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Abstract
Nanosecond laser pulses (1064 nm, 8 ns and 10 Hz) were employed to ablate a Cu target immersed in deionized water (DI) 
and ethylene glycol (EG). The ablation process was carried out for 60 min for two different laser fluences, i.e., 27 J∕cm2 and 
80 J∕cm2 , which resulted in the formation of Cu/CuO nanoparticles (NPs) in both the media. The effects of laser fluence and 
solvents on the morphology of NPs were investigated using structural and optical characterization techniques (such as TEM, 
HRTEM, XRD, UV–visible and PL spectroscopy). The colloidal solution synthesized at the low fluence of 27 J∕cm2 in DI 
illustrated the presence of hollow structured CuO NPs and has been attributed to the Kirkendall effect. At the high fluence 
of 80 J∕cm2 , porous NPs were seen which has been attributed to the dissolution of H

2
 molecules. In EG, no signature of 

hollow or porous NPs was seen and this has been accredited to its oxygen deficiency and viscous nature. Additionally, the 
growth kinematics involved in the transformation of morphology are elaborately discussed.
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1 Introduction

Hollow nanoparticles (HNPs) have gained tremendous inter-
est among the researchers because of their unique properties 
such as high-surface-to-volume ratio, low density and exten-
sive use in the application area of batteries, drug delivery, 
thermal insulation, photo-catalytic activity and so on [1–3]. 
There are various synthesis techniques (e.g., chemical and 

physical methods) for HNPs’ generation, reported in the 
recent literature [4–7]. Among these, hollow/porous NPs 
synthesized using pulsed laser ablation (PLA) technique 
have attracted appreciable attraction in recent years, in the 
field of nanomaterials. The reason behind the attention 
toward PLA technique is due to its feasibility and environ-
mental-friendly process as compared to chemical synthesis 
which requires harmful chemical reagents. In addition, the 
advantages of using PLA technique are that the size, shape 
and morphology of the as-synthesized NPs are found to be 
dependent on laser parameters (laser pulse energy, pulse 
duration, repetition rate, laser wavelength, laser ablation 
time, focusing distance, target-to-liquid-surface distance), 
on target material and on the physical properties of liquid 
environment (such as polarity, thermal conductivity, density 
and viscosity) [1, 8–17], which makes it a reliable candidate 
over chemical techniques. Recently, Zhang et al.[2] reported 
the formation of hollow cobalt (Co) NPs using single-shot 
nanosecond laser ablation of Co target in water and ethanol 
with varying laser beam spots and laser pulse energies. They 
proposed that a possible mechanism for the formation of hol-
low NPs (HNPs) was via diffusive thermochemical reactions 
or bubble-assisted mechanism. Nakamura et al.[18], Wang 
et al.[19] and Yin et al.[20] reported the formation of HNPs 
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in Al and Cu, Fe and Co via the Kirkendall voiding effect. 
They reported that this effect is applicable only with the 
metals having high diffusion coefficient as compared to their 
oxides shell. The Kirkendall effect is initiated during the 
oxidation of a metallic particle where the outward diffusion 
of metal core is rapid as compared to inward diffusion of 
its oxides shell. Fan et al.[4] also reviewed the formation of 
HNPs via the Kirkendall effect in various metal systems such 
as Zn, Al, Fe and Co. Niu et al.[21] discussed the formation 
of HNPs in Zn, Mg, Fe, Co, Ni, Cu, Pb and Ti systems via 
the Kirkendall effect and selective heating of the core with 
an infrared laser. Kuzmin et al.[22] discussed the genera-
tion of Al and Ti HNPs via bubble-assisted mechanism in 
hydrogen-saturated solvents (i.e., ethanol, n-propanol and 
water). They reported that during the PLA process the sur-
rounding liquid undergoes optical breakdown (formation 
of vaporized bubble) together with the ejection of particles 
from the surface. In the process of bubble expansion, an 
appreciable number of NPs get trapped at the vaporized bub-
ble interface, resulting in the formation of HNPs. Similarly, 
Yan et al.[23–25] also observed the bubble-assisted genera-
tion of HNPs in Al, Mg and Zn systems.

