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In this study, high-thermal-conductivity ternary hybrid nanofluids incorporating graphene–carbon

nanotube–silver (Gr–CNT–AgNP) hybrid materials were successfully prepared. The influence of

nanoparticle concentration (0–0.05 vol%) and operating temperature (30–55 °C) on the thermal

conductivity of both water-based and ethylene-glycol (EG)-based nanofluids was systematically

examined. The thermal conductivity increased monotonically with Gr–CNT–AgNP loading, achieving

maximum enhancements of 38% for water-based and 52% for EG-based nanofluids at 0.05 vol% and

55 °C. Quantitative analysis showed that concentration contributed more strongly to conductivity

improvement than temperature, though temperature-induced intensification of Brownian motion

provided an additional enhancement of up to ∼10% across the tested range. A predictive thermal

conductivity model was also developed, yielding an excellent fit to experimental data with deviations

below 5%, thereby validating its accuracy and applicability. Overall, the Gr–CNT–AgNP ternary hybrid

nanofluids demonstrate substantial potential for high-performance thermal management systems,

including cooling, heat-transfer devices, and solar-thermal collectors.
1 Introduction

Nanouids have emerged as a promising class of advanced
heat-transfer materials, consisting of a base uid—typically
deionized (DI) water or ethylene glycol (EG)—dispersed with
nanoscale solid particles.1,2 Their thermophysical behavior,
particularly thermal conductivity, is strongly inuenced by the
physicochemical characteristics of the dispersed nano-
materials, including particle size, shape, and intrinsic thermal
properties.3,4 A wide range of nanomaterials such as Cu, Ag,
CuO, Ni, Al2O3, and TiO2 have been utilized to enhance the heat-
transfer performance of conventional working uids, primarily
due to their high surface-to-volume ratios which facilitate more
efficient interfacial heat exchange.5–9 Since the discovery of
carbon nanomaterials such as carbon nanotubes (CNTs) and
graphene (Gr), signicant research attention has shied toward
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nanouids incorporating carbon-based additives and their
hybrid structures. These materials possess exceptional thermal,
mechanical, and electrical properties that make them highly
attractive for thermal management applications.10,11 For
instance, Hussein et al. reported that TiO2/MWCNT nanouids
improved the thermal and rheological performance of at-plate
solar collectors, resulting in an efficiency enhancement of up to
84%.10 Esfe et al.12 demonstrated that hybrid MWCNT–MgO
nanouids achieved substantial improvements in thermal
conductivity, while Sadri et al.13 observed a 22.31% increase at
40 °C in nanouids containing 0.5 wt% CNTs. Moreover, Yar-
mand and coworkers showed that Ag–Gr nanouids at 0.1 wt%
delivered a 22.22% enhancement at 40 °C.14 Comparative
studies have also highlighted that EG-based nanouids gener-
ally outperform those based on DI water; for example, Aravind
et al. reported thermal conductivity enhancements of 13.7% in
EG versus 10.5% in DI water at the same volume fraction
(0.04 vol%) of graphene–MWCNT additives.15 Comprehensive
reviews further conrm that the superior thermal conductivity
of carbon nanomaterials is a primary driver of the enhancement
observed in carbon-based nanouids.16 Building on this prog-
ress, recent research has expanded beyond mono- and binary
nanouids to explore ternary hybrid nanouids (THFs), which
incorporate three distinct nanoadditives into a base uid.17–19

THFs have attracted growing interest due to their potential to
RSC Adv., 2026, 16, 3753–3764 | 3753
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Table 1 The previous studies on the thermal conductivity of ternary hybrid nanofluids

Ref. Nanoadditives Base uid Concentration Temperature
Conductivity
enhancement

Cakmak et al.,21 rGO–Fe3O4–TiO2 EG 0.1–0.25 wt% 25–60 °C Up to 13.3%
Boroomandpour et al.,22 MWCNTs–TiO2–ZnO Water–EG 0.1–0.45 vol% 25–50 °C Up to 18.7%
Ahmed et al.,23 ZnO–Al2O3–TiO2 Water 0.025–0.1 vol% 20–50 °C Up to 69%
Dezfulizadeh et al.,24 Cu–SiO2–MWCNTs Water 1–3 vol% 15–65 °C 40–80%
Esfe et al.,25 SWCNT–TiO2–CuO Water 0.05–1.65% 26–50 °C Up to 34%
Esfe et al.,26 SWCNT–Fe3O4–CuO Water–EG 0.03–0.94% 26–50 °C 29–39.2%
Trinh et al.,27 Gr–CNT–CuNP EG 0.005–0.035 vol% 30–60 °C 10–41%
Baby et al.,28 MWNT–Gr–AgNP EG 0.005–0.04 vol% 25–50 °C 1–20%
This work Gr–CNT–AgNP EG 0–0.05 vol% 30–55 °C Up to 52%

Water 0–0.05 vol% 30–55 °C Up to 38%
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synergistically improve thermophysical properties beyond what
can be achieved with single- or dual-component systems.
Several studies have demonstrated the advantages of THFs,
including enhanced thermal conductivity, improved rheological
behavior, and broader application potential.17,19,20 The summary
of recent works related to the thermal properties of the THFs
was listed in Table 1.

