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Abstract
Au@CdO core/shell nanocomposite was prepared using Pulsed Laser Ablation in Liquids (PLAL) via one step-process. A 
nanosecond pulsed laser (Nd:YAG, λ = 1064 nm) was used to ablate Cd sheet immersed in HAuCl4 solution. The surface 
plasmon resonance (SPR) using UV–vis absorption spectroscopy was employed to monitor the fast changes occurring in the 
NP colloidal solutions upon interaction between Cd sheets and Au precursor. The structure of the as-prepared samples was 
confirmed by high resolution transmission electron microscope (HRTEM) analysis and energy dispersion X-Ray spectroscopy 
(EDX) analysis. A mechanism for the growth of Au@CdO core/shell nanocomposite was given.

1  Introduction

In recent years, Transition metal nanoparticles (NPs) 
especially noble-metal NPs have spectacular scientific 
interest and draw the attention of researchers in the field 
of nanotechnology and nanoscience. That is because in 
the case of nanometric size the appearing exciting novel 
physical and chemical properties are not present in the 
bulk state such as optical, catalytic, electronic, and mag-
netic properties [1–3]. These promising and modern prop-
erties of the metal NPs were attributed to two mecha-
nisms. The first is the quantum confinement effect in at 
least one dimension on its nanoscale with respect to its 
bulk. The second is the increasing surface to volume ratio 
leading to increase the number of strained or dangling 
bonds at their surfaces [4].

Core/shell NPs, mixing of physicochemical properties of 
different metal NPs to produce new and unique properties, 
have attracted more attention [5]. These properties would 
be very useful in several fields and would open a new tech-
nology. From this fact, several metals could be mixed with 

the noble to produce bimetallic NPs to enhance its structure 
as catalytic, stability, activity, and reactivity properties of 
pure metal NPs [6, 7]. The effect of neighboring from dif-
ferent elements of NP atoms to produce bimetallic NPs in 
the form of either alloy structure or core/shell structure leads 
to unique optical properties different from its properties in 
isolated case [8, 9].

Gold NPs represent the most attractive noble metals 
because of their unique physicochemical properties, [5–7] 
e.g., thermal stability, no toxicity, and optical properties. 
Therefore, it is used in several applications as cellular drug 
delivery, linear and nonlinear optical (NLO) [8, 9], surface 
plasmon resonance (SPR), surface-enhanced Raman scatter-
ing (SERS), and biomarkers in the diagnosis of liver, lung, 
and breast cancer [10]. In nanofabrication field, the produc-
tion Au NPs as a noble metal is widely used compared to 
others such as Cu or Ag. That is because of, in particular 
Au, the localized surface plasmon resonance (LSPR) can 
be tuned through visible-NIR region. So, this property is 
interesting for a lot of applications such as photonics and 
biological imaging [11].

The coupling between transition metals and noble 
metal NPs are thought to display amazing optical proper-
ties [12]. Cadmium oxide (CdO) NPs is a second chosen 
metal oxide in the bimetallic NPs due to their fascinating 
electrical and optical properties as they are n-type semi-
conductor metal oxide with a direct band gap of 2.5 eV 
and an indirect band gap of 1.98 eV. This property gives 
CdO the high absorption and emission capacity of radia-
tion in the energy gap [13].
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Several methods have been reported so far for the syn-
thesis of gold NPs and their alloys with other NPs to pro-
duce gold-metal core/shell structures. Pulsed laser abla-
tion of targets in liquid environment (PLAL) is one of 
these methods and it has been studied intensely during the 
past decade. PLAL reduces the formation of by-product, 
its setup is very simple, and it does not need catalyst or 
complicated requirements to make purification [14, 15]. 
PLAL provides efficient technique for the synthesis of size 
and shape controllable metallic and bimetallic NPs in col-
loidal solution. Nonetheless, according to the importance 
of nanocomposites and a simple method several scientific 

groups focused on study of the interaction between metals 
and laser irradiation. There are large numbers of PLAL 
parameters used to control the shape, size, and morphol-
ogy of NPs which can be divided to laser parameters and 
solution medium parameters. The laser parameters are 
wavelength, pulse width, laser energy, repetition rate, and 
ablation time. The solution medium parameters are compo-
sition, dipole moment, dielectric constant, and absorption 
constant [16–19]. Almost typical works of bimetallic of 
gold metal and another metal in recent years are summa-
rized in Table 1 [20–30].

