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Laser-induced thermal lens study of the role of morphology and
hydroxyl group in the evolution of thermal diffusivity of copper oxide
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The paper explores the evolution of thermal behavior of the material by studying the variations in thermal diffusivity
using the single beam thermal lens (TL) technique. For this purpose, the decomposition of Cu(OH)2 into CuO is studied in a
time range up to 120 h, by subjecting the sample to morphological, structural, and spectroscopic characterizations. The time
evolution of thermal diffusivity can be divided into three regions for demonstrating the dynamics of the reaction. When the
reaction is complete, the thermal diffusivity is also found to be saturated. In addition to the morphological modifications,
from rods to flakes, the variations in the amount of hydroxyl group are attributed to be responsible for the enhancement
of base fluid’s thermal diffusivity by 165%. Thus the study unveils the role of hydroxyl groups in the thermal behavior of
CuO.
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1. Introduction
The studies on nanomaterials of transition metal oxides

are attractive because of their typical magnetic, electrical, and
optical properties. Also, they show high thermal stability,
hardness, and chemical resistance.[1] The oxide nanoparticles
of the transition metals Ni, Zn, Fe, Ti, Co, Ce, and Cu are
the commonly used materials for the preparation of nanoflu-
ids for heat transfer applications.[2–8] Copper oxide is one of
the extensively investigated transition metal oxides for vari-
ous applications ranging from the electronic industry to the
chemical industry.[9–11] Copper oxide is a narrow bandgap
metal oxide that possesses two different crystalline forms,
named cuprous oxide (Cu2O) and cupric oxide (CuO).[12]

Cupric oxide shows good photovoltaic, catalytic, and elec-
trochemical properties.[13,14] The nanoparticles of CuO have
a wide range of applications such as gas sensors, magnetic
storage media, catalysis,[15,16] batteries, solar energy conver-
sion, high-temperature superconductors,[1,17] and dilute mag-
netic semiconductors.[12]

The shape, size and structure of material have a great in-
fluence on the thermal, chemical and physical properties of
the material.[5,15,18] So, reducing the size of the material to
nanoscale will give some unique features to the material like
homogeneity, large interfacial area, and high surface to volume
ratio.[16] The low-cost synthesis of nanostructures has got con-
siderable attention due to their wide range of applications in
magnetic, electronic, and photonic devices. The unique struc-
tural and dimensional characteristics of them have got its sig-
nificance in the fabrication of nanoswitches, nanosensors, and
transistors.[13] Nowadays, the synthesis of nanomaterials of

desired chemical, physical and thermal properties with dimen-
sional control is a challenging goal due to their wide range of
practical applications.[13] According to the literature, the mor-
phological variation during the synthesis process highly influ-
ences the thermal properties of a material, especially the ther-
mal conductivity. The reports say that the aggregated structure
usually gives more thermal conductivity,[19,20] and compared
to spherical nanoparticles, nanorods have higher thermal con-
ductivity since the shape factor is high for the nanorods.[19,21]

The low-cost fabrication of nanostructure shapes with de-
sired property monitoring is still a challenging issue. Several
methods are possible for the synthesis of CuO with multiple
morphologies and shapes. Some of such techniques are the hy-
drothermal method, sol-gel synthesis, solution-phase chemical
synthesis, one-step solid-state reaction technique,[19] and laser
ablation technique.[22] Most of these methods require sophis-
ticated equipment, high pressure, temperature, toxic reagents,
reducing agents, and electric furnaces.[14,22,23] But the litera-
ture reveals that the decomposition of copper hydroxide pro-
duces copper oxide even at room temperature in the presence
of aqueous media.[13,22,24] Also, this solution-phase decom-
position technique has desired mastery over the grain size and
shape of the nanoparticles. When the decomposition of copper
hydroxide forms copper oxide, the synthesised CuO nanopar-
ticles will show the same morphological characteristics as the
parent copper hydroxide. So, the control over the morphologi-
cal characteristics of the resultant CuO nanoparticles is possi-
ble by giving sufficient control on the morphology of the par-
ent copper hydroxide.[19]

