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Wet chemical synthesis gives wide possibilities for fabrication of noble metal nanoparticles (NP), which 

characteristics depend on many factors. The article is devoted to study of formation of Au nanostructures 

on MoS2 substrate from growth solution, containing ethanol, ethylene glycol, glycerin, polyvinylpyrrolidone 

(PVP) and HAuCl4. The study shows that obtained particles in this system are nearly spherical NP, wires, 

flat triangle and hexagonal nanoprisms (NPRs). NPs and dendritic structures growth without PVP and on-

ly presence of stabilizer leads to formation and further evolution of NPRs on MoS2 substrate. For the first 

time it was also observed a growth of incomplete triangle and hexagonal NPRs, consisting of NP with size 

50-100 nm. These incomplete nanoprisms transform to full shapes later on. Our experiments reveal that 

changing of component concentrations, ratio [PVP]/[HAuCl4] and time of synthesis have a dominant influ-

ence on the shape of obtained NP. The possible mechanisms of NP growth on MoS2 are discussed. 
 

Keywords: Gold, Nanoparticles, Nanoprisms, Polyvinylpyrrolidone. 
 

DOI: 10.21272/jnep.10(3).03017 PACS numbers: 61.46.Hk, 81.10.-h 

 

 

1. INTRODUCTION 
 

2D nanostructures have unique physical and chem-

ical properties that open up possibilities of creation of 

new devices and materials. Such nanostructures can be 

easy obtained from layered materials, like graphite and 

transition metal dichalcogenides. More complex meth-

ods have to be used to produce 2D nanostructures of 

noble metals. One of them is surfactant-mediated syn-

thesis on the basis of polyol method [1, 2], thermolysis 

with the use of template assisting [3]. 

Perspective template is the surface of MoS2 mono-

crystal. Combination of Au nanosturctures and sulfur-

containing materials allow to manufacture promising 

devices that are widely used in photoluminescence [4-

6], SERS [7-9], optoelectronic [10], photovoltaic devices 

[11], plasmonic organic solar cells [12], sensors [13], 

catalysis [14, 16], photoelectrochemical cells for water 

splitting [17], for the fabrication of rechargeable Li−O2 

batteries [18]. 

Advantage of MoS2 template is possibility to pro-

duce Au nanostructures on a very thin sheet of MoS2. It 

is demonstrated in [19] that if one accounts for interfa-

cial energies and strains, the presence of misfit disloca-

tions, and the compliance of the MoS2 substrate, the 

experimentally observed growth orientation of Au 

nanostructures is favored despite the fact that it repre-

sents a larger elastic mismatch than two competing 

structures. The stability of the preferred orientation is 

attributed to the formation of a large number of strong 

Au-S bonds, and it is noted that this strong bond may 

serve as means to exfoliate and transfer large single 

layers of MoS2. 

There is very restricted number of studies of Au 

nanosructures on MoS2 by using of wet chemical meth-

ods [9, 14]. This work is devoted to study of influence of 

components of growth media (ethanol, ethylene, glycol, 

glycerin, polyvinylpyrrolidone, HAuCl4), ratio of com-

ponent concentrations CPVP/CHAuCl4, time of synthesis 

and state of MoS2 substrate on the shape, size and ori-

entation of Au nanostructures. 

 

2. MATERIALS AND METHODS 
 

To synthesize Au NPRs on investigated surfaces 

chloroauric acid (HAuCl4 3H2O, ”Shanghai Synnad 

Fine Chemical Co., LTD”), ethyl alcohol, polyvinylpyr-

rolidone (29 kD, ”Sigma-Aldrich”), ethylene glycol 

(”Reahim” Russian) and glycerin (manufactured Indo-

nesia) were used. 

The morphology of the Au nanostructures, their lo-

cation on MoS2 substrate were studied by scanning 

electron microscope (JSM-6060 microscope). 