Year Research 
group

Product Target Liquid medium Laser type, 
wavelength, pulse 
duration, frequency, 
fluence (or energy 
per pulse), ablation 
time (or pulse num-
ber), notes

Number 
of steps

Product (size) Surface Plas-
mon Resonance 
(SPR)

2015 Suzana 
Petrovi et al. 
[19]

Au–Ni 
NPs

Ni Colloidal Au 
solution con-
centration of 
0.2 mmol d/m3 
with nanopar-
ticles of about 
5 nm size

Two Nd:YAG lasers: 
one with the pulse 
width of 20 ns, 
and another with 
the pulsewidth 
of 150 ps. Both 
lasers 10 Hz, 
λ = 1064 nm, 
10 mJ, 50 and 
20 min for nanosec-
ond and picosecond 
pulses, respectively

1 5–7 nm 520 nm

K.G. Gop-
chandran 
et al. [20]

Ag–Au 
core shell

Au/Ag 
targets

20 ml of double 
distiled water at 
room tempera-
ture

Nd:YAG, 
λ = 1064 nm, 
10 Hz, low energy

2 11–16 nm 519 and 413 nm

Zahra 
Sheykhifard 
et al. [21]

Au–Pd 
(II) core 
shell

Au 0.02 g of PdCl2 
solution, DI 
water, and 
0.1 mL HCl

Nd:YAG, 
λ = 1064 nm, 
10 Hz, 360 mJ, 1 h

1 7–12 nm 530 nm

Dongling Ma 
et al. [22]

PtAu Alloy 
NPs

PtAu Alloy Aqueous solution 
(pH = 4.0–11.0)

KrF excimer laser, 
λ = 248 nm, excit-
ing voltage: 37 kV, 
20 Hz. 4.0–150.0 J/
cm2

1 3.5 ± 1.6 nm

2012 Koshizaki 
et al. [23]

Au/AuFe Au plate Ethanol Nd:YAG, 
λ = 1064 nm, 
30 Hz, and 80 J/
pulse cm2 fluence

2 5 nm 528 nm
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Year Research 
group

Product Target Liquid medium Laser type, 
wavelength, pulse 
duration, frequency, 
fluence (or energy 
per pulse), ablation 
time (or pulse num-
ber), notes

Number 
of steps

Product (size) Surface Plas-
mon Resonance 
(SPR)

2011 Pietro Calan-
dra et al. 
[24]

Au/TiO2 
NPs

Au target Water Nd:YAG, 
λ = 532 nm, plse 
width 5 ns, 10 Hz, 
120 mJ

2 < 50 nm 470

Geetika Bajaj 
et al. [25]

Au–Sn 
oxide 
NPs

Au plate DI water Nd:YAG, 
λ = 532 nm, 10 Hz, 
(Au:36 mJ, 15 min, 
Sn: 18 mJ, 30 min) 
then the mixture 
was irradiated with 
Nd:YAG, λ = 532 
or 1064 nm

2 8–26 nm 532

2010 Geetika Bajaj 
et al. [26]

Au–Sn 
oxide 
NPs

Au plate DI water Nd:YAG, 
λ = 532 nm, 10 Hz, 
4.6 J/cm2, 1 h

2 15 nm 520 nm

Michel Meu-
nier et al. 
[27]

Au–Ag 
alloy 
NPs

Au and Ag 
targets

Dextran solution Ti:sapphire laser, 
λ = 800 nm, pulse 
width 110 fs,1 kHz, 
0.3 J/cm2

2 Au and Ag NPs 
are 3.3 ± 1.5 and 
4.4 ± 2.7 nm, 
respectively

398:520 nm

Michel Meu-
nier et al. 
[28]

Au–Co 
alloy 
NPs

Au and Co 
targets

Acetone Ti:sapphire laser, 
λ = 800 nm, pulse 
width 120 fs, 
0.9 mJ/pulse, 
10 kHz, 60 min

2 11 nm 520 nm

2004 G.A. Shafeev 
et al. [29]

Au–Ag 
alloy 
NPs

Au and Ag 
plates

Ethanol or dis-
tilled water ad 
PVP

Cu vapor laser, 
λ = 510.6 nm, 
pulse width 20 ns, 
7.5 kHz, 9 J/cm2, 
2 steps

2 10 nm 400:550 nm

In this paper, bimetallic structure from Au and Cd as a 
Au@CdO core/shell NPs are fabricated for the first time in 
just one step without using any surfactant. Nd-YAG Pulse 
laser with 7 ns is used to ablate a Cd sheets solid target in a 
solution containing gold precursors. The structural, compo-
sitional and optical properties of Au@CdO core/shell NPs 
obtained using UV–VIS, TEM, XRD, FT-IR, and EDX 
analyses techniques on the colloid samples. In addition, a 
proposal of the possible mechanism of fabrication bimetal-
lic structure from Au and Cd as a Au@CdO core/shell is 
investigated.

