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Abstract Hybrid nanofluids are intensively studied in the last years as the new working fluids for

many heat transfer applications. In this paper, a new heat transfer fluid is manufactured and inves-

tigated. Thus, this paper aims with an experimental study involving the graphene oxide (GO)-silicon

(Si)/water hybrid nanofluid. The experiments were conducted taking into account both the mixture

ratio between the two components that make up the hybrid nanofluid as well as the temperature

effect on the thermal conductivity. Measurements were done within the range of 25–50 �C for every

5 �C. It is found that the thermal conductivity increases both with rising temperature and with

increasing graphene oxide content. A comparison of the current results with other studies reported

in the open literature was performed, and also a new correlation was proposed.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In the last years, the nanofluids based on graphene oxide (GO),
due to their thermal, physical and chemical properties were
used in thermal applications as heat sinks [1,2], thermosyphons

[3,4], heat pipe [5], oil recovery [6,7], solar collectors [8,9]. Gra-
phene oxide nanofluids may enhance the performance of ther-
mal systems, their employment leading to the reduction of the
size of thermal devices. Recent studies revealed that the ther-
mal conductivity (TC) is enhanced if in the base fluid (water,

water-ethylene glycol mixture, ionic liquids) are added the
GO or a combination of GO with other solid particles such
as GO-TiN [10], GO + TiO2 [11], GO + SiC [12], GO + Al2-

O3 [13,14], GO + SiO2 [15], GO + CuO [16–18], GO + MgO
[19], and GO-ZnO [20].

Moghadam et al. [11] investigated the TC of the

GO + TiO2/water hybrid nanofluid at various temperatures
(20–50 �CÞ and nanoparticles concentrations (0.05–1.0 vol
%). Their results indicated that the maximum enhancement
in the TC is 32.8% at 50 �C and 1 vol%.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.aej.2022.06.012&domain=pdf
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Nomenclature

k thermal conductivity, W/(mK)

T temperature, K
R mixture ratio, -

Greek symbols
/ particle volume fraction, -.

u particle weight fraction, -

Subscripts:
bf base fluid

hnf hybrid nanofluid
vol refers to volume
wt refers to weight
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Mahyari et al. [12] dispersed GO-SiC nanoparticles in water
and they studied the effect of the concentration of particles and
temperature on TC. For preparation and stabilization of the

hybrid nanofluid the two-stage method was used. Their results
showed that TC rise with rising concentration, and they
noticed a maximum enhancement of 33.2% at 50 �C and

1 vol%.
Gao et al. [13] examined the TC and stability of a nanofluid

with water as base fluid and the GO–Al2O3 nanoparticles
(50%-50%). The influence of various factors (mass fraction

of nanoparticles, temperature, pH, dispersant, ultrasonic
power level and ultrasonication duration) on the TC of the
hybrid nanofluid were investigated. Measurements of TC were

carried out for temperatures and concentrations within 0–
70 �C and 0.025–0.20 wt%. By adding SDS as surfactant in
0.2 wt% of GO–Al2O3 nanoparticles (1:1), the TC increased

up to 7.2% reported to the base fluid for a temperature of
0 �C. With the growth in temperature, the results showed a
diminution in the improvement of the TC for the same concen-
tration (1.76%).

Also, Taherialekouhi et al. [14] studied the stability and the
TC of a combined nanofluid GO–Al2O3 and water as base
fluid. The TC was measured for various volume concentrations

(0.1, 0.25, 0.5, 0.75, and 1%) and temperatures from 25 to
50 �C. According to the results, the highest TC of nanofluids
was 33.9% for a concentration of 1.0% and a temperature

of 50 �C.
Nguyen et al. [15] experimentally studied the TC of GO–

SiO2/water hybrid nanofluids. The measurements were carried

out for volume concentrations of 0.05–1.0% and within the
temperatures range of 25–50 �C. The maximum growth in
TC was 26.93%, at 50 �C and 1.0% volume concentration.

Rostami et al. [16] in another study, examined TC of CuO -

GO/water (W) + ethylene glycol (EG) mixture (0.5:0.5) hybrid
nanofluid, measured in a temperatures range of 25–50 �C and
for volume concentrations within 0.1–1.6%. The results

showed that the TC has grown with growing temperature
and concentration. For a concentration of 1.6%, the TC of
the hybrid nanofluid was enhanced about 43%.