The influence of the growth medium components on 

investigated substrate was examined by wetting angle 

(WA) measurements. First, a droplet of each compo-

nent was deposited on the freshly cleaved bare MoS2 

and on annealed Au (111) surfaces. Second, formation 

of a film of every component/combination of compo-

nents of the growth medium were studied on the test 

substrates. Test substrates were immersed in a solu-

tion for 5-10 minutes, and after a droplet of deionized 

water was deposited on its surface. The same procedure 

was held with substrates immersed for 48 hours. The 

volume of droplets was equal to 2 L. The value of the 

contact angle was averaged on the basis of 

10 measurements. The error of measured wetting angle 

was within ± 5°. 

 

3. THEORETICAL BACKGROUND 
 

3.1 Growth Mechanisms of Au Structures 
 

The growth mechanism of Au nanostructures under 

conditions of polyol synthesis can be considered within 

the LaMayer model [20]. At the first stage AuCl4 −-ions 

reduce to Au0. Thereafter, nuclei are formed in the 

places of maximum concentration of Au0. Every nucleus 

can decay if its size is less than critical or continue to 

grow if its size exceeds it. In the last stage augmenta-

tion in size of NPs is limited by diffusion of atoms from 

http://jnep.sumdu.edu.ua/index.php?lang=en
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free volume to the surface of Nps. 

According to the different synthesis methods two 

main directions in explanation of plate-like structures 

exist. The first one deal with twin defects or stacking 

faults into the nanocrystals and the other highlights an 

important role of capping agents and their concentra-

tion in growth medium. For metals with fcc structure, 

e.g. Au, equilibrium shape of NPs is truncated octahe-

dron [21]. Microprisms with the thickness up to 100 nm 

are far from this shape and have a large surface ener-

gy. To form such particles with a plate-like shape this 

symmetry has to be broken. In [22] and [23] authors 

supposed presence of twin defects or stacking faults 

into the nanocrystals. 

NPs with minimal surface energy are obligatory to 

form twinned structures. The typical and most stable 

faces for bounding of Au and Ag NPs are {111} and 

{100}. Lofton and Sigmund showed that growth of these 

plate-like nanostructures strongly depends on twinned 

seeds. Such morphology of crystal leads to low energy 

reentrant grooves thus creating energetically favoura-

ble places for attachment of adatoms and lateral 

growth of crystal. Another deep theoretical and exper-

imental study to confirm a paradigma of twinning pro-

cesses was presented in [24]. The authors demonstrat-

ed that the probability of attachment of atom at the 

reentrant groove is 50 % times higher than at non-

twinned site. 

 

3.2 Capping Agents 
 

Another mechanism supposed important role of 

capping agents (mainly surfactants) in formation of 

gold nanoplates. It was proposed that these agents 

have a preferential adsorption on (111) faces of gold 

crystals and supplies the shape of nanocrystals. There 

are lots of works which show using of PVP to establish 

shape of crystals. In [25] the thin nanoplates were ob-

tained by realizing an effective two-dimensional (2D) 

crystal growth in a ternary surfactant mixture of 

cetyltrimethylammonium bromide (CTAB), polyvi-

nylpyrrolidone (PVP), and polyethylene glycol (PEG). 

Different factors of chemical environment can drasti-

cally influence on final shape and size of Au NPs. Thus, 

in [26] it was revealed that shape of Au NP may be 

changed by the variation of solvent, containing PVP. 

Addition of NaBr to aqueous solution of PVP enhances 

growth of triangle flat NPs [27]. In [28] the morphology 

and dimension of Au NPs produced by use of aqueous 

thermal methodology strongly depended on the concen-

trations of the seed particles and CTAB, in addition to 

the concentration of Au ions (Au3 
) and ascorbic acid. 

Therefore, triangle and star shapes were obtained at 

higher concentrations of Au seeds and reducing agent. 