Recent investigations provide compelling evidence of the
efficiency of THFs. Cakmak et al. reported a 13.3% conductivity
enhancement in rGO/Fe3O4/TiO2-based THFs at 0.25 wt%.21 The
comparative analysis of the thermal conductivity of THFs con-
taining rGO/Fe3O4/TiO2 and found that the thermal conduc-
tivity enhancement of THFs is higher than that of mono
nanouids containing single nanoadditives like TiO2, GNP,
Fe2O3, Fe3O4, and hybrid nanouids containing rGO–TiO2,
rGO–GO.29–32 Boroomandpour and coworkers achieved an
18.7% enhancement in MWCNT–TiO2–ZnO THFs with 0.4 wt%
loading.22 Even higher improvements have been reported:
Ahmed et al.23 observed a 69% enhancement in Al2O3–TiO2–ZnO
THFs at 0.1 vol%, while Dezfulizadeh et al..24 recorded an 80%
increase in Cu–SiO2–MWCNT THFs at 65 °C and 3 wt% additive
concentration. Esfe and coworkers also demonstrated notable
enhancements in THFs containing combinations such as
SWCNT–TiO2–CuO and SWCNT–Fe3O4–CuO.25,26 More recently,
hybrid materials that combine graphene and CNTs with
metallic nanoparticles—including Cu and Ag—have gained
interest due to their ability to exploit complementary thermal
conduction mechanisms.27,28 These hybrid structures offer
improved interfacial contact, enhanced electron and phonon
transport, and reduced thermal resistance within the uid.
Trinh et al. synthesized nanouids containing Gr–MWCNT/
CuNP hybrids and reported a thermal conductivity increase of
up to 41%.27,28 Baby et al. prepared MWCNT–HEG/AgNP-based
nanouids, achieving a 20% enhancement.28 However, the
enhancement in thermal conductivity was only about 20%,
which was lower than expected. This limitation may be attrib-
uted to the use of graphene oxide (GO), whose thermal
conductivity is reduced due to the presence of functional groups
and structural defects formed during the preparation process.
These ndings highlight that the performance of THFs is
strongly dependent on the structure, purity, and synergy of the
incorporated nanoadditives. Therefore, designing hybrid
3754 | RSC Adv., 2026, 16, 3753–3764
materials with tailored architectures and optimized thermal
transport pathways is essential for achieving next-generation
heat-transfer uids with superior performance.

Therefore, the primary objective of this study was to experi-
mentally investigate the thermal conductivity of ternary hybrid
nanouids (THFs) containing Gr–CNT–AgNPs and to system-
atically evaluate the effects of nanoparticle concentration and
temperature within a practically relevant operating range. An
additional objective was to develop an accurate empirical
correlation for predicting the thermal conductivity of these
ternary hybrid nanouids.

2 Materials and method
2.1. Materials

Lab-made MWCNTs (purity > 98%, 10–30 nm in diameter and
5–15 mm in length) (Fig. 1a) and graphene (purity > 99%, 3–8 nm
in thickness and 0.5–1.5 mm in length) (Fig. 1b) were used for
preparing the hybrid material.33 Siver nitrate (AgNO3) with
a purity of 99% was provided by Sigma-Aldrich. Other chemicals
including HNO3, H2SO4, NaOH and NaBH4 were supplied by
Xilong Chemical Co. Ltd.

