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Abstract: The size and shape distribution of metal nanoparticles (NPs) are important parameters
that need to be tuned in order to achieve desired properties of materials for practical applications.
In the current work, we present the synthesis of palladium NPs supported on silica by three different
methods, applying reduction by sodium borohydride, hydrazine vapors, and polyethylene glycol
(PEG). The synthesized materials were characterized by X-ray diffraction, X-ray fluorescence,
transmission electron microscopy, surface area and porosity measurements, and thermogravimetric
analysis. Similar nanoparticle sizes with narrow size distribution centered at 8 nm were obtained
after reduction by sodium borohydride and hydrazine vapors, whereas the smallest particle size of
about 4.8 nm was obtained after reduction by PEG. The effect of modification of the initial palladium
chloride compound by ammonium hydroxide was found to lead to the formation of larger particles
with average size of 15 nm and broader size distribution. In addition, the process of the reduction
of palladium by PEG at different reduction stages was monitored by UV-Vis spectroscopy.
CO-stripping voltammetry showed that reduction in hydrazine and in PEG allowed the preparation
of Pd NPs with high electrochemically-active surface area. Such NPs are promising materials for
electrocatalysis.
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1. Introduction

Noble metal nanoparticles (NPs) find numerous applications in catalysis [1-4], electrochemistry [5],
biology [6,7], medicine [8,9], and other fields. In particular, palladium is one of the best-performing
metal catalysts for selective hydrogenation of alkynes [10-14]. Numerous studies focus on the size-
and shape- dependent properties of palladium NPs [15-19], indicating that controlling the size and
shape distribution of NPs during synthesis is an important step in designing functional materials
with the required parameters for practical applications.

There are many effective ways to synthesize palladium NPs. As a general procedure, porous
support such as amorphous carbons [20-25], alumina, silica, or other mesoporous oxides [19,26-29]
is precipitated by palladium precursor containing palladium in its ionic phase [30] with subsequent
reduction to Pd® and formation of palladium NPs [31]. Size and shape distributions of the resulting
NPs depend on different parameters, such as type of support [32], temperature, and duration of
reduction [33]. The role of the reducing agent has also been studied [34]. In particular, reduction in
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H: atmosphere can lead to the formation of particles 1 to 10 nm in size [30,33]. Another approach is
to use a reducing agent in liquid form. For example, 2 nm palladium particles on polymeric supports
were obtained by reduction in sodium borohydride [35]. Having shown good reducing properties,
hydrazine was used to synthesize palladium [36] and nickel NPs [37] in liquid phase. The obtained
NPs were 4-8 nm in the case of palladium, and 9 nm for nickel.

In the current work, the traditional synthesis of silica-supported palladium NPs applying
reduction of palladium precursor in hydrazine or sodium borohydride was compared with the
solvothermal polyol synthesis. Detailed characterization of the synthesized materials was performed
using X-ray powder diffraction (XRPD), X-ray fluorescence (XRF), transmission electron microscopy
(TEM), surface area and porosity measurements, and thermogravimetric analysis (TGA). The effect
of modifying the initial palladium chloride compound with ammonium hydroxide was studied. The
process of the reduction of palladium in polyethylene glycol (PEG) was monitored by UV-Vis
spectroscopy, which allowed observation of the time-evolution of nanoparticle formation. CO-
stripping voltammetry showed that NPs obtained via reduction in hydrazine using ammonia
complex of the palladium salt and in PEG had high electrochemical surface area (ECSA), which
makes them promising materials for electrocatalysis.

2. Materials and Methods

2.1. Synthesis of Supported Palladium NPs

At the first step of the synthesis, 0.05 g of palladium chloride (Alfa Aesar, Haverhill, MA, USA,
99.999%) was dissolved in hydrochloric acid (Sigma Tec, Moscow, Russia, 99.99%), and 0.136 g of
silica substrate (Aldrich, St. Louis, MA, USA, 5-15 nm, 99.5%) was precipitated by the resulting
solution. Palladium chloride concentration in the solution was calculated to obtain the final
concentration of Pd 18% w/w. The obtained SiOz-supported complex was dried for 48 h at 60 °C. The
reaction efficiency was 99%. Then, the SiOz-supported palladium complex was used to prepare the
palladium NPs using sodium borohydride, hydrazine, and polyethylene glycol-200 (Alfa Aesar,
Haverhill, MA, USA, 99%) as reduction agents.