The incorporation of nanoparticles into a base fluid
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greatly influences the thermal behaviour of the base fluid,
making it suitable for heat transfer applications. Among sev-
eral oxide nanoparticles found to be used in nanofluids, CuO
nanoparticles are essential because of their various industrial
applications and also as thermal diffusivity enhancers.[1] Since
heat transfer occurs at the particle surface, the nanosized parti-
cles with a large surface to volume ratio help in improving the
heat transfer properties.[25] In layer theory, for a nanofluid, the
nanolayer acts as a thermal bridge between the bulk liquid and
the solid nanoparticle. Also, the intermediate physical state of
the layered molecules between the bulk liquid and solid will
increase the thermal conductivity.[26,27] In the case of solids
alone, the interfacial resistance between the solid/solid inter-
face will lower the thermal conductivity, which will become a
barrier in the heat transfer application. But in particle-liquid
suspensions, the contact resistance is not dominant between
the solid-liquid interface, which will lead to an enhancement in
thermal conductivity.[26,27] The present work reports the vari-
ations in the thermal behavior during the formation of CuO
from copper hydroxide. The study of thermal diffusivity re-
veals the changes in the thermal behavior of a sample.

Of several methods-steady-state and non-steady-state-for
the thermal characterisation of the material, laser-assisted
techniques stand unique in terms of their sensitivity, accuracy,
non-destructive nature, and lesser sample requirement for the
study.[28,29] The methods such as thermal lens, photo-acoustic,
and beam deflection are the popular non-destructive and non-

steady state methods for determining the thermal diffusivity
of a material.[30–33] In these techniques, only the photons ab-
sorbed by the material alone contribute to the photothermal
signal that offers a high signal to noise ratio and sensitivity.[29]

In this paper, an attempt has been made to unveil the evolu-
tion of the thermal behavior of CuO during its formation from
Cu(OH)2 by studying the variations in thermal diffusivity us-
ing the single beam thermal lens technique.

2. Materials and methods

In the present work, the single beam thermal lens (TL)
technique is used to investigate the evolution of thermal dif-
fusivity of CuO nanofluid. In this technique, the same laser
source acts as the pump and the probe.[5,34,35] The principle
behind the TL spectroscopic technique is the variation of re-
fractive index produced inside the medium due to localized
heating through a sufficient laser source.[36] Figure 1 shows
the experimental arrangement. A convex lens focuses a He-
Cd laser emitting radiations at 442 nm with a power of 80 mW
and a focal length of 20 cm on the liquid sample placed inside
a cuvette. The continuous wave laser beam is modulated by
using an electro-mechanical chopper at a frequency of 4 Hz.
The laser beam coming out of the sample is collected by an
optical fibre and detected using a sensitive photodiode. The
output of the photodiode is displayed using a digital storage
oscilloscope (DSO).[37]

He-Cd laser
442 nm lens chopper sample

aperture

optical
fibre

DSO

detector

Fig. 1. Schematic representation of single beam thermal lens technique.

The optical absorption resulting in the nonradiative de-
excitation develops a temperature gradient inside the sample.
Hence, a refractive index gradient occurs within the sample
and acts as a concave lens diverging the laser beam. The in-
tensity of the emergent laser beam I(t) is given by[21]

I (t) = I (0)
[
1−θ

(
1+

tc
2t

)−1
+

1
2

θ
2
(

1+
tc
2t

)−2]−1
, (1)

where I(0) is the initial intensity, tc is the characteristic time
constant which is related to the thermal diffusivity (α) and the
beam radius (ω) by the relation

tc =
ω2

4α
, (2)

and θ is the parameter relating the steady-state intensity, I∞,

and I0 as given by the equation

θ = 1− (2I)
1
2 , (3)

where I = (I0− I∞)/I∞.