2.2. Preparation of ternary hybrid nanouids

The fabrication process of ternary hybrid nanouid containing
Gr–CNT–AgNP hybrid materials is presented in Fig. 2. Firstly, Gr
and CNTs were modied with –COOH groups. 100 mg Gr was
added in a mixture of 50 ml HNO3 (65%) and 150 ml H2SO4

(98%) under continuous stirring (IKA C-MAGHS7 Hot Stirrer) of
300 rpm at 70 °C for 5 hours. Aer that, the acquired solutions
were repeatedly ltered with deionized water until achieving
a pH of approximately 7 to obtain Gr–COOH. CNT–COOH was
also prepared by using the same process. A mixture of the
prepared Gr–COOH and CNT–COOH with a weight ratio of 1 : 1
was dispersed together in ethylene glycol using bath ultra-
sonication (40 kHz, 150 W, Elmasonic S 30 H) for 30 minutes to
produce a Gr–CNT solution. A specied volume of 0.05 M
AgNO3 solution was introduced into the Gr–CNT solution while
maintaining continuous magnetic stirring with a speed of
300 rpm by an IKA C-MAG HS7 Hot Stirrer. The mixing process
was kept for 30 minutes, then 20 ml of reducing solution con-
taining NaOH and NaBH4 (0.05 M) was dropped into the above
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) CNTs and (b) graphene.
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solution. The obtained solution was repeatedly ltered with
deionized water and subsequently dried under vacuum at 60 °C
for 24 hours to obtain Gr–CNT–AgNP hybrid materials. The
calculated amounts of Gr–CNT–AgNP hybrid materials were
dispersed in EG and DI water by bath ultrasonication (IKA C-
MAG HS7 Hot Stirrer) for 30 min to prepare THFs with the
concentrations of Gr–CNT–AgNP hybrid materials ranging from
0.001 to 0.005 vol%.
Fig. 3 SEM image of Gr–CNT–AgNP hybrid material.
2.3. Instruments and characterization techniques

The microstructure of CNTs, Gr and Gr–CNT–AgNP hybrid
materials was observed using FESEM (Hitachi S4800, Hitachi
Ltd, Japan) with an accelerating voltage of 5 kV and TEM (JEOL
JEM 2100, JEOL Ltd, Japan) with. The detail of the TEM sample
preparation was described. A small amount of the sample (∼0.1
mg) was dispersed in dispersed in dimethyl sulfoxide (DMSO) at
low concentration and ultrasonicated for 15–20 min to ensure
uniform dispersion and minimize agglomeration. A few
microliters of the suspension were drop-cast onto carbon-
coated copper TEM grids (300 mesh), which were pre-cleaned
Fig. 2 Fabrication process of ternary hybrid nanofluid containing Gr–CN

© 2026 The Author(s). Published by the Royal Society of Chemistry
to improve wettability. Excess solvent was gently removed, and
the grids were dried at room temperature. TEM observations
were performed under an accelerating voltage of 200 kV. XRD
T–AgNPs.

RSC Adv., 2026, 16, 3753–3764 | 3755
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patterns of samples were measured by using a D8 Endeavor
(Bruker Corporation, Karlsruhe, Germany) with the radiation
source of Cu-Ka at l = 1.54056 Å. The samples were scanned
between 10° and 80° degrees 2q with step sizes of 0.01° and scan
rate of 0.01° per second. The Shimadzu IR Prestige 21 (Shi-
madzu Corporation, Tokyo, Japan) spectrometer was employed
to measure the FTIR spectra of the samples. The thermal
conductivity of THFs in a range from 30 to 55 °C was measured
using an HTL-04 system (Eternal Engineering Equipment Ltd,
Maharashtra, India). The principle and measurement method
for determining thermal conductivity using the HTL-04 device
are described in detail in the SI. The reported results of the
experiment are an average of ve measurements for every
nanouid and the error bars in the gure mean standard
deviation.
Fig. 4 (a–c) TEM images of Gr–CNT–AgNP hybrid material and (d) diam

3756 | RSC Adv., 2026, 16, 3753–3764
3 Results and discussion
3.1. Characterization of Gr–CNT–AgNP hybrid materials

Fig. 3 shows the FESEM image of Gr–CNT–AgNPs hybrid
materials at high magnication. The results show that CNTs
with an average diameter of around 20 nm and graphene sheets
were intermixed, and the AgNPs with a diameter ranging from
2 nm to 16 nm were attached to CNTs and Gr surfaces. However,
at a certain point, an AgNPs cluster was also observed due to
small AgNPs agglomerating together to form larger clusters. The
interlayer spacing of the nanoparticles was measured as shown
in the TEM images at highmagnication (Fig. 4). As a result, the
spacing was approximately 0.235 nm, which is consistent with
the standard interplanar spacing value d(111) of Ag nano-
particles34 (Fig. 4c). Besides, the interlayer spacing of Gr and
eter distribution of AgNPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CNTs was also determined about 0.335 nm. This value is in
good agreement with the reported works.35,36 The distribution of
AgNP size was determined by ImageJ soware was shown in
Fig. 4d. According to the diagram, the average diameter of
AgNPs was calculated to be 8 nm. The FESEM and TEM image
reveals a distribution and intercalation of MWNTs and AgNPs
among the Gr sheets. These structure helps to minimize
Fig. 5 XRD patterns of Gr–CNT and Gr–CNT–AgNPs hybrid materials.