Out of all the metals investigated, there are very few 
reports on the synthesis of hollow Cu/CuO NPs using PLA 
[26–28]. This is due to the high reactivity of Cu that reacts 
with the oxygen molecules present in the solvents and gets 
oxidized fast, which results in agglomeration of synthesized 
NPs. Further, the results reported in the literature are either 
broad or lack in discussing the exact mechanism. Although 
PLA is a sensitive technique and involves complex phenom-
ena, a small change in the liquid and laser parameters drasti-
cally influences the final product of the as-synthesized NPs. 
In our previous work [28], we have reported the synthesis of 
Cu/CuO HNPs in ethanol that is a hydrogen-saturated sol-
vent. The suggested mechanism for the formation of HNPs 
was: (i) dissolution of H

2
 and (ii) selected evaporation of 

Cu core because of multiple interaction of the particles with 
laser. In this work, we systematically investigated the effects 
of fluence and solvent on the formation of hollow Cu/CuO 
NPs. We report the results obtained for two different fluences 
of 27 J∕cm2 and 80 J∕cm2 with DI and EG as solvents. Based 
on the results, a detailed mechanism has been proposed.

2  Materials and methods

The copper (Cu) NPs were synthesized by ablating the 
Cu target (purity 99.99 %), which had a dimension of 
13 mm × 13 mm and thickness of 0.82 mm in two differ-
ent solvents. The solvents in which the ablation was carried 
out in the present study were deionized water ( 18MΩcm at 
room temperature) and ethylene glycol (henceforth the above 
solvents are abbreviated as DI and EG), which are purchased 

from Merck, India, and were used directly without further 
purification. Ablation process of Cu target was carried out 
by placing it at the bottom of the beaker filled with 8 ml of 
solvent in both cases. The distance from the target to liq-
uid surface was kept at 6 mm throughout the experiment. 
A Nd:YAG laser (Litron Laser, LPY 707G-10) operating at 
1064 nm with 8-ns pulse duration and a repetition rate of 10 
Hz was employed for laser ablation of Cu target. A detailed 
experimental setup is shown in Fig. 1.

Laser pulse energies of 40 mJ and 120 mJ were used for 
laser ablation, which was focused on the surface of Cu target 
using quartz lens (150 mm focal length) with a measured 
spot area of 1.5 × 10

−3
cm

2 in both cases. The correspond-
ing ablation fluence measured at the above-mentioned ener-
gies is found to be 27 J∕cm2 and 80 J∕cm2 , respectively. The 
duration of laser ablation was kept fixed at 60 min. During 
the process of laser ablation, the target immersed in sol-
vent was moved manually in all directions to avoid crater 
formation. Also, the solvent was continuously stirred with 
the help of magnetic stirrer at 1020–1030 rpm, so that the 
synthesized NPs are properly dispersed in the solvent. To 
maintain the whirling motion without muddling the height 
of 6 mm between the target and the liquid surface, the mag-
netic bead was kept at the corner of the beaker as shown in 
Fig. 1. Before ablating the target, it was cleaned by ultrasoni-
cation in acetone for 45 min to remove surface impurities. 
The target was independently ablated in both the media with 
�� J∕cm2 and �� J∕cm2 . The colloidal solution of the syn-
thesized NPs was then collected for characterization.

The prepared colloidal solution of Cu NPs was exam-
ined using spectroscopic and microscopic techniques. The 

Fig. 1  Experimental setup for the synthesis of Cu NPs by laser abla-
tion
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optical response of the synthesized NPs was recorded using 
UV–Vis (PerkinElmer Lamda 750) spectrometer in the 
range of 220–900 nm, and photoluminescence (PL) spec-
tra were recorded by PerkinElmer LS55 spectrometer at the 
excitation wavelength of 275 nm. Structural examination 
on the prepared samples was done by transmission elec-
tron microscopy (TEM). For this, the colloidal solution of 
NPs was dispersed onto the carbon-coated copper grid and 
dried. Afterward, high-resolution TEM (HRTEM) and TEM 
micrographs of the samples were captured using TEM, Tec-
nai, equipped with thermionic electron gun working at 200 
kV. Estimation of average size of NPs obtained from TEM 
micrographs was measured using GATAN Microscopy Suite 
software and Digital Micrograph. The X-ray diffraction pat-
tern (XRD) of the samples was recorded using PANalytical 
XPert Pro XRPD with =1.5406 Å of CuK � line.

