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The results of studies of the formation of platinum nanoparticles (Pt NPs) on the silicon surface by gal-
vanic replacement (GR) in a fluoride-containing solution of H2[PtCle] in dimethyl sulfoxide (DMSO) are
presented. The conditions of the deposition process of Pt NPs on the substrate surface are established. It is
shown that in a wide range of platinum precursor concentrations (1-4 mmol-1-1!) and temperature (30-
50 °C), discrete spherical metal nanoparticles (Pt NPs) with a diameter of 20 to 200 nm with uniform dis-
tribution on the substrate surface are formed. The main factors influencing the geometry of nanoparticles
are the concentration of Hao[PtCle], temperature and duration of GR. As the values of these factors increase,
the particle size increases. Ultrasound accelerates the GR process, which increases the size of Pt NPs and
promotes the formation of a metal film on the silicon surface. It is shown that concentrations of platinum
ions and DMSO medium during GR are one of the main factors influencing the size of discrete particles
with a small size range and uniform distribution on the substrate surface. It was found that with increas-
ing temperature from 30 to 50 °C there is a change in the structure of platinum sediment from discrete to
the formation of agglomerates, which is due to a significant increase in the rate of electrogeneration reac-
tion at the anode surfaces. It was found that increasing the duration of the GR process from 30 to 60 s con-
tributes to the filling density of the silicon surface. The results of studies of the influence of organic aprotic
solvent molecules on the geometry of metal particles and their distribution on the substrate surface are ob-

tained. Nanostructures of platinum with good adhesion to the substrate surface were obtained.
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1. INTRODUCTION

The silicon surface modified with nanoparticles and
nanostructures of metals has attracted special atten-
tion in the last decade due to its effective use in sensors
[1, 2], catalysis [3-5], biomedicine [6], optoelectronics
[7], solar cells [8], as a photocathode for H2 evolution
from water [9, 10], in fabrication of porous silicon and
silicon nanowires [11], etc. The functional properties of
silicon/metal nanostructures depend on the geometry of
the deposited metal nanoparticles and the overall sur-
face architecture. Therefore, the choice of a method for
their preparation is important in terms of maximizing
the controlled formation of a certain morphology of a
metal precipitate and manufacturability. Methods that
meet these criteria include galvanic replacement (GR),
which is easy to implement and does not require the
use of complex equipment. It is used to modify the sili-
con surface with nanostructures of noble (Ag, Au, Pd,
Pt, Rh, Ru) and non-noble (Cu, Ni) metals [12].

Deposition of metals [3, 6, 8, 12] and, in particular,
platinum (Table 1) on the silicon surface by GR is car-
ried out in fluoride-containing aqueous solutions. GR
processes follow an electrochemical mechanism that
can be represented by the generalized equation (1),
where M(+n) are hydrated or complex metal ions. In
aqueous solutions, side processes also occur, which
cause passivation of the silicon surface (3), gas evolu-
tion (4), (5) and etching of the substrate (5). Organic
aprotic solvents have recently been used effectively to
prevent them [13-15].

Si+6nF +4M@Hn) - n [SiFe2+4M, (1)
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PACS numbers: 61.46. + w, 81.15. — z

2H20+2e— Ha+2OH-, (2)
Si+2H20— SiOz2+4 H+4 e, 3)
2 H20 + 2e — Hz + 20H-, 4)
Si+ 4 HF — SiFs+ 2 Ha. (5)

It is of great interest to obtain GR systems of sili-
con/Pt nanostructures (Table 1) due to their high elec-
trocatalytic properties, which are used in many new
areas — fuel cells, biosensors, nanobiomedicine. Due to
the increased capabilities of a non-aqueous medium
compared to aqueous solutions in the controlled for-
mation of metal nanoparticle geometry, the aim of the
study was to investigate the formation of a nanostruc-
tured platinum precipitate on the silicon surface by GR
in DMSO solutions: precursor concentration, tempera-
ture, deposition duration.

2. EXPERIMENTAL DETAILS

Materials: n-type Si (100) wafers from Crysteco
company were used for the research. The specific re-
sistance of the plates was 4.5 Q cm, the size of the sili-
con samples was 1x1 cm. Hydrogen hexachloroplati-
nate (IV) (Alfa Aesar, 99.9 %, My = 409.81 g 'mol-1) and
HF (40 %, Mw =20 g'mol 1.

