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A numerous methods are being used for synthesis of gold nanoparticles (NPs) 
in liquid media, in micelles, and at different interfaces. The size and geome-
try of NPs depend on parameters of synthesis. Here, we propose the modified 

polyol method of synthesis of Au NPs on freshly cleaved mica surfaces. In 

such conditions, the nanoprisms (NPrs) and nearly spherical NPs are being 

simultaneously formed on the mica substrate. We have determined the pa-
rameters of synthesis, with which preferential formation of NPrs is being 

realized. The percentage of NPrs depends on the surface conditions, in par-
ticular, on wettability of the surface by growth medium. We demonstrate 

that both the size and the morphology of grown NPs can be controlled by 

means of components of growth medium and parameters of synthesis. 

Для синтези наночастинок (НЧ) золота у рідких середовищах, міцелах і 
на твердих підкладинках застосовуються різні методи. Від параметрів 

синтези залежать розмір і геометрія НЧ. Ми пропонуємо модифіковану 

поліольну методу синтези НЧ золота на поверхні свіжосколеної слюди. За 

таких умов на поверхні підкладинки одночасно утворюються нанопризми 

(НПр) золота та НЧ із формою, близькою до сферичної. Встановлено па-
раметри синтези, за яких формування НПр є домінувальним. Відсоток 

НПр залежить від стану поверхні слюди, зокрема, від її змочуваности ро-
стовим середовищем. Показано, що розмір і морфологія вирощених НЧ 

безпосередньо контролюються складом ростового середовища та парамет-
рами синтези. 

Для синтеза наночастиц (НЧ) золота в жидких средах, мицеллах и на 

твёрдых подложках применяются различные методы. От параметров син-
теза зависят размер и геометрия НЧ. Мы предлагаем модифицированный 

полиольный метод синтеза НЧ золота на поверхности свежесколотой 
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слюды. В таких условиях на поверхности подложки одновременно обра-
зуются нанопризмы (НПр) золота и НЧ с формой, близкой к сферической. 

Óстановлены параметры синтеза, при которых формирование НПр явля-
ется преобладающим. Процент НПр зависит от состояния поверхности 

слюды, в частности, от её смачиваемости ростовой средой. Показано, что 

размер и морфология выращенных НЧ непосредственно контролируются 

составом ростовой среды и параметрами синтеза. 
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1. INTRODUCTION 

Gold nanoparticles (NPs) have received considerable research interest 

in the last decades. Due to unique physical and chemical properties, Au 

NPs are widely used in medicine [1–6], optoelectronics [7–13], cataly-
sis [14–16], STM and SERS researches [17–20]. The most of studies are 

focused on the synthesis of gold NPs in aqueous and non-aqueous me-
dia, in the micelles and at the phase interfaces. Considerably less at-
tention has received the formation of monocrystalline NPs with regu-
lar shape (so-called ‘nanoprisms’—NPrs) on solid surfaces. The au-
thors of [18] reported growth of gold nanowires and nanoplates in 

aqueous media in presence of cetyltrimethylammonuim bromide on the 

glass surface coated by indium tin oxide. In [21, 22], gold NPrs have 

been synthesized on solid substrates (Si, glass, stainless steel, polyi-
mide, polydimethylsiloxane (PDMS), mica, graphite, etc.) using a sin-
gle step thermolysis of (AuCl4)


-tetraoctylammonium bromide complex 

in air. 
 To obtain Au NPrs, one- and multistage methods of synthesis are 

used. Nucleus method of NPrs formation was proposed in [23–25] and 

modified in [26, 27]. Therefore, all stages can be summarised as for-
mation of nuclei  changing the conditions of the growth medium  

adding nuclei to growth medium  formation of NPrs. However, re-
sult of such synthesis is a mixture of spherical and anisotropic 

nanostructures, and it needs additional separation of particles. 
 Among one-stage methods, one can distinguish biosynthesis, photo-
reduction, thermal method, polyol synthesis. Products of the vital ac-
tivity of microorganisms [28, 29], extracts of plants [30], fungi [31] 

are used as reductions of Au ions and stabilizers of NPrs during bio-
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synthesis. Photoreduction requires presence of photocatalyst, stabi-
lizer and a substance that is an electron donor in a growth medium 

