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A B S T R A C T   

Graphite-oxide (GO) nanofluids with enhanced thermal conductivity are successfully prepared 
using pulsed laser ablation in liquid (PLAL) of a graphite target in deionized water. The effects of 
laser frequencies are investigated on the variations of GO nanoparticles. The morphology, 
structure and composition of the nanoparticles are characterized using various spectroscopic 
techniques. During the PLAL process, graphite is oxidized to GO which is inherently hydrophilic, 
no surfactant is required in the preparation of nanofluid. The laser frequency significantly affects 
the size and morphology of the GO nanoparticles during laser ablation, leading to a profound 
variation in the thermophysical properties of the GO nanofluids. At the laser frequency of 10 Hz, 
the maximum thermal conductivity enhancement of 82% is achieved at a temperature of 50 ◦C 
while the maximum viscosity increment is recorded at a temperature of 30 ◦C. This study shows 
the great potential of the PLAL method in synthesizing GO nanofluid with anomalously enhanced 
thermal conductivity.  
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1. Introduction 

Graphite, one of the allotropes of carbon, is known to have excellent physical, chemical, thermal, and electrical properties [1]. 
Compared to its bulk counterpart, graphite in the nanoscale offer more superior properties due to the increased surface area to volume 
ratio [2]. As such, it has attracted considerable interest in applications such as battery [3], supercapacitor [4], fuel cell [5], hydrogen 
storage [6,7], and heat transfer [8,9]. The conventional heat transfer fluids such as water, ethylene glycol, and oil are shown to have 
poor thermal conductivity [10]. This is due to the low thermal conductivity of liquid compared to solids. An alternate solution is to add 
nanoparticles into the base fluids to improve its heat transfer properties. The term “nanofluid” is used to describe the suspension of 
nanoparticles into a base fluid such as water, ethylene glycol, and oil to create a two-phase system of solid-liquid. It was first proposed 
by Choi in 1995 and has been classified as a new class of heat transfer fluid due to the superior thermal conductivity enhancement [11]. 
Ever since, extensive studies have been carried out on nanofluids with different types of nanoparticles and base fluids to investigate the 
thermal characteristics. 

Addition of carbon-based nanoparticles is capable of enhancing the thermophysical properties of the conventional working fluids 
and hence enhancing the heat transfer performance. Graphene oxide/water nanofluid was used to enhance the thermal performance of 
a two-phase closed thermosyphon (TPCT) [12]. A maximum of 83.3% of enhancement in the average evaporator heat transfer co-
efficient as compared to the uncoated TPCT was obtained. The thermal conductivities of multiwalled carbon nanotubes (MWCNTs) 
dispersed in water at 0.5 wt% were characterized, with a maximum thermal conductivity enhancement of 22.31% [13]. Another study 
investigates the graphene wrapped MWCNTs dispersed in deionized (DI) water and ethylene glycol (EG) [14]. The thermal conduc-
tivity enhanced 11.3% and 13.7% at 0.04% vol for DI water and EG, respectively. It was shown that the particle size and viscosity of 
graphene oxide nanofluids increased linearly by increasing the graphene oxide concentration from 0.01 to 0.1 wt% [15]. The 
MWCNTs/water nanofluids were applied to investigate the energy and exergy efficiencies of the evacuated tube solar collector [16]. 
The maximum energy and exergy efficiencies were obtained as 55% and 10%, respectively. Another study shows that the single wall 
carbon nanotubes (SWCNTs) nanofluid provides a better heat transfer rate compared to the MWCNTs nanofluid due to its more superb 
thermal conductivity [17]. 

Many one-step and two-step methods have been developed to synthesize nanofluid with different characteristics, such as chemical 
vapor deposition (CVD), chemical reduction, mechanical exfoliation and solvothermal techniques [18,19]. The graphite encapsulated 
metal (GEM) nanoparticles were synthesized using the arc-discharge method [20]. Graphite nanofluid was also prepared by using the 
electro-discharge process [21]. A solvothermal reduction method was used to synthesize reduced graphene oxide and then dispersed 
them in organic solvent to form nanofluid [22]. Carbon nanoparticles were synthesized using microwave plasma chemical vapor 
deposition [23] and microwave pyrolysis [24]. Magnetic carbon nanoparticles were also synthesized using microwave plasma tech-
niques [25,26]. However, most of these methods are relatively expensive and particle agglomeration might also occur in techniques 
such as physical and chemical methods [27]. Besides that, nanoparticles produced using chemical methods also contain harmful and 
toxic materials [28]. 