Solvents: dimethyl sulfoxide (DMSO, 99 %, Alfa Ae-
sar), ethanol (Alfa Aesar), isopropanol (AlfaAesar), ace-
tone (AlfaAesar).

Methods. Deposition of platinum was carried out by
GR on an n-type silicon sample in (1...4) mM Hz[PtCls]
DMSO in the presence of HF (1 wt. %) and its absence.
The silicon surface was pre-cleaned in an ultrasonic
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Table 1 — Conditions for the formation of platinum deposits on the surface of silicon wafers by GR

Type of Composition of the solution { oC Duration | Morphology of sediment and geometry Ref
silicon p ’ of GR of particles )
p-Si 1 mM Naz[PtCls] and 0.25-1 M HF 25 |2-10 min |discrete spheroid Pt NPs (40-300 nm) [4]
. . height = 100-400 nm;
n-Si 1 mM Hz[PtCl¢] and 5 M HF 20 |5-60 min width = 200-1000 nm [16]
. . |nanofilms at [HF]:[PtClz] < 26;
p-Si (100) |3.5 mM PtClz and HF 20 |0.5-60 min Pt NPs and Pt NCs [HF]:[PtCls] > 528 [17]
scratched .
Si wafers (0.2-10) mM Hz[PtCl¢] and 5 M HF 20 |3-60 min [3D Pt nanoflowers [18]
hierarchical Pt nanostructures consist-
p-Si (100) |(1-10) mM Hz[PtCle] and 2.5 M HF 50 [5-60 min |ing of pinecone-like, microspherical, [19]
flower-like structures
n-Si 1 mM Hz[PtCle¢] and 0.15 M HF 40 |90s discrete spheroid particles (~ 50 nm) [20]
. 2 mM H[AuCl4] 1 mM Kz[PtCls] and . Pt monolayer decorated Au nanostruc-
p-Si (100) 0.5 M HF 20 |3 min tured film on the silicon surface [5]
. . oblate hemispherical Pt NPs with
p-Si (100) [0.3 mM Naz[PtCl4] 20 |5 min & ~ 40 nm and height = 1045 nm [9]
. . discrete particles (120-250 nm) or
p-Si(100) |1 mM Naz[PtCls] and 5.7 M HF 22-75(1-30 min dendritic metal structures [10]
n-Si (100) |1 mM Nax[PtCls] and 4.8 M HF 20 [10-960s |Panoporous Pt NPs (15-100 nm) with -y,
high internal surface area

bath in ethanol and acetone, after which it was chemi-
cally etched in a 5 % hydrofluoric acid solution. GR was
performed in the temperature range of 30...50 °C with
a deposition duration of 30...300 s. After completing the
process, the samples were washed with isopropanol,
acetone and dried at a temperature of 60 °C. The mor-
phology of the obtained platinum nanoparticles (Pt
NPs) on the silicon surface was investigated using a
JSM-6060LA analytical scanning electron microscope.
Images of the modified surface were obtained by regis-
tering secondary electrons and scanning with an elec-
tron beam with an energy of 20 keV. The images were
displayed using digital software (SEO Scan). The chem-
ical composition of the precipitates obtained was inves-
tigated by energy dispersive analysis (EDX). The sizes
of the obtained Pt NPs were determined using SEM
images by comparing individual particles with the
scales presented in the images and using the Axio-
Vision V 4.8.2.0 program.

3. RESULTS AND DISCUSSION

Deposition of platinum by GR on the silicon surface
in a fluoride-containing DMSO solution of Hz[PtCle]
takes place according to the total reaction (6). The au-
thors of [21] emphasize that the reduction of Pt (IV)
on silicon occurs in stages (7), (8), but do not indicate
differences in the formation of platinum precipitate
compared to a single-stage process with PtClz [17] or

Nazg[PtClsg [9,10]. Due to the values of
E°[PtCl4]2-/Pt=0.68V and E°[SiF¢]2-/Si=-1.20V,
the electromotive force of the GR process

AE?=0.68V — (- 1.20 V) = 1.88 V is high for recovery of
platinum at a high rate.

