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Abstract

Using deionized water, polyvinylpyrrolidone as a capping agent, palladium (II) nitrate dihydrate,
Pd (NO3)2.2H20 as the metal precursor and a modified thermal treatment technique, palladium
oxide (PdO) with nanocrystalline structures was successfully produced. The unadulterated
nanocrystalline was obtained by calcining the homogenous solution directly to produce the
powder. Energy dispersive x-ray (EDX), Fourier-transform infrared spectroscopy (FTIR) and x-
ray diffraction (XRD) were used to confirm this. PVP functions to cap the agglomeration, stabilize
particle growth and disintegrate at 436 °C when heated. As crystallinity rose, different peak spectra
in FTIR spectra were associated with higher temperatures. PVP was used to boost the calcination
temperatures from 500 to 800 °C in order to modify the size and optical properties of the
nanoparticles. The average particle sizes from XRD spectra and transmission electron microscopy
(TEM) micrographs were found to be 22 nm at 500 °C and 46 nm at 800 °C as the calcination
temperature increased, according to Scherrer's equation, which is in good agreement with TEM
particle size estimations. Utilizing ultraviolet-visible (UV-Vis) spectrophotometer, the optical
properties were investigated and discovered that the fused boundaries and quick enlargement of
the particle surface area caused the band gap energy to fall with increasing calcination temperature,
from 2.09 eV at 500 °C to 1.63 eV at 800 °C. Size-controlled PdO NPs were easily produced with
a decrease in synthesis time and energy usage by excluding drying procedure (24 hours) from the
current heat treatment method. These nanoparticles are appropriate for mass production of various
applications.

1 Introduction

Nanotechnology has been reported as a breakthrough in the twenty first century of science and
engineering in the synthesizing of smaller-sized materials having substantial chemical, physical
and electronic properties at atomic scale [1]. A lot of interest has been gained for metal/metal oxide
nanostructures and continues, attributed to their morphology and dimensions, electrical,
mechanical as well as photosensitive characteristics, together with their exceptional resistance to
rust and oxidation. In comparison to their bulk counterpart, it has been reported that nanoparticles



(NPs) exhibit significant efficiency as a result to their higher surface-to-volume ratio [2]. Extensive
studies related to various metal nanoparticles have been published, while the research on their
oxide counterpart is somewhat limited. In the past, palladium as a member of the platinum group
metals (PGMs) and group ten in the periodic table was mainly known as a noble metal. Palladium
is a chemical element of an atomic number of 46 and it is a silvery-white lustrous rare metal [3].
Its distinct catalytic activity was most likely only brought to light by the quick hydrogen absorption
into bulk palladium.

At the beginning of the twenty-first century, detailed studies of the electron structure of palladium
atom/nanocluster/nanoparticles launched a new understanding of the selective catalytic activity of
this noble metal [4]. Out of all the platinum group metals (PGMs), which consist of platinum (Pt),
rhodium (Rh), ruthenium (Ru), iridium (Ir) and osmium (Os), palladium has the lowest melting
point and the least dense [5]. In addition, a unique phenomenon belonging to palladium is that the
fifth O-shell in palladium’s electron configuration is empty and this influences on its properties
and take it out of that of ten group elements [6]. Recently, Pd and PdO NPs have received
significant attention among other noble metal NPs due to their excellent chemical stability, thermal
stability, catalytic activity, low cost as well as easy recovery [7-9]. Nano-scaled Pd NPs are of a
significant importance due to their applications such as catalytic materials [10-14], oxidation,
hydrogenation, low temperature C-C bond formation [15], electrochemical reactions in fuel cells
[16-17], hydrogen storage [18], cross-coupling reaction [19], and gas sensing [20-22]. Pd NPs are
unstable under annealing temperature, Palladium nanoparticles can oxidize to a number of
different oxidation states from 0 to +4 [23-26]. In addition to the common unique characterizations
of metals, the noble palladium nanoparticles (Pd NPs) have excellent physicochemical properties
such as high thermal stability, good chemical stability, remarkable photocatalytic activity,
electronic properties, optical properties and low cost [27-28].

