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ABSTRACT: Monodispersed and ultrastable colloidal ZnS nanospheres (NPs) composed of tiny 

nanoparticles were successfully synthesized by using a limited ligand-induced in-situ aggregation 

strategy. With such strategy, the whole size as well as the particle size of those ZnS NPs could be 

tuned simultaneously by properly varying the reaction conditions. Three representative ZnS NP 

samples with different sphere sizes and particle sizes were thus obtained, which were all proven to 

possess rather large surface areas, robust structures and excellent colloidal stability. Furthermore, the 

photocatalytic activities of the as-prepared ZnS NPs toward the photodegradation of eosin B, 

methylene blue and their binary mixture were explored respectively. An interesting size-dependent 

degradation performance associated with the ZnS NPs was observed in all the photodegradation 

cases. Finally, their degradation mechanism was fully elucidated according to the control 

experiments under different atmospheres in combination with the related energy level information. 

We believe that the control strategy for tuning the fine and whole structures of spherical 

nanostructures in a synergetic manner together with the structure-dependent photodegradation 

performance revealed herein will definitely benefit the fabrication of high-efficient photocatalysts as 

well as the nanocomplexes of hierarchical architectures. 

 

Key Words: ZnS colloidal nanosphere, in-situ aggregation, organic dye photodegradation, 

structure-dependent photodegradation performance, photodegradation mechanism 

 

1. Introduction 

As one special kind of superparticles, ZnS spherical nanostructures (SNTs), including 
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microspheres (MPs) and nanospheres (NPs), are well-known for their unique optical properties, large 

surface areas, uniform morphologies, robust structures and good environment compatibilities. Such 

features endow ZnS SNTs with special merits in many fields ranging from photonic crystal 

fabrication,1, 2 pollutant photocatalytic degradation,3-8  photocatalytic water splitting,9, 10 catalytic 

organic synthesis,11 to drug delivery and live cell imaging,12 antibacterial application.13  It is 

generally believed that those fascinating performances associated with ZnS SNTs are strongly 

dependent on their fine structures as well as their huge surface areas. Therefore, in the past decades, 

great efforts have made to prepare uniform ZnS SNTs of complex secondary structures in order to 

obtain the largest possible surface areas and as many as possible active sites. Up to now, the 

established routes for preparing ZnS SNTs include hydrothermal method,14 aggregated assembly,15-21 

microwave-assisted method,22 and soft and hard template; 23, 24 high-quality ZnS SNTs with 

hierarchical architectures,3, 22, 25-27 porous surfaces,7, 12, 15, 28-30 hollow interiors31-35 and additional 

satellite particles,4, 7 have been respectively fabricated. However, more and more experimental 

evidences indicate the fascinating optical and catalytic properties of ZnS SNTs are also seriously 

limited by their structure robustness, colloidal stability and collectability. In fact, from the practical 

application point of view, the ideal ZnS SNTs for solution-based application (especially for 

photocatalysis) should possess the following features simultaneously: large surface area, as many as 

possible active site, robust structure, good colloidal stability, easy recollection, and good recyclability. 

Among those features, the surface area and active site are closely related to the secondary (fine) 

structure of ZnS SNTs, while the other features are mainly dependent on the whole size and the 

surface state of ZnS SNTs. Therefore, the sophisticated control over the fine and whole structure of 

ZnS SNTs in a synergetic manner is of particular importance to their overall photocatalytic 

performances, as it is a rather effective ways to endow the SNTs with all the required optimized 

features. Unfortunately, not only the importance of such sophisticated control has not yet fully 

appreciated, but also the protocol to achieve such control is shortage. As a result, the as-prepared 

ZnS SNTs generally own huge surface areas but large whole sizes as well (from hundreds of nm to 

several μm), which are more suitable to be referred to as microspheres (MPs).3, 26, 36-38 Upon 

application, those ZnS MPs either easily deposit from solution (less than 10 min without stirring) or 

require continuous stirring to maintain their solubility due to their poor colloidal stability. Apparently, 

the deposition of ZnS MPs will seriously impair their practical catalytic effect, while their continuous 

Page 2 of 22Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 3

stirring will cause additional energy consumption. Therefore, it is imperative to develop effective 

synergetic control strategies to prepare ZnS SNTs of medium-sized whole structures but tiny 

secondary structures, for the reason that such SNTs may possess the required features and be suitable 

for long-termed catalytic application. 