Si+ 6 F + [PtClg]2~ — [SiFg]> + Pt+6 CI,,  (6)
[PtCle]>- + 2 e — [PtClij2-+ 2 CI-, E=0.75 V, (7)
[PtCL]2-+ 2 e — Pt + 4 Cl-, E=0.68 V (SHE). (8)

3.1 Influence of Ultrasound

Platinum is deposited on the silicon surface in a
DMSO solution in the form of discrete spherical NPs
(Fig. 1a). This is characteristic of the formation of met-
als in DMSO by GR [9, 10]. Spherical NPs are also
formed in DMSO solutions during electrochemical dep-
osition [22]. This can be explained by the formation of
surface complexes on metal particles due to the high
electron-donor properties of DMSO (DN =29), which
creates the effect of a surfactant. During sonogalvanic
replacement, particle aggregation in the plane of the
silicon surface is observed with a tendency to form a
film deposit (Fig. 1b). This is due to many factors influ-
encing electrochemical and chemical processes with
ultrasound [23, 24], among which the main ones are an
increase in the mass transfer rate, reduction of the ad-
sorption process, and a decrease in the thickness of the
electrical double layer. The latter is especially im-
portant for accelerating the diffusion of ions to the
cathode and anode surfaces and the metal reduction
process in general.

3.2 Influence of Temperature

With increasing temperature from 30 (Fig. 2a) to 40
(Fig. 2b) and 50 °C (Fig. 2¢), we observe an increase in
the size of discrete Pt NPs and their agglomerates. This
effect of the temperature factor is primarily due to an
increase in the rate of the electrogeneration reaction (9)
of silicon dissolution at the anode surfaces, which caus-
es a corresponding increase in the icahode values at the
cathode surfaces. As a result, more intense cathodic
reduction occurs according to reactions (7) and (8). In
addition, the depolarizing effect of temperature leads to
a weakening of the adsorption of DMSO molecules on
existing Pt NPs, eliminating the factor of surface com-
plexes Pt «— : DMSO. Therefore, with increasing tem-
perature simultaneously with an increase in the rate of
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Fig. 1 — SEM images of the silicon surface after deposition of platinum with 4 mM H2PtCls + HF (1 wt. %) in DMSO at 40 °C for

5 min without (a) and with (b) ultrasound
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Fig. 2 — SEM images of Pt deposited on the silicon surface from 4 mM H2PtCls in DMSO solutions for 60 s at ¢ = 30 (a), 40 (b) and
50 (c) °C and energy-dispersive X-ray spectroscopy (EDXS) of the Si/Pt surface (d)

the process of galvanic reduction of platinum, there is a
tendency to an increase in the particle size and their
agglomeration (Fig. 2c).

Si+6F — [SiFe]*> + 4 e. 9)

3.3 Influence of Platinum Ion Concentration

Spherical Pt NPs are formed in a wide range of
platinum precursor concentrations (Fig. 3) with their
uniform distribution on the silicon surface (Fig. 3). As
their content increases, the size of discrete particles

increases, which is due to a decrease in the cathodic
polarization concentration. Thus, in 1, 2 and 4 mM
H2[PtCle], the largest proportion of Pt NPs is in the
range of 50-80, 70-100 and 110-140 nm, respectively.
There is also a tendency to form agglomerates (Fig. 3c).
Thus, the concentration of platinum precursor in the
solution is an effective factor influencing the size of Pt
NPs during their deposition on silicon by GR. There-
fore, solutions with Hze[PtCle] concentrations of no more
than 1-4 mmol 1-1! should be used to form Pt NPs up to
200 nm in size.
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Fig. 3 — SEM images of the silicon surface after deposition of platinum with 1 (a), 2 (b) and 4 (¢) mM H;[PtCls] in DMSO solutions
at 40 °C for 60 s and 3D histogram of Pt NPs size distribution (d)

3.4 Influence of GR Duration

Comparing the morphology of the platinum precipi-
tate deposited on the silicon surface for 30 and 60 s and
the size distribution of Pt NPs (Fig. 4), it is seen that
the size of the latter increases with time (Fig. 4b) and
the distance between particles increases, while the
number of particles practically does not change. This
gives grounds to claim that the predominant nucleation
- T — occurs in the initial period of the GR process. In the
— e U T TN future, almost only the growth of nuclei occurs. Moreo-
ver, a kind of 2D filling of the silicon surface is due to
the growth of Pt NPs.

4. CONLUSIONS

1. Nanosized discrete spherical Pt NPs are deposit-
ed in fluoride-containing DMSO solutions H2[PtCls] on
the silicon surface by GR and are uniformly distributed
on the substrate surface.

2. The action of ultrasound accelerates the GR pro-
cess, which causes an increase in the size of Pt NPs, as
well as a tendency to form a film deposit on the silicon
surface.