The most significant oxidation state is monoxide (PdO), dioxide (PdO,), trioxide (PdO3) and
hydrated sesquioxide (Pd203;.xH»0) [29]. In particular, palladium oxide (PdO) is attractive
transition metal oxide due to their unusual physical and chemical properties as well as a wide range
of technological applications such as in catalysis of methane combustion [30-31], CO oxidation
[32-33], methanol oxidation [34], sensors [35] and photo-electrolysis [36]. Palladium oxide
nanoparticles are an emerging focus in nanotechnology and materials science, characterized by
their small size covering a few to tens of nanometers. These nanoparticles exhibit unique physical
and chemical properties due to their high surface area-to-volume ratio and quantum confinement
effects [37-38]. The synthesis and characterization of these nanoparticles have garnered significant
interest, driven by their diverse applications across various fields. In addition, since palladium can
be oxidized into palladium oxide (PdO), it is useful to pay significant consideration to the
preparation of the pure and the alloyed palladium films, heterostructures as well as nanoparticles
prepared on different substrates [39].

Palladium oxide nanoparticles have demonstrated significant potential in catalysis [40-41],
leveraging their high surface area and electronic properties to enhance catalytic efficiency [42].
They are utilized as catalysts in crucial reactions such as the Suzuki-Miyaura cross-coupling
reaction, highlighting their importance in organic synthesis [43]. Additionally, these nanoparticles,
when supported on nitrogen-doped carbon, have proven effective as electrocatalysts for ethanol



oxidation reactions, showcasing their promise in energy conversion technologies [44]. In sensing
applications, palladium oxide nanoparticles exhibit sensitivity to gases such as hydrogen and
carbon monoxide, making them valuable in gas sensing devices. Their potential in biomedical
applications, including drug delivery systems and bioimaging, is also being explored. Moreover,
these nanostructures have shown efficacy in advanced oxidation processes used for wastewater
treatment, underscoring their robust catalytic properties and environmental applications [45], as
well as electrochemical applications [46]. It is important to say that a variety of approaches have
been utilized to synthesis palladium oxide (PdO) nanoparticles. These include green synthesis
technique [47-49], sputtering [50], ion or electron beam deposition [51], laser ablation [52-53],
sol-gel [54], aqueous method [55], solution combustion method [56], microwave-assisted thermo-
hydrolyzation [57], microwave irradiation method [58], combination of hydrothermal and
calcination approaches [59], and controlled thermal decomposition method [3].

A countless research papers have been published regarding the synthesis of palladium
nanoparticles, whereas only few ones reported the synthesis of palladium oxide (PdO)
nanoparticles [60-61]. This research paper aimed at synthesizing palladium oxide (PdO)
nanoparticles via a modified thermal treatment route followed by a suitable characterization. By
eliminating the drying process from the current thermal treatment method, the size-controlled PdO
NPs were produced in an accessible manner with a lower synthesis time and energy consumption,
and the resulting PdO nanoparticles are suitable for mass production of a variety of applications.

2 Materials and Methods

2.1 Materials and resources

Sigma Aldrich provided the polyvinylpyrrolidone (PVP MW = 58000 g/mol) stock that was
utilized as a capping agent. Deionized water was utilized as a solvent and palladium (II) nitrate
dehydrates Pd (NO3)2.2H20 as a metal precursor. Sigma-Aldrich Chemistry provided the high
purity stock (MW = 285.36 g/mol). Every chemical was utilized without any additional
purification. 3 g of PVP powder is dissolved in 100 mL of deionized water at 70 °C, and the
mixture is magnetically agitated for two hours to create the PVP solution. A semitransparent
solution with no discernible material precipitation was achieved by adding 0.2 mmol of the metal
precursor to the PVP solution and stirring constantly for a further two hours. The mixture directly
placed in an alumina crucible for calcination at different temperatures ranging from 500 to 800 °C
in a retention time of 3 h [62-63], to decompose the polymer and to crystallize the metal oxide
nanoparticles.