In this study, pulsed laser ablation in liquid (PLAL) is a one-step method proposed to synthesize graphite nanoparticles that are 
dispersed in the water as base fluid. PLAL is a promising nanomaterial synthesis technique that employs a laser (photon) source to 
ablate a material, where the mass is removed from a material surface due to the interaction with the laser beam [29]. It is an 
environmental-friendly method that does not require any chemicals during the synthesis process, eliminating the need for 
time-consuming purification steps to remove the harmful chemicals by wet chemistry methods [30]. The experimental setup of PLAL is 
also simple, and this method can produce highly stable nanoparticles [31,32]. As such, this technique is widely employed for syn-
thesizing various types of nanostructures such as core-shells, nanocomposites, alloys and other complex structures [33–35]. The 
synthesis of sulfur-incorporated graphene quantum dots from graphite flakes using PLAL was reported [36]. Also the nitrogen doped 
graphene quantum dots were produced using PLAL with a Nd:YAG laser system [37]. The formation of different carbon nanostructures 
such as graphene nanosheets, nanospheres, and nanotubes using PLAL was demonstrated [38]. The synthesis of tungsten oxide (WO3) 
quantum dot using a 1064 nm Nd:YAG pulsed laser was studied [39]. The bilayer graphene nanosheets were synthesized using 
nanosecond laser ablation of dry-cell graphite electrode in water [40]. Another study investigated the synthesis of multi walled carbon 
nanotubes (MWCNTs) decorated with cadmium oxide (CdO) nanoparticles to enhance the optical properties of MWCNTs [41]. 

The mechanism that governs the formation process of nanomaterials via PLAL has been well documented [42]. The plasma for-
mation generated by the highly intense laser pulse onto the surface of the material leads to the vaporization of the material. The process 
is followed by the shockwave propagation, and then the formation and the expansion of a cavitation bubble by the surrounding liquid. 
By understanding the formation process and the dynamics of the cavitation bubble, the structure, composition and size distribution of 
nanoparticles can be controlled [43–45]. Up to date, studies of the effect of laser frequency on the ablation rate and the nanoparticle 
size are scarce. This study aims to investigate the effect of laser frequency on the ablation rate. We assess the relationship between the 
ablation rate and the nanoparticles morphology and size. The thermophysical properties of nanofluids are intimately associated with 
the laser frequency during ablation due to the changes induced on the nanoparticles morphology and size. This study paves the way for 
an insightful investigation of employing the PLAL method in synthesizing GO nanofluids with different nanoparticles morphology and 
size. The great potential of the PLAL method in synthesizing the GO nanofluid with anomalously enhanced thermal conductivity is also 
discussed. 
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2. Experimental investigation 

Nanoparticles were produced by pulsed laser ablation of a graphite sheet (DSN thermal solution, China) with a thickness of 0.05 
mm in deionized water using a second harmonic (532 nm) of a Q-switched, diode-pumped solid-state laser source (Bright Solution 
WEDGE HB, 1.5ns pulse duration FWHM) for 10 min. Fig. 1 shows the experimental setup for the pulsed laser ablation in liquid (PLAL). 
The emitted laser beam from the laser was directed downwards using a right-angle prism mirror (Thorlabs MRA25-E02) and focused 
with a plano-convex lens (Thorlabs N-BK7) with a focal length of 150 mm. The laser spot size on the surface of the graphite target was 
approximately 0.5 mm. The graphite target was placed inside a 100 ml beaker submerged with 12.5 ml of deionized water to attain a 
liquid coverage height of 5 mm above the target. The beaker target was set on a turntable with a rotation speed of 60 p.m. to create a 
series of concentric circles pattern. This is to ensure the ablation spot on the target was uniform. 

