZAIS nanoparticles having rod and rice shapes 

Anisotropic-shaped ZAIS nanoparticles were prepared by reacting corresponding metal 

acetates with a mixture of sulfur compounds with different reactivities, elemental sulfur and DBTU, 

via a two-step heating-up process, the strategy being modified from that used for Cu2ZnSnS4 

nanorod preparation in our previous study.43 A typical procedure is described below. Metal 

precursor powders of Ag(CH3COO), In(CH3COO)3, and Zn(CH3COO)2 with a mole ratio of xp: 

xp:2(1- xp) (total metal ions: 0.20 mmol) were put into a test tube with a 2.5 cm3 portion of OLA 

and 0.50 cm3 portion of DDT as a surface modification agent, where xp is used to denote the molar 

ratio of individual metal ions in precursors used. The suspension was heated at 150 °C with 

vigorous stirring under an N2 atmosphere to yield a homogeneous transparent solution. To the 

solution, a 0.30 cm3 portion of DDT solution, in which S (0.050 mmol) and DBTU (0.15 mmol) 

were dissolved at 90 °C, was swiftly added, followed by stirring for 30 min at 150 °C (first heating 

step). Then the reaction temperature was quickly raised to 250 °C with a rate of ca. 1.2 °C s-1 and 

the solution was further stirred for 0~10 min (second heating step). After cooling down to room 

temperature, the thus-obtained suspension was subjected to centrifugation at 4000 rpm for 5 min. 

The precipitates composed of ZAIS particles having rod and rice shapes were washed with 

methanol several times and then re-dissolved in chloroform (3.0 cm3), followed by removal of 

large precipitates by centrifugation. 

When the second heat treatment at 250 °C was carried out for 5 min or less, the obtained 

particles in most cases contained only rod-shaped ZAIS particles, but prolonged heating for more 

than 5 min resulted in the production of a mixture of particles including rod-shaped and rice-shaped 
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particles. In the latter case, the size-selective precipitation technique was used for separation of 

particles with individual shapes from as-prepared crude particles. A portion of methanol as a non-

solvent, typically ca. 0.05-0.1 cm3, was added to the chloroform solution (3.0 cm3) containing as-

prepared particles, followed by centrifugation to isolate the precipitates containing enriched ZAIS 

particles with a rod shape. The resulting supernatant was vacuum-evaporated to obtain ZAIS 

particles containing a larger fraction of rice-shaped particles. Thus-obtained ZAIS particles were 

again dissolved in a 3.0 cm3 portion of chloroform. By applying these procedures several times, 

particles with only one shape, rod shape or rice shape, were isolated.  

The chemical composition of ZAIS particles was determined by X-ray fluorescence 

spectroscopy (Rigaku, EDXL-300) or energy dispersive X-ray spectroscopy (EDS) analysis using 

a Hitachi SU-1500 scanning electron microscope equipped with an EDS analyzer (Horiba, Emax 

Energy EX-250). We experimentally determined the x value in the chemical formula of 

(AgIn)xZn2(1-x)S2, based on elemental analysis of the obtained ZAIS particles. The obtained x value 

of anisotropic-shaped ZAIS particles was not always equal to the xp value in preparation. 

 

Composition control of rice-shaped ZAIS particles with Zn2+ doping 

Rice-shaped ZAIS particles prepared with xp= 0.90 according to the above-mentioned 

procedure were used as starting nanoparticles. A 10-mg portion of rice-shaped particles was 

dispersed in OLA (2.0 cm3). After addition of the desired amount of Zn(CH3COO)2, the solution 

was heat-treated at 250 °C for 10 min with vigorous stirring under an N2 atmosphere, followed by 

cooling down to room temperature. The degree of Zn2+ doping was controlled by the molar ratio 

of Zn(CH3COO)2 added to OLA to that of total metal ions contained in ZAIS particles used, 
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denoted as RZn, which was varied from 0 to 2.5 in the present study. The thus-obtained suspension 

was subjected to centrifugation. The resulting precipitates were washed with methanol several 

times and then re-dissolved in chloroform (3.0 cm3), followed by removal of large precipitates by 

centrifugation. 