During the first synthesis, SiOz-supported palladium complex was mixed with 1:5 solution of
ethylene glycol (Alfa Aesar, Haverhill, MA, USA, 99%) in water. The mixture was treated in an
ultrasonic bath for 5 min with subsequent stirring for 10 min. Then, a double excess of 1 M sodium
borohydride (Alfa Aesar, Haverhill, MA, USA, 98%) water solution was added, and the resulting
mixture was stirred for another 40 min. At the final stage of the synthesis, the obtained suspension
was filtered, washed with deionized water, and dried. Because this sample was synthesized using
NaBHs as a reducing agent, we will refer to it as Pd-NPsnast.. The calculated reaction efficiency
was 99%.

For the synthesis with hydrazine as reduction agent, SiOz2-supported palladium complex was
mixed with ethanol, and then was stuck to a lab watch glass. The sample was then reduced for 15
min in the vapors of hydrazine (Alfa Aesar, Haverhill, MA, USA, 98 + %) heated to 80 °C. During this
procedure, a noticeable change in the color of the sample from orange to black was clearly observed.
This sample will be referred to as Pd-NPshydrazine. The reaction efficiency was 61%. Some of the SiO»-
supported complex was subjected to the same procedure as described above for Pd-NPshydrazine, using
ammonium hydroxide (Alfa Aesar, Haverhill, MA, USA, 28-30%) solution instead of ethanol. We
will refer to this sample as Pd-NPsammoniahydrazine. Both samples reduced in hydrazine vapors were
washed with distilled water and centrifuged at 12,000 rpm three times, 15 min each, and then dried.
The reaction efficiency in this case was 58%.

Finally, SiO2-supported palladium complex was used for the solvothermal polyol synthesis of
the SiOz-supported palladium NPs. For this purpose, the SiO2-supported complex was dispersed in
60 mL PEG and placed in a high-pressure reactor BR-200 (Berghof, Eningen, Germany). The prepared
suspension was heated under stirring to 180 °C and held for 2 h. The aliquots of the reaction mixture
at different time intervals (i.e., at the start and after 15, 30, 45, 60, 90, 120 min at 180 °C and after
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cooling) were extracted for UV-Vis measurements (vide infra). After cooling, the prepared powder
was washed with distilled water and dried. The reaction efficiency was 64%.

2.2. X-ray Fluorescence Spectroscopy

XRF spectroscopy was used to obtain information about the elemental composition and Pd
loading on SiO2. We carried out measurements using an M4 Tornado spectrometer (Bruker, Billerica,
MA, USA) with an XFlash 430 detector in the range from 0 to 25 keV. The measurements were made
at three different points of each sample. Then, the average Pd content was calculated for each sample
and compared to the theoretical Pd loading on SiOs.

2.3. Transmission Electron Microscopy

TEM was used to determine the size distribution of the synthesized samples. TEM micrographs
were collected using an FEI Tecnai G2 Spirit TWIN transmission electron microscope operated at an
accelerating voltage of 80 kV. The images from TEM were processed in Image] (Version 1.50i,
National Institutes of Health, Bethesda, MD, USA) code [38].

2.4. X-ray Powder Diffraction

We carried out XRPD measurements using a D2 PHASER (Bruker, Billerica, MA, USA)
diffractometer in Bragg—Brentano geometry. The experimental data were collected in the 20 range
from 10-100° using Cu Ka radiation with a step of 0.01° and acquisition time of 0.5 s. Corundum
sample was measured under the same conditions to determine the instrumental contribution to the
peaks broadening. To obtain structural parameters, Rietveld refinement procedure [39] was applied
to the experimental diffraction patterns using Jana2006 (Version 25/10/2015, Institute of Physics CAS,
Prague, Czech Republic) code [40]. The pseudo-Voight functions were used to describe the shape of
the Bragg peaks. The 20 range from 10-34° was excluded from the analysis, as it contained only the
characteristic broad peak originating from the amorphous silica support and the background from
the PMMA cuvette used for the measurements. Then, we applied a Williamson—Hall analysis to the
fitted data to determine the contributions from microstrains and particle size.

2.5. UV-Vis Spectroscopy

The formation of Pd NPs in PEG during two hours of synthesis was monitored by UV-Vis
spectroscopy with a UV-2600 spectrophotometer (Shimadzu, Kyoto, Japan). The aliquots of the
reaction mixture at different time intervals (i.e., at start and after 15, 30, 45, 60, 90, 120 min at 180 °C
and after cooling) were extracted. The aliquots were cooled down to room temperature and measured
in a standard 2 mm quartz Suprasil cuvette against the ethylene glycol reference with 2 nm step in
transmittance.