The frequency of the laser was varied at 1, 10, 20, 50, and 100 Hz while the maximum available average power was kept constant at 
0.813 mW. The power of the laser was measured using a slim photodiode photosensor (Thorlabs S130VC) at different laser frequencies 
to investigate the correlation between average power, pulse energy and laser frequency (Fig. 2). The energy per pulse, E of the laser can 
then be calculated from the measured average power, Paverage at each respective laser frequency, f, as 

E=
Paverage

f
(1) 

The plot illustrated in Fig. 2 shows that the maximum pulse energy decreases with laser frequency (1–100 Hz). This could be due to 
the limited average power of the laser. The samples were sonicated using a probe sonicator (Qsonica Q700) for 40 min at 30% 
amplitude, pulse on 10 s and pulse off 10 s to break up the agglomeration and achieve a more stable suspension. The ablation rate was 
determined by measuring the weight of the beaker before and after drying using a digital balance. The samples were put in an oven at 
60 ◦C overnight to evaporate the liquid inside the beaker. The ablation rate, α, and weight fraction, wt% of the nanoparticles were 
calculated as 

α=
(
Wafter − Wbefore

)
× 6 (2)  

wt%=

(
Wafter − Wbefore

)

( (
Wafter − Wbefore

)
+ WDI 

)× 100 (3)  

where Wafter, Wbefore and WDI are the weight of the beaker after drying, before drying and weight of the deionized water, respectively. 
For the field emission scanning electron microscopy (FESEM) characterization, the specimen was prepared by dropping a few drops 

of the solution on carbon tape which was then dried on a hot plate at 60 ◦C to remove the solvent. The FESEM (Hitachi SU8010) 
operated at 10kv was used to investigate the morphology of the nanoparticles. Energy dispersive X-ray (EDX; Oxford-Horiba Inca 
XMax50 EDX) was used to provide an insight on the elemental composition of the nanoparticles. For Raman spectroscopy, the 
specimen was prepared by dip-coating the solution onto a glass slit and dried in the oven at 60 ◦C. The measurements were taken using 
LabRAM HR Evolution with a 532 nm wavelength laser. The Fourier-transform infrared spectroscopy (FTIR) measurements were 
conducted using a Nicolet iS10 FTIR Spectrometer. Besides that, the dynamic light scattering (DLS; Zetasizer Nano ZS) was used to 
verify the size distribution of the nanoparticles in a disposable cuvette. In this study, the viscosity measurement was conducted using 
the tuning fork vibration viscometer (Cole-Parmer) with an accuracy of ±3%. The nanofluid’s viscosity was determined by measuring 

Fig. 1. Experimental setup for pulsed laser ablation in liquid.  
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Fig. 2. Average power and pulse energy against laser frequencies.  

Fig. 3. FE-SEM images of graphite nanoparticles prepared by PLAL in deionized water at laser frequency of (a) 1 Hz, (b) 10 Hz, (c) 20 Hz, (d) 50 Hz 
and (e) 100 Hz. 
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the driving electric current necessary to resonate the two sensors at a constant frequency. The nanofluid was first heated inside a water 
bath to 70 ◦C. It was then transferred to a 35-ml sample cup provided by the equipment and allowed to be equilibrated with the sensor 
plates. The viscosity measurements of the nanofluids were conducted at a temperature range from 30 ◦C to 50 ◦C with an interval of 
5 ◦C. The viscosity readings of the nanofluid were repeated three times to obtain an average reading, and a maximum uncertainty of 
10.1% was reported. 