[32]. Thermal and polyol methods allow controlling size of NPrs via 

(i) changing the concentration ratio of precursor/stabilizer, (ii) the 

time of synthesis and (iii) temperature [33]. In polyol synthesis, eth-
ylene glycol (EG) is used as a dispersion medium and reducing agent of 

Au ions, PVP or mixture of PVP  cetyl trimethylammonium bromide 

(CTAB) [34–36] are used as stabilizers. However, this synthesis un-
dergoes at high temperatures (120–195C). In [37], the flat Au nano-
crystals with triangular and hexagonal shape and thickness less than 

100 nm formed in the free volume of the mixture ethanol, ethylene 

glycol, HAuCl4 (a precursor of gold) and PVP at 80C. 
 In this paper, we highlight that immersing of freshly cleaved mica 

plates into growth medium of [37] drastically changes the character of 

growth of Au nanostructures. In such conditions, the NPrs and NPs 

are being simultaneously formed on mica surface. The preferential 
formation of NPrs on mica substrate is achieved by adding glycerine to 

the solution, increasing of duration of synthesis and concentration Au 

ions. 

2. MATERIALS AND METHODS 

Chloroauric acid (HAuCl43H2O, ‘Shanghai Synnad Fine Chemical Co., 

LTD’), ethyl alcohol, polyvinylpyrrolidone (29 kDa, ‘Sigma-Aldrich’), 

ethylene glycol (‘Reahim’, Russia) and glycerine (‘Sigma-Aldrich’) 

were used to synthesize gold particles on the freshly cleaved surface of 

mica. 
 The morphology of resulted gold nanostructures and chemical com-
position were studied by scanning electron microscope (JSM-6060), 
electron probe x-ray spectral microanalysis (x-ray microanalyzer JXA-
733 with energy dispersive x-ray spectrometer (EDS)). Estimation of 

the chemical composition via the EDS was performed with the follow-
ing parameters and analytical characteristics: accelerating voltage of 

20 kV, beam current 20 nA, spectral resolution 140 eV at MnK line, 

spatial resolution—1–5 microns. 
 The reference samples were: Si, Al, Mg, FeO (SiO2, Al2O3, MgO, FeO, 
biotite), Mn (metal Mn), Ti (ilmenite), Au (Au); recalculations meth-
od—ZAF (atomic number Z, absorption A, fluorescence F), detection 

limit—0.01–0.1%. 
 The study of wettability of freshly cleaved mica substrate by the 

growth-medium components was carried out by contact angle (CA) 
measurements. The droplet of each component was deposited on the 

mica surfaces and annealed Au(111). The volume of deposited droplets 

was 2 L. The value of the contact angle was averaged based on 5 meas-
urements. The error of measured wetting angle was within 5. 



416 T. I. BORODINOVA, V. I. STYOPKIN, A. A. VASKO et al. 

3. RESULTS AND DISCUSSION 

Synthesis I. Preparation of growth medium: 15 ml of EG was mixed 

with 1.6 ml of ethanol (ET). Then, 2 ml of PVP C  0.45 M (molar con-
centration per polymer repeating unit) and 1.4 ml of HAuCl4 solution 

(CAu  1600 mg/dm3) were added. The ratio of volumes of ethanol and 

ethylene glycol (ET:EG) was 1:3. The freshly cleaved mica plates (10 

mm6 mm) were placed vertically in the glass vials with 5 ml of growth 

medium. Formation of gold nanostructures was held during 24 hours 

at 80C. The reducing agent of gold ions is ET, since EG leads to reduc-
tion at higher temperatures of 120–165C [38, 39]. In growth medium, 

Synthesis I Au prisms with triangular and hexagonal shapes are 

formed in free volume according to the results obtained earlier [37]. 
 Immersing of mica plate into the growth medium changed the condi-
tions of nucleation. Nuclei grow simultaneously in free volume (homo-
geneous nucleation) and on the surface of mica (heterogeneous nuclea-
tion). Quantity of NPrs on substrate depends on its surface conditions, 

in particular, on wettability of growth medium. The results of meas-
urements of contact angle of surfaces of mica and annealed Au(111) 

according to the composition of the growth medium are presented in 

Table 1. 
 The contact angle of EG with mica surface is   30, while ET drop-
let completely spreads on the surface. Adding PVP up to 45 mM con-
centration in the mixture ET  EG changes the CA more than 2 times — 

up to 41 (against 19 without PVP; see Table 1). It can be due to ad-
sorption of PVP on mica surface. 
 Adding of (0.5 mM) HAuCl4 to growth medium (see row 5, Table 1) 

does not change the wetting of Au (111) surface while the contact angle 

for bare mica drops down to 17. Thus, the surface of the gold film is 

completely wetted by growth medium (rows 2–5 for Au (111) in Table 

1), i.e. attraction between Au atoms and components of growth medium 

is sufficiently strong. 
 Exposition of mica plate in growth medium during 24 hours (see row 