In another article, Rostami et al. [17] modeled the TC of
GO-CuO /W-EG hybrid nanofluids using the artificial brain
structure model and the curve-fitting method. The results

revealed that although both models are able to estimate the
TC of the hybrid nanofluid, the neural network has a higher
accuracy in the prediction of the results.

Sarode et al. [18] studied the thermophysical properties and

heat transfer characteristics of the GO-CuO/water hybrid
nanofluid. It was found that the TC has grown by growing
both the nanocomposite volume concentration and tempera-
ture, the results emphasizing a thermal conductivity of
1.046 W/mK for 0.03 vol% hybrid nanofluid at a temperature
of 33 �C.

Roohani and Toghraie [19] measured the TC and viscosity
of the MgO-GO nanopowders dispersed in the water–ethylene
glycol mixture (0.8–0.2). The measurements were conducted at

temperature ranging from 20 to 60 �C and volume concentra-
tions range of 0.025–0.2%. Their results exhibits a maximum
TC enhancement of the hybrid nanofluid was 8.8%, at the tem-
perature of 60 �C and 0.2% concentration.

Mandhare et al. [20] investigated TC of hybrid nanofluid
water/ reduced GO (rGO)-ZnO nanocomposite in an experi-
mental study, synthesis of nanocomposite being done by the

ultrasound-assisted method. Based on the experimental results,
the highest TC value was noticed to 0.1% volume concentra-
tion and 50 �C.

In another study, Chawhan et al. [21] examined the hybrid
nanofluids containing water/rGO-SnO2 nanocomposite with
various rGO-SnO2 ratios flowing into straight tube. The lam-
inar and turbulent flows were considered with Reynolds 940–

7510. The experiments were performed for concentrations of
0.01, 0.05, 0.07 and 0.1 vol% and various temperatures (30–
50 �C). The TC grown both with growing volume concentra-

tion and temperature. The maximum enhancement in TC
was 102.97% for a 0.07 vol% concentration, 1:7 mass ratio,
and 40 �C.

The thermo-physical properties of rGO-Al2O3 nanocom-
posite/water hybrid nanofluid were investigated by Singh
et al. [22]. They also recorded a TC value of 2.076 W/mK

for 0.1 vol% hybrid nanofluid at a temperature of 45 �C, a sig-
nificantly higher value than of the base fluid (water).

Different production methods (PE-CVD, laser pyrolysis
and CVD) of nanopowders lead to different surface properties

of nanoparticles. By controlling the surface energy of the
nanoparticles may be achieved dispersions with high-quality.
In this way, this paper proposes a new hybrid nanofluid for

research, which has been not studied until now, namely
water-based graphene oxide-silicon. In the current paper, syn-
thesis, characterization, preparation, stability on the long

term, as well as the TC of water-based graphene oxide-
silicon are investigated and compared to the results available
literature. In the first stage, the Si NPs and GO sheets were

synthesized using the laser pyrolysis technique and improved
Hummer method respectively. SEM and X-ray diffraction
techniques were used for characterization. Also, DLS tests
for the particle size distribution and Zeta potential measure-

ments were employed. The GO-Si/water hybrid nanofluid is
prepared with a 0.25% weight concentration and includes dif-
ferent mixture ratios, 20% GO-80% Si, 40% GO-60% Si, 50%
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GO-50% Si, 20% 6O-40% Si and 80% GO-20% Si. In the sec-
ond stage, the TC values of GO-Si/water hybrid nanofluid
were measured for every mixture ratio at temperatures within

20–50 �C. Finally, a regression equation is developed to predict
the TC.

2. Equations for computing the effective thermal conductivity

To understand the thermophysical properties of hybrid
nanofluids with different types of nanoparticles and base fluids

of various concentrations and temperatures, theoretical and
experimental investigations are intensively performed. The
TC of hybrid nanofluids is one most studied property. In

Table 1 are depicts correlations established on basis of the
Table 1 Equations used for predicting the thermal conductivity.

References Year Base fluid Solid material Concentra

temperatur

Yang et al. [23] 2019 Water GO

nanosheets

0.05–1.5 w

20–60 �C
Tlili et al. [24] 2019 Water GO 1.0–4.5 mg

25–50 �C
Talebizadehsardari

et al. [11]

2020 Water GO + TiO2 0.05–1.0 vo

20–50 �C

Karimipour et al.

