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Abstract

The thermal properties of graphene oxide (GO) nanoparticles’ colloidal suspensions
prepared using the microwave-assisted hydrothermal method were determined. The
mode-mismatched dual-beam thermal lens technique was employed to measure the
thermal diffusivity of GO nanoparticles for different concentrations in the base fluid.
By fitting the experimental data to the theoretical expression, the characteristic time
constant was determined. The thermal diffusivity of the fluids seemed to be strongly
dependent on the presence of the nanoparticles, increasing from 15.02+0.16x 10~
em?s7! to 27.59+0.51x 107 cm*s™! for concentrations ranging from 0.82 %V
to 4.00 %V of GO/H,O. As nanofluids concentration increased, a higher value of
thermal diffusivity was obtained. The optical properties, morphology and chemi-
cal structure and functional groups of the nanoparticles were characterized by UV—
Vis spectroscopy, transmission electron microscopy (TEM) and Fourier Transform
infrared spectroscopy (FTIR). Two main absorption peaks at 230 nm and at 303 nm
in the UV-Vis spectra were observed. TEM images revealed a uniform size distri-
bution and spherical in shape NPs with mean diameter of 7.4 nm. This novel type
of nanofluids have potential applications for heat transfer fluids like solar collectors
and heat exchange systems.
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1 Introduction

Photothermal techniques are of special relevance to evaluate the thermophysical prop-
erties of fluids. The thermal diffusivity is defined as the rate at which heat transfer into
a material having units of m?s~! and is expressed as D=klpc,, where k is the thermal
conductivity, p is the mass density and ¢, is the specific heat capacity. Several tradi-
tional techniques exist to measure these thermal properties, such as photoacoustic [1],
pyroelectric [2], photothermal deflection [3], resonant cavity [4], and thermal lens,
among others. In this work it is of special importance the thermal lens (TL) technique
for which a probe and an excitation laser are used. Their beams are guided collinearly
in the opposite direction in the mismatched-mode to measure the thermal diffusivity
of several substances such as nanofluids [5-7], paraffin [8], edible oils [9], nanocom-
posites graphene-based polymers [10], modified TiO, nanoparticles and nanofluids
that show high energy efficiency in cooling computer systems [11], hybrid nanofluids
[12], nanofluids of conductive materials and phase change materials [7, 13], among
others. The use of the thermal lens is a very important tool in the thermal characteriza-
tion of liquids and semitransparent films due to it is a very sensitive, and non-invasive
technique. Edible oil, biodiesel and water are for example some of the conventional
liquids for heat transfer. However, their efficiency as heat transfer in liquids can be
improved. Then, it is necessary to improve their thermal properties. To improve heat
transport, metallic nanoparticles are added to fluids such as oil and water. The concen-
tration and dispersion of these particles would improve the thermal properties of the
fluid compared to the base liquid, and consequently, the range of applications would be
expanded. For example, graphene has high rigidity, outstanding electrical properties,
and high thermal conductivity (3000 W-mK~! to 5000 W-mK~!) in a plane at room
temperature. Therefore, is of special interest to use graphene for thermal properties
enhancement [10, 14, 15].

Most of the literature, is found to be based in the study of nanofluids’ thermal con-
ductivity. It has been reported that the thermal conductivity increases with the increase
in the concentration and size of the nanoparticles for nanofluids. For example, it has
been found that the thermal conductivity of nanofluids with metal oxide nanoparticles
for concentrations higher than 1 % is remarkable increased compared to the base fluid
[16]. In addition, in many of the works on the thermal conductivity of nanofluids, dif-
ferent particles such as CNTs and metal oxide particles have been used measuring their
thermal properties at room temperature. Ahammed et al. [16] showed that the ther-
mal conductivity of graphene in water is influenced by temperature. The percentage
of enrichment of thermal conductivity was around 18 %V for 0.17 %V concentration
at room temperature measured by hot wire technique. Esfahani et al., [17] reported an
enrichment of GO nanosheets of 19.9 % for a concentration of 0.5 wt% in water as
the base liquid. In this work, the thermal diffusivity of graphene oxide (GO) in water
was measured using the thermal lens technique at room temperature for high concen-
trations. Until now, no works have been found in the literature, for which this thermal
property of GO is reported for higher concentrations. Possible applications of this work
lies on of high-performance chillers in solar cells [12] micro-electronics [18], nuclear
energy and systems for enhancing forced convective heat transfer [13].
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2 Experimental Part
2.1 Samples Preparation