TABLE 1. Dependence of contact angle on the composition of the growth me-
dium (Synthesis I). 

Component 
Contact angle ,  

Au(111) Mica 

1 EG (100%) 38 30 

2 ET (100%)  9  9 

3 ET:EG (1:3)  9 19 

4 ET:EG (1:3), PVP (45 mM)  9 41 

5 ET:EG (1:3), PVP (45 mM), HAuCl4 (0.5 mM)  9 17 
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5, Table 1) leads to the formation of gold nanostructures on its surface. 
One can see in SEM images (Fig. 1) that the surface of mica is preferen-
tially covered by aggregates of Au NPs while flat NPrs and nanowires 

are rarely appeared (Fig. 1, c). The shape of the most nanoparticles is 

nearly spherical. The particles are covered by thin film of PVP stabi-
lizer (grey ‘aura’ around NPs, Fig. 1, b, c). The adsorbed film prevents 

coalescence of NPs. However, some particles are self-assembled into 

aggregates depicted in Fig. 1, d (the substrate is tilted to the direction 

of electron beam at 60). 
Synthesis II. In order to increase the number of gold NPrs per unit ar-
ea, the conditions of synthesis were changed: (i) glycerol (G) was added 

in growth media, (ii) concentration of gold ions and time of synthesis 

(t  48 hours) were increased. The growth medium contained ET:EG:G 

(6:7:7), HAuCl4 (1 mM) and PVP (45 mM). Adding of G increases vis-
cosity of dispersion medium. Table 2 demonstrates the dynamic viscos-
ity  of alcohols. At a temperature of 80С, the value of G exceeds ET 

more than 70 times. 
 On other hand, adding of G enhances wettability of mica surface. Ta-
ble 3 shows the results of CA measurements of composition of the growth 

medium (Synthesis II) for surfaces of mica and annealed Au(111). 

 

Fig. 1. SEM images of gold nanoparticles on mica surface: aggregates of na-
noparticles (a, b, d), nanoparticles, nanoprisms and nanowires (c). The growth 

medium—ET:EG (1:3), 0.5 mM HAuCl4, 45 mM PVP; time of synthesis t  24 

hours. In Figure 1, d, image was obtained at tilt of substrate to electron beam 

of 60. 
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 In contrast to the system of ET:EG (1:3), the surface of mica is well 
wetted by growth medium ET:EG:G (6:7:7), which contains of PVP and 

HAuCl4 (compare rows 4, 5 of Table 1 and 3). We consider that polymer 

molecules and AuCl4

 ions are more easily attached to the surface of mi-

ca under such conditions. The number of nucleation centres increases, 
and, as a result, the quantity of NPrs increases. This hypothesis was 

experimentally confirmed. 
 Figure 2 shows a typical SEM image of the synthesized Au NP and 

NPr on surface of mica. The most of nanostructures that are randomly 

distributed on the substrate demonstrate regular triangle and hexago-
nal shape or triangles with truncated vertices. To remove particles, 
which were attached to surface from free volume, the plate of mica was 

rinsed in distilled water. 
 The element composition of the substrate and NPrs was investigat-
ed. Semi-quantitative microprobe analysis was carried out by EDS. The 

results are presented in Table 4. The analysis has shown that the mica 

substrate includes  46% SiO2,  34% Al2O3 and minor impurities of 

Na2O, MgO, K2O, TiO2 and FeO (Table 4, columns 2, 5). The data are in 

a good agreement with the literature [41]. 
 Energy dispersive spectrum of prism at the point 1 (Fig. 2, b) indi-
cates 100% of gold (Table 4, column 1), i.e., investigated nanoprism is 

formed by gold. The thickness is large enough to prevent penetration 

TABLE 2. Temperature dependence dynamic coefficient of viscosity of alco-
hols [40]. 