 

Spherical ZAIS particles with various solid solution compositions 

Spherical ZAIS particles were prepared with a single-step heating process according to our 

previous procedure.29 Briefly, powders of corresponding metal acetates with a mole ratio of 

Ag:In:Zn = xp: xp:2(1- xp) (total metal ions: 0.20 mmol) were put into a test tube with thiourea 

powder (0.20 mmol). After adding a mixture solution of OLA (2.95 cm3) and DDT (0.05 cm3), the 

solution was heated at 250 °C for 10 min with vigorous stirring under an N2 atmosphere. The 

resulting solution was cooled to room temperature, and then large aggregated particles were 

removed from the solution by centrifugation. ZAIS particles were isolated from the supernatant by 

precipitation with the addition of methanol, followed by centrifugation. The thus-obtained 

precipitates were washed with methanol several times and then re-dissolved in chloroform (3.0 

cm3). The experimentally determined metal ratio of Ag:In:Zn in spherical ZAIS particles agreed 

well with those of precursors used in the preparation, but the value of x in the formula of 

(AgIn)xZn2(1-x)S2 was obtained on the basis of results of elemental analysis. TEM measurement 

revealed that thus-obtained ZAIS particles were spherical particles regardless of the x value, the 

average size of which was ca. 5.5 nm. 

 

Characterization of ZAIS particles 



 9 

The size distribution of nanocrystals was determined with a transmission electron microscope 

(TEM, Hitachi, H-7650) at an operation voltage of 100 kV. Samples for TEM measurements were 

prepared by dropping a particle-containing chloroform solution onto a copper TEM grid covered 

with an amorphous carbon overlayer (Okenshoji Co., Ltd, ELS-C10STEM Cu100P grid), 

resulting in drying under vacuum. High-resolution transmission electron microscopy (HRTEM) 

images were taken by using a transmission electron microscope (JEM-2010F, JEOL, Japan) with 

a Schottky thermal field emission gun (FEG) operating at 200 kV. A fast Fourier transform (FFT) 

pattern of each image was obtained by using software (Gatan Microscopy Suite, Digital 

Micrograph, Gatan Inc., USA). The crystal structure was determined by measuring the powder X-

ray diffraction (XRD) pattern with a Rigaku Smart-Lab using Cu Kα radiation.  

UV-visible absorption spectra were obtained with a spectrophotometer (Agilent Technology 

8453A). Photoluminescence (PL) spectra were measured with an excitation wavelength of 365 nm 

by using a photonic multichannel analyzer (HAMAMATSU, PMA-12). PL decay curves at room 

temperature were recorded by a time-correlated single-photon counting apparatus 

(HAMAMATSU, Quantaurus-Tau) equipped with photodiodes. The samples used for absorption 

and PL spectra were ZAIS particles uniformly dispersed in chloroform. 

 

Shape- and composition-dependent photocatalytic H2 evolution of ZAIS nanoparticles 

ZAIS particles with anisotropic shapes were dissolved in toluene, followed by refluxing for 1 h 

to remove excess amounts of OLA and DDT adsorbed. After cooling the solution, ZAIS particles 

were again isolated with the addition of methanol and washed several times with methanol and 

one time with 2-propanol, followed by dispersion of the wet precipitates in 2-propanol by 
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ultrasonication for 5 min. The thus-obtained ZAIS nanoparticles (total metal ions: 4.5 μmol) were 

dispersed in a 5.0-cm3 portion of water/2-propanol (1:1) mixture solution containing 50 mmol dm-

3 Na2S, in which both 2-propanol and sulfide ion acted as hole scavengers. The suspension was 

deaerated with Ar bubbling for 30 min and then irradiated by a 300-W Xe lamp (λ> 350 nm) under 

an Ar atmosphere with vigorous magnetic stirring at room temperature. The light intensity used 

for irradiation was 500 mW cm-2. The amount of H2 evolved was measured by an Agilent micro-

GC 3000A gas chromatograph equipped with a molecular sieve 5A column. Apparent quantum 

yield was obtained by irradiation of monochromatic light with a wavelength of 400 nm (light 

intensity: 25.6 mW cm-2), which was extracted from a Xe lamp light through an interference filter, 

to the same suspension except for increasing the amount of ZAIS particles added by 10 times to 

completely absorb the irradiated monochromatic light. 

 

 

RESULTS AND DISCUSSION 

Preparation of ZAIS particles with anisotropic shapes via a two-step heating process 

Anisotropic-shaped ZAIS nanoparticles were prepared by reacting corresponding metal acetates 

with a mixture of sulfur compounds with different reactivities, elemental sulfur and DBTU, via a 

two-step heating-up process, the strategy being modified from that used for Cu2ZnSnS4 nanorod 

preparation in our previous study.43 The first heating step at 150 °C changed the oleylamine 

solution from colorless to dark brown. The solution was immediately subjected to the second 

heating step at 250 °C, resulting in further change in the color of the solution to red or reddish 

brown. The size and shape of particles prepared with xp = 0.50 were clarified by TEM 

measurements as shown in Figure 1, where xp represent the molar fractions of Ag(CH3COO) and 
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In(CH3COO)3 in the metal precursor used in the preparation, Ag:In:Zn = xp: xp:2(1- xp). Spherical 