With the rapid development of textile, paper-making and the related industries, organic dye 

contaminants have spread widely in the water and soil in many places, posing severe adverse effects 

on human health and ecosystem due to their non-biodegradability and persistent toxicity.39, 40 In 

terms of organic dye removal, photocatalytic degradation technology has shown special advantages 

(such as low cost, low secondary pollution and good recyclability) over other methods, thus it has 

drawn considerable interest in the past decades. 3-8, 26-30, 41, 42 However, its wide application still 

suffers from the shortage of low-cost and high-efficient photocatalyst, although TiO2 has been 

identified and employed as a popular catalyst since 1972.43 It seems that ZnS SNTs of special 

structural and colloidal features are promising alterative to TiO2. Unfortunately, as mentioned above, 

the currently-prepared ZnS SNTs have not yet fully met the practical requirement because of their 

poor colloidal stability. Moreover, the current studies mainly focus on the investigation of the 

photodegradation of single dye in each round, which is clearly not competent for treating the real 

wastewater containing multiple dyes. Besides this limitation, the mechanism of Zn SNTs 

photocatalytic degradation of dyes has not yet fully clarified though much effort has made to this 

topic. 

In this paper, we develop a limited ligand-induced in-situ aggregation strategy, which allows the 

secondary and entire structures of target materials to be tuned simultaneously, for preparing the 

medium-sized ZnS nanospheres (NPS) consisting of tiny nanoparticles. Three different sizes of ZnS 

NPS were thus obtained, which were all confirmed to possess rather large surface areas, robust 

structures and excellent colloidal stability. Furthermore, the photocatalytic activities of those ZnS 

NPS toward the photodegradation of single dye and binary mixed dyes were systemically explored; 

their attractive size-dependent degradation behaviors were revealed accordingly. Finally, their 

degradation mechanism was fully elucidated according to the control experiments in combination 

with the related energy level information. We believe that the control strategy for tuning the fine and 

whole structures of spherical nanostructures in a synergetic manner together with the 

structure-dependent photodegradation performance demonstrated herein will definitely benefit the 
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fabrication of high-efficient photocatalysts as well as other three-dimensional (3-D) nanoassemblies. 

To the best of our knowledge, this is the first time to report the photodegradation of binary dyes 

mixture by ZnS NPs, greatly augmenting their potential for real photocatalytic application.  

2. Experimental Section 

2.1 Materials and Preparation 

Materials: Zinc oleate (Zn(Ol)2), oleic acid, methanol, chloroform, toluene, sodium citrate,TiO2 

powder and ZnS powder are analytical grade reagents and were purchased from Beijing Chemical 

Reagent Ltd. Co. of China. Sulfur powder, tri-n-octylamine (TOA, 95%), octadecene (ODE, 

tech.90%), and trioctylphosphine (TOP, tech.90%) were ordered from Alfar and used as received 

without any further purification. 

Synthesis of the ZnS nanospheres: a specific amount of zinc oleate (0.3–0.7 mmol) was 

dissolved in 6 mL TOA in a 25 mL three-neck round-bottom flask and was degassed at 120 °C for ca. 

30 min until the flask was completely vacuumed. Afterwards, the reactant was heated to 295 °C 

under N2 atmosphere, and then S precursor (a certain amount of S powder dissolved in 1mL TOP) 

was rapidly injected into the reaction system at such temperature. After injection, the reaction system 

generally dropped to ca. 280 °C and was kept at such temperature for 3–5 min. It should be noted 

that continuous and intensive stirring are necessary in above synthesis process. 

Purification of ZnS nanospheres: after reaction, the colloid solutions obtained in above 

experiments were cooled, and precipitated by methanol. The formed flocculent solutions were 

centrifuged and their upper liquids were decanted; after that the isolated solids (i.e., ZnS nanospheres) 

were re-dispersed in chloroform. The above centrifugation and isolation procedure was repeated 

several times for purification of the as-prepared ZnS nanospheres. Finally, the purified samples were 

re-dispersed in chloroform for the preparation of TEM and SEM specimens or dried under vacuum 

for XRD, XPS and FTIR characterization.  

