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Abstract

A numerous methods are being used for synthesis of gold nanoparticles (NPs) in liquid media, in micelles and at different interfaces. The
size and geometry of NPs depend on parameters of synthesis. Here we propose the growth of Au NPs on atomically flat mica surfaces.
In such conditions the monocrystalline and isotropic NPs are being simultaneously formed on the surface. We have determined the
parameters of synthesis at which preferential formation of monocrystalline prism-like nanoparticles (NPRs) is being realized. The
percentage of NPRs with triangular and hexagonal habit depends on the surface conditions, in particular, on wettability of the surface.
We demonstrate that the size and morphology of grown NPs can be controlled by components of growth medium and parameters of
synthesis.
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Introduction

Gold nanoparticles (NPs) has received considerable research interest in last decades. Due to unique physical and chemical
properties Au NPs are widely used in medicine [1-6], in optoelectronics [7-13], catalysis [14-16], STM and SERS researches
[17-20]. Most of studies are focused on the synthesis of gold NPs in aqueous and non-aqueous media, in the micelles and at the
phase interfaces. Considerably less attention has received the formation of monocrystalline NPs with regular shape (so-called
“nanoprisms’, NPRs) on solid surfaces. The authors of reported growth of gold nanowires and nanoplates in aqueous media in
presence of cetyltrimethylammonuim bromide on the glass surface coated by indium tin oxide [18]. In [21, 22] gold NPRs have
been synthesized on solid substrates (Si, glass, stainless steel, polyimide, polydimethylsiloxane (PDMS), mica, graphite etc.) using
a single step thermolysis of (AuCl,) -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: formation of nuclei—changing the conditions of
the growth medium—>adding nuclei to growth medium—formation of NPRs. However, result of such synthesis is a mixture of
spherical and anisotropic nanostructures that need additional separation.

Among one-stage methods one can distinguish biosynthesis, photoreduction, thermal method, polyol synthesis. Products of the
vital activity of microorganisms [28-29], extracts of plants [30], fungi [31] are used as reductions of Au ions and stabilizers of
NPR's during biosynthesis. Photoreduction requires presence of photocatalyst, stabilizer and a substance that is an electron donor
in a growth medium [32]. Thermal and polyol methods allow to control NPRs in wide range of sizes via (i) changing the ratio of
precursor/stabilizer concentration, (ii) the synthesis time and (iii) temperature [33]. All mentioned methods do not require high
temperatures except polyol (120-195° C). In this synthesis EG is used as a dispersion medium and reducer of Au ions, PVP or
mixture of PVP+CTAB [34-38] - as stabilizer.

In [38] the flat Au nanocrystals with triangular and hexagonal shape and thickness less than 100 nm formed in the free volume
of the mixture ethanol, ethylene glycol, HAuCl, (a precursor of gold) and PVP at 80° C via polyol method. We propose modified
polyol method by adding glycerol. The results of our experiments have demonstrated that immersing of freshly cleaved mica
plates into the growth medium drastically changes the character of growth. In such conditions the gold NPRs and NPs are being
simultaneously formed on mica surface. Both adding glycerin to the solution and increasing of duration of synthesis lead to
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preferential formation of NPRs. The influence of components in the growth medium on the formation of gold nanostructures on
freshly cleaved atomically flat mica substrate was carried out by surface wetting angle (SWA) measurements.

The purpose of this paper is to investigate the growth of Au nanostructures on atomically flat surface of mica immersed in the
growth medium of different composition.

Materials and Methods

To synthesize gold NPRs on the freshly cleaved surface of mica chloroauric acid (HAuCl -3H,0O, "Shanghai Synnad Fine Chemical
Co., LTD"), ethyl alcohol, polyvinyl pyrrolidone (29 kDa, "Sigma-Aldrich"), ethylene glycol ("Reahim ", Russia) and glycerin
("Sigma-Aldrich") were used.

