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Abstract

In this research a high yield, homogenous and fast bottom-up wet-chemical method has been carried out for the synthesis
of platinum nanocrystal (Pt-NC) and up to micron size (Pt-M). After synthesis of the particles, surface plasmon resonance
(SPR), ultra violet (UV) spectrum, size, shape, and composition were measured for each set. Platinum nanocrystal attained by
preventing particles to grow directly after reduction of Pt to Pt. Pt-NC constructed by statistic repulsion of ionic surfactant
surrounded nanocrystals. The final size of the Pt-NC found to be 3.8 +0.72 nm. Before sonication treatment, particle size
of 705.2+80.3 nm was achieved. After sonication, particle size increased to 1046.1 + 199 nm. Particles were formed in a
controllable way, homogenous and mono-disperse in size and shape. It is confirmed that sonication except for the sharpness
of the spectrum did not alter the peak wavelengths. The suggested synthesis method enabled cost-effective concrete control
over size, shape, concentration, and time of the synthesis.
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catalysis, photocatalysis, and plasmonic-based electrochemi-
cal imaging (SPR based) [3-5]. Nevertheless the use of plat-
inum micro and nanoparticles, especially in catalysis is par-
ticularly interesting due to the reduced cost and the greater
surface area with respect to the bulk platinum. Thanks to
its excellent properties, its application could be observed as
cathode in low-temperature solid oxide fuel cells (<500 °C),
as an electrocatalyst in pure hydrogen production, as anode
in direct ethanol fuel cells, and as electro-oxidizer in bio-
sensors [6]. Recent applications of platinum required it
to be used in the form of nano thin films, micro-particles
and nanoparticles. Beside platinum nanocrystals (Pt-NC),
platinum microparticles (Pt-M) size are suitable alternatives
for developing new generations of fuel cells because they
are commercially available and suggest alternative energy
sources, and electrochemical activity, while functioning
under wide operating temperatures [6, 7]. Surface plasmon
resonance (SPR) is the dipolar excitation of entire parti-
cle between free electron and its positively charged lattice
induced by incoming electromagnetic wave (EM). Although
the plasmonic peak for platinum is not highly active due to
one empty space in the d-band and one empty space in the
s-band [8], investigation of plasmonic peak for Pt-NC and
Pt-M to obtain a spectrum might be useful mainly because
of its anisotropic nature [9]. The first form of platinum par-
ticles, i.e., platinum nanocrystal (Pt-NC) offers quantum
size effects and confined size in the range of 1-10 nm that
enables it to be applied as catalyst in quantum physics and
chemistry [8—10]. The second one is platinum micro-parti-
cles (Pt-M) that four advantages for its synthesis has been
suggested: first, it is mono-dispersed, even though the par-
ticles are larger than the previous set of Pt-NC; second, the
size barrier, from nanometer to micrometer, is overcome;
third, Pt-M is synthesized with a one-step fast reduction,
rather than a multiple step process which would be more
complex and cost time; fourth, Pt-M characterizations has
not been extensively reported in literature so it could intro-
duce new opportunities in relevant research areas [3, 11-19].
A fundamental challenge is to improve the reproducibility
of the synthesis process so a consistent particle size can
be obtained. Studying the details of Pt-M synthesis seems
to be more useful than that of the other types of platinum
nanoparticles, e.g., Pt-NC in terms of vast for opportunities
to investigate the formation mechanism. In the current study
we aim to propose a straightforward, single-stage chemistry

Fig.1 Schematic representation
of the synthesis of Pt-NC and
Pt-M size
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using homogeneous nucleation method to synthesize plati-
num particles in nano and micron size.