2.6. Specific Surface Area and Porosity Measurements

The Brunauer-Emmett-Teller (BET) and Langmuir models specific surface area (SSA) were
calculated from the nitrogen adsorption/desorption isotherms recorded at 77 K using ASAP 2020
(Micromeritics) analyzer. Prior to the N2 measurements, Pd/SiO2 samples were degassed at 250 °C for
12 h. The pore size distributions were calculated from the desorption branches of the isotherms using
the Barrett-Joyner-Halenda (BJH) [41] model and the density functional theory (DFT) model.

2.7. Thermogravimetric Analysis

The thermogravimetric analysis (TGA) was carried out by STA 449 F5 (Netzsch, Selb, Germany)
in the air atmosphere with the heating rate of 10 °C/min. The results of TGA are reported in Section
S2 of the Supporting Information.
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2.8. CO-Stripping Voltammetry

CO-stripping cyclic voltammetry (CV) was used to determine the electrochemical surface area
of the Pd/SiOz. For the preparation of catalytic inks, 4 mg of the sample was mixed with 514 uL of
isopropanol and 57 pL of 0.5% Nafion solution and deposited after sonication and stirring onto the
surface of the glassy carbon electrode. The electrochemical measurements in the three-electrode cell
were performed in 0.1 M HClO: with the platinum counter electrode and Ag/AgCl (sat. KCl solution)
reference electrode. All potentials in this study are referred to the reversible hydrogen
electrode (RHE).

Before the CO-stripping experiment, the solution was purged by bubbling Ar for 30 min. Then,
10 cycles in the potential range from 0.1 to 1.33 V (vs. RHE) were recorded at a scan rate of 50 mV/s.
The CO stripping voltammograms were recorded after saturation of the solution by CO at the
constant potential E = 0.15 V vs. RHE, followed by 40 min Ar bubbling under the same conditions.
After this, three voltammograms were recorded. All measurements were performed at room
temperature.

3. Results and Discussion

3.1. Structure and Morphology of Pd/SiO:

The size distributions of the samples shown in Figure 1 were obtained by counting 700-900 NPs
for each sample. Similar size distributions centered around 8 nm were obtained for the sample
reduced by sodium borohydride, Pd-NPsnaet, and the sample reduced in the vapor of hydrazine Pd-
NPshydrazine. However, the latter includes particle agglomerates with sizes from 15 to 35 nm. In both
cases, palladium NPs had spherical or close to spherical shape. For the sample reduced in vapors of
hydrazine in the presence of ammonium hydroxide (Pd-NPsammoniahydrazine), larger particles around
15 nm with broad size distribution were obtained. The quantitative results of TEM size distribution
analysis for these three samples are summarized in Table 1.
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Figure 1. Representative TEM micrographs with corresponding particle size distributions for Pd/SiO2
samples reduced by NaBHa: (a) sample Pd-NPsnasn,; reduced by hydrazine: samples (b) Pd-NPshydrazine
and (c) Pd-NPsammoniahydrazine, with corresponding size distributions in parts (d—f). NP: nanoparticle.
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Table 1. Average particle size Dtem obtained by TEM with corresponding size distribution, average
crystalline size Dxrpp, and lattice parameter axrep by X-ray powder diffraction (XRPD), and Pd content
wxrr in wt % determined by X-ray fluorescence (XRF).

Sample Name <Dtem>, nm <Dxrpp>, nm AXRPD wxrr Pd, wt %
Pd-NPsnasH, 8.1+£27 6.0(0.6) 3.907 +0.002 194
Pd-NPshydrazine 8.6 +23and 24.9+5.1 8.3(0.6) 3.891 +0.001 11.1
Pd-NPSammonia hydrazine 15.2+5.1 13.7(1.0) 3.893 +0.002 10.4
Pd-NPspec - 4.8 (1.2) 4.01 +0.01 11.6

When PEG was used as a reduction agent, the slow formation of the 5iO: decorated with ultra-
small palladium NPs was observed (Figure 2). It should be noted that 90 min after the start of the
reaction, there were no significant changes in the morphology of the NPs. The small size of the
obtained NPs and their dense loading inside the silica pores prevented us from performing
quantitative TEM size distribution analysis for this sample.

Figure 2. Representative TEM micrographs for Pd/SiO: samples reduced by polyethylene glycol (PEG)
at different time intervals after reaching 180 °C: (a) 0 min; (b) 15 min; (¢) 30 min; (d) 45 min;
(e) 60 min; (f) 90 min; (g) 120 min; and (h) 120 min, after cooling.