3  Results and discussion

3.1  Structural characterization

3.1.1  TEM analysis

The structural analysis of the samples obtained by ablat-
ing Cu target for 60 min in DI and EG with the laser flu-
ence of 27 J∕cm2 and 80 J∕cm2 is shown in Figs. 2, 4 and 
5. In Fig. 2a, b, TEM micrographs of samples synthesized 
at 27 J∕cm2 are shown, which are spherical in nature with 
an average particle size of 23.6 ± 0.9 nm. [A correspond-
ing size distribution is shown in Fig. 2c.] On examining 
the sample, solid spherical NPs together with core–shell 
and hollow structured NPs (HNPs) have been observed. In 
Fig. 2b, the presence of core–shell NPs and HNPs is shown, 
which are indicated with a blue and red solid line arrows, 
and the morphological distribution is shown in the inset of 
Fig. 2b. We have analyzed 101 particles out of which 70% of 
the particles are spherical, 6% are core–shell and 24% pos-
sess hollow morphology. The size of HNPs ranged from 6 
nm to 60 nm with an average size of 22.8 ± 3.1 nm. The 
observed core–shell NPs have the size in the range of 12–32 

Fig. 2  (a) and (b), TEM 
micrographs of Cu particles 
synthesized at 60-min ablation 
with laser fluence of 27 J∕cm2 in 
DI. Insets of figure (b) show the 
morphological distribution of 
NPs. (c) The size distribution of 
the NPs. (d) HRTEM image of 
single HNPs synthesized in DI 
at 27 J∕cm2
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nm with the thickness of shell in the range between 4 and 10 
nm. The measured values of the thickness of shell are shown 
in supplementary figure S1. 

In our case, at low fluence, we attribute the formation of 
HNPs to the Kirkendall effect. Till date, various mechanisms 
were proposed for the formation of HNPs in laser ablation, 
viz. bubble-assisted soft templating (BAST) process, selec-
tive core evaporation (SCE), dissolution of H

2
 molecules and 

the Kirkendall effect [2, 21, 23]. In BAST process, cavita-
tion bubbles provide the template to form HNPs and has 
two major requisites: larger life time of bubble and (ii) high 
concentration of NPs, which are not fulfilled at low fluence 
[23, 24]. In SCE, the formation of HNPs to take place the 
two major conditions was laid out: (i) the melting point of 
the shell should be larger than the boiling point of the core 
and (ii) the band gap of the shell should be larger than the 
laser photon energy [21]. Although, in our case, the band 
gap of shell is more than the photon energy, the melting 
point of shell is less than the boiling point of core. So, it 
is expected that we should be seeing features of damaged 
shell in our case, which were not seen. The third proposed 
scheme is the formation of void because of the dissolution 
of H

2
 in metal followed by its release in condensation [2, 

4, 18, 21]. Although DI is a hydrogen-saturated medium, 
the low fluence of 27 J∕cm2 which translated into average 
value of 3.38 × 10

9
W∕cm2 is not sufficient for breakdown. 

Considering the ablation time of 60 min, the presence of H
2
 

cannot be ruled out, but the number will not be sufficient to 
saturate the NPs. Arguably, the preferential mechanism of 
the formation of HNPs at low fluence would be the Kirken-
dall effect, which can be explained as follows: The presence 
of smaller NPs with thinner oxide shell is the criteria laid 
out by Zhang et al. [2] for being Kirkendall effect to be the 
reason for the formation of HNPs. At low fluence, the target 
exposed to outer wing of the laser beam will not participate 
in the NP formation as the energy would be comparable to 

melting threshold energy. Therefore, thermal ablation will 
only be possible in the region that is exposed to the peak 
energy and hence would limit the yield. The presence of a 
smaller number of NPs in the medium would limit the inter-
particle interaction, and the absence of this would limit the 
agglomeration, and hence, the size of NPs will be small. In 
addition, the fluence below the breakdown of the water will 
limit its reactivity, and hence, surface oxidation would be 
limited. As a result, shell thickness would be limited to 5–8 
nm as shown in Fig. 2b. The presence of smaller NPs with 
thinner oxide shell suffices the criteria laid out by Zhang 
et al.[2] for the formation of HNPs via a Kirkendall effect. 
By performing the ablation in DI, its high thermal conduc-
tivity (0.591WmK

−1) comes in handy whereby the NPs hav-
ing intermediate morphology in the process of formation of 
HNPs can be seen. By carefully observing the morphology 
of synthesized NPs in the sample, we can trace the pathway 
of the formation of HNPs as shown in Fig. 3 along with 
schematics. As elaborated in Fig. 3, in the first step small-
sized NPs will undergo surface oxidation, resulting into the 
core–shell morphology. Further, because of high reactivity 
of the Cu and longer ablation time of 60 min the partially 
oxidized surfaces of Cu NPs get sufficient time to interact 
with the dissolved O