The thermal conductivity measurement was conducted using the KD2 pro thermal properties analyzer (Decagon Devices, Inc.) with 
an accuracy of ±5%. The device uses the transient hot wire method to measure the thermal diffusivity, specific heat (heat capacity), 
thermal conductivity and thermal resistivity. The KD2 Pro analyzer was calibrated with glycerol. Before the measurement, the 
nanofluids was transferred to a 30-ml vial and then heated inside a water bath to 70 ◦C. A transient needle was fully inserted into the 
vial and oriented vertically. During the measurement, the vial was placed inside a Styrofoam box to isolate it from the surrounding. In 
addition, the measurement was also conducted on a vibration isolation table as any unnecessary vibration will affect the reading taken. 
The thermal conductivity of the nanofluids was recorded from 30 ◦C to 50 ◦C to investigate the effect of temperature. The experiment 
was repeated three times for all different temperatures and the average value of the thermal conductivity was taken. The maximum 
experimental uncertainty attained in the measurement was 11.4%. 

Fig. 4. Size distribution of graphite nanoparticles prepared by PLAL in deionized water at laser frequency of (a) 1 Hz, (b) 10 Hz, (c) 20 Hz, (d) 50 
Hz, (e) 100 Hz and (f) ablation rate of PLAL. 
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3. Results and discussion 

3.1. Morphological analysis 

The effect of laser frequency on the morphology of the graphite ablated products was investigated in this ablation study. Fig. 3 
shows the FE-SEM images of the graphite nanoparticles prepared by PLAL in deionized water at laser frequencies of 1–100Hz. Fig. 3 
(a–c) reveals that nanoparticles with spherical morphology were present in the colloidal solution when the graphite target was ablated 
in deionized water with a laser frequency of 1, 10 and 20 Hz However, as the laser frequency was further increased to 50 and 100 Hz, 
spherical nanoparticles diminish instead elongated nanoparticles were mostly present in the solution, as shown in Fig. 3 (d, e). The 
morphological changes of the nanoparticles when the laser frequency increases could be due to the different laser fluence used during 
the ablation process. At higher laser frequency of 50 and 100 Hz, a decrease in the maximum pulse energy results in a low fluence of 
0.006 J/cm2 and 0.008 J/cm2, respectively. In addition, when the laser frequency decreases, a higher fluence of 0.21 J/cm2, 0.025 J/ 
cm2 and 0.014 J/cm2 can be obtained at laser frequency of 1, 10, and 20 Hz. 

During the ablation process, when the laser fluence was well above the ablation threshold of the graphite target, the energy 
absorbed at the interface of the material will result in temperature rise and the formation of a plasma plume on the surface of the target. 
As the ablated material is ejected to the surrounding liquid, the high temperature and high pressure in the plasma causes the nano-
particles to be spherical. For lower fluence, the ablation process may not be complete resulting in a lower temperature and pressure 
inside the plasma plume and hence altering the shape of the ablated products. It was reported from other papers that spherical 
nanoparticles are mostly obtained at low frequency due to the higher fluence [45,46]. 

3.2. Dynamic light scattering analysis 

It is known that the physical properties (e.g. size and shape) of the ablation product are dependent on the laser parameters such as 
pulse energy, laser frequency, pulse duration (ns, ps, fs) and wavelength [47,48]. The laser frequency which is defined as the number of 
pulses emitted by a pulsed laser per second is considered an important laser parameter. This is because altering the laser frequency will 
affect the mechanism of the ablation process (plume characteristics) [49] which eventually changes the ablation rate and particles size 
and shape. 

Fig. 4 shows the size distribution of graphite nanoparticles prepared by laser ablation of a graphite target in deionized water using 
different laser frequencies. It is observed initially at laser frequency of 1 Hz in Fig. 4(a), the size of the nanoparticles was in the range 
between 200 and 300 nm with a mean diameter of 248.1 nm. As the laser frequency was increased to 10 Hz, the size distribution of the 
nanoparticles becomes rather narrow, with a mean diameter of 109.5 nm in Fig. 4 (b). This trend was observed to continue at a laser 
frequency of 20 Hz with a mean diameter of 190.9 nm in Fig. 4 (c). In contract, Fig. 4(d and e) shows that the size distribution of the 
nanoparticles becomes increasingly wider with a mean diameter of 287 nm and 373.4 nm when the laser frequency was further 
increased to 50 and 100 Hz, respectively. The changes in the size distribution and mean diameter of the graphite nanoparticles ob-
tained using PLAL at different laser frequencies suggest that the ablation process is dependent on the laser frequency. Increasing the 
laser frequency from 1 Hz to 10 Hz shows a mean size reduction of up to 55.8%. This could be attributed to the higher laser fluence of 
0.21 J/cm2 at laser frequency of 1 Hz compared to 0.025 J/cm2 at laser frequency of 10 Hz. Thus, a larger amount of mass was removed 
during the ablation process at laser frequency of 1 Hz, which increases the chance of particle agglomeration to occur. Similarly, the low 
laser fluence of 0.008 J/cm2 with higher number of laser shots at 100 Hz also increases the mean diameter of the nanoparticles to 
373.4 nm. Hence, by controlling the laser frequency, different shape and size of the nanoparticles can be obtained. 