Ligand exchange for ZnS nanospheres: the purified ZnS nanospheres were added into a 25 mL 

flask containing 0.1 M sodium citrate solution. The solutions were maintained at 40 °C and 

continuously stirred for 1 h to allow ligand exchange to occur on ZnS nanospheres. Afterwards, the 

ZnS nanospheres overcoated with citrate groups were separated by centrifuging and were finally 

dissolved in water.  
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2.2 Characterization and Measurements 

UV-vis absorption spectra were recorded on a UV-2450 spectrophotometer, while infrared spectra 

were recorded on an IRAffinity-1 FTIR with 4 cm-1 resolution. The samples for FTIR measurement 

were prepared by dispersing nanosphere samples or pure ligands in a KBr pellet. Scanning electron 

microcopy (SEM) characterization was done by using a HITACHI S-4800 scanning electron 

microscope with an X-ray energy disperse spectroscopy (EDS). Transmission electron microscopy 

(TEM) observations were performed with a FEI G20 high-resolution transmission electron 

microscope operated at 200 kV, accompanied by a selected area electron diffraction (SAED). The 

SEM specimens were prepared by adding drops of dilute solution of ZnS nanospheres on Si 

substrates. The specimens for TEM observation were prepared by depositing a drop of a dilute 

toluene solution of these samples on a carbon-coated copper grid and drying at room temperature. 

X-ray diffraction (XRD) patterns were recorded by a Rigaku D/max-2400 diffractometer operated at 

40 kV and 200 mA current with CuKα radiation (λ=1.5418Å). XPS spectra were obtained on an 

ESCALAB MK spectrometer equipped with a hemisphere analyzer. The samples for XRD and XPS 

measurements were all purified solid powders. Cyclic voltammograms were recorded on a Zahner 

Zennium electrochemical workstation with a conventional three-electrode system according to a 

previously reported procedure.18, 44 The total carbon (TC), total organic carbon (TOC) and total 

inorganic carbon (TIC) content in solutions were measured by a SHIMADZU TOC-VCSN total 

organic carbon analyzer. 

2.3 Photocatalytic Testing. 

To evaluate their photocatalytic activities, 10 mg of ZnS nanospheres, commercial ZnS powder 

and TiO2 powder were added into 10 mL solutions containing a specified concentration of organic 

dye (eosin B, methylene blue or their binary mixture) respectively, and such solutions were then 

irradiated together under a 125 W high-pressure mercury lamp (which was mounted 5.0 cm over the 

solution and emitted 316~385 nm UV light with a peak around 365 nm). Prior to irradiation, the 

solutions were continuously stirred for ca. 30 min in the dark to establish an adsorption-desorption 

equilibrium between the photocatalysts and the dye molecules. It should be noted that all the 

photodegradation reactions were open to air (or purged with gases) and did not require any stirring. 

During the photodegradation process, a small aliquot was withdrawn from the solutions at regular 
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time intervals and was then centrifuged to remove the catalysts. The concentration of the resident dye 

in such aliquot was further estimated by measuring its absorption spectrum. 

3. Results and Discussion  

3.1 Morphology and Size Control of ZnS Nanospheres 

The recently-developed limited ligand-induced aggregation strategy has demonstrated to be an 

effective and straight-forward method for the preparation of nanometer- or micrometer-scaled 

spherical aggregates.15-21 This in-situ aggregation strategy typically involves two sequential dynamic 

processes: the first one is the nucleation of initial clusters and their rapid growth into primary 

nanoparticles in a supersaturated solution by injecting S precursor into a hot solution of Zn precursor; 

the second one is the aggregation of those primary particles to form ZnS superparticles (i.e., 

nanospheres) as a result of limit ligand protection. However, until now, it is still a technical challenge 

to simultaneously control the size of primary particles and of whole structures of ZnS nanospheres at 

will by using this strategy, as a delicate tune of particle nucleation, growth and aggregation must be 

reached before achieving such control. To prepare the medium-sized ZnS nanospheres consisting of 

tiny primary particles, we plan to choose the precursors of appropriate concentration and reactivity in 

combination with a relative high injection temperature and a weak coordination environment to 

induce explosive nucleation and rapid particle aggregation. 

We and other groups have identified that the thermolysis of long-chained carboxylic zinc and 

TOPX (X=Se, and Te) in ODE or TOA at relative high temperature enables the formation of 

spherical ZnX nanostructures.17, 18, 20 In this paper, we have confirmed that such protocol can be 

extended to prepare ZnS nanospheres. However, under similar temperature and solvent condition, it 

was found that Zn and S precursor concentration and their molar ratio also exert a significant 

influence on the monodispersity and size of ZnS NPs. As shown in Fig. S1 and Table S1, it is clear 

that the Zn/S molar ratio of 0.5 is favorable to the formation of uniform nanospheres (with a 

monodispersity of around 10%), while other Zn/S molar ratios generally result in poor size 

distribution (with a monodispersity of larger than 30%). So, we fixed Zn/S molar ratio at 0.5 in the 

following synthetic reactions to produce high-quality ZnS nanospheres with required features. Fig. 1 

reveals that the average size of ZnS NPS was increased monotonically (from 97 to 177 nm) at first 

and then decreased after reaching a maximum (177 nm), with increasing the Zn precursor 
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3.3 Ligand Exchange and Surface Analysis of ZnS Nanospheres 