2
 molecules of DI. This initiates the 

diffusive oxidative reaction at the interface of Cu/Cu oxide 
[4, 18]. Since the diffusion rate of Cu metal is higher than 
Cu oxide (i.e., J

Cu
> J

CuO
 ), Cu core ions diffuse outward 

rapidly and the oxide shell diffuses inward slowly, creating 
void/vacancies at the metal side near Cu/Cu oxide interface 
[4, 18, 21]. The expansion of vacancy begins to form in 
the course of oxidative reaction and becomes larger as the 
metal core transfers to the oxide layer. Finally, the Cu core 
ions are completely consumed at the oxide layer, resulting 
in HNPs formation. Figure 2d shows the HRTEM image of 
single HNPs where the calculated d-spacing value of 0.23 
nm indicates the (111) plane of monoclinic CuO phase. This 

Fig. 3  Schematic growth 
mechanism of HNPs’ generation 
at low laser fluence
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observation reveals the formation of CuO HNPs, which are 
in confirmation with the above statement.

Further to establish the above given argument for the 
presence of HNPs, we performed the experiment at high flu-
ence of 80 J∕cm2 . The TEM micrograph is shown in Fig. 4a. 
At higher fluence, agglomerated bigger-sized NPs with dif-
ferent morphologies (such as spherical, cubic and hexagonal 
shapes) are observed. The size of these particles is in the 
range of 25–70 nm. The morphological distribution of Cu 
particles as we have shown for low-fluence ablation in DI is 
not possible in the present situation because of agglomerated 
particles. The presence of bigger-sized NPs in DI had been 
discussed elaborately in our previous work [28]. For com-
pleteness, it has been attributed to the high fluence and the 
properties of DI. Contrary to low fluence, at high fluence we 
have observed NPs with multiple pores as shown in Fig. 4b.

The presence of porous NPs at high fluence is because of 
dissolution of H

2
 and consequently release of H

2
 on satura-

tion. As compared to low fluence, in this case the energy 
is above the threshold of optical breakdown of water [24], 
and hence, we will have ample amount of H

2
 during abla-

tion. The H
2
 gas formed during thermal decomposition of DI 

interacted with some molten Cu particles in the process of 
ablation. This interaction results in the formation of molten 
Cu core with an appearance of gas shell filled with H

2
 and 

vapor of liquid. Recently, Kuzmin et al. [22] and Rawat et al. 
[28] reported the formation of HNPs of Al and Cu in ethanol 
where it is attributed to the enthalpy of H

2
 dissolution in Al 

and Cu being endothermic in nature and hence make them 
efficient absorber of H

2
.

The size and number of holes in NPs are dependent on the 
amount of hydrogen in the medium according to the relation 
P = DS [22], where ‘P’ is the permeability, ‘D’ is the dif-
fusion coefficient and ‘S’ is the solubility of hydrogen. The 
detailed schematics of the process is depicted in Fig. 4c-(2).

From the above experimental data and analysis, we con-
cluded the following: (1) At low fluence, the formation of 
HNPs is because of the Kirkendall effect and the follow-
ing pathway has been followed core → core–shell and then 
via Kirkendall effect HNPs are formed. (2) At high fluence, 
energy above the breakdown threshold of DI, porous NPs 
were observed and has been attributed to the dissolution of 
H

2
 and consequent release. Both of these experiments were 

carried out in DI, which is polar solvent and allows NPs to 

Fig. 4  (a) and (b) TEM micro-
graph of Cu NPs synthesized 
at 60-min ablation with laser 
fluence of 80 J∕cm2 in DI. (c) 
Schematic growth mechanism 
of Cu NPs at high laser fluence
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be readily oxidized. In addition, being hydrogen-saturated 
molecule at high fluence (above its optical breakdown) will 
make H

2
 molecule readily available. To establish the pro-

posed mechanism, the experiments were repeated in EG. As 
EG being oxygen-deficient solvent, the process of surface 
oxidation would be limited. It also acts as a capping sol-
vent by forming electrical double layer (EDL) [29] on the 
surface. Having breakdown threshold more than the DI, the 
availability of H