2.2 Methods of characterization

Thermal analysis of the original solution dried at 30 °C was investigated using thermogravimetric
analysis (TGA) and derivative thermogravimetry analysis (DTG) in the presence of N> with a
heating rate of 10 °C/min above room temperature to 1000 °C in order to enhance the heat
treatment program. This was done using a Perkin Elmer Thermal Analyzer model TGA7/DTA7.
The Perkin Elmer Spectrum 1650 was utilized to analyze the chemical makeup of the materials



using Fourier transform infrared spectroscopy (FTIR). Energy dispersive x-ray (EDX)
measurements were conducted using a variable pressure scanning electron microscope (VPSEM,
LEO 1455) in conjunction with an Oxford INCA EDX 300 microanalysis attachment. The x-ray
diffraction (XRD) method was used to determine the crystal phase of the produced samples using
a Shimadzu-6000 diffractometer and CuKea (0.154 nm) radiation. The morphology and average
particle size of the nanocrystalline powder were evaluated using the field emission scanning
electron microscopy (FESEM) of type Joel JSM-7500f and the Hitachi H-7100 transmission
electron microscope (TEM) operating at an accelerating voltage of 100 kV. The average size and
size distribution of the nanoparticles were determined using image tool software. The samples'
optical reflectance spectra were recorded using the Shimadzu-UV1650PC SHIMADZU UV-Vis
spectrometer. The band gap energy was then determined from the reflectance spectra using the
Kubelka-Munk function. All of the previously described measuring tools were calibrated to ensure
accuracy and precision prior to conducting the tests, if required.

3 Results and Discussion
3.1 The role of PVP in synthesis process

Conferring to previous studies [64-66], the use of PVP in nanoparticles synthesis is very imperative
as it plays four crucial roles: control the growth of nanoparticles, limit the agglomeration of
nanoparticles, enhance the degree of particles crystallinity, and produce uniform particle size
distribution. By sterically and electrostatically stabilizing the amide groups of the pyrrolidone rings
and the methylene groups, PVP functions as a stabilizer or a mediator for the dissolution of
complicated metallic salts in the first phase of creating the first solution. Palladium (II) nitrate
dehydrates are dissolved in PVP solution, forming strong ionic interactions between the polymeric
chain's amide group and the metallic ions Pd2+. Nanoparticles with a homogeneous distribution
are often formed when metallic ions are uniformly immobilized in the voids of polymer chains. In
the calcination step, although the organic matters will be decomposed to gasses such as N2, NO,
CO, or CO», trace of carbon residual that bonded on the surface of nanoparticles, which takes
higher temperatures to decompose as shown by the weight loss in Fig. 1, can protect them from
uncontrolled growth and agglomeration [65-67].
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Figure 1: The original solution's thermogravimetric derivative (DTG) and thermogravimetric
derivative (TG) curves at a heating rate of 10 °C/min.

3.2 Analysis of heat (thermal analysis-TGA/DTG)

The thermal analysis of the preparatory solution provides the optimal temperature for the
calcination process and allows the optimization of the heat treatment program. Thermogravimetric
analysis and its derivative form, TGA-DTG curves, were utilized for the first solution that was
dried at 30 °C. The thermogram is well illustrated in Fig. 1. The TGA curve illustrates two stages
of weight reduction. The first, small weight loss (roughly 22 %) occurred between 30 and 250 °C
and was caused by acetate and retained moisture in the sample. The second, significant weight
loss, which occurred between 400 and 470 °C, was caused by the breakdown of organic residues
(such as PVP). The remaining material, which began at 471 °C, was almost pure PdO nanoparticles
with a small amount of carbonaceous product that was excluded because of the overheated PVP
component, according to FTIR, EDX, and XRD data. The significant, sharp peaks of the DTG
curve, which peak at about 62 and 436 °C, respectively, further confirm the slight weight loss of
trapped moisture and PVP combustion.



3.3 FTIR study of phase composition

Following calcination, the samples' FTIR spectra are shown in Fig. 2 in the wavenumber range of
280-4000 cm ™.
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Figure 2: FTIR spectra of PdO nanoparticles at various calcination temperatures containing 3 g of
PVP.

The absorption peaks at 1629 and 1448 cm™! are the consequence of a vibration brought on by C—
O and C-H bending in the methylene group, whereas the band at 1072 cm ™! is associated with a
C—N stretching vibration. Conversely, the two peaks at 868 and 587 cm ™! are associated with
vibrations brought on by the C—C ring and the C—N=0 bending. The degradation of PVP utilized
in sample preparation can be informally described as the relative loss of covalent bands of peaks
between 4000 and 1000 cm ™! caused by calcining samples at 500 to 800 °C. Lastly, ionic bonds
that conformed the development of crystalline PdO nanoparticles were the source of the remaining
peaks at 302 cm ™! and below.



