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Abstract The structure stability and electronic and optical

properties of a series of Au@ZnS core–shell nanocom-

posites with different sizes were investigated theoretically

by first-principle calculation based on density functional

theory (DFT). A series of Aun@(ZnS)42 structures with

different n values from 6 to 16 were optimized and

obtained. Based on the core–shell interaction energy and

second-order difference of total energy of these structures,

it is found that Au13@(ZnS)42 turns out to be the most

stable structure. Based on the model of Au13@(ZnS)42, the

density of state and charge density difference were studied

and provided a deeper understanding of the electronic

structures of Au@ZnS. On the other hand, absorption

coefficient and dielectric function were investigated to

study the optical properties. It is found that an optical

absorption peak appears in visible-light region, indicating

that the photo-catalytic can be improved prominently due

to the optical redshift to visible-light region when forming

core–shell structure from ZnS bulk. And the redshift

phenomenon accords well with experiment. Furthermore,

the electronic structure further confirms the existence of

redshift of optical absorption spectrum.

Keywords Core–shell structure; Density functional theory

(DFT); Electronic structure; Optical properties; Redshift

phenomenon

1 Introduction

Core–shell nanoparticles have received tremendous atten-

tions in materials science and engineering due to the wide

application in different areas such as catalysis [1–3],

electronics [4, 5], biomedical [6, 7] and enhancing photo-

luminescence [8] with the advantages of avoiding the inner

core exposure to solvent and maximizing the interaction

between the core and shell. By controlling chemical con-

stitution, size and morphology, the adjustable properties of

core–shell structure can be utilized to a large range of

different fields. In particular, core–shell nanoclusters

comprised of noble metal core and semiconductor shell as

building blocks have emerged as a quiet promising system

in recent years [9, 10] because of their peculiar structures

and remarkable physicochemical properties compared with

individual component nanomaterial.

Among all kinds of semiconductors, ZnS as one of the

most popular photo-catalysts plays an important role in

photonics that have been extensively utilized in emission

devices, cathodoluminescence, light-emitting diodes and

sensors [11–13]. However, the visible-light photocatalyst

application has been restricted by the low visible-light

absorption of ZnS. To overcome this problem, one of the

most promising way is to involve noble metals with
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complementary properties to ZnS structure. For instance, it

has been reported that the introduction of Au clusters into

ZnS structure benefits the photo-catalytic activity by

extending the optical absorption edge to the visible-light

region [14]. In the past decade, the Au–ZnS nanocom-

posites with different morphologies have been discussed

extensively.

For example, Chen et al. [15] have prepared core-

satellite ZnS–Au nano-assemblies, in which each of the

ZnS nanosphere was surrounded by a few Au nanoparti-

cles. It exhibited high photo-catalytic efficiency and thus

was applied for degradation of cationic dye (TH) under

ultraviolet–visible (UV) light. Zhang et al. [16] have syn-

thesized Au nanoparticles loaded on ZnS nanostructures.

They found that Au nanoparticles obviously enhanced

photo-catalytic hydrogen production rate of ZnS structure.

Geng et al. [17] have synthesized Au–ZnS hybrid nanos-

tructure. The formation mechanism and optical properties

of the nanocomposites with different Au doping concen-

trations were also discussed. Sagheer and Madkour [18]

found that a significant increase in the photo-catalytic

activity takes place upon the loading of Au nanoparticles

on ZnS. And the optoelectronic properties of the

nanoparticles in terms of band structure were determined.

However, for the above Au–ZnS nanocomposites, Au

nanoparticles exposed to the surrounding environment are

likely to suffer from corrosion and thus reduce catalytic

activity. Core–shell composite can resist corrosion by

insulating the metallic core from its surroundings

environment.

For example, Mrinmoy et al. [14] have proposed a

simple, novel and quick preparation of Au@ZnS core–shell

nanostructure. They have investigated the effect of Au core

concentration on electrical properties and optical behavior.