As ZnS NPs were all synthesized in organic solvents, they typically require ligand exchange 

to improve their solubility in aqueous solutions. Fourier transform infrared spectroscopy (FTIR) 

results (Fig. 3(a)) reveal that the original ZnS nanospheres (after washing) were co-coated by 

TOA (evidenced by the presence of strong and characteristic stretching vibration of C-N bond at 

1376 cm-1)18 and oleate group (evidenced by the presence of the asymmetric and symmetric 

stretching vibration of carboxylate group at 1540 cm-1 and 1400 cm-1).18, 46, 47 After ligand 

exchange, the characteristic vibration of C-N bond disappeared and meanwhile the vibration 

strength of CH2 group at 2930 and 2855 cm-1 decreased significantly, indicating that 

short-chained citrate group is the major ligand for the ZnS NPs. XPS spectrum (Fig 3(b)-3(c)) 

were also employed to examine the surface status of the ZnS NPs before and after the ligand 

exchange. It is clear that the C spectrum of the original ZnS NPs is composed of three peaks (i.e., 

strong C=C and C-C peak, and weak C=O peak, while only two strong peaks (i.e., C-C, and 

C=O peak) can be identified in the C spectrum of the ZnS NPS after ligand exchange, 48, 49 

suggesting the replacement of oleate group by citrate group. In addition, the N spectrum was 

also found to disappear after the ligand exchange, confirming the removal of the TOA during 

such process (Fig. S4(c)). A more direct proof for this surface conversion is that the hydrophobic 

ZnS NPs became water soluble after surface exchange. Clearly, such surface conversion will 

benefit the subsequent application of ZnS NPs for solution-based photocatalytic degradation. 

Furthermore, the surface porosity and area of as-prepared ZnS NPs of different sizes were 

characterized by N2 absorption and desorption assays. As shown in Fig. 3(d), there are short of 

obvious hysteresis loops in all the isotherms, indicating all the ZnS NPs are closely-packing 

nanospheres without porous structures. According to those isotherms, the BET specific surface 

areas of the ZnS NPs with a size of 97, 147 and 177 nm and of ZnS commercial powder are 

estimated to be 10.2, 33.2 ,73.1 and 16.4 m2·g-1, respectively. It is surprised to find out that the 

big-sized ZnS nanospheres generally possess a larger specific surface area, which is opposite to 

the general rule that small particle typically has a larger specific surface area compared to large 

particle. We think that the special architectures owned by the ZnS nanospheres may account for 

this interesting phenomenon. As the nanospheres are composed of small nanoparticles, their 

surface areas are the total surface areas of the particles exposed outside the nanospheres rather 
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than that of the particles making up them. The big-sized nanospheres allow more particles 

exposed outside of them, thus they typically have larger specific surface areas. 

 

Fig. 3 (a-c) Surface analysis of ZnS nanospheres with a diameter of 177 nm before and after ligand exchange: 

(a) FTIR spectra, (b) the full range of XPS spectra, and (c) XPS spectra of C1s peak. (d) Nitrogen 

adsorption-desorption isotherms of ZnS nanospheres of different sizes (after ligand exchange). 

3.4 Colloidal Stability and Structure Robustness of ZnS Nanopsheres 

As mentioned above, when nanomaterials are employed as solution-based catalyst, their colloidal 

stability and structure robustness will significantly influence their practical photocatalytic 

performance. To evaluate their colloidal stability, we dispersed the as-prepared ZnS NPs and 

commercial ZnS powder in water respectively and tested their maximum suspension times. As shown 

in Fig.4, it can be observed that all of the commercial ZnS powders precipitated naturally in 20 min; 

while the ZnS NPs could suspend steadily in water at least for 24 h (still having characteristic 

Tyndall effect) without any stirring, indicating their excellent colloidal stability. We believe the 

excellent stability of the ZnS NPs may stem from their medium whole sizes as well as proper surface 

300 295 290 285 280 275

 

 

In
te

n
si

ty
 (

a.
u

.)