3.4 Analysis of elemental composition with EDX

Figure-3 displays the results of an EDX analysis of the elemental composition of PdO
nanoparticles.
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Figure 3: The EDX spectrum of PdO nanoparticles that were calcined at 600 °C.

Four elemental peaks can be seen in the host material of PdO nanoparticles: one for oxygen at 0.5
keV and three for palladium at 0.31, 2.53, and 2.97 keV. The weight ratio of Pd to O, based on
EDX data, is approximately 70 to 25. The presence of certain low-intensity peaks in the spectrum
is explained by the presence of carbon residue traces in the sample, which result from PVP's
incomplete breakdown at 600 °C. As indicated in Table 1 below, the estimated weight ratio of

carbon (C) residual in the samples at 0.30 is less than 5 %, allowing the reaction yield of palladium
oxide nanoparticles to be.

Table 1: Estimated composition percentage of PdO nanoparticles and organic residuals at 600 °C.

Element Weight % Weight Error %o Atom % Atom Error % Compound %o Norm. Compound %o
C 406 +-0.11 12.96 +-0.35 4.06 4.06

2570 +-0.61 61.69 +-1.46 25.70 25.70
Pd 7024 +/-0.67 2533 +-0.24 70.24 7024

Total 100 100 100 100




3.5 XRD structural analysis

By creating diffraction patterns from the crystalline powder samples at various temperatures in the
20 range of 20°0-70°, the crystal structure, crystallinity and crystallite size of produced PdO
nanoparticles have been examined. Fig. 4 shows the XRD profile of the samples that were
produced and thermally treated.
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Figure 4: PdO nanoparticles' x-ray diffraction (XRD) pattern at various calcination temperatures.
(a) 500 °C, (b) 600 °C, (c) 700 °C and (d) 800 °C.

Palladium oxide nanoparticles, as previously reported in [54], are assigned to the (100), (101),
(110), (112), (103), and (200) planes (ICDD PDF 85-0713), which indicate the crystalline behavior
of the sample as synthesized by applying varying calcination temperatures. The diffraction peaks
become sharper and narrower as the calcination temperature rises, and their intensity noticeably
increases. This indicates that the PdO nanocrystals' crystallinity has significantly improved,
resulting from the increment of crystalline planes brought on by the enlargement of particle size
[55]. The crystallite sizes were determined utilizing Scherrer's expression based on the full width
at half maximum (FWHM) peak broadening of the (101) peak of the XRD patterns:

094
~ Bcos@

(1)



When the x-ray wavelength (1 = 0.1542 nm), the angular line width of full width at half maximum
(FWHM) intensity, the average crystallite size (D), and Bragg's angle (0) are all taken into
consideration. The computed crystallite sizes corresponding to various calcination temperatures
are tabulated in Table-2.

Table 2: The crystal sizes and particle sizes that were measured at various calcination temperatures.

Sample °C 26 Crystallite size Dygp (nm) Particle size Dgy (nm)
500 3408 22 25
600 34.06 29 31
700 3402 37 40
800 341 46 49

It is evident from the data in the above table that the crystallite size increases gradually as the
calcination temperature grows, from 22 nm at 500 °C to 46 nm at 800 °C.

3.6 Morphology and size distribution analysis by TEM and FESEM

Figure-5 displays TEM images of semiconducting PdO nanoparticles at various calcination
temperatures of 600, 700, and 800 °C. A consistent morphology with sufficient dispersion can be
seen from the figure. The particle size distribution, which has a growth process and is dependent
on the calcination temperature, is between about 25 and 68 nm. When the capping PVP polymer
gradually broke down during calcination, which began at around 471 °C, a nucleation process
began in which Pd reacted with two O*? from the air to form PdO° molecules. These molecules
were then uniformly distributed and immediately underwent agglomeration to form PdO° 2 or
PdO® m (m > 2) nanoparticles. At higher calcination temperatures, massive PdO® m nanoparticles
can further aggregate with additional PdO° n nanoparticles to generate even larger PdO® m+n
nanoparticles. The loss of carbon traces (see Fig. 1) from the particle surface, which caused nearby
particles to clump together and eventually form larger particles, is thought to be the cause of the
particle size increase with calcination temperature. The average particle sizes obtained from TEM
images are in a good agreement with the XRD profile results presented in Table-2 [68].