Synthesis of Au particles in presence of PVP slight-

ly differs from those with CTAB, for example. Here, 

PVP binds Au ions, stabilizes nuclei/NPs from aggrega-

tion and determines morphology of NPs [29, 30]. Poly-

mer is readily soluble in primary alcohols, where a 

highly hydrophilic hydrogen bond exists between the 

hydroxyl group of alcohols and the C-O group in the 

pyrrolidone ring of PVP molecules [26]. Catching of Au 

ions by polymer molecules leads to changing of PVP 

conformation to different loops and tangles that contain 

Au ions [31]. Such polymer-metal ion complex promotes 

the reduction of Au3 
 ions to Au0 under soft conditions 

[32]. Note that Au ions join to polymer due to unshared 

electron pair of oxygen and nitrogen of pyrrolidone ring 

of PVP [33]. Thus, Au-PVP clusters can be formed. 

On other hand, selective adsorption of PVP on crys-

tallographic faces leads to different thickness of poly-

mer layer and changes the rate of diffusion of atoms to 

growing surfaces. Using computer simulation surface 

energy φ was calculated for surfaces {111} and {100} of 

Au, Ag, Pd and Pt with and without adsorbed layer of 

PVP [34]. It was shown that the surface energy φ Au 

(100) of the faces {100} decreases after adsorption of α-

pyrrolidone by 4.78 %, and for  Au (111) – by 3.51 %. 

Under such conditions atoms predominantly join to the 

{100} faces and particles grow in the lateral direction 

while direction [111] is inhibited. Another respective 

study [35] demonstrates that PVP binds more strongly 

to Ag(100) than Ag(111) because of a surface-sensitive 

balance between direct binding and van der Waals at-

traction. Using density-functional theory (DFT) and 

molecular dynamics (MD) it was probed the adsorption-

induced surface energies and spatially resolved binding 

of PVP monomer analogs on Au faces [36]. These calcu-

lations suggest that {111} facets should be prevalent in 

Au nanostructures grown with the help of PVP. There-

fore, NPs grow with a plate-like shape. 

 

3.3 Influence of MoS2 Ssubstrate 
 

The mechanism of growth of Au NPs is also likely 

connected with the redox reaction between MoS2 and 

Au ions that is very good described in literature [37]. 

Formation of the redox pair AuCl4
− /MoS2 promotes 

reducing Au ions to Au0. Therefore, the common defect 

of MoS2 substrate is valency-deficient sulphur leads to 

anchoring of gold atoms. As shown in [14, 15, 16] gold 

NPs nucleate preferentially at edges, line defects and 

cracks. Here, the largest number of broken S-bonds 

increase probability of attachment of AuCl4 − ions [42]. 

The reduction of ions to Au0 gives rise to formation of 

nuclei and their subsequent transformation to NPs. 

In most cases, the highly energetic defect sites and 

coalescence of neighbouring particles produce interme-

diate, irregularly shaped particles that can be arranged 

in specific manner. In [38] MoS2 surface serves as an 

effective template substrate in guiding the oriented 

growth of Au nanowires. Thus, using selected area elec-

tron diffraction peaks were observed for Au{220} ∥ 
MoS2 (110), Au{311} ∥ MoS2 (210), Au{111} ∥ MoS2 

(100), and Au{200} ∥ MoS2 (310) showing the preferen-

tial directions of nanowires orientation. Our experi-

mental results clearly demonstrate that substrate en-

forces oriented growth of Au structures, thus NPRs can 

be formed directly on solid interface. 

 

4. RESULTS AND DISCUSSION 
 

4.1 WA Measurements 
 

Variation of constituents of multicomponent systems 

can drastically change a rate of reduction of Au ions in 

growth medium and as a resulting morphology of NPs. 

In addition, presence of a substrate create new centres 

of nucleation. Thus, we carried out SWA measurements 
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with test MoS2 substrates to check the impact of com-

ponents of growth medium on attachment of Au nu-

clei/Nps to the MoS2 surface. 

It is known that AuCl4 − ions in a mixture of prima-

ry alcohols are reduced by ethanol at temperature 

T  80 C while ethylene glycol takes part in reduction 

processes only at high temperatures of synthesis 

(T  120-195 °C) [41]. Our previous studies show that 

adding glycerin to the growth medium changes its vis-

cosity and contributes to the formation of flat gold 

prisms. 