Binding Energy (eV)

 raw
 fit
 C=O
 C-C
 C=C

after ligand exchange

before ligand exchange

285.5

288.2

284.6

288.5

288.2

C-C

C=O

C=C

C-C

C=O

3500 3000 2500 2000 1500 1000

υ(COO−)as   

υ(COO−)s   

υ(C=O)

17
1

0 94
0

υ(C-O)
δ(OH)δ(OH)

υ(C-N)

υ(CH2)s

υ(COO−)s   

 

 

%
 T

ra
n

ce
m

it
ta

n
ce

Wavenumber (cm-1)

TOA

Oleic acid

ZnS-before ligand exchange

ZnS-after ligand exchange

υ(COO−)as   

14
0

0

1
54

0

δ(CH
2
)

1
4

6
0

1
37

6

υ(C-N)

2
9

3
0

2
8

5
5υ(CH2)as 1
2

8
0

14
6

2
1

5
8

1

1
4

7
0

1
37

6

1200 1000 800 600 400 200 0

 

 

In
te

n
si

ty
 (

a.
u

.)
Binding Energy (eV)

 before ligand exchange
 after ligand exchange

Zn2P3

O1s

C1s

S2p

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

 

 
V

o
lu

m
e
 A

d
s

o
rb

e
d

×1
02

 (
cm

3
g

-1
)

Relative Pressure (P/P
0
)

 ZnS powder
 ZnS-97 nm
 ZnS-147 nm
 ZnS-177 nm

(a) (b)

(c) (d)

Page 10 of 22Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

states. Zeta

the ZnS NP

whose abso

reported va

from the so

additional 

recollection

Fig. 4 (a-d) A

177 nm and c

24 h (the inse

morphology 

When i

taken into 

as-prepared

a potential (

Ps with a si

olute values

alues.13 How

olution (36 

assistance).

n together th

A representat

commercial Z

et is aimed to

of the ZnS N

it comes to 

account. A

d ZnS NPs 

(ξ) measure

ze of 97, 14

 are obviou

wever, with 

h after disp

. It is the 

hat sets the 

tive optical im

ZnS powder d

o show the Ty

NPs under diff

the practic

As shown in

did not sh

ements prov

47 and 177

usly large tha

time prolo

persion), co

special abi

as-prepared

mage to show

dispersed in w

yndall effect

ferent UV irra

cal applicati

n Fig. 4, a

how any dis

 

vide a direc

nm were fo

an that of th

ongation, al

nfirming th

ility to com

d ZnS NPs a

w the suspens

water for diff

of such solut

adiation time

tion of a ph

after exposu

scernible v

ct proof for 

found to be 

he ZnS pow

l of the Zn

heir easy rec

mbine exce

apart from p

sion stability 

ferent times, (

tion). (e-f) A

s, (e) 0 min a

hotocatalyst

ure to UV 

variation in

this opinion

-39, -37 an

wder (13 mV

nS NPs coul

collection fe

llent colloi

previously r

of ZnS nanos

(a) 0 min, (b)

representativ

and (f) 24 h. 

t, its structu

irradiation 

their morp

on: the zeta 

nd -35 mV r

V) and most

uld precipita

feature (not 

idal stabilit

reported Zn

 

spheres with 

) 10 min, (c) 2

ve SEM imag

ure robustne

(120 W) f

phologies an

1

potential o

respectively

t of previous

ate naturally

require any

ty and easy

nS SNTs. 

a diameter o

20 min and (d

ge to show the

ess must be

for 24h, the

nd colloida

1

f 

y, 

s 

y 

y 

y 

of 

d) 

e 

e 

e 

al 

Page 11 of 22 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 12

dispersion properties (even their surface-coated citrate groups were found to be almost intact, see Fig. 

S5), demonstrating their excellent structure robustness and colloidal stability.  

3.5 Optical and Electrochemical Properties of ZnS Nanospheres. 

It is well-known that the size and bandgap information of semiconductor nanomaterials can be 

easily acquired by measuring their absorption spectra. The UV-vis absorption spectra of the 

as-prepared ZnS NPs are shown in Fig. 5(a), from which it can be observed all curves exhibit a 

distinct shoulder peak around 300 nm followed by a long tail at the longer wavelength side. Clearly, 

the shoulder peak is attributed to the band edge absorption from the ZnS nanoparticles composing 

the spheres, while the long absorption tail is due to the Mie scattering from the spheres themselves. It 

is interesting to find that the shoulder peak is generally red-shifted with increasing the size of the 

nanosphere, indicating the big-sized nanospheres probably consisting of big-sized nanoparticles. To 

get clearer bandgap information on the ZnS NPs, we converted their UV-vis spectra to the 

corresponding Tauc plots.50 As shown in Fig. 5(b), the band gap can be estimated by extrapolating 

the linear portions of the curves to the energy axis according to the equation of  Ahν = B(hν − Eg)1/2              (1) 

where α is the absorption coefficient, hν is the photon energy, Eg is the direct band gap energy, and B 

is a constant. With this method, the optical band gaps of ZnS nanospheres with a diameter of 97, 147 

and 177 nm were estimated to be 4.0, 3.9 and 3.8 eV, respectively. 