particles were produced after the first heat treatment at 150 °C, the size distribution of which was 

relatively narrow with a diameter of 4.6±0.65 nm. These particles exhibited a broad XRD pattern 

assignable to be a cubic Ag2S crystal structure (Fig. S1a), and their chemical composition was 

determined to be Ag:In:Zn:S = 56 : 1.0 : 1.8 : 41, suggesting that small amounts of Zn2+ and In3+ 

were doped into Ag2S nanocrystals. The second heat treatment at 250 °C induced anisotropic 

particle growth without enlargement of the spherical particles. Rod-shaped particles were newly 

evolved with heating for 1.5 min (Fig. 1b). The rod-shaped particles had a length of 12±5.1 nm 

and width of 5.3±1.7 nm, though spherical Ag2S particles of similar size, produced at the first 

heating step, were still observed. It should be noted that some of the rod particles had a spherical 

Ag2S particle, exhibiting darker contrast, on their tip as shown in the inset of Fig. 1b. This 

suggested that the crystal growth of rod particles occurred on spherical Ag2S particles. With 

prolongation of the second heating step to 3 min, spherical Ag2S particles completely disappeared 

and rod-shaped particles were exclusively observed (Fig. 1c). The Ag2S particles were probably 

re-dissolved into the solution and/or acted as a sacrificial source for crystal growth of rod-shaped 

particles. The length of thus-obtained rod particles increased to 40±10 nm from that observed after 

heating for 1.5 min, 12±5.1 nm, while the rod width was 5.3±0.98 nm, being almost unchanged 

regardless of heating time. XRD patterns of thus-obtained rod particles shown in Fig. S1b agreed 

well with those expected from the hexagonal wurtzite crystal structure of ZnS-AgInS2 solid 

solutions.12  

In contrast, prolongation of heating in the second step at 250 °C to 10 min resulted in the 

production of another kind of particle as a by-product. The particles had darker contrast with an 

anisotropic shape resembling a grain of rice as shown in a TEM image (Fig. 1d). Measurement of 
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the dimensions of the rice-shaped particles in the image showed that the particles had a width and 

length of 9.2±2.2 nm and 18±2.5 nm respectively, while little change was observed in the sizes of 

rod-shaped particles prepared with the second heating step for 3 to 10 min. The number ratio of 

rod particles : rice particles was 76 : 24. The XRD pattern of this particle mixture (Fig. S1c) 

contained additional peaks that were not assignable to rod-shaped ZAIS particles, indicating that 

rice-shaped particles had a lattice constant different from that of rod particles.  

Size-selective precipitation is a well-known post-synthetic treatment to isolate nanoparticles of 

different sizes from each other.46 We used this technique to purify particles having individual 

anisotropic shapes from the crude ZAIS particle mixture. ZAIS particles modified with DDT were 

uniformly dispersed in chloroform, not in methanol, in this study. Thus, the particles enriched with 

rod-shaped particles were precipitated by the addition of a small amount of methanol acting as a 

non-solvent in the chloroform solution containing the crude particle mixture, while the supernatant 

contained a larger fraction of rice-shaped particles than before. By repeating these procedures, 

typically 3 or 4 times, purified particles having rod or rice shapes were isolated as shown in Fig. 

1e and f, respectively. The purified particles of each shape had a size similar to that of 

corresponding particles in the crude mixture.  
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Figure 2 shows XRD patterns of thus-obtained ZAIS particles with rod-like and rice-like shapes. 

Each pattern agreed well with that expected from the hexagonal wurtzite crystal structure of ZnS-

AgInS2 solid solution,12 while there was no secondary crystal phase, such as Ag2S or other sulfides. 

The individual peaks observed in rice-shaped ZAIS particles were shifted to lower diffraction 

angles than the corresponding peaks of rod-shaped particles, indicating that the lattice constant of 

rice particles was larger than that of rod particles due to the smaller fraction of ZnS in the ZAIS 

solid solution. This was confirmed by elemental analysis of obtained ZAIS particles: The ratios of 

Figure 1. TEM images of nanoparticles produced by the first heating step 

(150 °C) (a) and those obtained by heating at 250 °C for 1.5 (b), 3.0 (c), and 

10 min (d-f) in the second heating process. The metal precursor ratio, xP, was 

fixed to 0.50. The particles in panel d, obtained just after heat treatment for 

10 min, were subjected to size-selective precipitation to isolate particles of 

rod (e) and rice shapes (f). 
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Ag:In:Zn in the particles were 0.41 : 0.41 : 0.18 and 0.16 : 0.19 : 0.65 for rice particles and rod 

particles, respectively.  