Our results clearly show that PVP covers signifi-

cant part of investigated substrate. The interaction 

with surface is most probably due to the hydrogen 

bonds of the amide − CONH2 group of the pyrrolidone 

ring or methylene groups in the cycle and along back-

bone of PVP. Test experiments with MoS2 immersed 

into solution ET  EG  G  PVP confirm it. 

Surface wetting angle measurements demonstrated 

that for sample immersed into above solution for 

10 min contact angle with deionized water equals 81 °. 

Its value is reduced to 60 ° for substrate immersed for 

48 hours. We assume that such difference is due to 

compact packing of polymer on substrate interface. 

Another type of WA experiments were performed 

with droplets of ET  EG  G  PVP and 

ET  EG  G  PVP  HAuCl4 deposited on the freshly 

cleaved bare MoS2 and on annealed Au(111) surfaces. 

Thus, all surfaces are equally well wetted ( 9). Re-

sults point out that it is not enough time for PVP to 

adsorb to the substrate while Au ions can easily attach 

to MoS2 surface or get through thin layers of PVP and 

than bond with valency-deficient sulphur. Taking to-

gether, processes of adsorption of PVP on substrate 

undergo slower than attachment of Au ions to MoS2 

thus Au structures can be directly growth on substrate. 

 

4.2 Au Decoration of MoS2 
 

Here, a series of experiments with varying time of 

synthesis and the ratio of HAuCl4/PVP were carried 

out. A clear dependence between increasing these pa-

rameters and size, shape, quantity of the Au 

nanostructures was observed. When MoS2 substrate is 

immersed into growth solution Au NPs decorate the 

substrate as shown in the SEM-images Fig. 1. 

We found that NPs with clearly defined facets and 

complicated structure formed only in presence of PVP 

(see Fig. 1 d). Synthesis without PVP demonstrates 

growth of potato-like NPs (Fig. 1 a). Irregular-shaped 

flowers are observed along with dendritic outgrowths. 

Our experimental results reveal that sophisticated 

and elegant morphology of flower-like NPs, as well as 

NPs with well-defined facets, drastically depends on 

ratio [PVP]/[HAuCl4]. In [39] authors reported that Ag 

flower-like particles can be obtained by reducing silver 

nitrate with ascorbic acid in aqueous solutions. 

The inherent growth anisotropy and surface imper-

fections of substrate make the assembly of NPs and the 

interactions between them direction-dependent. Here, 

side-defects (see insert Fig. 1 b) of MoS2 play an im-

portant role in assembling NPs in an ordered manner – 

one can observe straight lines of dendrits in Fig. 1 c. 

Due to covering with PVP formation of cooperative in-

termolecular hydrogen bonding between its molecules 

leads to gluing NPs and further converting them to 

branching dendritic structures. Growth of these struc-

tures can be incited by valency-deficient sulphur. SEM-

images of pair or groups of NPs clearly elucidate it 

(Fig. 1 b, Fig. 1 c). 
 

 
 

Fig. 1 – Dendrit outgrowths formed on substrate without PVP 

at   5 h and CAu  0,125 mM (a). CAu  0,125 mM, CPVP  0, 

045 M and time of synthesis   5 h (b). Insert in b demonstrates 

typical side defect of MoS2. Straight lines of dendrits and flower-

like NP at   5 h and CAu  1 mM, CPVP  0, 045 M (c, d) 
 

 
 

Fig. 2 – Au NPRs on MoS2 substrate; synthesis parameters: 

  48 h, CAu  1 mM and CPVP  0,045 M. Arrow marks incom-

plete NPR (a). Hexagon NPR covered with PVP (b) 
 

Keeping up a substrate in growth medium during 

48 hours leads to formation of triangle and hexagon 

NPRs (see Fig. 2). The rough surface of some NPRs 

indicates presence a layer of PVP on it (Fig. 2 b). PVP 

is not always visible on substrate and Au structures, 

we observe only thick layers. At the first time also in-

complete NPRs were observed in these experiments. In 

Fig. 2 a NPR is marked. Origin of this NPR is dis-

cussed in detail in the next section. 