[12]

2019 Water GO + SiC 0.05–1.0 vo

25–50 �C
Gao et al. [13] 2020 Water GO + Al2O3 0.025–0.2 w

0–70 �C
Rasouli et al. [14] 2019 Water GO + Al2O3 0.1–1.0 vo

25–50 �C
Bach et al. [15] 2020 Water GO + SiO2 0.05–1.0 vo

25–50 �C

Nadooshan et al.

[16]

2019 Water-

ethylene

glycol (50%-

50%)

GO + CuO 0.1–1.6 vo

25–50 �C

Nadooshan et al.

[17]

2021 Ethylene

glycol –

Water (50%-

50%)

GO + CuO 0.1–1.6 vo

25–50 �C

Roohani and

Toghraie [19]

2021 Water–

ethylene

glycol (80%-

20%)

GO + MgO 0.02–0.4 vo

20–60 �C

Sarode et al. [18] 2020 Water GO + CuO 0.01–0.03 v

%

30–42 �C
Alkanhal [25] 2021 Water rGO 1.0–5.0 mg

25–50 �C
Mandhare et al.

[20]

2020 Water rGO + ZnO 0.03–0.1 vo

32–52 �C
Chawhan et al. [21] 2020 Water rGO + SnO2 0.01–0.07 v

%

25–50 �C
Bhanvase et al. [22] 2021 Water rGO + Al2O3 0.01–0.1 vo

30–45 �C
experimental results used for predicting the TC or thermal con-
ductivity ratio (TCR) in hybrid nanofluids that contain gra-
phene oxide. As can be seen, all of the correlations take into

account the variation of the volume/weight fraction of the
nanoparticles and the temperature.

3. Experimental procedure

3.1. Synthesis of silicon nanoparticles (Si NPs)

Silicon nanoparticles are obtained using the laser pyrolysis
technique [26] starting from silane precursor that plays also

the role of laser energy transfer agent (sensitizer), as schemat-
ically presented in Fig. 1. The reactive Ar-diluted SiH4 flow
tion

e

Correlation

t% knf
kbf

¼ 0:998þ 0:023 � T0:669 � u0:678

/ml khnf
kbf

¼ 0:863þ 0:0412 � T0:41�u0:224

l% khnf
kbf

¼ 1:017þ 0:072 � 1:029T � /0:773where

kbf ¼ 0:5642 � e0:002748T
l% khnf

kbf
¼ 0:015229 � T0:52876þ0:31508�/ þ 0:92124

t% khnf ¼ 0:5705þ 9:041 � uþ 0:001868 � Tþ 1738�u2 � 0:09111�
u � T� 7:805 � 10�6 � T2

l% khnf
kbf

¼ 0:0031 � T1:185 � /0:863 þ 1:006

l% khnf
kbf

¼ 0:13658þ/
0:13965�0:00262�T

� �
� 7:20304 � /

l% khnf
kbf

¼ 0:2051 � T
T0

� �0:7803

� /0:5059 þ 0:9679where T0 ¼ 25�C

l% khnf
kbf

¼ 0:95283� 0:03116 � T�TL

TH�TL

� �1:37626

þ 1:76648 � /0:44

þ1:3481 � T�TL

TH�TL

� �1:37626

� /0:44where TL ¼ 25�C and

TH ¼ 65�C
l% khnf

kbf
¼ 0:534381 � /0:061895 þ T0:038504

� �
and

khnf
kbf

¼ 0:993126þ 0:676064 � /þ 0:001067 � T� 1:661853�
/2 � 0:00000 � T2 þ 0:000643 � / � T

ol khnf ¼ 0:056 � Tþ 1415:69 � /� 1:252

/ml khnf
kbf

¼ 1þ 0:03655 � u0:90886 � T
T0

� �1:02496

l% khnf ¼ 1191:9249 � /þ 0:05688 � T� 1:775

ol khnf ¼ �1:2362þ 0:05957 � Tþ 426:2518 � /

l% khnf ¼ 502:6909 � /þ 0:08 � T� 2:05



Fig. 1 The experimental set-up for synthesis of Si NPs.
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(surrounded by a separate Ar coflow for confinement) is
injected through a fine nozzle in the reaction zone where

encounters the focused IR laser beam in an orthogonal config-
uration and the Si nanoparticles are formed from SiH4 decom-
position fragments/radicals. The resulted Si nanoparticles are
entrained by the gas flow and are finally trapped on the filter

from the collection chamber as presented in Fig. 1. The work-
ing pressure is maintained at constant value by equilibrating
the introduced gas flows with those extracted by the vacuum

pump. Fig. 2 illustrate a real picture of the laser pyrolysis
installation where the stainless steel reaction chamber is visible
together with the focusing lens, the pressure gauge and a part

of the silicon nanoparticles collection chamber with the porous
filter inside. Also, in Fig. 2, the following images are inserting:
a) the laser pyrolysis reaction zone as a bright flame and b) the

Si nanopowder collected both on the filter and the inner walls
of collection chamber. The main experimental parameters
employed for this synthesis are presented in Table 2.