The GO was prepared using the methodology Hummers with some modifications
[19]. For the synthesis, 1 g of graphite was added into 23 mL of 98 % H,SO, and
stirred at room temperature for 24 h. After that, 100 mg of NaNO; was added to the
mixture and stirred for 30 min. Subsequently, the mixture was kept below 5 °C using
an ice bath, and 3 g of KMnO, was slowly added. After heating to 35 °C—40 °C, the
mixture was stirred for another 30 min. Then, 46 mL of water was added for 25 min.
Then, 140 mL of water and 10 mL of 30 % H,0, were added to stop the reaction.
Then, the sample was centrifuged and the synthesized GO at a concentration of 0.5
mg-mL~! was dispersed by sonication into individual sheets in distilled water. With
the TL technique, it is important to highlight that the samples were sonicated for 50
min to avoid agglomeration of the nanoparticles and the measurement was taken
in less than one second. An aqueous dispersion of GO was prepared by chemical
reduction of GO using benzylamine. Then, 2 mL of GO aqueous dispersion was
added into 4 mL of H,O and 200 mL of benzylamine were added and the sample
was stirred for 30 min at room temperature. After that, the mixture was heated to
90 °C for 90 min. Finally, a dark brown GO dispersion was obtained. The GO nano-
fluids were stable for 3 months without significant change in the spectral pattern
(not shown). Electrostatic interactions and hydrogen bonding between GO and water
play a significant role in extraordinary properties of stabilizing in the solution [20].
Concentrations of graphene/water used in this work were 0.82 %V, 1.63 %V, 2.43
%V, and 3.22 %V, 4 %V (Fig. 1). Due to the GO samples are contained in water,
the calibration was done with the base liquid. From the expression t,=w, /4D, it
is possible to obtain the adjustment parameter tc to determine the thermal diffusiv-
ity. The errors for each concentration, which vary between 1 and 4%, are typical
errors in the fit of the theoretical thermal lens equation to the experimental data.
Before the measurements, a previous calibration is made to see if similar values are
obtained. 10 measurements of the samples were taken and to find the uncertainty of

c,’(l,%v 639V

Fig. 1 Preparation of graphene oxide (GO) for different concentrations 0.82 %V, 1.63 %V, 2.43 %V, and
3.22 %V, 4 %V by the method of Hummers [19]
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the thermal diffusivity value | AD | =D |At ./t |, the uncertainty of data depending on
one variable procedure was used [21].

2.2 Experimental Set-up

The basic principle of the thermal lens technique (TL) consists to expose a sample
to an excitation laser with a Gaussian distribution. Then, the sample absorbs the
incident photons and the energy is transformed into heat, generating temperature
gradient. This results in a variation of the refractive index of the sample. A second
probe laser of lower energy passes through this medium creating a divergent or con-
vergent. This effect is called TL. This signal provides information on the thermal
properties of the sample and is widely used for the measurement of the thermal dif-
fusivity of semitransparent samples [22].

The TL experimental setup is shown in Fig. 2. An Ar*Xe excitation laser with a
wavelength of 534 nm and power of 40 mW is focused by a converging lens 1 of 10
cm, a shutter with a time of less than 1 ms, passing through a cuvette (1 cm) where
the sample is contained. A second probe He—Ne laser with a wavelength of 632 nm
and a power of 1 mW is slightly defocused by a 25 cm lens 2 and passed through
the sample [9]. The waist of the probe and the excitation lasers are w,=49 pm and
w, =181 pm. The signal obtained from the sample is collected using a photodiode
(Thorlabs) using a spatial filter and a pinhole to ensure that only the signal from the
probe laser light is detected and to concentrate the signal in the center of the detec-
tor. The signal obtained is recorded and decoded by a Labview software.

In Fig. 3, the typical spectra of the TL signal is shown. The system was calibrated
with distilled water with a thermal diffusivity of 14.08 +0.09x 10~ cm?/s.