The morphology of obtained gold nanostructures and chemical composition were studied by scanning electron microscope (JSM-
6060), scanning electron microscopy (SEM) (X-ray microanalyzer JXA-733 with energy (EDS) X-ray spectrometer). Estimation
of the chemical composition via the EDS was performed with the following parameters and analytical characteristics: accelerating
voltage of 20 kV; beam current 20 nA; spectral resolution 140 eV at line MnK , spatial resolution - 1-5 microns. The reference
samples were: Si, Al, Mg, FeO (SiO,, ALO,, MgO, FeO, biotite), Mn (metal Mn), Ti (ilmenite), Au (Au); recalculations method -
ZAF (atomic number of the Z, A absorption, fluorescence F), detection limit - 0.01-0.1%.

The influence of components in the growth medium on the formation of gold nanostructures on freshly cleaved atomically flat
mica substrate was carried out by surface wetting angle (SWA) measurements. The droplet of each component was deposited on
the freshly cleaved bare mica surface and on annealed Au (111) surface. The volume of deposited droplets was equal to 2uL. The
value of the contact angle was averaged on the basis of 5 measurements. The error of measured wetting angle was within +5°.

Results

Synthesis I

15 ml of ethylene glycol (EG) was mixed with 1.6 ml of ethanol (ET). Than 2ml of PVP C=0,45M (molar concentration per polymer
repeating unit) and 1.4 ml of HAuCl, solution (CAu=1600 mg/dm?®) were added. A freshly cleaved mica plates (10 mmx6mm) were
placed vertically in the glass tubes with 5ml of growth medium. Formation of gold nanostructures was held during 24 hours at 80
C. The obtained crystals have triangular and hexagonal shape with the lateral dimensions from 30nm up to 20 microns depending
on the ratio concentrations of HAuCl,, PVP and the time of synthesis. Such conditions contribute to reduction of Au ions via ET,
while EG led to reduction at higher temperatures - 120+165 ° C [39,40]. The time of synthesis was varied up to 24 hours.

Immersing of mica plate into the growth medium changed the conditions of nucleation. Nucleation occurs in free volume
(homogeneous nucleation) as well as on the surface of mica (heterogeneous nucleation). Percentage of NPRs depends on surface
conditions, in particular, wettability determined by growth medium. The results of SWA measurements are presented in Table 1.

Surface wetting angle 6,
Component
Au(111) Mica
1 EG 38 30
2 ET <9 <9
3 ET:EG(1:3) <9 19
4 ET:EG(1:3), PVP <9 41
ET:EG(1:3), PVP.
5 HAuCL, <9 17

Table 1: Surface wetting angle according to the composition of the
growth medium ET: EG (1:3)

The contact angle of EG with mica surface is 6=30°, while ET droplet completely spreads on the surface. Adding PVP up to 0,045M
concentration in the mixture ET+EG changes the contact angle more than 2 times-up to 41° (against 19° without PVP, see Table
1). It can be due to adsorption of PVP on mica surface. PVP molecules attach to the substrate via pyrrolidone (y-Lactam) ring of
linear polymer units while - OH groups are located in the opposite direction.

Adding of HAuCl, in growth medium (0.5 mM) does not change the wetting of Au (111) surface while the wetting angle for bare
mica drops down up to 17°. Thus, the surface of the gold film is completely wetted by growth medium (row 2-5 for Au (111) in table
1), ie., attraction between Au atoms and components of growth medium is sufficiently strong.

Exposition of mica plate into growth medium (see row 5, Table 1) leads to the formation of gold nanostructures on the surface
during 24 hours. As can be seen in SEM images (Figure 1) the surface of a freshly cleaved mica is preferentially covered by
aggregates of Au NPs. The shape of the most nanoparticles is nearly spherical. The particles are covered by thin film of PVP
stabilizer (gray «aura» around NPs, Figure 1b-d). The adsorbed film prevents coalescence of NPs. However, the particles are self-
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assembled into separate areas. Aggregate of NPs is depicted in Figure 1d with tilt of substrate to the direction of electron beam at
60°. Flat NPRs with triangular and hexagonal habit rarely appear as well as nanowires (Figure 1c, right conner).