Alcohol 
Dynamic viscosity , mPas 

20С 80С 

ET 1.2 0.435 

EG 19.9 3.2 

G 1480 35 

TABLE 3. Dependence of contact angle on the composition of the growth me-
dium (Synthesis II). 

Component 
Contact angle ,  

Au(111) Mica 

1 G (100%) 37 21 

2 EG (100%) 38 30 

3 ET:EG:G (6:7:7)  9  9 

4 
ET:EG:G (6:7:7), 

45 mМ PVP 
 9  9 

5 
ET:EG:G (6:7:7), 45 mМ 

PVP, 1 mМ HAuCl4 
 9  9 
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of electron beam. We also observed individual gold prisms with cavi-
ties inside (Figs. 2, b and 3, d). The microprobe analysis (see point 3 of 

Fig. 2, b and Table 4, column 3) showed that in addition to the lines 

corresponding to the elements of mica, there are low-intensity lines of 

gold. This indicates that cavity of the NPr contains a thin layer of gold. 
 In Figure 3, d, one can easily see the steps of growth of nanoprisms, 

which correspond to the faces (110) and (100). The gold atoms are be-
ing trapped by kink of steps and form uncompleted layers. Thus, in the 

cavities, prism continues to grow. 

 

Fig. 2. SEM images of gold NPs and NPrs on the surface of mica after rinsing 

in distilled water. The growth medium—ET:EG:GL (6:7:7), 1 mM HAuCl4, 45 

mM PVP; synthesis time t  48 hours. Numbers denote the points, at which 

the energy dispersive spectra were taken: 1 and 4—the surface of the thick 

NPrs, 2 and 5—mica substrate, 3—the cavity inside NPrs, 6—a thin gold 

NPrs. 

TABLE 4. Results of semi-quantitative microprobe analysis of gold nano-
prisms on mica surface. 

Elemental  
composition, % 

Point number 

1 2 3 4 5 6 

SiO2 0.00 47.10 38.28 9.98 45.93 39.12 

TiO2 0.00 0.30 0.46 0.05 0.40 0.43 

Al2O3 0.00 33.30 27.46 8.23 35.78 29.02 

FeO 0.00 1.70 2.28 2.50 1.61 2.42 

MnO 0.00 0.00 0.03 0.30 0.00 0.17 

MgO 0.00 2.30 1.82 0.75 2.21 1.85 

Na2O 0.00 1.50 0.00 0.00 1.51 1.14 

K2O 0.00 13.80 16.75 13.22 12.56 15.93 

Au 100 0.00 12.92 64.97 0.00 9.92 

Sum 100 100 100 100 100 100 
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 The growth mechanism of Au NPs and NPrs under conditions of 

polyol synthesis can be considered within the LaMayer model [42]. At 

the first stage, AuCl4

 ions reduce to Au0. The seeds are formed at the 

sites of maximum concentration of Au0
 in the free volume of disper-

sion medium or on the surface of the substrate. Every seed can decay, 
if its size is less than critical, or continue to grow, if size exceeds criti-
cal. The growth of particles is limited by the rate of formation of gold 

atoms because of the chemical reaction and by their diffusion up to/on 

the surface of NPs. 
 The shape of NPs strongly depends on presence of defects in seeds 

and adsorption of PVP molecules. Among the seeds that obtained via 

the citrate method, authors [43] identified single crystalline, planar-
twinned, penta-twinned and complex multiply twinned structures. The 

maximum yield of flat hexagonal Au NPrs was obtained in mixtures of 

water–methanol–HAuCl4 and PVP, which contained the largest num-
ber of planar-twinned seeds [43]. This result confirms the theory of 

Lofton, Sigmund [44], who proposed a growth mechanism of large pla-
nar prisms. According to [44], the twin (111) planes of the Au and Ag 

nuclei direct the growth of NPs into prisms or plates with a high aspect 

 