 

4.3 Growth of NPRs 
 

When the MoS2 plate is immersed in a growth me-

dium containing HAuCl4 and PVP several processes 

pass simultaneously on its surface: 1) binding of gold 

ions with valency-deficient sulphur; 2) adsorption of 

PVP from free volume (see SWA measurements); 3) 

binding of gold ions with PVP (Au-PVP clusters) in a 

free volume of growth media and their adsorption on 

substrate; 4) adhesion of gold prisms formed in free 

volume to the substrate. However, the last ones can be 

easily removed from surface by ultrasonic washing in 

distilled water. Nevertheless, after ultrasonic washing 

three types of gold prisms were identified on substrate: 
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incomplete prisms prisms (Fig. 3 a, b), prisms with a 

smooth surface (Fig. 2 a; Fig.3 c), and fortress like 

prisms (Fig. 4). How do Au NPRs form on the MoS2 

surface? 

Incomplete prisms are structures that grow, form 

on MoS2 surface and consist of a great number of NPs 

of different size. Specific arrangement of NPs in 

straight lines is direct impact of substrate. Their spon-

taneous growth depends on surface potential of sub-

strate and local oversaturation of Au ions in energeti-

cally favourable places. Thus, some areas of prism can 

growth faster. Single NP or clusters can be attached to 

the surface or grow on it and became a structural part 

of NPRs in few ways: reduction of Au ions via MoS2 and 

via ethanol. In [40] a multilayered MoS2 substrate was 

immersed in growth medium consisting of N − methyl 

− pyrrolidinone + HAuCl4  NH2OH for a set period of 

time. Here, authors confirmed that formation of NPs in 

straight lines with angular displacement of 60  is evi-

dence of crystallographic deposition of metal 

nanostructures. Our experiments clearly demonstrate 

it (see Fig. 3). 

Formation of incomplete prisms can be explained as 

follows (Fig. 3 c). Growth of nuclei undergoes simulta-

neously with the interaction of nanoclusters formed on 

the substrate and spontaneous agglomeration of gold 

atoms in the near-surface layer, their further coales-

cence and recrystallization. Such centers of “calm” nu-

cleation are very few. Here, the close packing of 

nanoclusters can be occur due to PVP molecules [27]. 

The number of flat prisms with a smooth surface and 

typical lateral dimensions up to 10 m is not high and 

their location is irregular on substrate. For such prisms 

oriented growth can be forced by crystal lattice of MoS2. 

SEM image in Fig. 3 c clearly demonstrates that 

gold structures consist of continuous areas of nuclei 

and chains of 50-100 nm NPs, lined parallel to faces of 

the prism. These structures were not observed under 

other conditions of synthesis and on other substrates. 
 

 
 

Fig. 3 – Stages of growth of triangle and hexagon NPRs on 

MoS2 substrate (substrate was ultrasonically washed after 

growth process). NPRs with linear dimension of 10  consist of 

continuous areas of Au conglomerates and chains of NPs. 

Formation of single lines of NPs of triangle (enlarged image) 

and hexagon NPR (a), Formation of first layers of NPR (b) and 

(c). All samples are tilted at 60 ° to electron beam at study. 

 

Another representative stage of growth of NPRs is 

depicted in Fig. 4. Here, both fortress-like prisms have 

completed inner part and brightly expressed perimeter. 

Height of walls of hexagon fortress is approximately 

250-300 nm. The inner surface of fortress is a thin lay-

er of gold that reaffirmed via the change of the signal of 

secondary electrons along the lines A and B. 
 

 
 

Fig. 4 – Triangle (a) and hexagon (b) fortress like NPRs with 

brightly expressed perimeter. In SEM-images a, b sample is 

tilted at 60 ° to electron beam. Front image of b with signals 

along lines A and B (c) 
 

The growth of prisms can be considered as follows. 