3P 2R 8. Tum

Figure 1: SEM images of gold nanoparticles on mica surface. The growth medium - ET: EG (1:3); 0.5 mM
HAuCl4; 0,045M PVP; time of synthesis t=24 hours

Synthesis 11

In order to increase the number of gold NPRs per unit area the conditions of synthesis were changed: (i) in growth media glycerol
G is added, (ii) concentration of gold and synthesis time (t=48 h) is increased. The growth medium contained ET:EG:G (6:7:7),
HAuCl, (1 mM) and PVP (0,045M). Adding of G increases viscosity of dispersion medium. Table 2 demonstrates the dynamic
viscosity. The value of . is an order of magnitude greater than . and exceeds n_, more than 70 times Table 2.

Alcohol Dynamic viscosity 1, 10-3Pas Alcohol
ET 1,2 (20° C) 0,5 (70° C)
EG 19,9 (20° C) 3,2 (80° C)

G 1480 (20° C) 35 (80° C)

Table 2: Temperature dependence of surface tension and dynamic
coeflicient of viscosity of alcohols

However, adding of G enhances wettability of mica surface. Table 3 shows the results of SWA measurements for mica surfaces and
annealed Au (111).

Surface wetting angle 6,
Component
Au(111) Mica
1 G 37 21
2 EG 38 30
3 ET:EG:G (6:7:7) <9 <9
4 ET:EG:G (6:7:7); 0,045M PVP <9 <9
ET:EG:G (6:7:7); 0,045M PVP;
> IMM HAuCl, < <
Table 3: Dependence of wetting angle on composition of the growth medium
G:EG:ET (7:7:6)

In contrast to the system of ET:EG(1:3), adding of PVP into a dispersion medium ET:EG:G (6:7:7) increases lyophility of mica
surface.

Thus, the redox atoms in growth medium (see Table 3, row 5) are attached much stronger to the mica surface, and the quantity of
NPRs is increased. This hypothesis was experimentally confirmed.
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To remove deposited NPs which attached to surface from free volume samples were rinsed in distilled water (Figure 2). Thereafter,
we found that NPRs were randomly distributed on the substrate. The most of nanostructures demonstrate regular triangle and

hexagonal shape or triangles with truncated vertices.
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Figure 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 HAuCl,; 0,045M 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. *b is an enlarged circular region
of image a.

The element composition of the substrate and NPRs was investigated (Table 4). Semi-quantitative microprobe analysis was carried
out by EDS. The results in Table 4 are normalized. Analysis shows that the mica substrate is muscovite which includes ~ 46% SiO,,

~34% AL O, and minor impurities of Na,O, MgO, K O, TiO, and FeO (Table 4, columns 2 and 5).

Elemental composition (%) Point number
1 2 3 4 5) 6

SiO, 0,00 | 47,10 | 38,28 | 9,98 | 4593 | 39,12
TiO, 0,00 0,30 0,46 0,05 0,40 0,43
AIZO3 0,00 | 33,30 | 27,46 | 8,23 35,88 | 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
Na,O 0,00 1,50 0,00 0,00 1,51 1,14
K,0 0,00 13,80 | 16,75 | 13,22 | 12,56 | 15,93
Au 100 - 12,92 | 64,97 - 9,92
Sum 100 100 100 100 100 100

Table 4: Semi-quantitative microprobe analysis of individual points of the mica surface

Energy dispersive spectrum at point 1 indicates 100% of gold (Table 4, column 1) i.e. investigated nanoprism is formed by gold. The
thickness is large enough to prevent penetration of electron beam. Thus, there are no other lines in the spectrum except of intensive
La (9,7 keV), LB1 (11,45 keV) and weaker lines of gold Ma (2,12 keV) and M (2.2 keV) (see support materials).