Figure 5: The PdO nanoparticles' TEM images at (a) 500, (b) 600, (c) 700 and (d) 800 °C at various
calcination temperatures.

As seen in Fig. 6, the surface morphology of palladium oxide nanoparticles, which were produced
by heat treatment; was also examined using the field emission scanning electron microscopy
(FESEM) technique. A 5 kV operating voltage was used to take the pictures. The pictures illustrate
how PdO forms at four distinct calcination temperatures when a capping modulator, or PVP, is
present. It is clear to see that, the structures were inconsistently distributed and aggregated to form
crystal structures (quasi-spherical shape), which then attached to each other to form larger
connected crystal shapes as shown in Fig. 6 (b, ¢ and d) [69-70]. With increasing temperature more
crystal structures starts to shape up and gradually grow from the nanoscale size to bulk scale, where
all the properties will start to change back. The morphology is rather porous and composed of
assembly of globular structures decorated with a number of smaller NPs with typical sizes of about
20 — 50 nm [71]. It is notable that Palladium crystalline phase can be seen with higher calcination
temperatures, i.e., 800 °C. Therefore, fabrication of Palladium oxide nanoparticles by thermal
treatment can be valid by using capping agent and calcination temperatures below 800 °C.



Figure 6: X = 25,000 magnification FESEM pictures of the topography of PdO nanoparticles at
(a) 500, (b) 600, (c) 700, and (d) 800 °C calcination temperatures.
3.7 Optical properties

Using the Kubelka-Munk equation, the optical band gap energies for the calcined materials at
various temperatures were obtained from reflectance spectra as shown below:

(F(R ). hv)? = A(hv — Eg) (2)



The re-emission parameter or Kubelka-Munk function is indicated as F (R«), AV is the incident
photon energy, R is the diffuse reflectance, that is obtained from Ru = Rsample/ Rstandard and A is a
constant depending on the transition probability and the diffuse reflectance R. [72]. For the
calcined materials at various temperatures, Fig. 7 showed the values of (F (Ro)-hv)?
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Figure 7: The graph of the calcined samples' square Kubelka-Munk function vs photon energy at
various temperatures.

The optical band gap values of the PdO nanoparticles at different temperatures of calcination have
been estimated by drawing straight lines to suit the data curves and then prolonging them to cut
off the x-axis. According to Table-2, it was discovered that the optical direct band gap reduced as
the calcination temperature increased, going from 2.09 eV at 500 °C to 1.63 eV at 800 °C. The
decrement of the energy band gap with increasing the calcination temperatures is credited to the
growth of the particle and the crystallinity improvement according to the XRD analysis [73-74]. It
is supposed that, as the particle size increases, the number of atoms that form a particle also
increases, consequently rendering the valence and conduction electrons more attractive to the ions
core of the particles and hence decreasing the band gap of the particles [62, 75]. Perhaps the
contribution of the phonons has a role in trapping electrons and consequently influences the band
gap energy level during optical properties measurement [63, 76].



4 Conclusion

By directly calcining an aqueous solution comprising palladium (II) nitrate dehydrates as a metal
precursor and polyvinylpyrrolidone as a capping mediator, palladium oxide nanoparticles have
been effectively produced. The organic compounds were effectively removed during the
calcination process by the current thermal treatment method, which does not include drying,
leaving behind crystalline PdO nanoparticle residue. Furthermore, it was discovered that the
calcination temperature has a crucial role in regulating the average particle size, which ranges from
25 to 49 nm when the temperature is raised from 500 to 800 °C, respectively. This modified
thermal treatment route to synthesize PdO nanoparticles is a very simple, economical, and
environmentally friendly method that could be used for large-scale industrial fabrication of
metallic nano oxides. As the size of the particles increased, the band gap energy of PdO
nanoparticles decreased from 2.09 eV at 500 °C to 1.63 eV at 800 °C.
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