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Abstract
Nanocrystalline Pd@PdO core–shell (a) were synthesized by aqueous sol–gel transformations from precursor [Cl2PdL] (1) 
{where, L = 8-(2-pyridylmethoxy)quinoline}. Formation of the precursor (1) was confirmed by elemental analysis, molecular 
weight measurements, FT-IR, and NMR (1H and 13C). PdO nanoparticles (b) were obtained when unmodified PdCl2 (2) 
was used as precursor. XRD studies were done to determine crystal structure and phases of synthesized powders which was 
found to be cubic, tetragonal (Pd@PdO) and tetragonal (PdO), respectively. TEM studies were done to confirm the results 
obtained from XRD. HRTEM and SAED patterns confirmed the formation of core–shell nanoparticles. Crystallite size of 
both the samples as approximated by XRD and TEM were found to be in nanometer range. Raman spectroscopy confirmed 
the presence of PdO in both the samples. Surface morphologies of both the samples were evaluated by SEM. The absorption 
spectra of samples, (a) and (b) show the energy band gap of 1.43 and 1.89 eV, respectively.
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1  Introduction

Palladium is a well-known rare metal which has generally 
been used in catalytic applications [1]. The nanoparticles of 
palladium are currently under intense research due to their 
enhanced performance in catalysis, hydrogen generation, 
electrochemical reactions and sensing applications [2–5]. 
Palladium is highly reactive thus forms oxide immediately. 
A lot of work has been done in the synthesis of palladium 
oxide (PdO) and studying them in various applications 
[6–8]. However, PdO varies in structure and performance 
in various applications than Pd [9, 10]. Core–shell Pd@PdO 

nanoparticles can be a new potential material in this regard 
in which core is of Pd and shell is of PdO. This allows a pris-
tine Pd covered under oxide of the same which can be used 
for better performance. Various traditional methods have 
been explored for the synthesis of nanosized Pd including 
heat decomposition [11], oil-bath heating [12], Microwave 
irradiation [13] and biosynthesis methods [14]. All these 
methods led to synthesis of PdO rather than Pd. The synthe-
sis of PdO was generally prepared by heat decomposition of 
Pd(NO3)2 was required a longer heating time at a higher tem-
perature, the oil-bath heating produces significantly agglom-
erated particles while the microwave approach requires spe-
cial chemicals and polymers and biosynthesis may lead to 
trouble in purification and influence properties of the target 
materials [15]. The successful attempts to synthesize the 
Pd@PdO nanoparticles were by Jose and Jagirdar [16] via 
solventless thermolysis method, Huang et al. [17] via reac-
tive sputtering, and Jiang et al. [18] via chemical reduction 
method involving nitrogen doped graphene support.

Currently, the synthesis of nanostructures material via 
sol gel method is attracting great interest due to the obvi-
ous advantages, such as economics, energy efficiency, and 
environmental friendliness [19–22]. It also has a capability 
to control crystal structure as well as particle’s morphology 
by changing different parameters like precursor electronic 
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environment, concentration, pH, processing temperature, 
etc [22–24].

The natures of ligands, the coordination number of central 
metal and the rate of hydrolysis are also control the desired 
morphology and the size of nanostructures [25, 26]. Within 
the promising material chemistry, there is no report so far 
on the sol gel synthesis of PdO.

Hence in this paper, we report the synthesis of Pd@PdO 
core–shell nanoparticles by the sol–gel transformation of 
[PdCl2·(C15H12Cl2N2O)]. The generation of the core–shell 
Pd@PdO and general PdO were affected by the precursor 
chemistry used in the synthesis. PdO nanoparticles were 
obtained by sol–gel transformation of PdCl2.