 

Controlling the composition of rod-shaped ZAIS particles by the metal precursor ratio 

The chemical composition of ZAIS solid solution is a key factor for controlling the optical 

properties of resulting particles because their energy gap (Eg) is dependent on their composition. 

As reported in our previous paper,29 the composition of spherical ZAIS particles was tunable, with 

the Ag:In:Zn ratio of resulting particles being almost proportional to that of metal precursors used 

in the preparation. Based on the results of our previous study, we first attempted to vary the 

chemical composition of anisotropic ZAIS particles by changing the molar ratio of corresponding 

metal acetates in preparation, xp. Figure 3a-c show TEM images of rod-shaped ZAIS particles 

with various xp values, produced at the early stage of the second heating step at 250 °C, as well as 

in the case of xp=0.50 in Fig. 1c. The duration of the second heating step was slightly varied from 
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Figure 2. XRD patterns of purified ZAIS particles with (a) rod and (b) rice 

shapes obtained by size-selective precipitation. ZAIS particles were 

prepared with xp = 0.50 by heating at 250 °C for 10 min in the second heating 

step. XRD patterns of bulk materials are also shown for hexagonal ZnS 

(PDF# 00-010-043) and hexagonal AgInS2 (PDF# 01-089-502). 
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2 to 5 min to prevent contamination with by-product particles, such as spherical Ag2S particles 

and rice-shaped ZAIS particles. Thus-obtained rod-shaped particles exhibited XRD patterns 

exclusively assignable to the wurtzite crystal structure of ZAIS (Fig. S2). The dimensions of rod 

particles were dependent on the xp value as shown in Fig. 3d: With a decrease in the xp value from 

0.7 to 0.3, that is, with an increase in the content of Zn2+ in precursors, the average rod length 

monotonously increased from 27 to 46 nm and the average width was almost constant at 4.6~5.3 

nm.  

 

It is notable that prolonged heat treatment at 250 °C up to 10 min in the second step resulted in 

production of rice-shaped particles as a by-product at any xp value in preparation as shown in Fig. 

S3. Their average length was slightly reduced from ca. 19 nm to 14 nm with an increase in xp from 

0.3 to 0.9. Furthermore, the fraction of rod-like particles was remarkably decreased from 91% to 

Figure 3. (a-c) TEM images of rod-shaped ZAIS particles obtained by the 

second heating step at 250 °C for 3~5 min. The xp values used were 0.30 (a), 

0.60 (b) and 0.70 (c). (d) Dependence of the dimensions of ZAIS rods on the 

metal precursor ratio, xp. 
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51% by changing the xp value from 0.3 to 0.8, as shown in Fig. S3f. Rice-shaped particles were 

predominantly formed with relatively large fractions of Ag+ and In3+, such as xp = 0.9 and 1.0, 

being similar to the results of previous studies in which AgInS2 particles with a seed-like shape 

were produced via a single-step heating-up strategy.47-48  

 

Figure 4a shows absorption spectra of the rod-shaped ZAIS particles shown in Fig. 3. The 

absorption spectra of rod particles were red-shifted with an increase in the precursor ratio of xp, 

indicating that their energy gap was tunable depending on the xp value used. On the other hand, as 

Figure 4. Absorption spectra of (a) rod-shaped ZAIS particles and (b) rice-shaped 

ZAIS particles prepared with various values of the precursor ratio, xp. The samples 

of rod particles were the same as those shown in Fig. 3, while the rice-shaped 

ZAIS particles were isolated from the crude particle mixtures obtained with the 

second heating step for 10 min (Fig. S3). The ZAIS particles were uniformly 

dispersed in chloroform. The numbers in the figure are the precursor ratios.  
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shown in Fig. 4b, little change was observed in the absorption spectra of rice-shaped ZAIS 

particles, which were isolated from the crude particle mixtures (Fig. S3) prepared with various xp 

values via the second heating step for 10 min, though the amount of rice-shaped particles isolated 

was too small to measure their absorption spectra in the case of xp being less than 0.30.  

Table 1. Chemical composition of resulting (AgIn)xZn2(1-x)S2 nanoparticles with rod and 

rice shapes. 

shape heating duration precursor ratio 
composition of 

particle 

x in chemical 

formulaa 
 / min xp  Ag : In : Zn  

rod 5 0.30 0.05 : 0.07 : 0.88 0.11 
 3 0.50 0.12 : 0.13 : 0.75 0.24 
 2.5 0.60 0.14 : 0.15 : 0.71 0.29 
 2 0.70 0.19 : 0.17 : 0.64 0.35 

riceb 10 0.50 0.41 : 0.41 : 0.18 0.82 
 10 0.70 0.41 : 0.38 : 0.21 0.79 
 10 0.90 0.46 : 0.42 : 0.12 0.88 
 10 1.0 0.51 : 0.49 : 0 1.0 

aThe value was calculated from experimentally obtained chemical composition. 
bThe particles were purified by the size selective precipitation. 