In Fig. 5, the ablation rate and the weight fraction of the nanoparticles are plotted against the laser frequencies (1–100 Hz). It was 
observed that the two trends are present in the figure where the first trend is a linear increase from 1 to 10 Hz which corresponds to an 

Fig. 5. Ablation rate and weight fraction of nanoparticles against laser frequencies (1–100 Hz).  
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increment of the ablation rate and weight fraction of the nanoparticles from 17.4 mg/h to 46.8 mg/h and 0.023 wt% to 0.062 wt% 
respectively. It was noted that the first trend agrees well with Alva et al. [46] in which the production rate of Ag NPs increased linearly 
when the laser frequency was increased from 1 to 10 Hz. Based on the observed trend, it can deduce that the maximum ablation rate 
occurs at laser frequency of 10 Hz due to the higher number of laser shots. In contrast, the second trend shows an exponential decrease 
from 10 Hz to 100 Hz. Previous work by others has been demonstrated that the ablation rate increases at higher laser frequency [50, 
51]. This contradiction could be due to the interruption of two successive laser pulses at higher laser frequency. In PLAL, heat ab-
sorption from the laser energy would results in the formation of a plasma plume onto the surface of the material with a particular 
lifetime. When the laser frequency was varied, the interaction between successive time of the laser pulse and plasma plume is 
considered [52]. Thus, if the laser frequency is shorter than the lifetime of the plasma, the interaction between the laser pulse and 
plasma would get overlapped, resulting in heat accumulation in the plasma and causes a subsequent rise in temperature and interrupts 
the formation of the particles [50]. The nanoparticle size, ablation rate and weight concentration obtained in this ablation study using 
different laser frequencies are summarized in Table 1. 

3.3. EDX analysis 

Besides that, elemental composition analysis was also performed on the nanoparticles using Energy Dispersive X-ray (EDX) that is 
coupled with the FE-SEM. Fig. 6 shows the weight percentage of the element distribution for all the nanoparticles ablated at different 
laser frequencies. It is evident that the graphite nanoparticles ablated using PLAL at different laser frequency contains approximately 
90 wt% of carbon and 10 wt% of oxygen. These show that altering the laser frequency during the ablation process yields similar carbon 
and oxygen element for all the nanoparticles. Besides that, during the ablation process, the confinement of the plasma plume in the 
water causes high temperature and pressure inside the plume. Hence, when the ablation species were ejected from the plasma plume 
supersonically, it will react with water leading to an oxidation reaction to occur [53]. Previously, it was demonstrated that oxides such 
as zinc oxide [54,55] and copper oxide [56] were synthesized when the material ablated in water. Therefore, we can ascertain that the 
nanoparticles obtained using the PLAL technique in this study are graphite oxide (GO). 