2 � Experimental section

2.1 � Materials

Cd metal granulated sheets (≥ 99.9%) were purchased 
from BDH chemical Ltd pool, England. Chloroauric acid 
(HAuCl4∙3H2O) was obtained from Sigma–Aldrich Co. All 

reagents were analytical grade and used without further puri-
fication. Water was purified by a Millipore Ultrapure water 
system and has a resistivity of 18.2 MΩ cm at 25 °C.

2.2 � Preparation of Colloids by PLAL

A novel Au@CdO core/shell NPs were prepared in just 
one step as follow: Cleaned Cd sheets were immersed in 
5 ml solution of de-ionized water containing 1 ml solution 
of (5 × 10−5M) HAuCl4. The Cd sheet target was irradiated 
with the 2nd harmonic of pulsed Nd:YAG laser operating at 
1064 nm with pulse repetition rate 10 Hz, pulse width 7 ns, 
and laser energy 80 mJ/pulse. The laser beam was focused 
on the target surface using a lens of focal length 70 mm. The 
ablation was carried out for 10 min (see Fig. 1). The depth 
of the solution layer above the target was 10 mm. During 
this process, the solution was stirred by mechanical rotator 
to enhance the growth of the produced NPs [16]. Finally, the 
colloidal Au@CdO core/shell NPs were obtained.
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2.3 � Characterization techniques

Optical properties of samples were measured in the 
190–1000 nm wavelength range using quartz cells with 1 cm 
optical path length using a JASCO 570 UV-VIS-NIR spec-
trophotometer, Japan.

The crystalline structure of samples was characterized 
using X-ray (XRD) diffractometer (Schimadzu 7000, Japan) 
operating with Cu Kα radiation (λ = 0.154060 nm) generated 
at 30 kV and 30 mA with scanning rate of 4°/min for 2θ 
values between 10° and 80°.

The size and shape of NPs were observed on a high reso-
lution transmission electron microscope (HRTEM) of the 
type JEOL—JEM-1011, Japan. Scan images were recorded 
at accelerated voltage of 200 kV. For each sample, a drop of 
low concentrated NPs suspension was deposited on a cop-
per grid covered by carbon layer. The excess solution was 
wicked by a filter paper and the grid was left to dry at room 
temperature for 12 h.

A Fourier-transform infrared spectroscopy (JASCO FT/
IR 6100 spectrometer, 64 scans with 4 cm−1 resolution) 
was employed to demonstrate the chemical composition of 
nanomaterials in the range of 4000–400 cm−1. The prepared 
sample was mixed with potassium Bromide (KBr) for the 
extent of OH signature.

Energy dispersive X-ray spectroscopy (EDX) measure-
ments were also performed on single particles for chemical 

analysis using scanning electron microscopy on a Quanta 
FEG 250 electron microscope.

ImageJ software has been pioneers as open tools for the 
analysis of scientific images to stimulate the ultra-structural 
TEM and SEM analysis reader to solve common tasks in 
laboratory practice.

Fig. 1   Schematic representation 
of Pulsed laser ablation in liquid 
technique

Fig. 2   UV-Visible absorption spectra of Au-Cd NPs fabricated by 
PLAL
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Fig. 3   a TEM image of Au-Cd NPs produced by PLAL @100nm. b TEM histogram of Au@CdO NPs @100nm. c TEM image of Au@CdO 
NPs @10nm. d The inter planner distance calculation of Au@CdO. e The selected area diffraction (SAED) pattern
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3 � Results and discussion

3.1 � UV–VIS analysis

The effect of nanosecond pulsed laser ablation of Cd sheet 
target in deionized water and HAuCl4 solution were primar-
ily followed with the naked eye. The ablation of Cd sheet 
in deionized water (DI) yielded a pale white color while the 
ablation in HAuCl4 resulted in color conversion of the solu-
tion from yellow to deep violet color. This observation can 
be illustrated using UV–vis absorption analysis.