Discussion

The growth mechanism of Au NPs and NPRs under conditions of polyol synthesis can be considered within the LaMayer model
[41]. At the first stage AuCl,- ions reduce to AuO. 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 exceed it. In the last stage augmentation in size
of NPs is limited by the growth rate and diffusion of atoms on the surface of NPs. Thus, formation of monocrystals is possible while

reduction processes pass gradually.
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The shape of NPs strongly depends on its internal/external defects and adsorption of PVP. In [42] authors identified a single
crystalline, planar-twinned, penta-twinned and complex multiply-twinned structures among the nuclei that obtained via the citrate
method. Defects in the form of steps, kinks, and stacking-faults were found on the boundaries of nearby nanotubes. They serve as
reactive sites for the growth of nanomaterials. The maximum yield of flat hexagonal Au NPRs with plasmon-driven synthesis was
obtained in water-methanol-HAuCl,- and PVP mixtures, which contained the largest number of planar-twinned seeds. This result
confirms the theory of Lofton, Sigmund, who proposed a growth mechanism of large planar prisms. According to [43], the twin
(111) planes of the Au and Ag nuclei direct the growth of NPs into prisms or plates with a high aspect ratio. The reason for this is
the formation of hollow grooves, which are sites of adatom adherence, and, lowering the nucleation energy, lead to the formation
of a new atomic layer in this region, i.e, prism grows laterally.

To revealed possible role of Lofton-Sigmund mechanism in formation of flat NPR we used SEM for thorough study of side faces
of NPR in figure 3. Concave shape of these faces should give noticeable contrast in the image of different parts of them. We cannot
find any NPR with such a contrast in this experiment. Most of NP give image of side that corresponds to 220 face of gold. The
example of such a NPR is given in Figure 3a,b.

Figure 3: SEM image of hexagonal NPR (a) and part of it (b), (c) concave shape of NPR obtained at tilt of
substrate to electron beam of 79°

Only for very rare NPR formed on glass substrate we obtain the image that can serve as an evidence of concave shape of side face.
The example of image is shown in figure 3c. One can see a large difference of brightness of upper and low part of side face. This
difference may be caused by the different tilt of parts of face to electron beam and corresponds the concave form of the face. Thus
on this base we supposed that formation of flat NPR in our experiments is mainly connected with difference of PVP adsorption of
gold faces. However, in order to finally establish the mechanism of NPRs formation additional studies are needed.

Equilibrium shape of Au NPs is truncated octahedron [44]. Obtained microprisms with the thickness of tens-hundred nanometers
are far from this shape and have a large surface energy. To form such particles with a plate shapes this symmetry has to be broken.
Two mechanism of symmetry braking are considered mainly. In [42] and [45] authors supposed presence of twin defects or
stacking faults into the nanocrystals. Twin plates composed reentrant grooves that have concave shape thus creating a favorite
places for attachment of adatoms.

Another mechanism supposed important role of capping agents (mainly surfactants) in formation of gold nanoplates. What is the
role of PVP in formation of Au nanostructures? First, PVP molecules, like other polymers, are adsorbed on the substrate defects,
reduce its surface energy, change the surface conditions (see Table 1, line 4). Adsorption of PVP on the substrate determines
fixation of AuCl4- ions on it and further formation of nuclei. Molecules of PVP are able to coordinate with AuCl, - before reduction,
forming a complex of PVP / AuCl, - [46]. Therefore, Au (3*) ions are reduced under more "soft" conditions and form Au clusters of
smaller diameter with a narrow size distribution, compared to the system without PVP. An important role in the synthesis of Au
NPRs is performed by the pyrrolidone ring [42]. The bond of PVP with Au surface is formed by unshared electron pair of oxygen
and nitrogen (pyrrolidone ring) that was confirmed by micro-Raman spectroscopy [38]. Second, a number of researchers indicate
[47-49] that PVP molecules are adsorbed on the (111) faces of Au NPRs, blocking their growth in (111) direction. Therefore,
growth occurs in lateral direction and thickness of NPRs is in range of tens of nanometers. In [42] Nano SIMS method was used for
determining the location of PVP molecules on Au NPRs. It was found that PVP is adsorbed predominantly around the perimeter
of NPRs. Even for doubled concentration PVP adsorbed preferentially on the (111) faces. The thickness of NPRs synthesized under
such conditions doubled. We work with PVP concentrations in order of magnitude higher than in [42]. Thus, we consider that the
adsorption of PVP occurs intensively on both sides of NPR as well as on the flat faces (111).