2 � Experimental

2.1 � General Procedure and Materials

8-hydroxyquinoline (99%) was purchased from Sigma-
Aldrich and purified by sublimation prior to use. Palladium 
(II) chloride was obtained from Thermo-fisher Scientific 
(India). The solvents used in the experimental work, were 
of analytical grade and purchased from Rankem, India, and 
dried by conventional methods and distilled prior to use 
[27]. All manipulations for the syntheses of precursor (1) 
were carried out in strictly anhydrous conditions. Ligands 
were synthesized as reported in the literature [28]. Palladium 
was estimated as PdO and nitrogen using Kjeldahl’s method 
[27]. IR spectra [4000–400 cm−1] were recorded as dry KBr 
pellets on a PerkinElmer Spectrum Version 10.4.00, FT-IR 
spectrometer. NMR [1H and13C{1H}] data were collected on 
JEOL FX 300 FT-NMR spectrometer in CDCl3 or DMSO-
d6 solution at 400.4 MHz and 75.45 MHz frequencies for 
1H and 13C{1H} NMR spectra, respectively. The molecular 
weight measurements were carried out by the elevation in 
boiling point method using a Beckmann thermometer fitted 
in a glass assembly (supplied by JSGW, India) in anhydrous 
benzene. Thermogravimetric analyses of palladium complex 
were performed on PerkinElmer Pyris. The measurements 
were done at a heating rate of 10 °C/min from 30 to 800 °C 
under flowing nitrogen environment. The XRD patterns 
of both the samples were recorded on P’analytical X’Pert 
PRO MPD diffractometer (model 3040). The X-ray were 
produced using a sealed tube and the wavelength of X-ray 
was 0.154 nm (Cu Kα). SEM and EDX was performed on 
Carl-Zeiss (30 keV) make and model EVO. The powder 
samples were used for SEM and EDX. TEM was carried 
out on TECHNAI 20, FEI, North America, and Bruker, Ger-
many. The particles were dispersed in the methanol then a 
drop of dispersion was added on the carbon-coated copper 
grid. The copper grid was then left to dry overnight before 
the TEM studies. Raman spectra were performed using 

STR-500 confocal micro RAMAN spectrometer (Raman-
system, USA) having excitation laser of k = 532 nm. Raman 
spectra were recorded in the range 200–1500 cm−1. The C, 
H, N analyses were performed on Thermo scientific Flash 
2000. Absorption spectra of all the samples (a) and (b) were 
recorded using UV–Vis spectrophotometer in 200 to 800 nm 
wavelength range. Tauc method was used to obtain the band 
gap of the synthesized nanoparticles.

2.2 � Synthesis of Palladium Complexes

2.2.1 � Synthesis of Palladium Complexes 
of 8‑(2‑Pyridylmethoxy)Quinoline or [PdCl2L]

An amount of 0.32 g (1.35 mmol) of PdCl2 was added to 
the MeCN solution of ligand 8-(2-pyridylmethoxy)quino-
line (0.24 g, 1.35 mmol in ~ 20 ml of MeCN) in 1:1 molar 
ratio. The reaction mixture was stirred at room temperature 
for 5 min. The resulting mixture was filtered and washed 
with dichloromethane and dried under vacuum to give dark 
orange colored solid, which was used as the source mate-
rial for synthesizing Pd@PdO. The physical, analytical and 
spectral data of the precursor are given below:

[PdCl2·(C15H12Cl2N2O)]:[yield: 0.43  g, 76%], mp. 
231.4  °C, M.W. obs. (calc.): 402.87 (411.94); analyses 
(%) obs. (calc.): C: 43.55 (43.56), H: 2.93 (2.92), N: 6.73 
(6.77),Cl: 17.13 (17.14),Pd: 25.71 (25.73); FT-IR, ν, cm−1: 
2926 (C–H);1553 (C=N); 1613 (C = car, asym); 1468 
(C = car, sym); 1386 (C–O–alkyl chain); 111]C-Oar). 575 
(Pd–O), 423 (Pd–N), 1H NMR (400.13 MHz, DMSO-d6, at 
25 °C, δ ppm): 8.11 (d, H, H2); 8.98 (d, H, H7);8.61 (d, H, H 
of C=N Py);7.64–7.05 (m, 7H, other aromatic protons); 5.56 
(s, 2H, H of –O–CH2–). 13C NMR (DMSO-d6, 75.4 MHz): 
δ 157.1 (C-8); δ 153.9 (C-2); 149.4 (C-15); δ 140.1 (C-10), 
δ 137.2 (C-9), δ 137.2 (C-16), δ 71.4 (C-11), 29.2 (C-12), 
25.9 (C-13), 129.6, 126.8, 122.8, 121.6, 120.2, 109.9 (Ar. 
Carbon).