3.2. Synthesis of graphene oxide (GO)

As precursor for GO synthesis is used silvery natural graphite
flakes (sizes around 300–500 lm). For the graphite oxidation is
Fig. 2 The laser pyrolysis installation for synthesis of Si NPs.
employed an improved Hummer method that uses Preformed
Acidic Oxidizing Medium (PAOM) [27]. Briefly, 100 ml con-

centrated H2SO4 is first cooled with the aid of an external ice
bath then mixed with 4 g P4O10 and then with 12 g KMnO4

for 4 min. Using mortar and pestle, 4 g graphite flakes was
mixed with 2 g NaNO3 and then added to this preformed

acidic medium during 10 min also under stirring with teflo-
nated magnetic bar at 800 rpm. The stirring is then continued
for an hour, keeping the mixture temperature under 35 �C by

adding ice in the external cooling bath. Also, during this inter-
val, 20 ml distilled water is introduced for five times in small
portions in order to avoid the mixture overheating. After that,

the suspension is heated at 85 �C for 15 min, followed by their
room temperature cooling. The next step is the addition also in
small portions of 40 ml 35% H2O2 under stirring, when the

suspension became yellow-light brown. The suspension is
diluted with 300 ml 4% HCl aqueous solution, followed by fil-
tration on paper filter and washing multiple times with distilled
water until the pH became slightly acid. Finally, the resulted

hydrated graphene oxide is collected from the filter as a cream
having 15% weight concentration.

3.3. Preparation of graphene oxide/silicon hybrid nanofluid

In this study, different Si NPs and GO sheets quantities were
employed in order to achieve hybrid aqueous nanofluids with

the following ratios: 0.5 g/l Si NPs + 2 g/l GO, 1 g/l Si
NPs + 1.5 g/l GO, 1.25 g/l Si NPs + 1.25 g/l GO, 1.5 g/l Si
NPs + 1 g/l GO and 2 g/l Si NPs + 0.5 g/l GO, respectively.
The experimental set-up to prepare the Si NPs- GO aqueous

nanofluid is presented in the Fig. 3. More information about
the preparation of the GO-Si nanofluid can be found in Ref.
[28].

3.4. Characterization and stability of graphene oxide/silicon

hybrid nanofluid

To analyze the Si nanoparticles and Si NPs – rGO composite
morphology on copper substrates using an acceleration voltage
of 15 and 20 kV respectively, a scanning electron microscope

(Apreo 2 SEM) from Thermo Fisher Scientific, USA, was
used. The X-ray Diffraction patterns were recorded with the
aid of a Panalytical X’Pert MPD theta–theta system in contin-



Table 2 Parameters for the synthesis of Si NPs.

Experiment DSiH4
[sccm] DAr

center

[sccm]

DAr

coflow

[sccm]

DAr

windows

[sccm]

Pressure

[mbar]

Laser power

PL=Ar=PL[W]

Flame

temp.

[�C]

Central injector

Nozzle inner

diam.

[mm]

Injector outer

diam.

[mm]

SiH4 20 100 1500 200 250 350/335 600 0.9 12.5

Fig. 3 The experimental set-up to prepare the Si NPs- GO

aqueous nanofluid.

Synthesis, characterization and thermal conductivity of water based graphene oxide–silicon hybrid nanofluids 12115
uous scan mode: 0.02� step size/20 s- time/step, interval on 2 _
(20�–100�) degrees, 40 kV and 30 mA. In the diffracted beam a

Ni filter, a curved graphite monochromator and a divergence
slit were used (k = 0.15418 nm). For the evaluation of the
hydrodynamic diameters of the particles (as well as their Zeta

Potential) a nanoPartica Horiba ZS-100 apparatus equipped
with a 532 nm diode-pumped solid state laser was employed,
using 10 times water-diluted and freshly bath ultrasonicated

suspensions in a back-scattering geometry.