2
 molecules would be limited at high flu-

ence. On ablating the Cu target at low fluence, the obtained 
micrographs are shown in Fig. 5a, b. Contrary to DI, no trace 
of HNPs was obtained on ablating the target with the fluence 
of 27 J∕cm2 . As mentioned above in the absence of oxidation 
process, manifestation of Kirkendall effect would be limited, 
hence restricting the formation of HNPs. We have mainly 
observed the large particulates with some trace of spherical 
NPs. This is because, at low fluence, the expulsion of melt 
from the surface will be limited due to its less lifetime of 
the bubble; the required pressure would not be able to build 
up. As a result, the melt will get re-solidified on the sur-
face [11], which will be whirled out from the surface in the 
form of large particulates. Some of the particles because of 
high viscosity of EG (viscosity = 16.1 mPa s) remain in the 
focal region and encounter another pulse and get fragmented 

to form small NPs as indicated with red dashed line arrow 
in Fig. 5b. At high fluence, the obtained micrographs are 
shown in Fig. 5c, d. Contrary to DI, no traces of HNPs or 
porous NPs were observed. Establishing the fact that for 
having porous NPs, it is important to have free hydrogen in 
the solvent. In this case, we have mainly observed NPs hav-
ing spherical morphology with an average size of 3.4 ± 0.1 
nm (inset of Fig. 5d). Contrary to DI, the particle size is 
smaller, which can be attributed to the physical properties 
of EG (i.e., high viscosity, high density (� = 1.11 g∕mL) ) at 
high fluence [28].

3.1.2  XRD and SAED pattern Analysis

Figure  6a, b shows XRD patterns of immediately pre-
pared samples synthesized at laser fluence of 27 J∕cm2 and 
80 J∕cm2 in DI and EG for 60 min. At low-fluence ablation 
in DI and EG, we have observed single low-intensity Bragg’s 
diffraction peak from Cu NPs at 2� value of 43.4◦ , which 
correspond to (111) plane of fcc cubic structure. The pres-
ence of single peak is due to the low yield in the medium. 
To substantiate the obtained result at low fluence in both 
the media, we have performed SAED on the samples. As 
SAED being sensitive tool, a small number of NPs would be 

Fig. 5  TEM micrographs of 
60-min ablated Cu particles 
in EG synthesized with laser 
fluence of (a, b) 27 J∕cm2 (c, d) 
80 J∕cm2 . Inset in (d) shows the 
corresponding size distribution 
of Cu NPs
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enough to establish crystallinity and the phase transforma-
tion of the sample. The SAED patterns of colloidal solution 
of NPs in DI and EG are shown in Fig. 7a, b.

The SAED pattern analysis reveals the presence of (111), 
(210) crystalline planes of fcc cubic Cu NPs and (1-31) 
(-220), (220), (111) planes of monoclinic structure of CuO 
phase of NPs in DI. The corresponding interplanar d-spacing 
value of fcc and monoclinic phase of Cu and CuO NPs is 
obtained to be 0.20 nm, 0.30 nm and 0.10 nm, 0.13 nm, 0.14 
nm, 0.23 nm, respectively [13, 28, 30]. Similarly, in EG the 
interplanar distances of 0.20 nm, 0.11 nm and 0.13 nm, 0.08 
nm, 0.07 nm corresponding to lattice planes of (111), (-313) 
of fcc Cu NPs and (-220), (-331), (512) of monoclinic CuO 
NPs, respectively, were observed [13, 31]. The simultaneous 
presence of Cu/CuO phase indicates that the synthesized 
NPs are polycrystalline in nature.

At high fluence, more pronounced XRD peaks of Cu NPs 
at 29.8◦ , 43.4◦ , 50.5◦ and 73.9◦ were observed in DI, which 
correspond to (210), (111), (200) and (220) planes of cubic 
copper (JCPDs no.- 71-4610; 04-0784), respectively [13, 
32, 33]. In addition, major diffraction peaks from CuO NPs 
phase were also observed. These peaks are at 35.6◦ , 38.7◦ , 

61.5
◦ and 66.31◦ corresponding to (111), (200), (-113) and 

(022) (JCPDS no. 80-1916; 01-089-5896; 01-072-0629), 
respectively [10, 34–36]. However, in EG only the pure 
fcc phase of Cu NPs at 29.8◦ , 43.4◦ , 50.3◦ and 73.9◦ was 
observed. Contrary to DI, the monoclinic phase of CuO NPs 
was not seen in XRD. However, in SAED we have observed 
the presence of CuO. This can be attributed to the depend-
ence on the sensitivity and accuracy of the instrument.