In the present work, 0.5 M copper nitrate (Cu(NO3)2) and
0.5 M sodium hydroxide (NaOH) are used for the synthesis of
copper oxide (CuO) by the chemical precipitation method. For
this, NaOH solution is drop wisely added into copper nitrate
solution under vigorous stirring at room temperature. After
the complete addition of NaOH, 10 ml of the resultant solu-
tion is taken and then washed, dried, and ground. This sample
is labeled as S1. The same process is repeated at time t = 4, 8,
12, 24, 48, 72, and 96 h, and the samples are labeled as S2, S3,
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S4, S5, S6, S7, and S8, respectively. The chemical reaction
that leads to the generation of CuO[13,14,23,24] is given below:

Cu(NO3)2 +2NaOH → Cu(OH)2 +2NaNO3,

Cu(OH)2 → CuO+H2O. (4)

The structural and morphological characterizations of the
powdered samples used for preparing the nanofluid are car-
ried out using x-ray diffraction (XRD-Bruker D8 Advanced
x-ray diffractometer with Cu Kα radiation with a wavelength
of 1.5406 Å), Fourier transform infrared (FTIR-Shimadzu
IRAffinity-1 FTIR spectrophotometer), and field emission
scanning electron microscopy (FESEM-Nova Nano). The UV-
visible absorption spectrum is recorded using Jasco-V-550. In
the present work, CuO nanofluid is prepared by mixing 1 mg
of the sample in 2 ml distilled water, sonicated, and subjected
to thermal diffusivity study. C1–C8 are the nanofluids corre-
sponding to the samples S1–S8, respectively.

3. Result and discussion

In the present work, CuO is synthesized at room temper-
ature by the decomposition of the copper hydroxide, produced
from copper nitrate and sodium hydroxide. The morpholog-
ical modification of the reactants transforming into CuO can
be understood from the FESEM images of the samples S1–S8
shown in Fig. 2. The FESEM image clearly shows a trans-
formation of rod-like morphology (for S1) into flakes (for
S8). Figure 2 reveals that the rod-shaped Cu(OH)2 decom-
poses into smaller rods during the first eight hours of synthesis
(Figs. 2(a)–2(c)). A gradual assembling of smaller rods into
flakes takes place up to the 48th hour. After that, a breaking
down of the flakes (for S7 and S8) occurs.

The structural characterization of the synthesized sample
is carried out by using XRD. The XRD patterns of samples
S1–S8 are recorded in the range 2θ = 15◦ to 80◦ in a scanning
step of 0.02◦. We have already investigated and reported[38]

the modifications in the XRD pattern during the evolution of
Cu(OH)2 to CuO. The XRD pattern shown in Fig. 3 has been
reproduced with the permission of the journal, understanding
the evolution of CuO. For samples S1–S3, the prominent peaks
in the XRD pattern match well with the JCPDS file No. 35-
0505, which confirms the orthorhombic structure of copper
hydroxide. But, for samples S4–S8, the peaks at 35◦ and 38◦

become more intense and sharper, and all the peaks match with
the JCPDS file No. 801917 indicating the monoclinic structure
of CuO. So, the XRD analysis confirms the transformation of
copper hydroxide into copper oxide.
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Fig. 2. FESEM images of the samples (a) S1, (b) S2, (c) S3, (d) S4, (e) S5,
(f) S6, (g) S7, (h) S8.
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Fig. 3. XRD patterns of samples S1–S8.[38]

The FTIR spectroscopy is another powerful tool for struc-
tural characterization where the functional groups present in
the material is identified from its frequency of vibration. The
FTIR spectrum of the samples S1–S8 is shown in Fig. 4. We
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have already reported the modifications in the FTIR spec-
tra during the evolution of CuO from Cu(OH)2.[38] During
the transformation of copper hydroxide into copper oxide, in
samples S4–S8, the peak around 1050 cm−1 due to O–NO2

stretching vibration disappears, while the peak corresponding
to Cu–O stretching mode around 600 cm−1 appears. Also,
the intensity of peaks due to OH groups, around 830 cm−1,
1350 cm−1, 1640 cm−1, and 3400 cm−1, decreases upon age-
ing. The study revealed the increase in the intensity of the
transmittance peak corresponding to the OH group with time.
The presence of the peaks around 600 cm−1 and 480 cm−1

also suggests the formation of CuO.[39–44]
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Fig. 4. FTIR spectra of samples S1–S8.