XRPD analysis (Figure 3) confirmed the formation of the particles with fcc structure for all the
samples, which is in good agreement with the results frequently reported for nanostructured
palladium samples [16,42]. During the refinement, we obtained the following lattice parameters:
3.907, 3.891, 3.893, and 4.01 A for Pd-NPsnast., Pd-NPShydrazine, Pd-INIPSammonia hydrazine, and Pd-NPsrkc,
respectively (see Table 1 for the error bars). These lattice parameters are also close to those reported
for palladium NPs and bulk palladium materials [12,17,24,30,33]. According to the analysis of peaks
broadening, the mean crystallite size was 6.1 nm in the case of palladium reduced by NaBHs, and in
case of reduction by hydrazine using ethanol and ammonia, the crystallite sizes were 8.4 nm and 13.7
nm, respectively, which is reported in Table 1 together with TEM results. The fact that the average
particle size of Pd-NPshydrazine was close to 8 nm proves that the bigger fraction of particles—shown
in Figure 1b—does not actually originate from big (15-35 nm) particles, but contains agglomerates of
smaller ones with average size close to 8 nm. For Pd-NPSammoniahydrazine, the XRPD results were in good
agreement with the particle size determined by TEM, indicating that in the case of ammonia the
resulting size of the NPs was larger. This is explained by the fact that ammonia modifies the initial
[PAClL]* compound into [Pd(NHs)4]?*, which has lower redox potential (see Section S1 of the
Supporting Information). In agreement with TEM data, the smallest particle size of 4.8 + 1.2 nm was
obtained for Pd-NPsrec. The higher error in determining this value originates from very weak (220)
and (311) reflections, which complicates the analysis. According to XRF analysis, Pd-NPsnasx, and
Pd-NPsrec samples contained 19.4 and 11.6 wt % of palladium, respectively, which is close to the
expected value according to the loading of the initial chemicals. For the samples reduced in hydrazine
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vapors, the experimental values of palladium content were lower than the theoretical ones. This
indicates a partial loss of non-reduced Pd species during the synthesis.

As shown in Figure 4a, the nitrogen adsorption—desorption isotherms of the SiOz and Pd/SiOz
particles are of type IV based on the IUPAC classification, with H3 hysteresis loop at p/po > 0.8. The
increment of adsorption at p/po = 1.0 was caused by larger mesopores that may be accompanied with
slit-shaped pores [43]. The increase in the SSA values was observed for all samples, but only
Pd-NPsrec had substantially low ones (Table 2). For the pristine SiO: particles, a multitude of pore
types (macropores, mesopores, micropores, and ultramicropores) was observed (Figure 4b,c). After
impregnation of the SiO: with the palladium complex and its further reduction by NaBHs and
hydrazine, all types of pores were preserved, their quantity being lowered. The use of NaBHas led to
a larger quantity of macropores in the resulting material, whereas the samples of Pd/SiO: obtained
by the reduction in hydrazine possessed the same quantity of macro- and mesopores. The high SSA
value of the Pd-NPsnasn, sample means that macropores more evidently contributed to SSA.
Pd-NPsrec was found to contain only mesopores. This indicates a predominant formation of the Pd
NPs inside micropores and mesopores, resulting in smaller NPs.
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Figure 3. Experimental (solid colored lines) and theoretical (dashed black lines) diffraction patterns
for Pd/SiO2 samples reduced in NaBHa (orange); in hydrazine (blue); in hydrazine with ammonia
(red); and in PEG (green). Dashed vertical lines highlight the positions of Pd Bragg reflections and
SiOz reflection.

Table 2. Specific surface area (SSA) for the synthesized Pd/SiO: NPs and SiO: support. BET:
Brunauer—-Emmett-Teller.

SSA, m%/g
Sample Name BET Langmuir
Pd-NPsNasH, 343 418
Pd-NPShydrazine 298 366
Pd-NPsammonia hydrazine 290 355
Pd-NPsrec 27 34

5102 482 587
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Figure 4. (a) N2 sorption isotherms for the samples: Pd-NPsnast. (orange), Pd-NPshydrazine (blue), Pd-
NPSsammoniahydrazine (red), Pd-NPsrec (green), and SiO: support (black). Absorption and desorption
directions are marked by up- and down-triangles, respectively. Corresponding Barrett-Joyner—
Halenda (BJH) and density functional theory (DFT) pore size distributions are shown in parts (b) and
(c), respectively.