3.2  Optical analysis

3.2.1  UV–visible analysis

The absorption spectra of the sample ablated for 60 min 
with laser fluence of 27 J∕cm2 and 80 J∕cm2 in DI and EG 
are shown in Fig. 8a–d. Absorption spectrum of colloidal 
solution of Cu NPs synthesized at 27 J∕cm2 in DI was fitted 
with four peaks using the Gaussian fit method. The position 
of the peaks is P1(271 nm), P2(315 nm), P3(402 nm), and 
the surface plasmon resonance (SPR) peak is P4(618 nm) as 
shown in inset of Fig. 8a. With the increase in laser fluence, 
we observed a change in the intensity as well as differences 

Fig. 6  XRD patterns of Cu/CuO 
NPs synthesized at laser fluence 
of 27 J∕cm2 and 80 J∕cm2 in (a) 
DI and (b) EG

Fig. 7  SAED patterns of Cu/
CuO NPs synthesized at laser 
fluence of 27 J∕cm2 in (a) DI 
and (b) EG
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in the UV region on the absorption spectrum of the sample. 
The position of peak at P1 and P4 remains unchanged, but 
peaks P2 and P3 merge and a broad peak has appeared at 
331 nm (data not shown). The peak P1 is attributed to the 
interband transition from the deep level of Cu atoms and its 
oxide [28, 37]. The broad peaks at P2 and P3 are assigned 
to the band edge absorption from CuO NPs and arise due 
to charge transition from oxygen to Cu ions [15, 28, 37, 
38]. Broadness of P2 and P3 peaks at low fluence and their 
merging at high fluence can be attributed to the reduction in 
the size of CuO NPs or the presence of wide size distribu-
tion of the particles [10, 15, 39, 40]. SPR peak, P4 is broad 
and asymmetric in nature (as shown in Fig. 8b). The broad-
ness and asymmetry of peak are attributed to the core–shell 
morphology present in DI [41]. With the increase in the 
fluence, no change in the position and the nature of peak are 
observed. This shows the presence of Cu@CuO NPs at high 
fluence, but due to high degree of agglomeration it is not 
observed in TEM micrographs. In the UV region, the con-
siderable change in the spectra at high fluence is observed 
as compared to low fluence, which is attributed to the high 
concentration of CuO NPs in the sample. At high fluence, 
the laser-induced breakdown of the solvent at highly focused 
laser beam (as in our case) predominantly leads to the gen-
eration of CuO NPs [37]. Also, the change in the concentra-
tion of colloidal solution of NPs is clearly seen in the inset 

of Fig. 8b, where light bluish color of the colloidal solution 
changes to dark greenish color.

Figure 8c shows the absorption spectra of Cu NPs ablated 
for 60 min in EG with 27 J∕cm2 and 80 J∕cm2 laser flu-
ence. Similar to DI, here also we observed four peaks at 
P1(280 nm), P2 (366 nm), P3 (465 nm) and P4 (586 nm). 
In comparison with DI, the peaks P1, P2 and P3 are broad 
and red-shifted, whereas SPR peak, P4, is blue-shifted. The 
broadness of the peaks retains same explanation as we did 
for DI case, and the blue shift of SPR peak is attributed 
to the presence of small-sized Cu NPs. On increasing the 
laser fluence, no appreciable change in the UV region was 
observed as was seen in DI case. The peak position of P1 
remains unchanged, but the peaks P2, P3 and P4 are shifted 
toward low wavelength region, i.e., at 324 nm, 450 nm and 
580 nm. Contrary to DI, in EG we observed the narrowing 
and the enhancement of SPR peak, which is attributed to 
the high concentration of Cu NPs. As EG being oxygen-
deficient molecules, the synthesis of CuO or Cu@CuO NPs 
will be limited. In addition, as EG being viscous, most of the 
large-sized particulates will undergo fragmentation giving 
rise to uniformly sized Cu NPs, resulting in the narrowing 
of SPR peak. Inset of Fig. 8d clearly indicates the change of 
color of colloidal solution of Cu NPs from light brownish 
to wine red color.