Figure 2 shows the UV–vis spectra of the ablated Cd 
sheet in DI water as compared with that ablated in HAuCl4 
solution. The absorption spectrum of the ablated Cd sheet 
in DI water showed two absorption peaks at ~ 240 and 
~ 285 nm. The electronic band at ~ 240 nm was attributed 
to inter-band transition from deep level electrons of VB 
while the signal at ~ 285 nm was related to quantum con-
finement effect [18, 31]. The UV–vis spectrum of the Cd 
sheet ablated in HAuCl4 solution showed a new absorption 
band at 534 nm in addition to the two preceding absorption 
peaks i.e. 240 and 285 nm. The absorption peak at 534 nm 
is consistent with the appearance of the violet color. This 
absorption peak was attributed to the SPR band of the gold 
NPs. It should be noted that the exposure of the HAuCl4 
solution in absence of Cd sheet did not yield any color 
changes. Hence, it could be concluded that the presence of 
ablated Cd ions are essential for the reduction of Au NPs.

3.2 � TEM analysis

To get more precise view of the detailed structure of the 
prepared nanocomposite, HRTEM was used. Figure 3 shows 
the HRTEM images and corresponding size distribution 

histogram of Au/CdO NPs sample. Figure 3a showed a num-
ber of semi-spherical particles with color gradient i.e. black 
core surrounded with grey shell. This color gradient was 
attributed to the difference of the electron density between 
Au (atomic number = 79) and Cd (atomic number = 48). 
Hence, the black core was attributed to the Au NPs and the 
grey color was attributed to the CdO shell. The particles 
are separated from each other and less number of aggrega-
tions was observed within field image. For that the Au core 
is eccentric with respect to the surrounding CdO shell due 
to a retarded AuCl4 reduction with respect to the NPs CdO 
formation, i.e. the Au growth needs the formation of a CdO 
surface to start. According to the size distribution histogram 
(Fig. 3b) of this sample the average particle size of core/
shell is about 11.35 nm with 1st standard of deviation from 
8.3:14.4 nm and 2nd standard of deviation from 5.3:17.5 nm.

Figure 3c is made by focusing on the CdO shell and the 
Au core. The image clearly showed that both the CdO shell 
and the Au core are single crystalline materials. The inter-
planar distance between the adjacent lattice fringes can be 
determined using ImageJ software (open access) as shown 
in Fig. 3d. In this figure, 10 lattice fringes of core and shell 
were measured, followed by calculation of mean lattice 
fringes of core (Au NPs) and shell (CdO NPs) to be 0.219 
and 0.2603 nm, respectively. Further, the selected area dif-
fraction (SAED) pattern in Fig. 3e indicates that the grown 
particles are crystalline in nature and have FCC lattice.

3.3 � FTIR analysis

The FTIR spectrum of the representative sample is 
shown in Fig. 4. The spectrum showed the broad peak at 
region between 3000 to 3600 cm−1 (OH stretching mode) 
and 1631 cm−1 (H2O bending mode) due to the free and 

Fig. 4   FTIR spectra of Au-Cd NPs fabricated by PLAL Fig. 5   X-ray diffraction pattern of Au-Cd NPs fabricated by PLAL



Au@CdO core/shell nanoparticles synthesized by pulsed laser ablation in Au precursor solution﻿	

1 3

Page 7 of 9  774

hydrogen bonded of O-H hydroxyl group stretching bond 
of water absorbed molecule on the powder surface. These 
functional groups of OH and H2O could be appeared due to 
water adsorbed on NPs surface or from atmospheric water 
vapor phase [32–35]. According to the transmittance peaks 
between 800 and 1500 cm−1 assigned to CdO [34], the trans-
mittance band at 1385, 1270, and 1180 cm−1 can be assigned 
as bending and wagging vibrations motion of the formed 
metal oxide structure [32]. The band at 690, 580, 537, and 
436 cm−1 is correlated to the formation of Cd–O [36–38].