2.2.2 � Sol–Gel Transformation of [PdCl2L] (1) and PdCl2 (2) 
to Synthesize Pure Pd@PdO (a) and Palladium Oxide 
(PdO) (b)

[PdCl2L] (1) (0.32 g, 0.77 mmol) was dissolved in eth-
anol (~ 20 ml) and THF. To this dirty yellow colored 
solution, 2 ml of ammonia solution was added, gelation 
occurs immediately and the colour turned to dark yel-
low. The solution was stirred for 24 h, some more quan-
tity of ammonia solution (∼ 5 ml) was again added and 
the mixture was stirred for 2 days to ensure complete 
hydrolysis. The resulting gel was dried in a preheated 
oven (~ 100˚C),dark greenish colored solid was obtained, 
which was washed several times with deionized water and 
the mixture of n-hexane and acetone. The above solid 
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was sintered at 600 °C for 3 h to give dark green colored 
powders, which was characterized as pure Pd@PdO.

PdCl2 (2) was also hydrolyzed by the above simi-
lar route and sintered at 600 °C to yield the dark green 
colored powder and characterized as PdO.

3 � Results and Discussion

3.1 � Synthesis and Characterization of Precursor (1)

A systematic study of the reaction of palladium dichloride 
with tridentates ligand (L) in 1:1 molar ratio in MeCN has 
been carried out and gives products of the type, [PdCl2L] 
in quantitative yield. The reaction can be represented by 
following equation:

The above mentioned reaction was found to be quite facile 
and quantitative. The complex is colored solid and insoluble 
in water partially soluble in ethanol and methanol but com-
pletely soluble in DMSO. The molecular weight determina-
tion of the newly synthesized complex indicated monomeric 
nature of the compound in solution phase.

PdCl2 + L
MeCN
�������������������������→

Stirring
[PdCl2L]

[where, L = C15H12Cl2N2O]

3.1.1 � IR Spectra

The important IR spectral bands and their assignments of 
precursor are presented in 2 section. These assignments 
were made by comparing the IR spectra with those of the 
ligand and its ligand complex [28]. IR spectra (Fig. 1, Sup-
plementary Materials) of ligands show strong bands at 
2990–3050 cm−1, attributable to the symmetric stretch-
ing of O–CH2 group vibrations. In the spectrum of the 
ligand, the appearance of ν(C=N) stretching vibration at 
1640–1665 cm−1 is shifted to the lower-frequency region 
(1568–1616 cm−1) in the corresponding palladium com-
plex, suggesting the coordination of the nitrogen atom to 
the palladium, which is further supported by the new bands 
appeared in the region (420–429 cm−1) assigned to v(Pd–N) 
in the above-mentioned complex [29]. The band appeared 
in the region 575 cm−1 may be due to the (Pd–O) vibra-
tions, are support the coordination of oxygen to metal atom 
[30]. The medium intensity band observed in the region of 
1256–1270 cm−1 is assigned to ν(C–O) of the alkoxy chain 
in IR spectra of all the above complexes. The study and com-
parison of infrared spectra of ligand and its metal complex 
imply that the ligand behave as mono basic tridentate ligand.