 

 

Table 1 shows the chemical composition of anisotropic-shaped ZAIS particles. Each kind of 

particle had a nearly stoichiometric ratio of Ag:In:Zn as expected from the ZnS-AgInS2 solid 

solution regardless of the particle shape. Thus, we could calculate the x value in the composition 

formula, (AgIn)xZn2(1-x)S2, for each kind of particle by using the equation x= 

(Ag++In3+)/(Ag++In3++Zn2+). The x value of rod-shaped ZAIS particles increased from 0.11 to 0.35 

with an increase in the precursor ratio of xp from 0.30 to 0.70. On the other hand, the rice-shaped 

particles, isolated through size-selective precipitation, showed a constant x value of ca. 0.8~0.9, 

except for the case of the absence of Zn2+ in metal precursors, xp =1.0. Consequently, it was 

concluded that rice-shaped ZAIS particles, produced after the rod-shaped particles, had an almost 
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constant composition with a large fraction of AgInS2 that could not be controlled by the metal 

precursor ratio.  

 

Figure 5. Representative HR-TEM images of (a) rod- and (b) rice-shaped ZAIS 

particles. The corresponding FFT patterns are indicated in the insets of 

individual panels. 
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Mechanism by which anisotropic-shaped ZAIS particles are formed 

Figure 5 shows HR-TEM images of rod-shaped ZAIS particles prepared with the precursor 

ratio of xp =0.60 (Fig. 3b) and rice-shaped particles prepared with xp = 0.90 (Fig. S3d). Continuous 

lattice fringes were observed throughout the particles, and no grain boundary could be recognized 

inside the particles regardless of the particle shape, indicating that both rod-shaped particles and 

rice-shaped particles were comprised of a single crystal of ZnS-AgInS2 solid solution. The rod-

shaped ZAIS particle exhibited a lattice fringe with interplanar spacing of 0.34 nm, which was 

consistent with the (01-10) lattice spacing, 0.337 nm, of a hexagonal crystal structure determined 

from the XRD pattern of the same rod-shaped particles as those shown in Fig. S2. The fast Fourier 

transform (FFT) pattern of the TEM image exhibited 6-fold symmetry as shown in the inset of Fig. 

5a, indicating that the incident electron beam was normal to the {0001} plane of the wurtzite 

crystal. Furthermore, spots corresponding to (-1-120) and (11-20) planes appeared in the same 

direction of the long axis of the rod particle. It was thus found that the preferential crystal growth 

of the ZAIS rod was along the <11-20> direction and that the short axis of the rod particle was 

parallel to <1-100>. Similar anisotropic crystal growth has been reported for several kinds of metal 

sulfide semiconductors with a hexagonal crystal structure, such as ZnS,49 AgInS2,
50, ZnS-AgInS2 

alloy51-52, CuInS2
53, and CuxGa1-xS2 alloy53: Rod-shaped nanoparticles or nanoribbons were often 

formed with the long axis parallel to <11-20> when these metal sulfide semiconductors were 

epitaxially grown on initially produced nanocrystals of binary metal chalcogenides, such as silver 

sulfide49 and copper sulfide,53 acting as nuclei. On the other hand, the rice-shaped particle in the 

HR-TEM image exhibited a clear lattice fringe with interplanar spacing of 0.35 nm, which agreed 

with the lattice spacing of (01-10) planes, 0.351 nm, determined from XRD patterns for rice-

shaped particles with xp = 0.90. FFT analysis of the HR-TEM image shown in the inset of Fig. 5b 
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revealed that the long axis of the rice-shaped ZAIS crystal was parallel to the <11-20> direction, 

the crystal growth direction being the same as that of rod-shaped particles. 