3.4. Raman and FTIR spectroscopy analysis 

Further analysis using FTIR was performed on the nanoparticles prepared by PLAL in deionized water to determine the type of bond 
and functional groups. Fig. 7 (a) shows the FTIR spectrum of the nanoparticles prepared by PLAL in deionized water. It is revealed that 
two distinctive peaks were present in the spectrum. The peak at 3460 cm− 1 corresponds to the H-bonded O–H stretch of the hydroxy 
group [57]. The peak at 1620 cm− 1 arises from the C–O stretching vibrations [58], indicating the existence of hydroxyl and/or epoxide 
functional groups. The existence of the oxygenated functional groups signifies the oxidation of graphite during the ablation process. 
This is in line with the EDX results, which indicate that the graphite target was oxidized during the ablation process and GO nano-
particles were produced. Raman spectroscopy is also used to investigate the material properties of the nanoparticles as it is a useful 
technique to accurately characterize the material, especially for carbon-based material due to the distinctive features of the carbon 
group such as graphite, graphite oxide and graphene. Fig. 7 (b) presents the Raman spectrum of the nanoparticles prepared by PLAL in 
deionized water at different laser frequencies. The primary focus of the band peaks for graphite would be the D-band, G-band and 
2D-band. The appearance of the D band in the spectrum indicates that defects are present within the carbon lattice of the material. In 
literature, the D-band would normally situate at 1360 cm− 1 in the Raman spectrum. For G-band, the peak would situate at 1560 cm− 1 

and finally, the peak at 2600 cm− 1 would correspond to the 2D band of the graphite [59]. It is evident from Fig. 4 that the three band 
peaks are present in the GO nanoparticles prepared by PLAL for all laser frequencies. 

Table 2 shows the position and intensity for the D-band and G-band, as well as the intensity ratio for all the GO nanoparticles. From 
the table, the position of the D-band for all nanoparticles is situated at 1200 cm-1, while the G-band is situated at 1400 cm-1. The 
transition of the D-band and G-band peak to a lower wavenumber based on the position values in the literature indicates that there is a 
Raman shift to the left of the spectra where the bond length becomes longer. This could be associated with the change in chemical bond 
length in the GO nanoparticles during the ablation process of the graphite target in deionized water. Besides, the intensity value of the 
D-band and G-band also changes when the laser frequency was varied from 1 Hz to 100 Hz. The intensity ratio (ID/IG) of D-band to G- 
band was used to quantify the number of defects present in the material. From the table, the ID/G of the nanoparticles synthesized 
using PLAL at a laser frequency of 1, 10, 20, 50 and 100 Hz are 0.065, 0.149, 0.037, 0.059 and 0.032, respectively. These values 
indicate that there is a minor defect present in the material due to the presence of the oxygenated elements in the nanoparticles as a 
result of the oxidation reaction during the ablation process. 

Table 1 
Ablation rate, weight concentration and nanoparticles size with different laser frequency, pulse energy and fluence.  

Laser frequency, Hz Pulse energy, mJ Fluence, J/cm2 Size, nm Weight concentration, wt% 

1 0.414 0.21 248.1 0.023 
10 0.049 0.025 109.5 0.062 
20 0.027 0.014 190.9 0.046 
50 0.013 0.006 287.0 0.032 
100 0.008 0.004 373.3 0.031  
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3.5. Thermophysical properties measurement 

3.5.1. Thermal conductivity analysis 
It has been shown that carbon nanoparticles suspended in the fluid serve to enhance the thermophysical properties of the 

Fig. 6. Energy Dispersive X-ray analysis of the graphite nanoparticles prepared by PLAL in deionized water.  

Fig. 7. (a) FTIR and (b) Raman spectrum of the GO nanoparticles prepared by PLAL in deionized water at different laser frequencies.  
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nanofluids [60]. As carbon is intrinsically hydrophobic, to maintain the stability of carbon based nanofluids, various types of surfactant 
were used to stabilize the carbon nanoparticles in the solvents [13,60–62]. In the present study, no surfactant is added in the nanofluids 
as GO nanoparticles are inherently hydrophilic and suspend [12]. During the PLAL process, the graphite nanoparticles are oxidized and 
attached by the reactive oxygen-based functional groups [58,63,64]. The negatively charged oxygen-based functional groups attract 
the polar water molecules and render the GO nanoparticles hydrophilic and hence a stable suspension in water [12]. The oxidation 
process during the PLAL evidently becomes an advantage for the graphite nanoparticles. Fig. 8 shows the temperature dependence of 
the thermal conductivity of the GO nanofluid synthesized using PLAL for different laser frequencies with respect to the size and weight 
fraction of the nanoparticles. In Fig. 8(a), the thermal conductivity of GO nanofluids increases with the operating temperature. It can 
be observed that all the GO nanofluid synthesized using PLAL exhibit higher thermal conductivity compared to deionized water. The 
GO nanoparticles induce significant enhancement of thermal conductivity to the nanofluid. A maximum enhancement of 82% on the 
thermal conductivity of nanofluid (0.062 wt%) compared to its base fluid is obtained at the laser frequency of 10 Hz at 50 ◦C. 
Comparatively, this maximum enhancement value is much higher than that obtained by the graphene oxide/water nanofluid (33%) 
with a higher nanoparticle concentration of 0.1 wt% [12]. The thermal conductivity of graphite is strongly influenced by the 
anisotropy of the crystal which spans a large range from ~10 W/m⋅K (cross-plane value) to ~2000 W/m⋅K (in-plane value) [65]. From 