3.1.2 � NMR Spectra

The 1H and 13C NMR spectra (Figs. 2, 3, Supplementary 
Materials) of ligand and its metal complex were recorded 
in DMSO-d6. The spectral data of the palladium com-
plex was summarized in 2 section and interpreted by 
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Fig. 1   Sol–gel synthesis of Pd@PdO, and PdO nanoparticles
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comparing with the spectra of parent organic ligand (L) 
and its reported metal complexes [28]. These compari-
sons indicate that –CH=N proton of the pyridine rings 
and proton of the phenoxy rings in ligand shifted to the 
downfield in the complex consistence with coordination 
of the nitrogen and oxygen. The other proton of the ligand 
did not show significant differences between ligands and 
its metal complexes and reveal characteristic signals at 
the expected position with desired multiplicity.

The 13C resonance signals have been assigned accord-
ing to chemical shift theory. The considerable shielding 
(~ 2–3 ppm) takes place in the position of C–O and C=N 
in spectra of the above complexes as compared to ligands, 
indicating coordination through the oxigen and the nitro-
gen to metal. These data corroborate the observations 
obtained from the IR spectral studies. In the 13C NMR 
spectra, all the other signals are appeared at the expected 
regions.

3.1.3 � Thermal Studies

The thermogravimetric analysis (TG) of representative 
precursor [PdCl2·C15H12Cl2N2O](1) was carried out 
nitrogen atmosphere (Fig. 4, Supplementary Materials). 
The onset decomposition of precursor was started at 
170 °C and it decomposed in different steps due to mul-
tiple weight loss steps and organic pyrolys is events. The 
decomposition appears to be completed at about 800 °C. 
Here PdO was obtained as a final product [28.49% 
(29.78%)].

3.2 � Sol–Gel Transformations

Precursors Sol–gel transformations of [PdCl2·C15H12Cl2N2O]
(1) and PdCl2 (2) to pure Pd@PdO core shell nanoparticles 
(a) and PdO nanoparticles (b), respectively have been car-
ried by the method shown in Fig. 1. The method presented 
here is more simple and versatile than other reported meth-
ods. Ruffino et al. synthesized core–shell nanoparticles via 
laser irradiation of Au films on Si wafer [31]. Choma et al. 
synthesize silica and gold nanoparticles separately and then 
did modification by adding surface organic groups on silica 
particles to adhere gold nanoparticles to form a core–shell 
structure which is very tedious route [32]. Fratoddi et al. 
have shown multi-step rigorous process to synthesize 
metal/polymer core–shell nanoparticles [33]. Unlike these 
methods, we have presented a simple process of precur-
sor synthesis and sol–gel transformation of precursor into 
core–shell nanoparticles. The method gives freedom to 
synthesize metal oxide nanoparticles and metal/metal oxide 
core–shell nanoparticles by just modifying the precursors. 
The precursor serves as the source of the elements of desired 
core–shell nanoparticles. The sol–gel method is based on 
the hydroxylation and condensation of molecular precur-
sors in a solution, originating a sol of nanometric particles. 
Condensation and inorganic polymerization of the sol lead 
to the formation of a gel made of a three-dimensional metal 
oxide network (Reddy et al. [34]) [34]. The crystalline state 
will be obtained then upon heat treatment of the gel. The 
control over the characteristics and structure of the gel can 
be easily obtained by fixing the hydroxylation and conden-
sation conditions and the kinetic parameters of the growing 
process (such as pH, temperature, nature and concentration 
of the salt precursors, solvent nature, precursor structure) 
(Itoh and Sugimoto [35]) [35]. The structure of the final 
product can be designed (particle, nanorods, core–shell etc.) 
by changing these parameters [36]. In our case, we have just 
used modification in precursor structure to obtain core–shell 
structure in synthesized nanoparticles. During the sol–gel 
synthesis, all elements present in the ionic form where Once 
Pd(0) formed, dissociative adsorption of oxygen takes place 
on the surface of the particles. This is followed by the dif-
fusion of oxygen atoms into the Pd lattice by forcing apart 
the Pd atoms to give PdO at > 100 °C. Complete oxidation 
of Pd(0) to PdO was not observed in our case and this could 
be due to the diffusion of oxygen only on to the surface lay-
ers. The PdO layer was found to be quite stable, heating the 
core–shell structure at higher temperatures did not result in 
the oxidation of the core which suggested that PdO formed 
a good protective shell over the Pd core [16, 37].