3.5. Thermal conductivity measurement

In the current paper, the TC of GO-Si/water hybrid nanofluid
was measured at temperatures within the range 20–50 �C using
KD2-Pro thermal property analyzer (Decagon devices, Inc.,
USA). During the experiment, a thermostat bath (Haake

C10–P5/U) with an accuracy of ± 0.04 �C is used to get a con-
trolled temperature. In the first stage, the accuracy of the ana-
lyzer is checked using glycerin provided by the manufacture,
whereupon TC of distilled water is measured. The measured

values are compared with those provides by NIST [29], and
the maximum relative error is 0.55% (Fig. 4).

The average value from four readings sets was recorded.

The interval time between two readings is 15 min.

4. Results and discussion

4.1. Characterization and stability of graphene oxide/silicon
hybrid nanofluid

The spherical morphology of the individual Si nanoparticles
obtained by laser pyrolysis can be observed in SEM image
from the Fig. 5. Those nanoparticles have diameters mainly

within 15 and 50 nm and form relative compact aggregates/
agglomerates.

The crystallinity of Si nanoparticles is confirmed by X-ray

diffraction analysis (Fig. 6), the peaks corresponding to Si
JCPDS file no.72–2111. Using the Debye-Scherrer equation,
it is get a value of the mean crystallite size of 20.7 nm. This

value is compatible with SEM image, where it can be seen that
the smaller particles with are in the majority.

Fig. 7 show the SEM image of a deposit resulted from the

aqueous 5 g/l Si NPs + 5 g/l GO hybrid nanofluid which was
further diluted with ethanol (twenty times), from which one
drop was pipetted on a flat copper substrate and naturally
dried. As can be seen, the GO folded sheets covers or sur-

rounds the clusters of round Si NPs.
Fig. 4 The validation of the experiment.



Fig. 5 SEM image of Si NPs from the corresponding Si

nanofluid after drying.

Fig. 6 X-ray diffractogram of raw Si NPs.

Fig. 7 SEM image of the deposit containing Si NPs –GO sheets.
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Fig. 8 illustrates the distribution of the cluster size from

DLS measurement. For GO sheets, a two-dimensional mate-
rial, only its sheet thickness is under 100 nm, while for Si
NPs, all three dimensions are under 100 nm.
Fig. 9 depicts the Zeta potential measurements for mono
and hybrid nanofluids. For the aqueous suspensions of GO
or Si NPs the Zeta potential values show a good stability of

both those nanostructures, due to their negative surface charg-
ing which induces electrostatic repulsion between suspended
particles. The hybrid nanofluids generally show weaker nega-

tive charging that pure 1 g/l GO, yet it seems to be enough
to assure their stability. The most negative Zeta potential value
was found for the diluted hybrid nanofluid with 0.8GO-0.2Si.

The suspensions are very stable; they do not show sedimented
deposits even after 6 months.

4.2. Thermal conductivity

Fig. 10 depicts the variation TC of GO-Si/water nanofluid with
different mixture ratios versus temperature at a 0.25% weight
concentration. The TC values of GO-Si hybrid nanofluids for

all mixture ratios rise with rising temperature and are higher
than the TC value of the base fluid. Also, as it can be seen
in Fig. 11 using more GO (0.8GO: 0.2Si) in hybrid nanofluid

the TC is improved compared to the hybrid nanofluid contain-
ing (0.2GO: 0.8Si) nanoparticles.

These findings could be explained by the fact that the

greater temperatures values are associated with greater molec-
ular energies. If temperature rises, molecules gain energy, and
their movement speed is increased. The molecular interactions
are stronger and more frequent. Collisions between the neigh-

boring molecules, improve the energy transfer [30]. The effec-
tive TC of GO-Si/water hybrid nanofluids is illustrated in
Fig. 12 (a-b). The results showed that the effective TC rises

with the rising in the ratio of GO sheets. The rise in the TC
of the GO-Si/water hybrid nanofluids is inversely proportional
to the ratio of Si for all temperatures.

The enhancement in the TC, defined as

khnf � kbf
� �

=kbf
� � � 100, shows an upward trend with the grow-

ing temperature for all mixture ratios of hybrid nanofluids that
is in accordance with the literature. Thus, the maximum
enhancement is 7.97% for 0.8GO: 0.2Si at a temperature of

50�C. This enhancement could be explained by the good stabil-
ity of hybrid nanofluid and the high TC of the dispersed nano-
materials. Also, several studies indicated improving thermal
conductivities with increasing temperature, and suggest as pos-

sible mechanism, the intensification of Brownian motion of the
suspended nanoparticles. Also, Brownian motion tends to pro-
mote micro-convection, that turn improves local mixing [31].