3.2. The Process of Nanoparticle Growth in PEG

The synthesis of Pd-NPsrec sample was monitored ex situ (at room temperature) by attenuated
total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR) and UV-Vis spectroscopy in
transmittance (Figure 5, parts (a) and (b), respectively). The starting spectra of the mixture of the
reagents heated to 180 °C are shown in black, the final ones are in green. The FTIR spectra (Figure 5a)
are essentially those of PEG with no appreciable changes during a two-hour reaction run. Instead,
the sequence of UV-Vis spectra (Figure 5b) with intermediates taken after 15, 30, 45, 60, and 90 min
of reaction shows an increase in absorption along the reaction run, which is the evidence of the
formation of Pd NPs. In particular, there is a clearly observable band at 325 nm indicative of Pd!
species (together with a less visible one at 440 nm) [44]. This band was consumed during the synthesis,
and the final curve profile exhibits a broad absorption across the ultraviolet-visible range, which is
characteristic of the reduced palladium [45]. This is highlighted by the inset, where the final curve is
shown in absorbance values as a function of photon energy.
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Figure 5. (a) Fourier transform infrared (FTIR) and (b) UV-Vis spectra of the mixture of reagents for
Pd-NPsetc collected at the beginning (black) and at the end (green) of the synthesis. Intermediates are
shown in grey. ATR: attenuated total reflectance.

3.3. Electrocatalytic Properties of Pd/SiO:

The ECSA values of all prepared catalysts were calculated to get insight into available active
sites at the surface of the catalysts. The CO-stripping CV was used to determine the ECSA of the Pd
NPs using the following equation [46]:

Q
G- 420’

ECSA = 1)

where Q is the columbic charge (uC) for the COads oxidation, the columbic charge required to
complete CO monolayer oxidation at the Pd surface is equal to 420 puC-cm2 (the same as for Pt
surfaces) [47], and G is the Pd loading (g) on the working electrode [48]. According to CO-stripping
data, the peak around 1.1 V (vs. RHE) for Pd/SiO: samples corresponds to the oxidation of a CO
monolayer. The CV curves showed only a single oxidation peak (Figure 6), whereas no CO oxidation
was observed in the second CV curve, confirming the full removal of the COads. The calculated ECSA
of the Pd/SiO: catalysts can be arranged as follows: Pd-NPSammoniahydrazine (15.9 m?2 g-') > Pd-NPshydrazine
(11.1 m? g'1) = Pd-NPspec (10.7 m?2 g) > Pd-NPsnasr, (1.8 m? g1). The onset potentials of CO oxidation
starting from 0.954 V were shifted to 1 V for the Pd-NPsammonia hydrazine.
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Figure 6. CO-stripping of (a) Pd/SiO2 samples reduced in NaBHs; in hydrazine: (b) Pd-NPshydrazine and
(c) Pd-NPsammoniahydrazine; and (d) Pd-NPspec collected at 25 °C in 0.1 M HCIOs solution.
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No electrochemical peaks for the CO oxidation were found in the second and third cycles,
indicating the formation of a CO monolayer and its full conversion. It can be seen that the reduction
both in hydrazine using ammonia complex of the palladium salt and in PEG allows one to prepare
Pd NPs with high ECSA. Therefore, such materials are likely to be widely applied in electrocatalysis.

4. Conclusions

We have presented the synthesis of supported palladium NPs using different reduction agents:
hydrazine, borohydride, and PEG. It was found that by varying the synthesis parameters it was
possible to prepare Pd NPs with sizes from 4.8 to 14 nm. The use of PEG resulted in the formation of
ultra-small Pd NPs. All the samples were electrochemically active with high CO tolerance. The
synthesis procedures can be easily adopted for the production of different noble metal NPs. In
addition, we have studied the effect of modification of the initial [PdCls?> to [Pd(NHs)4?* by
ammonium hydroxide, which led to the formation of larger particles. The smallest particle size of 4.8
nm was obtained after PEG reduction. Moreover, the process of palladium reduction in PEG was
monitored by UV-Vis spectroscopy, allowing observation of the time-evolution of nanoparticle
formation. Applying CO-stripping voltammetry, we showed that the reduction of palladium both in
hydrazine using ammonia complex of the palladium salt and in PEG made it possible to obtain Pd
NPs with high ECSA, which makes them promising materials for electrocatalytic applications.

Supplementary Materials: The following are available online at www.mdpi.com/2075-4701/8/2/135/s1, details
on the redox potentials of Pd ions, results of the thermogravimetric analysis.
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