The X-ray diffraction patterns of synthesized samples (a) 
and (b) are shown in Fig. 2. A comparative study of the XRD 
patterns of samples (a) and (b), indicate the predominant for-
mation of PdO (tetragonal phase) for (b). In case of sample 
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Fig. 2   Powder XRD patterns of: a Pd@PdO and b PdO
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(a), cubic phase was generated in the presence of tetragonal 
phase which shows the synthesis of Pd@PdO. In the XRD 
pattern of sample (b), reflections peaks at 2θ = 33.75, 41.80, 
54.61, 60.06 and 60.65, corresponding to the pure tetrago-
nal phase of PdO, and could be indexed to the (100), (101), 
(110), (112), (103) and (200) planes (JCPDS#85-0713) 
[16]. The XRD pattern of the sample (a), indicated both 

the formation of cubic (fcc) Pd and tetragonal PdO phase; 
reflections from the (111), (200) and (220) planes of Pd(0) 
and (101), (110), (112), (103) and (200) planes of PdO were 
observed (JCPDS # 46-1043 and 85-0713) [16]. The lattice 
parameters calculated were a = 3.02 Å b = 3.02 Å c = 5.31 Å 
for sample (a and b) (tetragonal) and a = b = c = 3.89 Å for 
Pd of Pd@PdO of sample (a) (cubic). Complete oxidation 

Fig. 3   a TEM image of sample (a) with particle size distribution in inset; b TEM image of sample (b) with particle size distribution in inset; c 
SAED pattern of sample (a); d SAED pattern of sample (b)
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of Pd to PdO did not take place even at higher tempera-
tures (600 °C) suggesting a core–shell structure consist-
ing of a shell of PdO protecting a Pd(0) core (blue trace, 
Fig. 2). The average crystallite size in samples {33 ± 3 nm 
for (a), and 25 ± 3 nm for (b)} was calculated, by using the 
Debye–Scherrer equation [38].

Figure  3 shows the TEM images and corresponding 
SAED patterns of both the samples. The TEM image of sam-
ple (a) shows the presence of nanoparticles. Corresponding 
SAED pattern shows presence of planes for both Pd and 
PdO, suggesting formation of core–shell structure. The par-
ticle size distribution (inset of Fig. 3a) shows variation of 
particles size from 40 nm to 100 nm for sample (a) with the 
average particle size of 70 nm and standard deviation of 18. 
The TEM image of the sample (b) indicates formation of 
polygonal shaped particles. Corresponding SAED pattern 
shows the presence of PdO planes. The particle size distribu-
tion (inset of Fig. 3b) shows variation of particle size from 
20 to 90 nm with average particle size of 55 nm and standard 
deviation of 10. SAED pattern of (a) and (b) shows that both 
the samples are of polycrystalline nature and the results are 
well matched with XRD results.

The HRTEM image of sample (a) clearly shows the pres-
ence of core–shell nanoparticles (Fig. 4a) which is not the 
case in sample (b) as shown in Fig. 4b. The size of core part 
and shell is 36 ± 2 nm and 3.5 ± 0.5 nm, respectively. So the 
ratio between core and shell is of about 9:1. The ratio and 
size of core and shell part significantly affect the light scat-
tering thus optical properties of the core–shell nanoparticles 
[39, 40]. The d-spacing measured by HRTEM and the planes 
obtained by SAED patterns were corroborated with the XRD 

results of the samples. The Fig. 5 shows HRTEM image 
with point SAED patterns. It can be seen in Fig. 5 that both 
PdO and Pd phases are present in the single particle. Thus 
the combined powder XRD and electron microscopy results 
indicated the formation of a core–shell structure of Pd@PdO 
for sample (a) and tetragonal for (b).