We propose the formation mechanism of rod-shaped and rice-shaped particles in the two-step 

heating process as shown in Fig. 6. In the first heating step at 150 °C, spherical Ag2S particles are 

formed by dominant decomposition of elemental sulfur in the sulfur precursor mixture, since the 

reactivity of elemental sulfur is higher than that of DBTU.43 It was reported by Xu et al.49 that 

Ag2S particles not only exhibited a catalytic function for epitaxial growth of a rod-like ZnS 

nanocrystal on their particle surface via incorporation of Zn2+ into the Ag2S crystal but also acted 

as a sacrificial source and host for the deposition of AgInS2 rod particles: the Ag2S crystal was 

consumed by epitaxial growth of the AgInS2 crystal through diffusion of Ag+ at the Ag2S-AgInS2 

interface because the high ionic conductivity of the Ag2S crystal56-57 enabled metal cations to be 

incorporated from solution phase into nanoparticles via diffusion in the S sublattice of the Ag2S 

crystal. Being similar to these previous studies for multinary metal chalcogenide particles, Ag2S 

nanoparticles must be a key material for the crystal growth. When the reaction temperature is 

raised to 250 °C to decompose DBTU in the sulfur precursor mixture, ZAIS rod crystals start to 

grow on Ag2S particles. Some Ag2S particles act as a source and host for the deposition of ZAIS 

rod particles, and the other particles are decomposed into individual ions homogeneously re-

dissolved in the solution, resulting in the exclusive formation of rod particles at the early stage in 

the second heating step. The ZAIS rods are elongated with prolongation of heating in the second 

step until the Zn2+ concentration in the solution becomes too small for the concentration of crystal 

growth of Zn2+-rich ZAIS rods. Finally, rice-shaped particles are deposited via homogeneous 

nucleation with the use of the remaining Ag+ and In3+ ions in the solution, so that the chemical 
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composition of as-prepared rice-shaped particles becomes Ag- and In-rich, being difficult to be 

controlled by variation of the metal precursor ratio, xp (Table 1). 

 

 

Zn2+ doping of rice-shaped ZAIS particles for tuning chemical composition 

Metal cation doping has been used as a post-preparative method to modify the composition of 

nanoparticles. For example, Zn2+ doping into spherical I-III-VI2 particles of AgInS2
58-59 or 

CuInS2
60-61 enlarged Eg of resulting particles. Thus, we carried out Zn2+ doping of rice-shaped 

ZAIS particles prepared with xp= 0.90. Elemental analysis (Table 2) revealed that the fraction of 

Zn2+ in rice-shaped ZAIS particles was increased with an increase in the amount of Zn(CH3COO)2 

added to the solution, RZn, with the x value of rice-shaped particles being controlled from 0.92 to 

Figure 6. Schematic illustration of the formation of rod- and rice-shaped 

ZAIS particles. 
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0.25.  Figure 7a shows XRD patterns of rice-shaped ZAIS particles with various x values obtained 

by Zn2+ doping. The particles had a hexagonal wurtzite crystal structure, with each diffraction peak 

being shifted to a higher angle with a decrease in x as expected from the formation of a 

homogeneous solid solution. The absorption spectra of thus-obtained particles uniformly dispersed 

in chloroform were monotonously blue-shifted with an increase in the x value as shown in Fig. 7b, 

the onset wavelength being varied from ca. 650 to 500 nm. TEM measurement revealed that Zn2+ 

doping of rice-shaped ZAIS particles was successfully carried out without considerable 

modification of particle morphology as shown in the inset of Fig. 7b and Fig. S4: the particles had 

an average width of ca. 9 nm and average length of ca. 16 nm regardless of RZn values used for 

doping. Consequently, Eg of rice-shaped ZAIS particles was successfully controlled by post-

preparative Zn2+ doping without significant change in the particle morphology. 

Table 2. Chemical composition of Zn2+-doped ZAIS nanoparticles with a rice shape. 

shape RZn 
a width (nm)×length (nm) 

composition of 
particle  

x in chemical  
formulab 

   Ag : In : Zn  

ricec 0 8.8 × 16 0.47 : 0.45 : 0.08 0.92 

 0.50 8.9 × 15 0.37 : 0.35 : 0.28 0.72 

 1.0 9.4 × 17 0.27 : 0.36 : 0.37 0.63 

 1.5 9.0 × 16 0.21 : 0.23 : 0.56 0.45 

 2.0 8.2 × 15 0.15 : 0.24 : 0.61 0.39 

 2.5 9.1 × 16 0.12 : 0.13 : 0.75 0.25 

aMolar ratio of Zn(CH3COO)2 added to OLA to that of total metal ions contained in ZAIS particles 
used. 