Fig. 5 (a) Absorption spectra, (b) Tauc plots, and (c) cyclic voltammograms of ZnS nanospheres with different 

sizes. 

Electrochemical cyclic voltammetry (CV) is a direct and powerful tool to estimate the absolute 

energy values of valence band edge (Evb), conduction band edge (Ecb), and bandgap (Egap) of 
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electroactive species including semiconductor nanomaterials.18, 44,51, 52 The Evb and Ecb energy levels 

of ZnS nanospheres can be respectively estimated from the peak potentials of the oxidation and 

reduction waves shown in their cyclic voltammograms. 51, 52 As shown in Figure 5(c), the three CV 

curves all demonstrate a pair of well-separated redox peaks. Relative to Ag/Ag+ reference electrode, 

the onset oxidation and reduction potentials of those products are 1.88 and -2.34 V for ZnS-97nm NP, 

1.85 and -2.26 V for ZnS-147nm NP, 1.82 and -2.18 V for ZnS-177nm NP, respectively. It can be 

seen that the peak potentials of the anodic and cathodic peaks are generally negatively and positively 

shifted respectively, with the increase of sphere size. The estimated electrochemical band gaps of the 

ZnS NPs with a diameter of 97 nm, 147 nm and 177 nm are 4.22 eV, 4.1 eV and 4.0 eV, respectively. 

As long as knowing their bandgap information, we could calculate the size of the nanoparticles 

composing the nanospheres according to Brus equation, 

, = , + (ħ 2⁄ )(1 ∗⁄ + 1 ∗⁄ ) − 1.786 4⁄             (2) 

where En,gap, Eb,gap, R, me
* and mh

* are the bandgap energy for a ZnS nanoparticle and its bulk 

counterpart, the radius of the particle, and the effective mass of electron and hole in the particle, 

respectively.53 Based on the bandgap values obtained from the aforementioned optical and 

electrochemical characterizations, the average size of the particles inside in the three different-sized 

nanospheres were calculated and listed in Table 1. For the purpose of comparison, those nanosphere 

samples were also examined by HRTEM (see Fig. S3) and the obtained particle sizes were included 

in Table 1 as well. It can be observed that the particle sizes determined by the three methods are well 

consistent with each other besides they all exhibit a similar increasing trend with the increase of 

sphere size (i.e., dZnS-97nm<dZnS-147nm<dZnS-177nm). 

Table 1 Evb, Ecb and Egap values of the ZnS nanospheres and their corresponding particle sizes 

Sample 
Optical bandgap Electrochemical bandgap Particle diameter 

Abs /nm Eopt 
 gap/eV Ecb /eV Evb /eV Eel 

gap /eV dopt /nm del /nm dTEM /nm

ZnS-97nm 310 4.0 -6.59 -2.37 4.22 3.4 3.5 3.2 

ZnS-147nm 318 3.9 -6.56 -2.45 4.11 3.7 3.9 3.4 

ZnS-177nm 326 3.8 -6.53 -2.53 4 4.1 4.4 3.7 
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3.6 Photocatalytic degradation performance 

Photocatalytic degradation has proven to be an effective, low-cost and environment-benign 

means to eliminate toxic organic chemicals from environment. To evaluate the photocatalytic 

performance of the as-prepared ZnS NPs, eosin B (EB) was selected as a target organic 

contaminant and its characteristic absorption (λ=517 nm) was chosen to monitor the whole 

degradation process. For the purpose of comparison, a series of control experiments, such as  

the degradation in the absence of any light or catalyst, the degradation with using commercial 

catalysts (ZnS and TiO2 powder), were also performed under the same conditions. As shown in 

Fig. S6 and Fig.6, it is clear that the degradation of EB was negligible in the dark and was low 

efficient (ca. 70% degradation after 9.0 h of illumination) under UV-light irradiation in the 

absence of catalyst (self-degradation). As the commercial ZnS and TiO2 powder were employed 

as the catalyst, it typically took ca. 8.0 and 9.0 h to completely degrade EB, respectively. In 

contrast, with the induction of the as-prepared ZnS NPs into such process, the photodegradation 

of EB was found to be significantly accelerated. It only needed 2.0, 4.5, and 5.5 h to completely 

degrade EB (losing all the characteristic absorptions and becoming colorless) under the same 

