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Abstract

Synthesis of gold nanoparticles (NPs) in liquids, micelles, and at various interfaces is being done using a variety of approaches. Parameters of
synthesis determine the size and shape of NPs. Our proposal here is to generate Au NPs on mica surfaces that are atomically flat. Under these
circumstances, the surface is undergoing the simultaneous formation of monocrystalline and isotropic NPs. Monocrystalline prism-like
nanoparticles (NPRs) are being preferentially formed at the synthesis parameters that we have identified. A surface's wettability is one factor that
determines the proportion of NPRs with a triangular or hexagonal habit. We show that growth medium components and synthesis settings may
regulate the size and shape of produced NPs.
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Introduction

There has been a lot of interest in studying gold nanoparticles (NPs) in recent decades. Gold nanoparticles (Au NPs) have many
applications in fields as diverse as medicine [1-6], optoelectronics [7-13], catalysis [14-16], and surface plasmon resonance
(STM) and scanning tunneling resonance (SERS) [17-20]. Synthesis of gold nanoparticles in micelles and at phase interfaces has
been the primary focus of most research. A lot less focus has been spent creating regular-shaped monocrystalline NPs (sometimes
termed "nanoprisms" or NPRs) on solid surfaces. The authors of the study described the formation of gold nanowires and
nanoplates on indium tin oxide-coated glass surfaces by the use of cetyltrimethylammonium bromide in aqueous medium [18].
Using a one-step thermolysis of a (AuCl4)- tetraoctylammonium bromide complex in air, gold NPRs have been produced on
solid substrates (Si, glass, stainless steel, polyimide, polydimethylsiloxane (PDMS), mica, graphite, etc.) in references [21, 22].
Au NPRs may be synthesized using either one- or multi-stage techniques. Proposed in [23-25] and revised in [26-27] was the
nucleus approach of NPRs creation. Hence, the whole process may be summarized as follows: nuclei production, growth media
condition changes, nuclei addition to growth medium, and finally, NPR development. The problem is that this kind of synthesis
produces nanostructures that aren't uniformly spherical and anisotropic; so, further purification is required.Biosynthesis,
photoreduction, the thermal technique, and polyol synthesis are all examples of one-stage processes. In biosynthesis, products of
essential microbial processes [28-29], plant extracts [30], and fungi [31] are used as Au ion reducers and NPR stabilizers. In
order to conduct photoreduction, a growth medium must have a photocatalyst, a stabilizer, and an electron-donating chemical
[32]. Through adjusting (i) the ratio of precursor/stabilizer concentration, (ii) the synthesis time, and (iii) the temperature, thermal
and polyol techniques enable the control of NPRs in a broad range of sizes [33]. Unless polyol (120-195° C), none of the
aforementioned procedures need high temperatures. The EG acts as a dispersion medium and Au ion reducer in this process,
while the PVP or PVP+CTAB combination [34—-38] serves as a stabilizer. Flat, hexagonal or triangular Au nanocrystals with a
thickness of less than 100 nm were created in a free volume of a combination of ethanol, ethylene glycol, HAuCl4 (a gold
precursor), and PVP at 80° C using the polyol technique, as described in reference [38]. By including glycerol, we suggest a
modified polyol approach. Our findings show that the development characteristics are significantly altered when newly sliced
mica plates are immersed in the growth media. This environment is ideal for the simultaneous formation of gold NPRs and NPs
on mica surfaces. Increasing the synthesis time or adding glycerin to the mixture both cause to NPRs are formed preferentially.
Through surface wetting angle (SWA) measurements, the impact of growth medium components on the creation of gold
nanostructures on atomically flat mica substrate that had just been cut was investigated. The goal of this research is to examine
how Au nanostructures form on mica surfaces that are atomically flat when submerged in growth media of varying compositions.