Fig. 3. SEM images of triangle and hexagonal gold NPrs, prism and insert of 

its top (c), SEM images of the cavity in nanoprisms (d). Images (c, d) obtained 

at tilt of substrate to electron beam of 60. 
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ratio. The reason for this is the formation of ‘re-entrant grooves’, 

which are the sites of adatoms attachment, and lead to the formation of 

a new atomic layer in this region, i.e., prism grows laterally. 
 Nanoprisms of gold with lateral dimensions of several microns (Figs. 
2, 3) are formed on the surface of mica under the conditions of Synthe-
sis II. To reveal a possible role of Lofton–Sigmund mechanism in for-
mation of flat NPr, we used SEM for thorough study of side faces of 

NPr (Fig. 3, c). Concave shape of side faces should give noticeable con-
trast in the image of different parts of these faces. We cannot find any 

NPr with such a contrast in this experiment. The lateral faces of nano-
prisms do not have grooves. On this basis, we supposed that formation 

of flat NPr in our experiments is mainly connected with the difference 

of adsorption of PVP on gold faces. However, in order to establish final-
ly the mechanism of NPrs formation, additional studies are needed, in 

particular, studies of the shape and defects of gold seeds formed on the 

surface of mica under the conditions of polyol Synthesis II. 
 What is the role of PVP in formation of Au prisms? First, PVP mol-
ecules are adsorbed on the substrate defects and change the surface 

conditions for fixation of AuCl4

 ions on it and further formation of 

seed. Molecules of PVP are able to coordinate with AuCl4

 before reduc-

tion, forming a complex PVP/AuCl4

 [45]. Such complexes can also be 

fixed on the surface of mica. In the complexes PVP/AuCl4

, gold ions 

are reduced under more ‘soft’ conditions and form Au clusters of small-
er diameter with a narrow size distribution in comparison with the sys-
tem without PVP. An important role in the synthesis of Au NPrs is per-
formed by the pyrrolidone ring [43]. The bond of PVP with Au surface 

is formed by unshared electron pair of oxygen and nitrogen of pyrroli-
done ring that was confirmed by micro-Raman spectroscopy [37]. 
 Second, a number of researchers indicate [46–48] that PVP mole-
cules are adsorbed on the (111) faces of Au NPrs, blocking their growth 

in [111] direction. Therefore, growth of NPrs occurs in lateral direc-
tion and their thickness is in range of tens of nanometers. In [43], Na-
noSIMS method was used for determining the location of PVP mole-
cules on Au NPrs. It was found that PVP adsorbs predominantly 

around the perimeter of NPrs at concentration CPVP  0.4 g/dm3. For 

the CPVP  8 g/dm3, adsorption of the polymer is observed both along 

the perimeter and on the (111) faces. In our experiments, the concen-
tration of PVP in the growth medium is 5 g/dm3. Therefore, we sup-
pose that adsorption of polymer occurs intensively on the flat faces 

(111) and along the perimeter of NPr. The adsorbed PVP layer inhibits 

diffusion of Au0
 atoms to the faces (111) of NPrs. Thus, the growth 

happens preferentially in the lateral direction. As a result, we observed 

the flat NPrs with lateral size up to 15 m (Fig. 3). Such objects have a 

maximum area of face (111) (Fig. 3, a). Removing stabilizer from this 

surface allows using NPrs as atomically flat substrates for STM [20, 
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49]. The steps of mica substrate are clearly seen through the two NPrs 

(Fig. 3, b). This image confirms that the thickness of nanoprisms is in 

the nanometer range. 

4. CONCLUSIONS 

Influence of conditions of synthesis on formation of flat Au nano-
prisms on mica surface has been studied. It is shown that, for Synthe-
sis I nanoparticles, single prisms and nanowires of gold are formed on 

the surface of mica in a solution of ET:EG (1:3), 0.5 mM HAuCl4, 45 

mM PVP in contrast to the synthesis of only nanoprisms of gold in the 

free volume of the same growth medium [37]. 
 Synthesis of Au NPrs on mica substrate is more efficient in the 

growth medium G:EG:ET (7:7:6) containing 45 mM PVP and 1 mM 

HAuCl4. Measurement of the contact angle showed that the wetting of 

the mica surface increases due to this growth medium. The number of 

nanoprisms per unit area of the surface increases, because of 1) an in-
crease in the wettability of the mica surface owing to addition of glyc-
erol, 2) an increase of concentration of AuCl4


 ions in the growth medi-

um, and 3) an increase the number of seeds on the surface due to the 

effective fixation of AuCl4

 ions and the complexes PVP/AuCl4


. 
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