Experimental

Preparation of platinum nanoparticles was done in two
stages base on reagents as follows: acid hexachloroplatinic
(IV) (H,PtClg6H,0; Merck KGaA), polyvinylpyrrolidone
(PVP; Sigma-Aldrich), sodium borohydride (NaBH,,
Fluka), and cetyltrimethylammonium bromide (CTAB; TCI
Europe N.V.). All the chemicals were used as received from
the suppliers, without any additional purification. Water
was purified with a Mili pore MiliQ system (MQ water 18.1
MQ). Glassware used in the syntheses was cleaned with the
mixture of hydrochloric acid and nitric acid (HCI: HNOj;,
3:1). Sonication was carried out with an ultrasonic bath
(Branson Ultrasonic Cleaner 2520E-DTH). Centrifugation
was performed with a Scan Speed 1730R centrifuge. In the
first stage, for the formation of platinum nanocrystal (Pt-
NC), 1 ml of 20 mM of platinum solution was added to 1 ml
of 1 mM of PVP. Then 500 pl of 0.05 mM of pre-cooled
sodium borohydrate was added and stirred. While stirring,
750 pl of 0.1 M of CTAB was added drop-wise. Subse-
quently, the mixture was kept sufficiently long at 26.5 °C
to prevent crystallization of CTAB. To purify the obtained
product centrifugation was done twice at 1300 rpm. The
reaction mixture was stirred vigorously for a short period of
time. In the second stage, the formation of platinum micron
size (Pt-M) occurred by transporting of 1 ml of 20 mM of
platinum solution to a falcon tube containing a stirrer bar.
Next, 1 ml of 1 mM of PVP solution was added as described
earlier. Then the mixture was stirred and incubated. After
stirring, pre-cooled sodium borohydrate 500 pl was added.
Then the mixture was stirred gently. The purification stage
lasted a few seconds before performing sonication. Trans-
mission electron microscopy (JEOL 1010 TEM) was used to
investigate the 2D morphology and size of the particles. A
UV-visible spectrophotometer (Varian-Cary-50 Conc.) has
been used as well for measuring the nanoparticles absorp-
tion spectra. We used nanoparticle size and concentration
analyzer (NANO sight-NS500) to analyze the presence, size
distribution, and concentration of nanoparticles in liquid.
However, as consistent data for Pt-M size cannot be provided
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Fig. 2 a Final color of the
Pt-NC stored in cuvette and b
TEM image of Pt-NC

(setup restriction in measuring larger particles > 700 nm), we
excluded this set of data.

Results and discussion

Figure 1 shows a schematic mechanism for the possible for-
mation of the CTAB micelles around Pt-NC. The reduction
of platinum starts with the combination of a platinum metal-
lic salt precursor, a reducing agent and a stabilizer. There
are different types of platinum salt precursors that have
been used for the reduction of platinum such as potassium
tetrachloroplatinate-1I (K,PtCl,) and chloroplatinic acid
hexahydrate (H,PtClg-6H,0). The main reduction reaction
based on potassium tetra chloroplatinate-II is presented by
the reaction of formula (1) [20]:

2NaBH, + K,PtCl, + 6H,0 — Pt + 2NaCl

+ 2H,BO, + 2KCI + 7H,. M

H,PtCl; salt precursor was freshly used in our research

instead of K,PtCl, and better results were obtained, however,
the main working mechanisms were the same. The former
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salt precursor (K,PtCl,) needed aging time, therefore, in the
case of any failure plenty of time could be lost. Nevertheless,
the final product was pure platinum, using different salts
as precursor would have led to different types of particles
[21]. The inside reaction in terms of electron donation can
be interpreted as the formula (2) [22]:

BH, + [PtCl¢]~> + 80H™ — H,BO; + Pt’ + 5H,0 + 2CI~ + 8¢~ .
@)

As it has been shown in the reaction (2), sodium borohy-
dride directly reduces the platinum complex and turns Pt™
into Pt°. This stage was obviously visible because of the
clear change of the solution color from pale yellow to very
dark brown.

Later, cetyltrimethylammonium bromide (CTAB) was
introduced as an ionic surfactant to control the size and
shape of platinum nanoparticles as shown in Fig. 1. The
presence of non-ionic surfactant, polyvinylpyrrolidone
(PVP) prevented aggregation of the particles after the reduc-
tion of platinum [23]. In fact, since they were characterized
by an electrostatic charge, these compounds enabled elec-
trostatic repulsion between particles and inhibit their further
growth [24, 25].
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Fig. 3 a Size distribution histograms of Pt-NC and b the plasmonic peak of Pt-NC
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Size distribution of Pt-M
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Fig.4 a TEM image of Pt-M before sonication, b TEM image of Pt-M after 10 s sonication, ¢ Size distribution histograms of Pt-M before soni-

cation, and d Size distribution histograms of Pt-M after sonication

Figure 2a shows the final color of the solution that was
dark brown. A transmission electron microscopy (TEM)
image of the Pt-NC has been shown in Fig. 2b. To avoid
a thick layer of excess surfactant on the TEM grid surface,
centrifugation of the solution was necessary prior to further
investigation of each type of synthesized particles in TEM.
Thorough statistical investigation was necessary due to the
limitations of the TEM resolution; statistical analysis was
performed manually and analyzed by exploring eight differ-
ent regions of a TEM grid to get a clear idea of the size range
that was shown in Fig. 3a. The average measured diameter
of the particles was found to be 3.85+0.72 nm as shown in
Fig. 3a. The surface plasmon resonance (SPR) of Pt-NC was
230 nm as shown in Fig. 3b.