Materials and Methods

The following ingredients were used to create gold NPRs on the newly cleft surface of mica: ethyl alcohol, polyvinyl pyrrolidone
(29 kDa, "Sigma-Aldrich"), ethylene glycol ("Reahim ", Russia), glycerin ("Sigma-Aldrich"), and chloroauric acid ("Shanghai
Synnad Fine Chemical Co., LTD"). A scanning electron microscope (SEM) (X-ray microanalyzer JXA-733 with energy dispersive
X-ray spectrometer) and a scanning electron microscope (JSM-6060) were used to study the chemical content and shape of the gold
nanostructures that were formed. The following parameters and analytical features were used to estimate the chemical composition
using EDS: an accelerating voltage of 20 kV, a beam current of 20 nA, a spectral resolution of 140 eV at line MnKa, and a spatial
resolution of 1-5 microns. The reference materials were Si, Al, Mg, FeO (Si02, A1203, MgO, FeO, biotite), Mn (metal Mn), Ti
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(ilmenite), and Au (Au). The recalculations technique was ZAF (atomic number of the Z, A absorption, fluorescence F), and the
detection limit was 0.01-0.1%.Through surface wetting angle (SWA) measurements, the impact of growth medium components on
the creation of gold nanostructures on atomically flat mica substrate that had just been cut was investigated. A newly sliced surface
of bare mica and an annealed surface of Au (111) were each treated with a droplet of the respective component. The amount of
droplets that were deposited was 2 microliters. After taking five separate readings, we were able to average the contact angle value.
Within +5° was the margin of error for the measured wetting angle.

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 HAuCly, 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 60,
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
5 ET:EG(1:3), PVP. <9 17
HAuCl,

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-

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 nner).
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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 1T

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),
HAuCls (1 mM) and PVP (0,045M). Adding of G increases viscosity of dispersion medium. Table 2 demonstrates the dynamic
viscosity. The value of 1, is an order of magnitude greater than n_, and exceeds n,, more than 70 times Table 2.

Alcohol Dynamic viscosity n, 10-3Pa.s 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
coefficient 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;
3 1MM 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 HAuCly; 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,0, MgO, K O, TiO, and FeO (Table 4, columns 2 and 5).

Elemental composition (%) Foint number
1 2 3 4 5 6
Sio, 0,00 | 47,10 | 38,28 | 9,98 | 45,93 | 39,12
TiO, 0,00 0,30 0,46 0,05 0,40 0,43
ALO, 0,00 | 33,30 | 27,46 | 823 | 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,0 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

It is possible to use the LaMayer model to analyze the mechanism of development of Au NPs and NPRs during polyol synthesis
processes [41]. In the first step, AuCl4-ions undergo reduction to AuO. Afterwards, nuclei are created in the locations with the
highest concentration of Au0. When their size is below critical, nuclei may decay; when they're larger than critical, they can
increase. In the last step, the growth rate and diffusion of atoms on the surface of the NPs restrict the augmentation in size of the
NPs. Therefore, monocrystals may be formed while reduction processes progress at a slow pace. Adsorption of PVP and
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nternal/external flaws in NPs significantly affect their form. The authors in [42] found that out of all the nuclei that were created
using the citrate approach, one had crystalline, penta-twinned, planar-twinned, and complicated multiply-twinned structures. On
the edges of neighboring nanotubes, defects such as steps, kinks, and stacking-faults were discovered. To put it another way, they
are reactive places where nanomaterials can develop. The combinations of water, methanol, HAuCl4, and PVP produced the
highest yield of flat hexagonal Au NPRs via plasmon-driven synthesis. These mixtures also included the most planar-twinned
seeds. The notion put out by Lofton, Sigmund, who suggested a mechanism for the formation of enormous planar prisms, is
confirmed by this research. On the basis of [43], the same NPs are guided to form high-aspect-ratio prisms or plates by the (111)
planes of the Au and Ag nuclei. This happens when adatoms attach to the newly formed hollow grooves, which reduce the
nucleation energy and cause the prism to develop laterally by forming a new atomic layer in that area. Figure 3 shows the results
of a scanning electron microscopy (SEM) investigation of the NPR's side faces, which may have highlighted the function of the
Lofton-Sigmund process in the NPR's flattening. The rounded features of these faces should provide for striking contrast when
photographing various areas of them. This experiment does not provide any NPR that exhibits such a disparity. The majority of
NP display a side picture that is equivalent to 220 gold faces. You can see an example of this kind of NPR 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°