3.4 � X‑ray diffraction

Figure 5 shows the powder XRD patterns of nanostruc-
tures prepared by PLAL. It is clear that the more remark-
able peaks were observed at 2θ = 33.16°, 38.16°, 44.06°, 
55.19°, 64.41°, 65.86°, 69.15°, and 77.56°. The discern-
ible peaks of 38.16 о, 44.06 о, 64.41 о, and 77.56 о can 
be, respectively, indexed to (111), (200), (220), and (311) 
planes of the face-centered structure of Au according to 
the lattice constants close to the values in previous litera-
tures (JCPDS no. 65-2870). On the other hand, the dif-
fraction peaks existed at 33.16°, 38.16°, 55.19°, 65.86°, 
and 69.15° can be, respectively, indexed to (111), (200), 
(220), (311), and (222) planes of face-centered structure of 
CdO according to the lattice constants close to the values 
in previous literatures (JCPDS no. 75–0592). In addition, 
No diffraction peaks of metallic Cd appeared in X-Ray 
diffraction patterns of samples, indicating that the metal-
lic Cd phase might exist in an amorphous phase (not well 
crystalline phase) or in the form of very small clusters.

3.5 � EDX

EDX spectra were collected for at least 30 measurements 
at randomly chosen position. Figure 6 shows the presence 
of Cd and Au on the surface as the following amounts 27% 
of Cd and 24% of Au. All of that beside the amount of Cl 
is remaining without reaction from the starting materials of 
HAuCl4.Fig. 6   EDX elemental analysis of Au@CdO NPs

Fig. 7   Schematic model for a 
dissociation of HAuCl4 b Cd 
sheets journey in thelaser-matter 
interaction by increasing the 
time of ablation c Cd and Au 
interaction by



	 A. M. Mostafa et al.

1 3

774  Page 8 of 9

Further, the mapping of Au@CdO NPs studied in Fig. 7 
indicates that the Au@CdO NPs is prepared well.

4 � Mechanism

At the very early stages of the laser/Cd interaction, species 
ejected from the Cd sheet surface with high kinetic energy 
forming a dense cloud nearby the solid/liquid interface due 
to the confinement effect of liquid. It was reported that this 
cloud contains a mixture of reducing species such as elec-
trons, ions, and free radicals [39, 40]. Our experimental 
observations and the UV–VIS results showed that no change 
occurred in the solution color when irradiation was carried 
out in absence of Cd sheet i.e. the laser beam was unable to 
reduce Au3+ to Au NPs.

These results might enforce to believe that the Cd spe-
cies were responsible for the reduction of Au ions. This 
reduction reaction could be attributed to the well known 
galvanic replacement. The galvanic replacement reaction is 
considered as a redox process. This process draw the driving 
force from the difference between the reduction potential 
(E°) of the two reactants. Since E° AuCl4−/Au pair (0.99 V) 
is higher than that of the Cd2+/Cd pair (− 0.40 V) [41], the 
following reaction would happen in the solution: 

After ablation of Cd sheet, Au3+ ions were reduced by 
Cd to form Au atoms. As the reaction went on, Au nuclei 
formed and subsequently the Au NPs grew.

Moreover, Because the noble metals NPs have high nega-
tive charge compared to other metals, Therefore, the Au NPs 
could attract the other metals (In this case Cd2+). Therefore 
the surface of Au cores is assumed to have a deterministic 
role for an ability to trap Cd ions owing to surface negative 
charges. So, the alloy or core/shell structure is produced in 
nanoscale [22]. According to thermodynamic state of PLAL 
from high pressure, temperature, and density, the oxida-
tion process during laser ablation in water has been done 
[41–43]. This oxidation process during laser synthesis is 
mainly caused by reactive oxygen species from the decom-
position of water molecules. Using this consideration, Cd 
ions react with activated oxygen and form a CdO shell. A 
schematic model that summarizes the discussion is shown 
in Fig. 7.

5 � Conclusions and perspectives

Au@CdO core/shell nanostructure was successfully fab-
ricated for first time using green method of pulsed laser 

3Cd0(s) + 2AuCl4
−1
(aq)

→ 2Au0(s) + 3Cd+2(aq) + 8Cl−1(aq)

ablation in liquid environmental (PLAL) in just one step. 
This work can be represented a new way to fabricate a lot 
of binary compound as alloying or core/shell structure 
in nanoscale. The techniques of XRD, UV–Vis, FT-IR, 
HRTEM, and EDAX confirm that the suspension solution 
is well fabricated as Au@CdO core/shell NPs with average 
diameter about 11 nm. The mechanism of synthesis Au@
CdO core/shell NPs is studied based on study three main 
steps: (a) laser-matter interactions of PLAL process (repre-
sentative of first metal of core/shell), (b) dissociation of gold 
salt in aqueous solution (representative of secondary metal 
of core/shell), and (c) formation of Au@CdO core/shell NPs 
based on galvanic replacement reaction phenomena.
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