bThe value was calculated from experimentally obtained chemical composition. 
cRice-shaped ZAIS particles prepared with xP= 0.90 were used as starting nanoparticles. 
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Photocatalytic activity of ZAIS particles depending on the particle shape and chemical 

composition 

In order to avoid contamination of differently shaped particles, we used rod-shaped ZAIS 

particles, which were prepared by heating at 250 °C for 2~5 min in the early stage of the second 

heating step (Fig. 3 and 4a), and rice-shaped particles for which the chemical composition was 

controlled by Zn2+-doping (Fig. 7b and S4). Eg of anisotropic-shaped ZAIS particles was 

determined by extrapolating the linear region of Tauc plots (Fig. S5) of absorption spectra for 
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direct transition semiconductors, and it is plotted in Fig. 8 as a function of the x value obtained 

from elemental analysis.  The figure also shows Eg of spherical ZAIS particles of ca. 5.5 nm in 

diameter used for comparison, which were prepared according to the method reported in our 

previous paper.29 With a decrease in the x value, Eg of ZAIS particles was monotonously enlarged 

regardless of the particle shape. The rod-shaped particles showed exceptionally larger Eg than did 

particles of sphere and rice shapes even if the difference in chemical composition was taken into 

consideration. According to previous reports that Eg of size-quantized rod-shaped particles is 

predominantly determined by the short axis,1, 62 the enlargement of Eg observed for the rod-shaped 

particles resulted from the quantum size effect: The width of rod-shaped particles (4.6~5.3 nm) 

was small enough to show the Eg increase, since ZAIS particles with sizes of less than ca. 7~8 nm 

showed a remarkable quantum size effect.29  
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The anisotropic-shaped ZAIS particles obtained in the present study are suitable materials for 

investigating the effects of both particle morphology and chemical composition on photocatalytic 

activities because the methods used for preparation enabled the control of chemical composition 

Figure 9.  (a) Time courses of H2 evolution by irradiation of ZAIS particles 

with rod (x= 0.35), sphere (x= 0.40), and rice (x= 0.45) shapes. The ZAIS 

particle photocatalysts were dispersed in a water/2-propanol solution 

containing S2- as a sacrificial electron donor. (Inset) Schematic illustration of 

the reaction apparatus for photocatalytic H2 evolution. (b) Relationship 

between R(H2) and x value of ZAIS particles with various shapes: rod 

(squares), sphere (triangles), and rice (circles). The numbers in panel b 

represent the x values. 
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without a significant change in particle morphology. Figure 9a shows time courses of the amount 

of H2 evolution by irradiation to ZAIS particles having similar x values, 0.35~0.45. Linear relations 

were observed between the amount of H2 evolved and irradiation time, except for the initial stage 

of irradiation. After 10 h of irradiation to rod-shaped ZAIS particles shown in Fig. 9a, the total 

amount of evolved H2 reached ca. 280 μmol, which exceeded the molar amount of ZAIS particles 

used, 4.5 μmol, by more than 60 times. Furthermore, H2 evolution at a similar rate was observed 

repeatedly with Xe lamp irradiation even after the ZAIS particle suspension had been purged with 

pure Ar gas every 15 h, as shown in Fig. S6. These results indicated that H2 evolution proceeded 

photocatalytically with irradiation to ZAIS particles. The H2 evolution rate, R(H2), was determined 

from the slope of the linear time course and is plotted in Fig. 9b as a function of Eg of ZAIS 

particles with individual shapes. R(H2) remarkably varied depending on the morphology of ZAIS 

particles. Volcano-type dependence was observed for both spherical and rice-shaped particles, 

with maximum R(H2) values appearing at Eg of ca. 2.4 and 2.2 eV, respectively. These behaviors 

were explained by the change in the electronic energy structure of ZAIS particles as reported in 

our previous paper.29 The conduction band edge potential (ECB) was sufficiently negative to reduce 

H+ to H2 regardless of their solid solution composition, and then the driving force for H+ reduction 

was increased by the negative shift of ECB with a decrease in the x value, that is, with an increase 

in Eg of ZAIS particles.12, 29 On the other hand, the number of photons absorbed by ZAIS particles 

became smaller with increase in Eg. The balance of these two factors resulted in the optimal Eg of 

similar values for spherical and rice-shaped ZAIS nanoparticles, ca. 2.2~2.4 eV. On the other hand, 

rod-shaped particles exhibited much higher photocatalytic activity; R(H2) became highest at Eg of 

2.6 eV and was monotonously reduced with an increase in Eg. The rod-shaped ZAIS particles 

should have similar volcano-type dependence at Eg < 2.6 eV, though the present method did not 
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allow us to synthesize them in such an energy gap region. The optimal value of R(H2) was 

significantly dependent on the particle morphology and increased in the order of rice < sphere < 

rod shapes. The apparent quantum yields (AQYs) for photocatalytic H2 evolution were evaluated 

with ZAIS particles of optimal x value by irradiation of monochromatic light with a wavelength at 

400 nm. The ZAIS particles exhibited relatively high activity without loading of a co-catalyst such 

as Pt, Rh, or Ru nanoparticles: AQYs were 2.0% for rice-shaped particles with x= 0.45, 2.6% for 

spherical particles with x= 0.40, and 5.9% for rod-shaped particles with x= 0.35.  