Fig. 8  UV–Vis spectra of 
Cu/CuO NPs synthesized at 
laser fluence of 27 J∕cm2 and 
80 J∕cm2 in (a) DI. (b) Its 
corresponding SPR peaks and 
color change of the sample. (c 
and d) Absorption spectra of the 
sample synthesized in EG and 
their corresponding SPR peak 
and color indication
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3.2.2  PL analysis

Figure 9a, b shows the PL spectra of colloidal solution of Cu/
CuO NPs synthesized at 27J∕cm2 and 80J∕cm2 for 60 min in 
DI and EG, respectively. To eliminate the signal appearing 
in the emission corresponding to the second harmonic of the 
excitation, both the graphs have been plotted with break. In 
Fig. 9a, the emission spectra of sample in DI recorded at the 
excitation wavelength of 275 nm are shown. On exciting the 
sample with 275 nm, we have observed emission peaks at 
391 nm, 488 nm and 623 nm. The sharp and intense peak at 
391 nm (3.2 eV) is attributed to the direct band edge emis-
sion arising from CuO NPs because of the electrons and 
holes recombination in CuO [38, 42], which are in confirma-
tion with the calculated band gap value of 3.85 eV as shown 
in supplementary Figure S2(a). The peak at 488 nm (2.54 
eV) is attributed to defect states originating from the emis-
sion mediated between oxygen vacancies and Cu interstitials 
[38]. The shoulder emission peak at 623 nm (1.99 eV) is 
attributed to the interband transition between sp-conduction 
band and d band of Cu NPs. Further, Das et al. and Rawat 
et al. reported that the origin of this peak is due to the intra-
band transition within sp conduction (i.e., HOMO–LOMO 
transition) triggered under the excitation wavelength range 
between 240 and 270 nm [28, 33]. For confirmation, we have 
excited the samples with 360 nm and 420 nm (absorption 
peaks of CuO NPs) and have observed the suppression of 
emission peak at 623 nm. The emission spectra are shown in 
supplementary figure S3. For higher laser fluence, the band 
edge emission of CuO NPs shifted toward the red region and 
appeared at 427 nm (2.90 eV). The emission peak at 427 nm 
is less intense and broad and the peak at 623 nm get disap-
peared. Peak at 427 nm is attributed to the indirect interband 
transition arising from the presence of valence defects in the 
synthesized NPs [43–45].

Subsequently, the PL spectrum of the samples synthe-
sized in EG with 27 J∕cm2 and 80 J∕cm2 of laser fluence for 
60 min is shown in Fig. 9b. Under the excitation of samples 

with 275 nm, a sharp and intense peak at ∼ 337 nm (3.67 eV) 
is observed together with shoulder and broad peaks at 422 
nm (2.93 eV) and 648 nm(1.91 eV). The sharp band edge 
emission from CuO NPs is in agreement with the calculated 
band gap value of 3.70 eV [as shown in figure S2 (b)]. Con-
trary to DI, the band edge and defect emission peaks are 
blue-shifted, whereas the peak related to intraband transition 
is red-shifted. The blue shift and red shift in the emission 
spectrum are because of the decrease and increase in the 
size of NPs, respectively. On increasing the laser fluence to 
80 J∕cm2 , the emission peak intensity of these peaks gets 
suppressed and the peaks get broader. The suppression and 
broadness of the emission peaks can be attributed to the 
presence of small-sized NPs with large number of defects 
[42, 46]. It is noted that the liquid environment plays a cru-
cial role in optimizing the size and defects state of Cu and 
its oxide NPs, which need further investigation.

4  Conclusion

Nanosecond pulsed laser operating at 1064 nm (8-ns pulse 
duration) and fluence of 27 J∕cm2 (low) and 80 J∕cm2 (high) 
was used to ablate Cu target immersed in two different sol-
vents, viz. DI and EG. At low and high laser fluence, abla-
tion of Cu target in DI results in the formation of HNPs and 
porous NPs, respectively. At low fluence, HNPs are formed 
via Kirkendall effect, whereas at high fluence, it is the result 
of dissolution of H

2
 and their consequent release on satura-

tion. In EG, no signature of hollow or porous NPs was seen 
at both fluences. This is because EG being oxygen-deficient 
and viscous in nature limits the formation of CuO and Cu@
CuO NPs at low fluence. At high fluence, because of being 
viscous the process of photofragmentation prevails giving 
rise to small-sized Cu NPs.

Fig. 9  PL spectra of Cu/CuO 
NPs dispersed in (a) DI and 
(b) EG
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