The visible photo-catalytic activity was observed to get

improved with the increase in concentration of Au core in

Au@ZnS nanostructure. In summary, when putting Au

cluster as the inner core of ZnS outer shell, Au@ZnS core–

shell nanoparticles will exhibit excellent photoelectron

property and enhanced catalytic performance compared

with individual component material.

Nevertheless, there are not many researches about

Au@ZnS nanocomposite experimentally and theoretically,

and the synthesis of Au@ZnS nanoparticles is still a

challenge, although there have been a few successful

preparations. Especially, as we can see, most works pay

more attention to the experimental process and description

of the phenomenon. The theoretical study about the phys-

ical mechanism and the explanation of experiment results

is still scarce, which has become a major roadblock for the

investigation of core–shell structure. In this work, the

structural stability and functional properties of a series of

Aun@(ZnS)42 (n = 6–16) nanocomposites were

investigated by density functional theory (DFT) which

include finding the most stable nanostructure and studying

their electronic and optical properties.

2 Computational methods

In this study, first-principles calculation based on DFT was

performed to investigate Ag@ZnS core–shell nanostruc-

ture, as implemented in Vienna ab initio simulation pack-

age (VASP). The generalized gradient approximation

(GGA) methods as described by Perdew, Burke and

Ernzerhof (PBE) [19] was chosen to describe the exchange

correlation function. A plane wave basis was set with a

cutoff energy of 480 eV, and only the gamma point sam-

pling of the Brillouin zone was adopted for the core–shell

nanostructure calculations. A cubic box with side length of

2 nm was used to contain the particle in all directions to

reduce the interactions between periodic images. All atoms

in model systems were fully relaxed to obtain optimized

structures with the convergence criteria for energy and

maximum force of 1.0 9 10-5 eV and 0.05 eV�nm-1,

respectively. The structural relaxation terminated until the

criteria were satisfied. The electronic and optical properties

were calculated based on the optimized Ag@ZnS

nanostructures.

3 Results and discussion

3.1 Structural properties of Aun@(ZnS)42 (n = 6–16)

hetero-nanostructure

3.1.1 Structural properties of Aun@(ZnS)42 (n = 6–16)

The multiplicity and indeterminacy of core–shell hetero-

structure involve huge difficulties in the theoretical inves-

tigation of core–shell structure. With the lack of a proper

model and the increasing number of atoms, the optimiza-

tion of obtaining a stable structure in DFT calculation

usually fails. Here, a series structures of Aun@(ZnS)42 with

different numbers of Au atoms (n) were built. Inspired by

the work on Au@ZnO [20] and TM@ZnO (TM = Fe, Co,

Ni) [21], Au@ZnS structure was constructed since ZnO

and ZnS share the similar wurtzite structure in bulk

materials. Then, the structure was optimized by using

conjugate gradient algorithm until the criteria of the con-

vergence tolerance of energy and maximum force were

reached. The obtained converged structure of

Aun@(ZnS)42 for n from 6 to 16 is shown in Fig. 1. It can

be seen that for these stable core–shell structure, the shapes

of the outer shell remain almost unchanged with just slight

differences.
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To investigate the relative stability among these struc-

tures with different sizes of inner core, as shown in Fig. 2,

the core–shell interaction energy (Ecs) and the second-order

difference of total energy (D2E) are displayed, respectively.

The core–shell interaction energy (Ecs) is defined as:

Ecs ¼ ðEn � Ecore � EshellÞ=N ð1Þ

where N = n ? 42 is the total atom number of

Aun@(ZnS)42 and En, Ecore and Eshell are the total energy

of Aun@(ZnS)42, Aun inner core and (ZnS)42 outer shell,

respectively. The second-order differences of total energies

(D2E) are calculated as:

D2En ¼ En�1 þ Enþ1 � 2En ð2Þ

where En is the total energy and n is the number of Au

atoms.