From Eq. 1 the TL signal is fitted and the adjustment parameters 0 and ¢, associated
with the photothermal energy and the characteristic time of the formation of the TL are
obtained. The photothermal signal as a function of time is given by [22]:
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Fig.2 Experimental set up for mode-mismatched dual-beam TL where F and M are filters and mirrors,
respectively
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Fig.3 TL spectra transient for distilled water (prior to the measurements, the system was calibrated with

water, with a thermal diffusivity of 14.08 +0.09x 10 cm?:s™! and the samples were homogenized in an
ultrasonic bath for 50 min)

2
10 =1, 1= an - 2’")/ (1)
2 [(1+2m)* + V2] = + 1+ 2m + V2
where:
2
w
(2
We
_ PALd, .
i, dy )

where I(f) and I, are the intensities in the center of the beam at time ¢ and for /
(t=0) at the initial time, respectively. P, is the power of the excitation laser, A, L, k,
A, and d/dy are the absorption of the sample, the length of the quartz cuvette, the
thermal conductivity, the wavelength of the probe laser and the coefficient of the
refractive index as function of the temperature, respectively; w,, and o, are the ratio
of the probe and excitation beam of the sample, respectively. The constant optical
parameters were m=13.69 and V=1.22. The time of TL formation for ¢, is calcu-
lated as follows:

w
D= 4—(cm2 s7h) 4)

c

Nl KNS

@ Springer



107 Page6of11 International Journal of Thermophysics (2021) 42:107

3 Results and Discussion

A Genesis 10 S UV-vis spectrophotometer was used to obtain the UV—visible
spectrum of the samples in the range of 190-500 nm, with a step of 5 nm. The
GO structural characterization and the morphology and particle size were deter-
mined by transmission electron microscopy (TEM). The measurements were
made with a JEOL JEM1010 electron microscope with an accelerating voltage of
60 kV. For TEM characterization, a droplet of the nanofluids was placed on car-
bon-coated copper grid and dried at room temperature. Fourier Transform infra-
red spectroscopy (FTIR) was used to study the chemical structure and functional
groups presents in a range of 400-4000 cm™! with a step of 2 cm™! with a Perkin
Elmer spectrometer [23].

UV-Vis spectroscopy spectrum of the graphene oxide nanoparticles disper-
sions at different concentrations of graphene/water: 0.82 %V, 1.63 %V, 2.43 %V,
3.22 %V, and 4.00 %V is shown in Fig. 4. There are two main absorption peaks,
one at 230 nm and another at 303 nm in the UV-visible. The peak at 230 nm is
due to n—n* transition of C—C aromatic bonds for GO and the peak at 303 nm
correspond to an n—n* transition. A shift of the peaks in the visible region is
observed. Also, the absorption value increase when increased the concentration
of the graphene oxide nanoparticles [24, 25].

TEM images of the particles with a uniform particle size distribution and
spherical in shape are shown in Fig. 5 with diameters on the nanometric scale.
Based on measurements taken from the TEM micrographs, the size distribution
histogram for the samples was obtained (Fig. 5). A Gaussian adjustment with a
narrow distribution of diameters with an average particle diameter of 7.4 nm and
its size distribution with a standard deviation of 0.8 nm show the homogeneity of
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Fig. 4 Optical absorption spectra of GO nanoparticles with %V concentration
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Fig.5 (a) TEM micrographs; (b) size distribution of graphene oxide particles with an average size of 7.4
nm and standard deviation of 0.8 nm

the diameter of the graphene oxide nanoparticles. The images were analyzed by
Imagel] software.

The TL signal for different concentrations of GO is shown in Fig. 6. The con-
tinuous line shows the best fit of the Eq. 1 to the experimental data. The adjust-
ment parameters characteristic time 7, and 0 were obtained. Using t,, the thermal
diffusivity value was obtained from Eq. 4. 0 is proportional to the variation of the
refractive index as a function of the temperature (dn/dT) using Eq. 3. For each con-
centration 0.82 %V, 1.63 %V, 2.43 %V, 3.22 %V and 4.0 %V, the thermal diffusiv-
ity values were obtained: 15.02+0.16 cm?s™!, 17.07+0.11 cm?s™!, 20.53+0.25
cm?s~!, 22.65+0.26 cm®s™' and 27.59+0.51x10™* cm?s~, respectively. Dis-
tilled water was used for TL system calibration. A thermal diffusivity value of
14.08£0.09 x 107 cm?s™! was obtained in agreement with the values reported in
the literature [26, 27]. To measure the thermal diffusivity of the water for calibra-
tion, a small concentration of R6G (rhodamine) at 0.0024 mg-L_1 was used to obtain
an optimal window in the visible region. Water thermal diffusivity is similar in mag-
nitude to common solvents showing poor thermal blooming effect. A dye such a
R6G added to water improves the light absorption without altering the thermal dif-
fusivity of the medium [28, 29]. Table 1 summarizes the results of the concentra-
tions in %V, t., 0 and the diffusivities obtained by thermal lens.