Fig. 13 depicts the TC values of the water-based GO, Si,
and 0.8GO:0.2Si hybrid nanofluids as a function of temperature.
It is seen that GO/water nanofluid has a higher values of TC

compared to Si/water nanofluid. Plus, it can be noticed that
by adding GO into Si nanofluid is achieved to a growth in TC.

It is known that the TC of nanofluids depends on many fac-
tors, as the type of nanoparticles, the base fluids, the nanopar-

ticles concentration, the temperature, the shape and the size of
nanoparticles. The researches in this field emphasized two cat-
egories of mechanisms: static and dynamic. Nanolayering of

the liquid at the liquid/nanoparticle interface and particle
aggregation (clusters) are defined as static mechanisms, while
the Brownian motion and the convection in base fluid induced

by the particle Brownian motion are considered dynamic
mechanisms [32]. Near-field radiation such as Coulomb inter-
action, ballistic transport and nonlocal effect, thermophoretic



Fig. 8 Size distributions from DLS measurement for diluted single-component suspensions (left: 1 g/ l Si NPs, right: 1 g/l GO).

Fig. 9 Zeta potential for the diluted mono and hybrid nanofluids.
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Fig. 10 The thermal conductivity with the temperature.

Fig. 11 Enhancing thermal conductivity with the mixture ratio

of GO.

Fig. 12 The variation of effective TC: a) with temperature, b)

both with the temperature and the mixture ratio of GO (3D).

Fig. 13 Comparison of the hybrid nanofluid with mono

nanofluids.
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and diffusiophoresis effects [33] as well as the pH of the fluid

and the transient conduction mechanism [34–36] are other
mechanisms identified in open literature. Most of the research
[14] claimed that the Brownian motion is the main mechanism

in TC enhancement, but there are also studies that revealed
that the Brownian motion does not have a considerable role
in the TC enhancement. The investigations conducted by

Gao et al. [13] indicated that formation of clustering is main
mechanism in the TC enhancement of nanofluids. Studies
[37–38] reported that particle clustering in excess could lead
to deteriorate of the thermal conductivity. To reach a maxi-

mum enhancement, an optimum level of clustering is required.
Other studies emphasized that the TC enhancement depends
on nanofluids microstructures and interfacial properties/pro-

cesses of nanoparticle-fluid interfaces [39–40].
Fig. 14 (a-b) depicts the comparison of the TC values

achieved in the current study with the results from available lit-

erature for mono-hybrid nanofluids that contain graphene



Fig. 14 Thermal conductivity: a) GO/water nanofluids for 0.25 wt%; b) hybrid nanofluids based on GO.

Synthesis, characterization and thermal conductivity of water based graphene oxide–silicon hybrid nanofluids 12119
oxide. In the current study, the TC of the GO/water nanofluids
are enhanced of 10.62% compared to the base fluid, while for
GO-Si /water hybrid nanofluids the maximum enhancement is

7.97% for a mixture ratio of 0.8–0.2 and 323 K. Concerning
the GO/water nanofluid, the current results are in agreement
with the results reported by Yang et al. [23]. They found an

improvement in TC up to 12% for 0.25 wt% and 323 K. Sig-
nificantly higher values for thermal conductivity are reported
by Hajjar et al. [41] and Cakmak [42]. Their results indicated
a enhancement in TC of 47.54% and 30.65% respectively at

40 �C and 0.25 wt%.
Table 3 depicts the results of TC enhancement for graphene

oxide nanofluids and their hybrids reported by researchers.
Based on the experimental results, a new relation for esti-
mation of the TC is proposed. This equation is valid for tem-
peratures from 293 to 323 K and includes the mixture ratio, R,

between Si nanoparticles and GO sheets:

keff ¼ khnf
kbf

¼ 0:6979þ 0:2793
T

T0

� 	
þ 0:006156 � R ð1Þ

where T0 ¼ 273K and R is the fraction of GO in the mixture.

The degree of accuracy (R-square) of proposed equation is
0.9104 and Root Mean Square Error (RMSE) is 0.005253.