It can be noted that the second-order differences of total

energies and core–shell interaction energy are sensitive to

the structure stability of nanoparticles. As shown in Fig. 2,

the core–shell interaction energy reaches a minimum and

D2E is maximal at Au13@(ZnS)42, indicating that

Au13@(ZnS)42 is the most stable structure. It is reported

that Au13 cluster is particularly stable which is well-known

‘‘magic numbers’’ [22]. That is also why Au13@(ZnS)42

core–shell composite with 13-Au acting as the inner core

exhibits enhanced stability compared with other Aun

clusters.

Fig. 1 Converged geometries of a Aun@(ZnS)42 core–shell nanostructure for n from 6 to 16 and b Au13@(ZnS)42 core–shell nanostructure,

where blue, gray and pink balls refer to Au, Zn and S atoms, respectively
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The calculated average bond lengths are also demon-

strated in Table 1 and compared with bulk ZnS and bulk

Au. The results show that the bond lengths of Zn–Zn, Zn–S

and Au–Au all decrease compared with that of bulk

materials, which means that the outer shell and inner core

tend to contract and become denser to form a stable united

structure.

3.1.2 Structural properties of Au cluster

In addition, structural properties of Au cluster in shell from

the isolated one are also discussed. In Fig. 3, the optimized

structures of Au13 isolated cluster and Au13 core separated

from outer shell are shown, respectively. As can be clearly

seen that when putting Au13 cluster in ZnS outer shell,

optimized Au13 core shows some deformation compared

with the isolated cluster, which is likely attributed to strong

interfacial electronic interaction between Au inner core and

ZnS outer shell.

3.1.3 Interface properties of Au13@(ZnS)42

For core–shell nanostructure, it is of great importance to

investigate the interface between Au cluster and ZnS shell,

which is closely associated with functions and properties of

nanostructure. Au–S and Au–Zn nearest distance at

interface for Au13@(ZnS)42 are shown in Table 2. And

charge transfer between core and shell for per Au is also

presented. From Table 2, it can be concluded that, except

for a few cases, the smaller the Au–S distance or Au–Zn

distance is, the more the charge transfer occurs between Au

core and ZnS shell. For example, for Au13@(ZnS)42

nanostructure, Au2 atom has more charge transfer of 0.159

than the average value of 0.117, with corresponding

smaller Au–S distance of 0.2676 nm. Another example,

Au11 atom has more charge transfer of 0.190, which is

corresponding to smaller Au–Zn distance of 0.2611 nm.

In addition, from core–shell nanostructure in Fig. 1, it

can be seen that some S atoms move toward the surface,

and part of Zn atoms toward internal, which will lead to the

atom recombination on the shell. Therefore, Au@ZnS

core–shell structure can be approximately regarded as one

side for Zn termination and the other side for O termination

at the interface of core–shell, which is similar to other work

about Ag@ZnO nanostructure [25]. On the other hand,

some Au, Zn and S atoms blend together at the interface,

indicating that the inter-attraction between Au cluster and

ZnS shell further enhances the relativistic effect (RE) and

promotes bonds formation at the interface.

Fig. 2 a Core–shell interaction energy (Ecs) and b second-order difference of total energy (D2E) of Aun@(ZnS)42(n = 6–16) nanostructures,

where minimum Ecs and maximal D2E at n = 13 indicate that Au13@(ZnS)42 is the most stable structure

Table 1 Calculated average bond length of Zn–S, Zn–Zn and Au–Au

for bulk ZnS, bulk Au and Au13@(ZnS)42 core–shell nanostructure,

respectively, and experimental bond lengths presented (in brackets)

for comparison (nm)

Structure Bulk-ZnS/bulk-Au Au13@(ZnS)42

Zn–S distance 0.2359 (0.235 [23]) 0.2307

Zn–Zn distance 0.3860 0.3445

Au–Au distance 0.2884 (2.88 [24]) 0.2848

Fig. 3 Optimized structures of a Au13 isolated cluster and b Au13

core separated from ZnS outer shell
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3.2 Electronic structure properties of Aun@(ZnS)42