Table 2 
Raman intensity of the D-band and G-band along with the intensity ratio for all nanoparticles synthesized using PLAL at different laser frequencies.  

Materials D-band G-band Id/Ig 

Position cm− 1 Intensity Id Position cm− 1 Intensity Ig 

Sample 1 (f = 1 Hz) 1227.27 203.39 1461.04 3152.54 0.065 
Sample 2 (f = 10 Hz) 12332.39 226.00 1471.83 1516.00 0.149 
Sample 3 (f = 20 Hz) 1230.77 49.56 1461.54 1346.90 0.037 
Sample 4 (f = 50 Hz) 1241.67 136.11 1466.67 2305.56 0.059 
Sample 5 (f = 100 Hz) 1230.16 71.97 1460.32 2261.36 0.032  

Fig. 8. (a) Thermal conductivity of the graphite nanofluid prepared using PLAL as a function of temperature for different laser frequencies. (b) 
Effective thermal conductivity, knf/kdw, with different nanoparticles size at 50 ◦C. 
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the nanoscale point of view, the weak interlayer binding energy and the large grain size induce the high thermal conductivity in 
graphite. The superb thermal conductivity of graphite greatly enhances the effective thermal conductivity of the nanofluid. The hy-
drophilicity induced on the GO nanoparticle during the PLAL process further makes it an excellent candidate as nanoparticle for 
nanofluid. 

Besides that, the results also show that the thermal conductivity of the nanofluid varies significantly when the laser frequency is 
increased from 1 Hz to 100 Hz. It was observed that increasing the laser frequency to 10 Hz, causes the thermal conductivity of the 
graphite nanofluid to increase tremendously. However, the thermal conductivity of the nanofluid declines as the laser frequency is 
further increased from 10 Hz to 100 Hz. This can be attributed to the changes of the size of the nanoparticle when the laser frequencies 
are varied during the synthesized process. Fig. 8(b) depicts the relative thermal conductivity of nanofluid to deionized water at a 
temperature of 50 ◦C. The maximum enhancement of thermal conductivity is achieved at a laser frequency of 10 Hz, corresponding to 
the smallest nanoparticle size of 110 nm. It can be evidently observed that the enhancement of thermal conductivity of nanofluid 
decreases when the nanoparticle size increases. As the size of the nanoparticles relates to the total surface area to volume ratio [66,67], 
a smaller nanoparticles size would mean a better thermal conductivity enhancement due to the increased total surface area. 

Nevertheless, the nanoparticles concentration also plays a significant role in enhancing the thermal conductivity as it relates to the 
Brownian motion between the nanoparticles and the base fluid [68,69]. Furthermore, it was also observed in Fig. 8 (a) that the thermal 
conductivity of the nanofluid increases exponentially as the temperature increases from 30 ◦C to 50 ◦C. A similar trend has also been 
observed in previous studies, showing a thermal conductivity enhancement as the temperature increases [70,71]. Based on the thermal 
conductivity results, it can be concluded that the graphite nanofluid synthesized using PLAL at laser frequency of 10 Hz shows the 
highest thermal conductivity increment. This can be ascribed to the smallest nanoparticles size of 110 nm and the highest weight 
concentration of 0.062 wt% attained at laser frequency of 10 Hz, as shown in Fig. 8(b) and Table 1. 