The reduction mechanism of platinum micro-sized
particles was based on the presence of platinum salt
(H,PtCl4-6H,0), the strong reducing agent, sodium borohy-
drate (NaBH,), polyvinylpyrrolidone (PVP) and the capping
agent. The distinction in this case was that there were no
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other types of reagents as for Pt-NC; consequently, particle
size became greater. Although there is not much literature
available about the formation mechanism of Pt-M particles,
it can be inferred from the previously described formation
mechanisms of the Pt-NC particles by reactions (1) and (2).
After the introduction of the reducing agent to the reaction
solution, the platinum complex was directly reduced result-
ing in a spherical particle shape. In the second stage, the
particle solution underwent a sonication treatment. Thanks
to the extreme heat and pressure of the ultrasound waves
(T=5000 K, P=1000 atm), the nanosize particles grew in
size up to 1 pm in diameter, most likely due to an ultra-
sound-induced Ostwald-ripening phenomenon [26], which
re-dissolves the smallest unstable particles in favor of the
biggest ones, possibly contributing to their growth. As pre-
viously mentioned, the final color of the solution was very
dark brown as shown in Fig. 2a.

TEM image of the Pt-M particles before and after sonica-
tion have been shown in Fig. 4a, b that confirmed the growth
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Fig.5 The plasmonic peak of Pt-M a before sonication, and b after sonication

of platinum particles to micron size. Distribution of Pt-M
sizes before and after sonication was shown in Fig. 4c, d,
respectively. The mean diameter value of the particles before
the sonication was 700 nm while after sonication it grew up
to micron (~ 1000 nm). Additionally, as previously reported
for Pt-NC, the plasmonic peak of the platinum nanoparticles
does not shift enormously with respect to different sizes and
morphologies.

The surface plasmon resonance (SPR) of Pt-M before and
after sonication has been shown in Fig. 5a, b, respectively.
Before sonication treatment, the absorption spectra of Pt-M
showed two major peaks at 230 nm and 240 nm, respec-
tively, and one minor peak at 250 nm. After the sonication
treatment, the particles were kept at room temperature for
a while, and then the spectrum was measured. The peaks at
230 nm and 240 nm decreased in their y axis (Abs). Although
there was a clear shift in the size of particles, the spectrum
of Pt-M did not shift significantly after sonication. This was
also verified with our final experimental results of the Pt-M
where the particles also grew from nano to micron size. It is
worth to mention that the sharpness of the plasmonic spec-
trum after sonication treatment decreased significantly. This
can be due to the consumption of smaller particles during
formation of large particles.

Conclusions

In this work, the synthesis of micron size platinum parti-
cles was done in two steps. Platinum nanocrystals (Pt-NC)
fabricated with platinum salt, strong reducing agent NaBH,
and capping agents such as PVP and CTAB as ionic sur-
factant were used. The repulsion force caused by similar

ions around the nanoparticles did not let the particles grow
larger and they stayed in a crystal form. The exact control of
the particle size and morphology of Pt-NCs by the addition
of ionic surfactant was the key factor of their fabrication. A
main advantage to the synthesis of Pt-NC was the high yield
and high surface to volume ratio for catalytic activities. The
reduction mechanism of the platinum micro-sized (Pt-M)
particles was formed using platinum salt (H,PtCl,-6H,0),
sodium borohydrate (NaBH,), and PVP-as the capping
agent. The reduction process occurred immediately after
introduction of the strong reducing agent and formed spheri-
cal particles. After reduction, sonication was performed on
the particles; it was believed that Ostwald-ripening occurred,
where energetically favorable for smaller particles to dis-
solve and adsorb onto larger particles. This work demon-
strated the close match of theoretical and practical data to
former literature regarding Pt nanocrystals. Investigation of
the explicit mechanism of the Pt-M formation and determi-
nation of the reproducibility of the particle synthesis can be
done in the near future.
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