(n = 6–16) hetero-nanostructure

3.2.1 Electronic structure properties of Au13@(ZnS)42

(n = 6–16) nanostructure

In order to get deep insights into the electronic structure,

the spin-polarized electronic densities of states (DOS) of

the stable structure Au13@(ZnS)42 and bulk-ZnS structures

were all calculated for comparison. Figure 4 shows the

total and partial DOS of Au13@(ZnS)42 composite and ZnS

bulk structures. The total DOS (TDOS) near Fermi level is

displayed as the inset. It is easy to see that there is a great

difference in DOS curves between Au13@(ZnS)42 and ZnS

bulk structure. From the total DOS curve of

Au13@(ZnS)42, it can be found that it is mainly composed

of two components. One of them locates at low-energy

level region, and S-s, S-p, Zn-d and Au-d orbitals have a

large contribution to the DOS. The other one is near the

Fermi level, which is mainly originated from S-s, S-p and

Table 2 Au–S and Au–Zn nearest distance and charge transfer for Au13@(ZnS)42

Clusters Au–S distance/nm Au–Zn distance/nm Charge transfer/e

Au1 0.3679 0.2676 0.251

Au2 0.2676 0.2790 0.159

Au3 0.2426 0.3482 0.053

Au4 0.2394 0.3526 0.047

Au5 0.3819 0.2602 0.296

Au6 – – 0.211

Au7 0.2439 0.2936 0.032

Au8 0.2451 0.2791 0.100

Au9 0.2486 0.2610 0.059

Au10 0.2436 0.2856 0.064

Au11 0.3615 0.2611 0.190

Au12 0.2478 0.2797 0.032

Au13 0.2476 0.2959 0.026

Average 0.2781 0.2880 0.117

Fig. 4 Total and partial DOS of a ZnS bulk structure and b Au13@(ZnS)42 core–shell nanostructure, where total DOS (TDOS) near Fermi level

is displayed as inset, dotted lines refer to Fermi level with unit of electrons�eV-1
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Zn-s, Au-d orbitals. For bulk ZnS structure, the DOS

located at low-energy level mainly comes from the S-s, S-p

and Zn-d orbitals, and the energy region near the Fermi

level is mainly built up from the S-p state.

As can be seen from the inset of TDOS of wurtzite ZnS

bulk structure, band gap between valence band and con-

duction band is about 2.3 eV, which is similar to other

calculation works, such as 2.232 eV [26]. From the inset of

Au13@(ZnS)42 TDOS, it can be noted that there also exists

energy gap at Fermi level for the Au13@(ZnS)42 structure,

indicating a semiconductor behavior for the core–shell

configurations. But, the energy gap between the valence

band maximum (VBM) and the conduction band minimum

(CBM) of the Au13@(ZnS)42 is very small, which may be

attributed to the occurrence of gap states near the Fermi

level. The partial density of state (PDOS) for

Au13@(ZnS)42 shows that gap states mainly result from

S-p, Au-d orbitals, implying a lot of electrons interactions

between Au-d and the S-p orbitals near the Fermi level. In

other words, when doping Au cluster as inner core of ZnS

outer shell, the core–shell interaction results in the occur-

rence of the hybridization between Au atom and its

neighboring S atom. Besides, Au-d and S-p hybridization

may partly help to explain why the nanostructure stability

enhances when Au-cluster serving as the inner core in ZnS

outer shell.

The above conclusion can be confirmed by the calcu-

lated charge density difference, as presented in Fig. 5a and

b. It can be clearly seen that a large number of charges are

lost from the Au atoms of inner core, and the interface

region between inner core and out shell is occupied by a

higher bonding charge. That is to say, there exists the

obvious electron transfer between the Au atom and

neighbor S atom. The above indicates strong electrons

interaction between inner core and outer shell region,

which leads to the formation of Au–S bonds.