3.5.2. Viscosity analysis 
Viscosity is a fluid property that plays an important role in affecting the thermal performance of a heat transfer fluid, particularly in 

convection heat transfer. Studies show that the fluid viscosity induces the viscous dissipation effect that increases the fluid temperature 
in the vicinity of the wall surface [72–74]. The viscous dissipation effect becomes more prominent when nanofluids are employed 
[75–77]. Fig. 9 depicts the variations of viscosity of the GO nanofluid as a function temperature for different laser frequencies with 
respect to the size of nanoparticles. The GO nanoparticles induce significant increase of viscosity to the nanofluid. Firstly, it is obvious 
in Fig. 9(a) that the graphite nanofluid synthesis using by PLAL at all laser frequencies shows a decrease in viscosity as the temperature 
of the nanofluid increases from 30 ◦C to 50 ◦C, which signifies that the intermolecular forces between the nanoparticles and base fluid 
weaken due to the increased in temperature. This causes the nanofluid to be less viscous at high temperatures [78,79]. A maximum 
increment of 212% on the viscosity of nanofluid compared to its base fluid is obtained at the laser frequency of 10 Hz at 30 ◦C. 
Secondly, the viscosity of the GO nanofluids was also shown to differs significantly as the laser frequencies change from 1 to 100 Hz. 
Based on the literature, the viscosity of the nanofluid is dependent on the concentration [68,71] and the size of the nanoparticles [15]. 
In addition, the GO nanofluid synthesized using PLAL at a laser frequency of 10 Hz also demonstrates the highest viscosity compared to 
its counterparts. Fig. 9(b) depicts the relative viscosity of nanofluid to deionized water at a temperature of 50 ◦C. Similar to the thermal 
conductivity, the increment of viscosity increases when the nanoparticle size decreases. A smaller nanoparticle size induces higher 
weight concentration of nanoparticle in the nanofluid and therefore leads to a higher viscosity of nanofluid. 

4. Conclusions 

In conclusion, the possibility of synthesizing GO nanoparticles using PLAL has been successfully demonstrated. A second harmonic 
(532 nm) Q-switched, diode-pumped solid-state laser source was used to irradiate a graphite target submerged in deionized water for 
10 min and the laser frequencies were varied. It was found that the size of the nanoparticles was observed to increase with laser 
frequency. This could be associated with a decrease in laser fluence from 0.21 J/cm2 to 0.004 J/cm2 as the laser frequency increases. 
The morphology of the nanoparticles also changes from spherical to a more elongated shape when the laser frequency increases. The 
EDX and FTIR analyses confirmed the presence of carbon element and oxygen element of approximately 90% and 10% by weight, 
respectively. These analyses signify that GO nanoparticles are synthesized using PLAL method in this study. The Raman analysis re-
veals that three distinctive peaks (D-band and G-band, 2D-band) of the graphite are found to be present in the spectrum. The GO 
nanofluid synthesized via PLAL in deionized water at the optimum laser frequency of 10 Hz display the smallest average size of 110 nm 
with a spherical morphology. The highest ablation rate of 47 mg/h also occurs at 10 Hz leading to the highest viscosity and thermal 
conductivity enhancement. An increase in thermal conductivity and a decrease in viscosity of the GO nanofluid at high temperature 
which favour the heat transfer process are associated to the weakening of the intermolecular forces of the nanoparticles. The GO 
nanoparticles synthesized under the laser frequency of 10 Hz manifest a maximum thermal conductivity enhancement of 82% at a 
temperature of 50 ◦C while the maximum viscosity increment is recorded as 212% at a temperature of 30 ◦C. This study shows the great 
potential of the PLAL method in synthesizing the GO nanofluid as a heat transfer fluid of which the effective thermal conductivity is 
anomalously enhanced and the hydrophilicity of graphite nanoparticles can be enhanced due to the oxidation process of PLAL. 
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