There was an increase in thermal diffusivity with the concentration in %V of the
nanoparticles as seen in Fig. 7. For example, this increase in thermal diffusivity was
around 60 % for a 3.22 %V concentration of graphene compared to water at room
temperature. Esfahani [17] reported an enrichment of GO nanosheets of 18.9 % for
a concentration of 0.1 wt% in water as the base liquid. When increasing the con-
centration to 0.5 wt%, the enhancement was 19.9%, observing little variation of the
enrichment, different to this work. According to Esfahani, the concentration of gra-
phene is not relevant in thermal conductivity measurement. Therefore, in this work
it was demonstrated that the concentration of GO is important for diffusivity thermal
determination this was relevant, opposite to Esfahani’s work. It is known that by the
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Fig.6 TL signal for the different GO/water concentrations

relation D =k/pC,, the thermal diffusivity is proportional to the thermal conductivity.
If there is an increase in conductivity, the thermal diffusivity increases. Although the
density and the heat capacity are involved in the equation, none of them were meas-
ured in this work. The product of pC,, have been defined as the specific volumetric
heat capacity of the nanofluid [30]. Authors like Zhou et al., have demonstrated that
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Table 1 Thermal parameters, diffusivity and % enhancement for the different concentrations

No. GO/H,0 (%V) 1, (107*s) 0 (x107h D (107* cm?%/s) Enhance-

ment (%)
H,0 28.40+0.22 94.86+0.20 14.08 +0.09

1 0.82 29.76 +0.33 2.16+0.006 15.02+0.16 7

2 1.63 26.19+0.17 2.00+0.001 17.07+0.11 22

3 2.43 21.77+0.27 2.71£0.006 20.53+0.25 47

4 3.22 19.74+0.23 2.93+0.005 22.65+0.26 62

5 4.00 16.20+0.30 2.46+0.009 27.59+0.51 95

*The values of 7, and © were obtained from the theoretical fitting according to Eq. 1 and D from Eq. 4
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this specific volumetric heat capacity is almost constant as a function of the volume
of the fraction in the nanofluid [31]. The increase in conductivity with an increase in
the volume of the fraction have been well demonstrated in the literature [32]. Afrand
et al. [33] where it reported for nanoparticles dispersed in different base fluids, an
enrichment of 90 % in nanofluids containing Fe;O, nanoparticles in water for a con-
centration of 3 V%. From the experimental results it can be seen that thermal con-
ductivity is enhanced with an increase in the volume fraction as shown in this work
with a value of 95%. Although increasing concentration of nanostructures is known
to be effective in enhancing the thermal conductivity of nanofluids, the mechanisms
related to this enhancement must be elucidated.

The increase in thermal diffusivity of graphene oxide suspended in water with
concentration has been explained due to the following factors which influence the
enhancement of thermal diffusivity such as phonons, free electrons, collisions, and
molecular diffusivity. If there is an increase in the temperature in the nanofluid, the
heat transfer increases due to a greater vibration (phonons), a greater energy of free
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electrons and a rapid collision and molecular diffusion induces a higher thermal
conductivity, due to the suspension of solid nanoparticles [16, 34].

4 Conclusions

Colloidal suspensions of graphene nanoparticles were prepared using the micro-
wave-assisted hydrothermal method. The thermal diffusivity of nanofluids such as
water containing graphene oxide (GO) nanoparticles, was observed to be strongly
dependent on the presence of the nanoparticle concentration. The results show that
the nanofluid had a substantially increased thermal diffusivity with respect to the
base fluid. The diffusivity had an enrichment of 7 % to 95 % for concentrations of
0.82 %V to 4.0 %V. Possible factors for the enrichment of thermal diffusivity are
due to phonons, free electrons, collisions, and molecular diffusion of the sample.
Possible applications of this work is related to high cooling for devices such as solar
cells and in micro-electronics.
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