To obtain a better understanding for electronic structure

properties at interface, the 2D charge density difference of

Au13@(ZnS)42 nanocluster is shown in Fig. 6 and charge

transfer data of the typical atom have also been marked out.

It can be further confirmed that there are a lot of electrons

accumulated at interface and lots of electrons transfer from

Au atoms and ZnS shell.

As we all know, because the Fermi energy level of Au is

higher than that of ZnS structure, the electrons transfer

from valence band of Au cluster to ZnS conduction band

will occur. Therefore, these new occupied states near the

Fermi energy level supply a bridge for electrons excitation.

And the electron excitation may lead to a significant red-

shift of the absorption spectrum, that is, a new optical

absorption in the visible-light region. The redshift phe-

nomenon is also found in other core–shell nanoclusters,

theoretically and experimentally [20, 27–29]. The optical

property of Au@ZnS nanocluster is very complex. There-

fore, in the next section, the optical properties of the

Au13@(ZnS)42 core–shell nanostructure will be discussed

in detail.

3.2.2 Electronic structure properties of Au cluster

In order to understand the difference of electronic structure

properties of Au cluster in shell with the isolated one, the

total density of state (TDOS) and partial density of state

(PDOS) of Au13 isolated cluster and Au13 inner core are

displayed in Fig. 7. As can be seen that, when putting Au13

cluster in the ZnS outer shell, the integrity of DOS of Au13

inner core becomes weak, which indicates that some

electrons are lost and transfer from Au cluster to ZnS outer

shell. The conclusion is consistent with the above discus-

sion in electronic structure properties of Au13@(ZnS)42

core–shell nanostructure.

In addition, it can also be seen that the DOS curves of

Au13 inner core become smoother and some peaks disap-

pear compared with isolated cluster, which is mainly due to

strong electrons interaction between Au core and ZnS outer

Fig. 5 Plot of charge density difference for Au13@(ZnS)42 core–shell

nanocluster: a top view and b side view, where loss and enrichment of

electrons are displayed in light blue and yellow, respectively, and

isosurface value used is 20.24 e�nm-3

Fig. 6 Plot of 2D charge density difference for Au13@(ZnO)42 with

charge transfer data of typical atom marked out (unit: e)
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shell. Just as DOS of Au13@ZnS42 shown in Fig. 4, when

Au13 serving as inner core of ZnS outer shell, some peaks

disappear compared to ZnS bulk.

3.3 Optical properties of Au13@(ZnS)42 and bulk ZnS

structure

3.3.1 Absorption coefficient analysis

The optical properties of Au13@(ZnS)42 nanocluster can be

systematically analyzed by means of absorption coefficient,

which are presented in Fig. 8, together with ZnS bulk

structure for comparison. As can be seen, for

Au13@(ZnS)42 core–shell composite, there is mainly one

absorption peak located in the visible-light spectrum range

of about 560 nm, which is similar to the experimental

detection absorption peaks occurred at 530 [17], 537 [14],

and 518 nm [18]. The deviation compared with experi-

mental result may originate from the undervalued energy

gap calculated by DFT ? GGA method. As shown in

Fig. 8, for ZnS bulk configuration, the absorption spectrum

has hardly absorption peaks in the visible-light range,

suggesting that for the ZnS bulk structure, visible light is

hard to be absorbed, and thus visible-light photo-catalyst

gets limited. Therefrom, it can be concluded that the

absorption peak of Au13@(ZnS)42 nanostructure is dis-

tinctly broadened and exhibits an obvious redshift com-

pared to that of ZnS bulk, which suggests enhancement of

visible absorption efficiency to some degree. The occur-

rence of redshift phenomenon may result from the strong

charge transfer occurring at the interface between d-char-

acter of Au atom and p-character of surrounding S atoms.

Besides, the redshift is in accord with the above discussion

in DOS plots and charge density difference map.