The maximum margin of deviation is computed to empha-
size the accuracy of the results using Eq. (1) relative to the

experimental results and the results depicts in Fig. 15 show



Table 3 The TC enhancement in graphene oxide nanofluids.

References Base fluid Solid material Concentration Enhancement in TC [%]/

TC ratio

Yu et al. [43] DI water GO nanosheets 1.0–5.0 vol%

10–60 �C
7.5%�30.2% for 5.0 vol%

Sudeep et al. [44] DI water GO 0.01–0.1 wt%

23–40 �C
10%�16% at 40 �C

Hajjar et al. [41] Water GO 0.05–0.25 wt%

10–40 �C
14.75% � 47.54% at 40 �C

Tong et al. [45] Water GO 0.01–0.1 wt%

25–55 �C
1.03–1.32 at 45 �C

Anin Vincely and Natarajan [46] DI water GO 0.005–0.02 wt%

30–70 �C
24% for 0.02 wt% at 70 �C

Salem et al. [47] Water GO 0.05–0.2 vol%

25 �C
1.035–1.13

Tahani et al. [48] DI water GO nanoplatelets 0.001–0.045 wt%

25–50 �C
1.024–1.11 at 50 �C

Esfahani et al. [49] DI water GO 0.01–0.5 wt%

25–60 �C
8.8% � 55.2 % at 60 �C

Chen et al. [50] Water GO 0.02 wt%

30–80 �C
26.25% at 80 �C

Esfahani and Languri [51] DI water GO 0.01–0.1 wt%

25 �C and 40 �C
8.33% � 23.33% at 40 �C

Ranjbarzadeh et al. [52] Water GO 0.025–0.1 vol%

-

28% at 0.1 vol%

Nazari et al. [5] Water GO 0.25–1.5 g/L

25 �C
1.62% � 5.38% at 25 �C

Cakmak [42] DI water GO 0.01–0.25 wt%

20–40 �C
4.84%-30.65% at 40 �C

Yang et al. [23] Water GO nanosheets 0.05–1.5 wt%

20–60 �C
4.0% � 48.15 % at 60 �C

Tlili et al. [24] Water GO 1.0–4.5 mg/ml

25–50 �C
25.27%, for 4.5 mg/ml at 50 �C

Sundar et al. [53] Water GO + Co3O4 0.05–0.20 vol%

20–60 �C
8.58%-9.14% at 60 �C

Talebizadehsardari et al. [11] Water GO + TiO2 0.05–1.0 vol%

20–50 �C
32.8% for 1.0 vol% at 50 �C

Karimipour et al. [12] Water GO + SiC 0.05–1.0 vol%

25–50 �C
33.2% for 1.0 vol% at 50 �C

Gao et al. [13] Water GO + Al2O3 0.025–0.2 wt%

0–70 �C
7.1% for 0.2 wt% at 0 �C

Rasouli et al. [14] Water GO + Al2O3 0.1–1.0 vol%

25–50 �C
15.7%–33.9% at 50 �C

Bach et al. [15] Water GO + SiO2 0.05–1.0 vol%

25–50 �C
26.93% for 1.0 vol% at 50 �C
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that the experimental results is in agreement to the computed
values.

5. Conclusions

In this paper, a new hybrid nanofluid is proposed for study. The
improved Hummer method and the laser pyrolysis technique
were used for synthesis of theGO sheets and SiNPs respectively.

For characterization and stability SEM, X-ray diffraction tech-
niques, DLS and Zeta potential tests were employed.

The thermal conductivity values of prepared hybrid nano-

fluid with various mixture ratios of GO sheets and Si NPs were
measured. A new relation for the TC based on the experimen-
tal results was developed. The main results noticed from exper-

iments are listed as follows:
- The maximum enhancement in thermal conductivity is
7.97% for 0.8GO:0.2Si at a temperature of 50 �C.

- The increase in the GO content and temperature lead to
thermal conductivity rising.

- The obtained results were compared to the results available

in literature.
- A regression correlation was developed. The relation is
valid for temperature range from 25 �C to 50 �C for a con-
centration of 0.25 wt% and 5 different ratios of graphene

oxide-silicon.

This paper emphasizes the importance of thermal conduc-

tivity which represents an important factor in the study of
the performance of thermal systems. Moreover, the manufac-
ture of the time-long stable hybrid nanofluids may lead to



Fig. 15 Results of the Eq. (1) versus experimental data.
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overcoming the barriers that prevent them implemented at a
large scale.
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