UV irradiation condition with the presence of 177, 144, 97 nm ZnS NPs, respectively. The 

complete degradation of EB over 177 nm ZnS NPs was also witnessed by the total organic 

carbon (TOC) measurement, which shows only ca. 3% TOC remaining in the solution after such 

photodegradation (see Table S2). To better depict the photocatalytic activity of those materials, 

the apparent reaction rate was adopted because their photocatalytic degradation reactions 

typically follow a pseudo-first-order expression:  ln( ⁄ ) =               (3) 

where C0/C is the normalized organic compound concentration and k is the apparent reaction rate 

(h-1).8,54 The constant (k) can be obtained by plotting ln(C0/C) versus irradiation time and 

performing linear fitting. According to Fig 6(d), the reaction constants (k) in above cases are 

0.14 h-1 for self-degradation, 0.36 h-1 for using commercial ZnS powder, 0.33 h-1 for using TiO2 

powder, 0.75 h-1 for using ZnS-97nm NP, 0.86 h-1 for using ZnS-147nm NP, and 1.22 h-1 for 

using ZnS-177nm NP, respectively (Table S2). Clearly, the big-sized ZnS NPs generally 

displayed a higher photocatalytic activity among those materials. Particularly, the ZnS-177nm 
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of eosin B versus irradiation time, showing the fitting results with using the pseudo-first-order reaction model 

(d). 

In consideration of practical application requirement, we particularly evaluated the 

recyclability of the as-prepared ZnS NPs by repeatly using them as a photocatalyst. As shown in 

Fig S6(h), no appreciable decay of the photocatalytic activity was found for those NP samples 

after they were recycled in the photodegradation of EB for three consecutive runs. In addition, 

we also confirmed that not only their structures were kept intact but also their colloidal stability 

were remained after such repeat testing, consistent with the previous observations revealed in 

Fig. 4(f). Both results indicate the ZnS NPs are competent for the long-termed photocatalytic 

application. 

When methylene blue (MB) was chosen instead of eosin B as the target contaminant, it was 

found that a slightly longer time (at least 7 hours) was required for the ZnS NPs to completely 

degrade such dye (evidenced by the solutions losing all the characteristic absorptions, becoming 

colorless and losing ca. 97.3 % TOC, see Fig. S7 and Table S2) under the same illumination 

condition. Even so, the ZnS-177nm NP sample still demonstrated the best photodegradation 

performance among those materials, whose reaction constant k (see Table S3) is ca. 4~5 times 

higher than that of commercial ZnS and TiO2 powder. As for the reason why a longer time is 

required for degrading MB, we think this may be ascribed to the more robust molecular structure 

of MB compared to that of EB. 

To fully evaluate the photodegradation performance of the as-prepared ZnS NPs, we have 

systemically compared their degradation rate, degradation efficiency and degradation condition 

with those of previously reported analogues (see Table S3). It is clearly that the photo- 

degradation performance of ZnS-177nm NP sample is slightly inferior to but yet comparable to 

that of the best catalysts fabricated previously. Moreover, it is also noteworthy that the ZnS NPs 

prepared herein did not require any stirring during those photodegradation processes because of 

their excellent colloidal stability, setting them apart from the previously reported catalysts.  

The success on the photodegradation of EB and MB individually allows us to explore 

whether the two dyes could be degraded together by using the as-prepared ZnS NPs. In fact, the  
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Fig. 7 (a) Temporal UV-visible absorption spectra observed for the methylene blue /eosin B binary system in 

the presence of 177 nm ZnS nanospheres as a function of illumination time (MB: 5×10-5 M; EB: 1×10-5 M). 

Plots of ln(C0/C) of eosin B (b) and methylene blue (c) versus irradiation time, showing the fitting results with 

using the pseudo-first-order reaction model. 

simultaneous degradation of two different dyes is highly needed because the real industrial 

wastewater typically contains multiple dyes. To achieve such goal, we added the ZnS NPs to a 

solution containing a specific concentration of MB and EB ([MB] / [EB]=5:1) and tracked the 

evolution of their characteristic absorption peaks (λ1=517 nm for EO and λ2=665 nm for MB) 

with illumination time to monitor their photodegradation processes. As shown in Fig. 7 and Fig. 