Consequently, the visible-light absorption capability

gets improved when Au cluster serving as the core of

empty caged ZnS shell structure, and thus, the efficiency of

photo-catalytic reaction is raised by extending the optical

absorption spectra to the visible-light range.

3.3.2 Imaginary part and real part of dielectric function

analysis

In addition, the frequency-dependent dielectric function

was also investigated and analyzed to identify the optical

properties of Au13@(ZnS)42 composite cluster. For bulk

Fig. 7 Total and partial DOS of a Au13 isolated cluster and b Au13 core, where dotted lines refer to Fermi level with unit of electrons�eV-1

Fig. 8 Absorption coefficient of a ZnS bulk structure and b Au13@(ZnS)42 core–shell nanostructure as a function of wavelength
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ZnS wurtzite-type structure, the imaginary part, e2(w),

where w denotes the frequency, (or real part, e1(w)) of the

dielectric function includes two parts, the one part is

e2(w)k(or e1(w)k), with the polarization vector parallel to

the z direction, and the other one is e2(w)\(or e1(w)\)

which is determined by the average of the spectra for

polarizations perpendicular to z direction. Figure 9a and b

presents e2(w) and e1(w) of dielectric function of ZnS

wurtzite structure, which is consistent with the other cal-

culated work [30]. One clearly sees that the line shape of

two components for e2(w) or e1(w) is almost the same in the

whole energy range, in order to facilitate the comparison

with Au@(ZnS)42 structure, and the averaged dielectric

function with the polarization direction along the x, y and

z axes, that is, e2(w) = (e2x ? e2y ? e2z)/3 or e1(w) =

(e1x ? e1y ? e1z)/3) is also used, as shown in Fig. 9c and d.

Figure 9c and d displays the imaginary part and real part

of dielectric function of Au13@(ZnS)42 and ZnS bulk

material, respectively. It is known from the e2(w) curve that

the all e2(w) peaks of Au13@(ZnS)42 weaken compared

with that ZnS bulk structure in the high energy region, but

there is a strong peak located in the visible-light energy

region of about 2.4 eV, indicating that the Au13@(ZnS)42

nanocomposite absorbs lots of visible light. For the

e1(w) curve, the e1(w) intensity of Au@(ZnS)42 is also

weaker than that of ZnS bulk structure, and there is also an

obvious peak in the lower energy region for

Au13@(ZnS)42. It is worth to note that bulk ZnS structure

exhibits dielectric property in low-energy range but

behaves like a metal in the high energy range of about

7–18 eV. However, the e1(w) value of the Au@ZnS core–

shell nanostructure is almost all positive and dielectric in

the whole energy range. Therefore, it can be concluded that

the dielectric property of Au13@(ZnS)42 nanomaterial is

better than that of ZnS bulk.

4 Conclusion

In summary, although the theoretical investigation of core–

shell hetero-nanostructure is quite complicated in first

principle calculation, a series of optimized structures for

Aun@(ZnS)42 core–shell nanoparticles with different

n values from 6 to 16 were built. The core–shell interaction

energy and second-order difference of total energy indicate

a most stable structure of Au13@(ZnS)42. Furthermore, the

electronic structure properties of core–shell nanostructure

were studied by means of the calculated DOS and charge

Fig. 9 Dielectric functions of a imaginary part and b real part for ZnS wurtzite structure and c imaginary part and d real part for Au13@(ZnS)42

nanostructure with ZnS bulk structure for comparison
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density difference, and the results show that there are lots

of electron transfers from Au atoms to ZnS shell. On the

other hand, the optical properties of Au13@(ZnS)42 were

also investigated based on the absorption coefficient and

dielectric function; it is found that there exists a redshift of

optical absorption to visible-light region from ZnS bulk to

Au@ZnS core–shell structure, implying an enhancement of

the photo-catalytic at visible-light region. And it is also

found that the dielectric property of Au13@(ZnS)42 nano-

material is better than that of ZnS bulk.
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