The picture that may be used to prove the concave shape of the side face is only obtained for very uncommon
NPRs that are grown on glass substrates. Figure 3¢ shows an example of the picture. The top and bottom portions
of the side face are noticeably different in brightness. This discrepancy is consistent with the concave shape of the
face and could be caused by the varied angles at which different portions of the face are angled toward the
electron beam. Based on these results, we hypothesised that the variation in PVP adsorption across the gold faces
was the primary factor in the development of flat NPR in our studies. Nevertheless, more research is required to
definitively determine the process of NPRs creation. The truncated octahedron is the equilibrium form of Au NPs
[44]. The obtained microprisms, which have a surface energy of many tens of nanometers, deviate significantly
from this form. This symmetry must be violated in order to produce particles with plate forms. We primarily
focus on two symmetry braking mechanisms. Nanocrystals were hypothesized to have twin flaws or stacking
faults in the works cited in [42] and [45]. Adatoms love to adhere to the twin plates' reentrant grooves because of
their concave form.Capping agents, primarily surfactants, were thought to have a significant role in the creation of
gold nanoplates according to another method. When gold nanostructures are being formed, what part does PVP
play? To begin, PVP molecules lower the surface energy of the substrate and alter its surface conditions by
adsorbing on substrate imperfections (see to Table 1, line 4 for more information on this). Fixation of AuCl4-ions
on the substrate and subsequent nucleus formation are determined by PVP adsorption on the substrate. Prior to
reduction, PVP molecules may form a complex with AuCl4-, allowing them to coordinate with one another [46].
Subsequently, in contrast to the system devoid of PVP, Au (3+) ions undergo reduction under more "soft"
circumstances, resulting in the formation of Au clusters with a smaller diameter and a narrow size distribution.
The pyrrolidone ring plays a crucial function in the synthesis of Au NPRs [42]. Micro-Raman spectroscopy
validated the link between PVP and the Au surface as being formed by an unshared electron pair of oxygen and
nitrogen (the pyrrolidone ring) [38]. Secondly, the development of Au NPRs in the (111) direction is inhibited
because PVP molecules are adsorbed on their (111) sides, according to a number of studies [47-49].
Consequently, NPRs expand laterally and have a thickness in the tens of nanometer range. To pinpoint where
PVP molecules were located on Au NPRs, the Nano SIMS technique was used in [42]. Results showed that PVP
is mostly adsorbed on NPRs' peripheries. The preference for PVP adsorption on the (111) faces persisted even
when the concentration was increased. Under these circumstances, NPRs synthesized exhibited a doubling of
their thickness. In contrast to [42], we use PVP concentrations that are an order of magnitude greater. Therefore,
we assume that PVP adsorption is more intense on the flat faces (111), both sides of NPR.
The deposited PVP layer prevents gold atoms from diffusing to the NPR surfaces, leading to lateral growth
preferentiality. Consequently, we saw NPRs that were flat (10+20 nm thickness) and had lateral sizes of up to 10
microns. Lastly, the particles are protected from aggregating by the PVP molecules that have been adsorbed on
them.
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The presence of a PVP-stabilizer causes flat NPRs to develop in a layered and tangential fashion, according to the
ossel-Stranski theory of crystal formation. Stepped terraces are formed by unfinished layers of (111) of NPRs
surface, as seen in [38]. Figure 4c and d make it easy to see the development stages of the nanoprisms that match
the faces (110) and (100). The atoms of gold are being contained the unfinished layer is formed by breaking the
stages. By being preferentially adsorbed on Au (111), PVP molecules block the surface atom delivery and
therefore the creation of a new crystal layer. Typically, Au NPRs grow laterally, resulting in crystals that are both
thin and flat (Figure 4a and b). Therefore, NPRs may be used as atomically flat substrates for STM after being
cleaned from the stabilizer layer, and they have a maximum surface area of 111 [20,50].

S| WD#11.Onim

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

Conclusion

Flat Au nanoprisms on mica surfaces may be produced by varying the synthesis conditions. The results demonstrate that the
growth medium's viscosity is enhanced by the addition of glycerol. The value of ®ET:EG is twice as big as RET:EG:G, according
to a set of studies conducted on the surface wetting angle ®. Therefore, a greater wettability is assumed by a lower 0 value. In
contrast to the ET:EG (1:3) system, introducing PVP to a dispersion medium of ET: EG: G (6:7:7) does not render the surface of
mica lyophobic. Gold atoms diffuse less slowly from the bulk to the surface of the crystal and less laterally along the surface of the
developing edge due to preferential adsorption of PVP molecules on the faces (111) and an increase in the viscosity of the growth
media. It results in the creation of flat surfaces and holes in NPRs. The growing medium G:EG:ET (7:7:6), which contains 0,045M
PVP and ImM HAuCl4, is more efficient for synthesizing Au NPRs on mica substrate. When these parameters are satisfied, the
density of nanoprisms relative to surface area increases.
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