S8, it can be observed that the two characteristic peaks are gradually decreased to zero with the 

prolongation of illumination time, signifying the complete degradation of the two dyes. Similarly, 

the ZnS-177nm NP sample still demonstrated the best photodegradation performance among 

those catalysts. However, it was surprised to find that the degradation of MB was obviously 

accelerated while that of EB was distinctly postponed in this binary mixed system compared 

with the corresponding degradation in single dye system (see Table S4). This interesting 

phenomenon can be explained from the energy level alignment viewpoint (Fig. S9-S10): the Ecb 

(or LUMO) energy level of ZnS NP, EB and MB follow the order of ZnS (-2.45 eV) > EB (-2.72 

eV) > MB (-3.51 eV), which are all higher than the redox potential of O2/O2
·-(-3.89 eV).55 With 

the coexistence of EB and MB in the solution, upon UV illumination, the excited electrons in 

ZnS Ecb level were more easily transferred to the O2 molecules in close proximity to the 

nanospheres by going through the LUMO level of EB and MB sequently. So, MB molecules 

gained more chances to directly interact with the in-situ produced O2
·- radicals, thus their 
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(Route A); while the conduction band electrons are usually scavenged by the dissolved O2 to 

yield superoxide radical (O2
·-) (Route B). So, the organic pollutants can be finally broken down 

into small molecular fragments under the attacking of the formed highly reactive radicals (such 

as ·OH and/ or O2
·-). We think the photodegradation of EB/MB over ZnS NPs demonstrated 

herein can be also explained by above mechanism. However, it is still not clear whether or not 

the valence band oxidation reaction (Route A) and the conduction band reduction reaction 

(Route B) were both involved in such photodegradation processes. Moreover, it also needs to 

identify which reaction dominated the overall photodegradation process if they both participated 

in. To solve such questions, we carried out a series of control experiments with using 177 nm 

ZnS NPs as the catalyst but under different atmosphere in order to facilitate or block the Route 

A/B intentionally. As shown in Fig. 8(b)-8(d), it can be observed that the degradation rate of EB 

obviously slowed down after the solution was continuously purged with N2 to eliminate the 

dissolved O2 (i.e., blocking Route B), revealing the existence of valence band oxidation reaction 

(Route A) in such degradation process. In contrast, the degradation rate was found to be only 

slightly increased as the solution was continuously purged by O2 to enhance its concentration 

therein (i.e., accelerating route B), suggesting the air-equilibrated dissolved O2 was sufficient for 

the dye degradation.5 Those results strongly indicate the valence band oxidation reaction and the 

conduction band reduction reaction were both actively involved in the photodegradation of 

EB/MB over ZnS NPs; however, the reduction of dissolved O2 by conduction band electrons 

seemed to play a crucial role in such processes. 

4. Conclusions 

In this paper, we have developed a limited ligand-induced in-situ aggregation strategy for 

preparing high-quality ZnS nanospheres (NPs) consisting of tiny nanoparticles. By using such 

strategy, we were able to prepare the ZnS NPs with their whole sizes and affiliated particle sizes 

ranging from 90 to 180 nm, 3.0 to 5.0 nm respectively, owing to such strategy allowing the 

secondary and entire structures of the NPs to be tuned simultaneously. Three representative ZnS 

NP samples with different sizes (97, 147, 197 nm) were thus obtained, which were all confirmed 

to possess rather large surface areas, robust structures and excellent colloidal stability. 

Furthermore, the photocatalytic activities of those ZnS NPs toward the photodegradation of 
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eosin B, methylene blue and their binary mixture were explored respectively. It was interesting 

to find that the big-sized ZnS NPs generally demonstrated a higher photocatalytic activity in all 

the degradation cases, which is mainly attributed to their larger specific surface areas as well as 

to their stronger absorption to the UV light. Besides of excellent photodegradation performance, 

those ZnS NPs also exhibited a special advantage of not requiring any stirring during 

photodegradation process, setting them apart from the previously reported catalysts. Finally, 

according to the control experiments under different atmospheres along with the related energy 

level information, we revealed that the reduction of dissolved O2 by conduction band electrons 

played a crucial role in the photodegradation of such dyes though the valence band oxidation 

reaction was also actively involved in such process. We believe that the control strategy for 

tuning the fine and whole structures of spherical nanostructures in a synergetic manner together 

with the structure-dependent photodegradation performance demonstrated herein will definitely 

benefit the fabrication of high-efficient photocatalyst as well as other complex nanoassemblies. 
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