An understanding of carrier dynamics in ZAIS particles is useful for the elucidation of how the 

photocatalytic activity of rod-shaped particles was improved. Figure 10a shows steady-state PL 

spectra of ZAIS particles exhibiting the optimal photocatalytic activity of particles with each shape. 

Broad PL peaks, which were attributed to donor−acceptor pair (DAP) radiative recombination of 

photogenerated charge carriers or the emission via defect sites, were observed regardless of the 

particles shape, being similar to those previously reported for spherical ZAIS particles with various 

compositions.29, 63-66 The PL peak wavelength of rod particles was the same as that of spherical 

particles, 572 nm, but the rice-shaped particles having the smallest Eg of the three kinds of particles 

exhibited a PL peak at a longer wavelength of 645 nm.  

PL decay curves of ZAIS particles, measured at corresponding peak wavelengths as shown in 

Fig. 10b, were remarkably varied by the shape of particles used. Each curve could be fitted well 

with a double-exponential decay function (eq.1) with the fitting parameters listed in Table S1: 

I(t) = A1 exp(-t / τ1) + A2 exp(-t / τ2) ,                 --- (1) 

where τ1 and τ2 represent the lifetimes of PL emission, and A1 and A2 are the amplitudes 

corresponding to the lifetimes. The average lifetime of PL (<τ>) was calculated using the equation 
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<τ>= ΣAiτi
2/ΣAiτi. Relatively long PL lifetimes, a few hundred nanoseconds or longer, were 

observed, being in accordance with those reported for the DAP recombination in I-III-VI2 

semiconductor nanoparticles.67-70 Although the faster decay component had a roughly constant 

lifetime of 200~350 ns, the slower decay component had much longer lifetimes in the range of 

ca.700~2100 ns, being significantly varied by the shape of ZAIS particles. The average PL lifetime 

of ZAIS particles increased with the shape in order of sphere (602 ns) < rod (1150 ns) < rice (1730 

ns). This is almost acceptable considering the particle volumes of the three samples, i.e., sphere 

(5.5 nm), rod (4.6 × 27 nm), and rice (9 × 16 nm), where the confinement of charge carriers 

decreased in the same order. Since the probability for H+ reduction on ZAIS particles is reasonably 
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assumed to be enhanced with an increase in the lifetime of electrons photogenerated in the particles, 

the difference in PL lifetime between rod-shaped and spherical particles can explain the behavior 

of the former showing larger photocatalytic activity than that of the latter. However the rice-shaped 

ZAIS particles exhibited the smallest photocatalytic activity for H2 evolution of the photocatalysts 

investigated in this study despite exhibiting the longest carrier lifetime. This was probably because 

rice-shaped particles had deeper trap sites originating from the difference in the preparation 

processes. Since the lattice constant of a ZAIS crystal decreases with an increase in the Zn fraction, 

the Zn2+-doping process can induce strain on host ZAIS nanocrystals, resulting in the formation of 

deeper defect sites in Zn2+-doped particles than in ZAIS particles directly grown from the solution 

phase.  

 

Conclusion 

The two-step heating process with two kinds of sulfur precursors enabled preparation of ZAIS 

nanoparticles with well-controlled anisotropic shapes, rod shape and rice shape. The chemical 

composition, which was a factor determining Eg of ZAIS particles, could be controlled without 

significant change in the particle size and shape: Rod-shaped ZAIS particles had a chemical 

composition that was tunable by the ratio of corresponding metal acetates used in the preparation, 

while post-preparative Zn2+ doping into rice-shaped particles was necessary to increase the ZnS 

fraction in the ZAIS solid solution. The morphology of ZAIS particles, as well as the solid solution 

composition, strongly influenced the photocatalytic activity for H2 evolution, which reached a 

maximum at a similar composition of x= 0.35~0.45. The quantum yield for photocatalytic H2 

evolution was significantly enlarged with particle shapes in the order of rice < sphere < rod, with 
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the rod-shaped ZAIS particles showing activity about two-times larger than that of spherical 

particles. It was reported in our previous paper29 that the optical and photochemical properties of 

multinary semiconductor nanoparticles were controllable depending on their size and chemical 

composition. In addition to these factors, the results of this study showed that particle shape is 

another important factor for precisely tuning physicochemical properties of multinary particles. 

Further development of procedures for synthesis of multinary semiconductor particles having 

different shapes will provide a novel strategy for improving the efficiency of nanoparticle-based 

light energy conversion systems such as solar cells and photocatalysts. 
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