3. The main factors influencing the size of Pt NPs
are the concentration of Hz2[PtCls], temperature and GR
b duration. An increase in the values of these parameters
leads to an increase in the particle sizes.

Fig. 4 — SEM images of the silicon surface after deposition of
platinum with 4 mM Hs[PtCls] in DMSO solutions at 40 °C for
30 (a) and 60 (b) s and histograms of their size distribution
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C. Carraro,

OcanskeHHa HAHOYACTHHOK IUIATUHY HA IMMOBEPXHIO KPEMHIIO raIbBAHIYHAM 3aMilleHHAM
B cepemosumi DMSO

M.B. lemigal, O.I. Kyarmii!, C.A. Kopmiii?

! Hauionanwvruil yrisepcumem «JIvsigcorka nonimexuirkan, 8ysn. Cmenarna Banodepu, 12, 79013 Jlvsis, Yrpaina
2 Qizuko-mexariunuil incmumym imeni Kapnenwa HAHY, syn. Haykosa, 5, 79060 Jlvais, Yrpaina

Hagsemeno pesysbpratu mocimimxenb dopMmyBaHus HaHouacTuHOK mratuau (Pt NPs) Ha moBepxHi KpeMm-
Hi0 MeTomoM rasibBaHiuHoro samimienda (GR) y dropsmicaomy posumni He[PtCls] B mumernicyabdorcmm
(DMSO). Berasosieno ymosu mporiecy ocamkennsa Pt NPs ma mosepxwi migknankn. IToxkasano, 1o y mmpo-
KOMY [iama3oHi KOHIIEHTpAIii npekypcopa miatuun (1-4 mmos-i-1) i remmepatypu (30-50 °C) dopmytorses
IucKpeTHi cepomomioui HanouacTuHkr Metany (Pt NPs) miamerpom Bix 20 mo 200 HM 3 piBHOMIPHUM PO3-
TO/ILJIOM 10 TIOBEPXHI MigKIaaKku. ['0J0BHUME (DaKTOpaMy BILUIMBY HA T€OMETPI0 HAHOYACTUHOK € KOHIIEHT-
pamis He[PtCls], remneparypa ta tpusamicts GR. 3i 36inbieHHsIM 3HAYEHB X PAKTOPIB PO3MIpU YACTHU-
HOK 3POCTal0Th. YJIbTpa3Byk npumisuiiiye mporec GR, mo cupuunnsie 36imbinenus poamipis Pt NPs, a ta-
KoMK crpuse OpMyBaHHIO METAJIEBOI IUIIBKM HA KpeMHieBil moBepxHi. [lokaszaHo, 110 KOHIIEHTPAI[iA 10HIB
mnatuau ta cepemouiie DMSO 3a GR € ogHuM 13 0CHOBHMX YMHHWKIB BILIUBY HA PO3MIPU JUCKPETHUX Ya-
CTUHOK 13 HEBEJUKHM Jialla3oHOM 34 PO3MipaMM Ta PIBHOMIPHMM POSIIONLIOM II0 IIOBEPXHI MiAKJIATKH.
Beranosiieno, mo 3 migsumenaam temmneparypu Bix 30 mo 50 °C criocrepiraerbesi 3MiHa CTPYKTYPH OCATY
MJIATWHYU BiJl JUCKPETHOI I0 YTBOPEHHS arjIOMepaTiB, M0 3yMOBJIEHO 3HAYHUM 3POCTAHHSM IIBUIKOCTI eJie-
KTPOreHePyoUoi peakrIlii Ha aHOJHUX IUISHKAX MoBepxHi. Bussieno, mo 36iapmenns tpusasocti GR Big 30
110 60 ¢ cupusie IIIPHOCT] 3aIlOBHEHHS MMOBepxHI KpeMHi. HaBemeHo pe3yibraTu 1OCI:KeHb BIUIMBY MO-
JIEKyJI OPraHivHOr0 AIIPOTOHHOI0 PO3YMHHUKA HA FeOMETPil0 MeTaJeBUX YACTUHOK Ta IX PO3IOJILI 0 IToBep-
xH1 miaraaaku. OTpuMaHO HAHOCTPYKTYPH ILJIATHHY 3 T00POI0 aare3ielo 0 IMTOBePXHI MiTKIIa KA.

Kmiouori cnosa: [linatuna, ManmsBaniune saminenns, [lopepxusa kpemuio, DMSO, Hamouactuukm.
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