Fig. 4   HRTEM images of: a sample (a) showing core and shell parts, b sample (b)

Fig. 5   HRTEM image of sample (a) showing presence of PdO (in 
black) and Pd (in red). (Color figure online)
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The surface morphology of the samples (a) and (b), 
observed by scanning electron microscopy are shown in 
Fig. 6. The images indicate agglomerated granular mor-
phologies for both samples, (a) and (b) with nano sized 
particles. The homogeneous and good quality of the par-
ticles with almost consistent diameter can be seen in the 
SEM image, shows the trustworthiness of the method. 
In order to investigate the composition materials, EDX 

analysis (Fig. 6) of these samples were also carried out 
indicating the formation of PdO and Pd@PdO.

A typical full Raman spectra from a PdO and Pd@PdO 
samples obtained by sol gel synthesis were recorded at room 
temperature is displayed in Fig. 7. The Pd as metallic nano-
particles has no individuality active Raman modes while 
PdO is highly Raman-active material. More exactly, and on 
the basis of the reported literature, it is confirms that PdO is 
strongly detectable by Raman scattering spectroscopy even 
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without the need for an external enhancement approach [8]. 
This is attributed to its resonant Raman scattering property.

As shown in Fig. 7, three relatively intense Raman modes 
are observed at the following Raman shifts: 647 cm−1, 
424 cm−1and 275 cm−1 which assigned to the B1g, Eg and 
X8 modes respectively [41, 42]. Commonly, PdO has two 
Raman active modes B1g and Eg which are related to theu-
nit cell of the tetragonal phase of PdO crystal [41, 42]. The 
Raman modes were observed in both the samples as PdO is 
also present in sample (a) which also confirms the presence 
of PdO at the surface of sample (a). A little shift in the peak 
positions can be seen in Fig. 7 as compared to the earlier 
reports which can be attributed to nano size and presence of 
stresses in the samples.

In the FT-IR spectra of PdO samples, the absorp-
tion bands observed around at 606–608  cm−1 and at 
661–666 cm−1

, appeared due to the Pd–O vibrations. These 
peaks was further supported the formation of PdO in both 
the samples [30]. The ν(–OH) absorption in the region of 
3430–3439 and 1631–1652 cm−1 indicate the stretching and 
bending vibrations, due to the absorption of moisture [43].

The UV–Visible absorption spectra of both the samples 
are shown in Fig. 8. Optical bandgap for both the samples (a) 
and (b) were extrapolated using the Tauc relation [44]. Plots 
of hν versus (αhν)2 (Fig. 9) of the samples (a) and (b) exhibit 
energy band gaps 1.43 eV, and 1.89 eV, respectively. The 
bandgap of the Pd@PdO nanoparticles is very near to the 
optimal bandgap (~ 1.5 eV) of absorber layer in the solar cell 
[45] which suggests its possible use in solar applications. It 
has been reported previously that the bandgap of the mate-
rial is inversely proportional to the particle and crystallite 
size of the material [46, 47]. So here, increase in the energy 
band gap can be attributed to the re-arrangement of the 
energy bands due to reduction in particle and crystallite size.

4 � Conclusions

Sol–gel transformations can be used to synthesize Pd@PdO 
core–shell nanoparticles. Sol–gel transformation of PdCl2 
andPdCl2·C15H12Cl2N2O into tetragonal PdO and Pd@PdO 
core–shell make these complexes suitable for the synthesis 
of nano structure, respectively. Bandgap of Pd@PdO nano-
particles near to the optimal bandgap of absorber layer in a 
solar cell suggests a new future application of the palladium 
nanoparticles.
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