The adsorbed PVP layer inhibits diffusion of gold atoms to the surface of NPRs, therefore the growth occurs preferentially in the
lateral direction. As a result, we observed the flat NPRs (10+20 nm thickness) with lateral size up to 10 microns. Finally, PVP
molecules adsorbed on the particles serve as protector from their aggregation.

Flat NPRs form via layered and tangential growth mechanism (Kossel-Stranski theory of crystal growth) due to availability of a
PVP-stabilizer. As it was shown in [38], uncompleted layers of (111) of NPRs surface form stepped terraces. In Figure 4c and d one
can easily see the steps of growth of nanoprisms which correspond to the faces (110) and (100). The gold atoms are being trapped
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by fracture of steps and form uncompleted layer. As the PVP molecules are selectively adsorbed on Au (111), they inhibit the
delivery of atoms to the surface and prevent the formation of a new layer of the crystal. Growth of Au NPRs occur mainly in the
lateral direction - the crystals become thin and flat (Figure 4a and b). Thus, NPRs have a maximum surface area (111) and after
cleaning from the stabilizer layer can be used as atomically flat substrates for STM [20,50].

000KV T xR0k SR WD=11.0mm 100KV ed00k 10pm

Figure 4: SEM images of the "pits" in nanoprisms

The steps of mica substrate are clearly seen through the two NPRs (Figure 5a). It confirms that the thickness of nanoprisms is in
the nanometer range. Extraordinary position of two NPRs is shown in Figure 5b. The lower NPRs has the three petals shape, the
upper-a triangle with truncated vertices. It is known that the growth of new atomic layer of the crystal begins at the vertices and
edges where the supersaturation of atoms is maximal. Therefore, the formation of dihedral/triangular angle is energetically more
favorable. Due to difference in diffusion caused by mutual arrangement of NPRs, the edges of a lower prism growth from vertices
to centers. There are also cases when the mutual position of the edges of nanoprisms is parallel (Figure 5c). Slit between them is ~
300nm.

Figure 5: The mutual arrangement of gold nanoprisms on mica surface

Conclusion

Influence of conditions of synthesis on formation of flat Au nanoprisms on mica surface has been established. It is shown that
adding glycerol in the growth medium increases its viscosity. A series of experiments on the surface wetting angle 6 showed that
the value OET:EG is twice larger than OET:EG:G. Thus, a lower value 8 assumes higher wettability. However, adding of PVP into a
dispersion medium ET: EG: G (6:7:7) does not make the surface of mica lyophobic in contrast to the system of ET:EG (1:3). Both
selective adsorption of PVP molecules on the faces (111) and an increase of viscosity of the growth medium slow the diffusion of
gold atoms from the bulk to the surface of the crystal and reduce lateral diffusion along the surface of the growing edge. It causes
the formation of flat surfaces of NPRs as well as the presence of holes. Synthesis of Au NPRs on mica substrate is more efficient in
the growth medium G:EG:ET (7:7:6) containing 0,045M PVP and ImM HAuCl,. At these conditions the number of nanoprisms
per unit area of the surface increases.
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