The optical properties of samples C1–C8 are analyzed us-
ing the UV-visible absorption spectra, shown in Fig. 5. The
figure reveals the enhancement in absorption during the evo-
lution of CuO from copper hydroxide. The UV-visible spectra
show an absorption peak around 265 nm due to the charge
transfer between 2p orbitals of oxygen and 4s bands of Cu2+

ions.[45]
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Fig. 5. UV-visible absorption spectra of samples C1–C8.

The chemical decomposition turning Cu(OH)2 into CuO
is also reflected by the thermal behavior of the sample. The
thermal diffusivity of the CuO nanofluid samples is measured

using the single beam thermal lens spectroscopic setup shown
in Fig. 1. Single beam thermal lens study helps understand the
evolution of thermal diffusivity during the formation of CuO
and throws light on the chemical reaction taking place. The
formation of the thermal lens within the sample is confirmed
by the thermal blooming shown in Fig. 6. The periodic de-
position of heat generated by the non-radiative de-excitation
develops a temperature gradient inside the medium, which re-
sults in thermal blooming. Thermal waves are produced inside
the medium with a periodicity same as that of the light falling
in the medium. The rings observed in blooming are the result
of these thermal waves propagating in the medium. Figure 7(a)
shows the output of DSO corresponding to the thermal decay
process of sample C4 as a representative, and Fig. 7(b) shows

Fig. 6. Thermal blooming.
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the experimental fit to the decay curve. The refractive index
profile of sample C1 is shown in Fig. 8. It can be used to
demonstrate the spatial distribution of the refractive index as
well as temperature. The change in refractive index will be
maximum along the line of propagation of the laser beam.
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The thermal diffusivity of different samples is calculated
using Eq. (2). From the variation of thermal diffusivity with
time shown in Fig. 9, it is evident that the decomposition rate
or the reaction rate is high during the initial stage and slows
down later. Accordingly, Fig. 9 can be divided into three re-
gions. In region 3, the XRD (Fig. 3) and FTIR analysis has
confirmed that the system contains CuO. The near stopping of
chemical decomposition appears as a reduction in the rate of
change of thermal diffusivity, as shown in Fig. 10. Though
the thermal diffusivity increases during the transformation of
Cu(OH)2 into CuO, the variation in its rate of change indi-
rectly points to the reaction kinetics. In other words, the ther-
mal lens study helps not only in understanding the evolution
of thermal diffusivity of material during its formation but also
reveals the reaction dynamics involved. The enhancement of
thermal diffusivity of the base fluid (here, water) is 165% to-
wards the end of the decomposition reaction when CuO is
formed. The increase in the thermal diffusivity value depends
significantly on the morphological modifications displayed in

Fig. 2. An observation through Figs. 2(a)–2(h) indicates mor-
phological modification from a more porous to a less porous
system as a result of the aggregation of nanorods into flakes.
This brings in reduced phonon scattering resulting in thermal
diffusivity enhancement. The experimental results reveal that
as the amount of OH group decreases, the thermal diffusivity
value increases.
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Fig. 10. Rate of change of thermal diffusivity (α) at the three regions.

4. Conclusion
The paper reports the evolution of thermal diffusivity dur-

ing the formation of material, taking CuO as an example. The
single-beam TL technique can be used for the TL study of
the decomposition of Cu(OH)2 into CuO due to ageing. The
morphological modification is analyzed from the FESEM im-
ages. The structural analysis carried out using the XRD and
FTIR confirms the transformation into CuO. The UV-visible
spectroscopic study shows an increase in absorption during
the process of evolution. The thermal diffusivity study carried
out at different stages during the ageing process indicates three
steps. In the initial one, the rate of increase of thermal diffusiv-
ity value is attributed to the faster rate of chemical transforma-
tion, which slows down in subsequent stages. The study shows
that the thermal diffusivity enhancement of the base fluid is
165% when CuO has formed. The reason for this increase in
the thermal diffusivity value is evidenced by the morphologi-
cal modifications taking place as a result of the aggregation of
smaller nanorods into larger flakes resulting in the reduction of
phonon scattering. Besides the morphological modifications,
the variation in the number of hydroxyl groups in the sample
is also found to influence the thermal diffusivity significantly.
Thus, the study points to the dynamics of thermal diffusivity
evolution in copper oxide nanofluid.
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