At the first stage, 2D prisms are formed according to 

the tangential growth mechanism proposed by Kossel 

and Stranski, and then 3D structures are formed in the 

form of walls along the perimeter of prism. Why along 

the perimeter? It is known that supersaturation of at-

oms is greater at the vertices and edges than at a flat 

surface of NPR. Therefore, nucleation and growth of 

new layers are more likely appeared in such areas. 

Growth of single layer may not be yet ended while a 

new layer is already formed. For example, terraces are 

formed from unfinished atomic layers or as we called 

them above, the walls of the fortress. 

 

5. CONCLUSIONS 
 

Tuning of parameters of multi-compounded growth 

systems, i.e., molar ratio [PVP]/[HAuCl4] and time of 

synthesis, allows to obtain structures with more com-

plicated outer features, flower-like NPs, triangle and 

hexagon fortress like NPRs. It is shown that NPs and 

nanowires are formed at [PVP]/[HAuCl4]  1:45 during 

5 hours while NPRs appear after 48 hours at the same 

conditions. Our experimental results indicate that PVP 

plays an important role as growth modifier of NPs and 

NPRs. Plate-like structures were preferentially formed 

on MoS2 interface only in presence of polymer. Moreo-

ver, presence of all mentioned components of growth 

medium and substrate itself lead to formation of NPRs 

that allows to obtain a wide range of devices on base of 

Au nanostructures and MoS2 interface. 
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Синтез та ріст наноструктур Au на інтерфейсі MoS2 
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Синтез у водному середовищі надає широкі можливості для виготовлення наночастинок (НЧ) бла-

городних металів, характеристики яких залежать від багатьох факторів. Стаття присвячена дослі-

дженню росту наноструктур Au на підкладці MoS2 у ростовому середовищі, що містить етанол, етилен-

гліколь, гліцерин, полівінілпіролідон (ПВП) та HAuCl4. Наші дослідження показують, що морфологія 

отриманих НЧ є близькою до сферичної, дротоподібною або у вигляді плоских трикут-

них/гексагональних нанопризм (НПР). Ріст НЧ та дендритоподібних структур може відбуватись і без 

ПВП, та лише наявність стабілізатора призводить до утворення та еволюції НПР на інтерфейсі MoS2. 

Виявлено поетапний ріст незавершених трикутних і гексагональних НПР, що складалися з окремих 

НЧ розміром 50-100 нм. Такі структури перетворюються згодом у повноцінні НПР. Наші експеримен-

ти показують, що варіація концентрації компонентів, співвідношення [ПВП] / [HAuCl4] та часу синте-

зу безпосередньо впливають на розмір та форму отримах НЧ. Обговорюються можливі механізми рос-

ту отримах структур Au на MoS2. 
 

Ключові слова: Золото, Наночастинки, Нанопризми, Полівінілпіролідон. 
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Синтез в водной среде предоставляет широкие возможности для изготовления наночастиц (НЧ) 

благородных металлов, характеристики которых зависят от многих факторов. Статья посвящена ис-

следованию роста наноструктур Au на подложке MoS2 в ростовой среде, содержащей этанол, эти-

ленгликоль, глицерин, поливинилпирролидон (ПВП) и HAuCl4. Наши исследования показывают, что 

морфология полученных НЧ близка к сферической, проводоподобной или в виде плоских треуголь-

ных/ гексагональных нанопризм (НПР). Рост НЧ и дендритоподобных структур может происходить и 

без ПВП, и только наличие стабилизатора приводит к образованию и эволюции НПР на интерфейсе 

MoS2. Наблюдается поэтапный рост незавершенных треугольных и гексагональных НПР, состоящих 

из отдельных НЧ размером 50-100 нм. Такие структуры превращаются со временем в полноценные 

НПР. Наши эксперименты показывают, что вариация концентрации компонентов, соотношения 

[ПВП] / [HAuCl4] и времени синтеза непосредственно влияют на размер и форму синтезированных 

НЧ. Обсуждаются возможные механизмы роста полученных структур Au на MoS2. 
 

Ключевые слова: Золото, Наночастицы, Нанопризмы, Поливинилпирролидон. 
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