Fig. 6 FTIR spectra of Gr–COOH, CNT–COOH and Gr–CNT–AgNPs h

© 2026 The Author(s). Published by the Royal Society of Chemistry
graphene layer restacking and enhances the effective surface
area of the hybrid materials.28

Fig. 5 illustrates the XRD patterns of Gr–CNT and Gr–CNT–
AgNPs hybrid materials. In the XRD pattern of Gr–CNT, the
diffraction peak near 26.2°, 42° and 53.6° are attributed to the
(002), (101), and (004) planes of hexagonal graphite, respectively
originating from both graphene and CNTs.37 For the XRD
ybrid materials.

RSC Adv., 2026, 16, 3753–3764 | 3757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03763h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
10

:4
3:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
pattern of Gr–CNT–AgNPs hybrid materials, in addition to the
characteristic peaks of Gr–CNT, new diffraction peaks are also
observed. These typical peaks located at 38.2°, 44.3°, 64.2° and
77.5° corresponding to (111), (200), (220) and (311) planes of
a face centered cubic crystal structure of Ag (JCPDS le no. 04-
0783). The spacing d(111) of AgNPs has been calculated from the
XRD pattern was 2.35 Å which is in good agreement with TEM
results as discussed in the previous section. Besides, the crys-
tallite size of AgNPs was estimated to be about 7 nm by using
the Scherrer equation from the diffraction peaks. The full width
at half maximum (FWHM) of the (002) peak corresponding to
the graphite lattice of the samples was determined by using
Gaussian tting (insert image in Fig. 5). The obtained results
showed that the FWHM of the (002) peak in the CNT–Gr/AgNPs
material is larger than that of the CNT–Gr material. This may be
attributed to the presence of metallic nanoparticles such as
AgNPs, which can cause lattice distortion in both CNTs and Gr
leading to increase of the interlayer spacing of graphite struc-
ture.38,39 So, both XRD and morphology studies indicated that
AgNPs were grown on the CNTs and Gr surfaces with a good size
distribution and high crystallinity.

The FTIR studies were carried out to identify the presence of
functional groups of the prepared samples as shown in Fig. 6. In
the IR spectrum of Gr–COOH and CNT–COOH, the peaks
observed at 1638 cm−1, 1080 cm−1 and 1365 cm−1 could be
assigned to characteristic stretch of carboxyl (–COOH) group,
corresponding to stretching vibration of nC]O, nC–O and nC–OH in
carboxylic acid, respectively. The stretching vibration of the
carbonyl (nC]O) group was also attributed to the peak at
1718 cm−1. The peak at 3426 cm−1 could be assigned to
stretching vibrations of hydroxyl (O–H) groups.40 While the IR
spectra of Gr–CNT–AgNP hybrid materials showed the shi
peaks from 1718 cm−1 to 1735 cm−1, which corresponds to the
band of carbonyl (nC]O) group in ester, this is due to the
esterication between the hydroxyl (–OH) and the carboxyl (–
COOH) group of CNT–COOH and Gr–COOH. In addition, the
peaks shi from 1080 cm−1 to 1064 cm−1, and 1365 cm−1 to
1382 cm−1, and 1638 cm−1 to 1635 cm−1, and 3426 cm−1 to
3437 cm−1 and a new peak was observed at 679 cm−1, which is
assigned to the Ag–O stretching vibration.41 Based on the peak
shi in the functional groups and the appearance of a new Ag–O
peak, suggesting that the silver ions attach to the hydroxyl and
Fig. 7 Fomation of Gr–CNT–AgNP hybrid materials.

3758 | RSC Adv., 2026, 16, 3753–3764
carboxyl groups, then aer the complete reduction of the silver
ions, the formation and growth of Ag nanoparticles promote the
peaks shi in the functional groups.

The obtained results conrm that the formation of AgNPs
follows the reduction pathway described in reaction (1).
Specically, when NaBH4 is introduced into the AgNO3 solution,
it acts as a strong reducing agent, progressively converting Ag+

ions into metallic silver nuclei. As the reaction proceeds, these
nuclei grow and stabilize into well-dened Ag nanoparticles.
During this process, the carboxyl functional groups generated
on the surfaces of Gr sheets and CNTs play a crucial role. These
groups not only promote strong interfacial interactions between
AgNPs and the carbon nanomaterials but also provide active
nucleation sites that facilitate the uniform deposition and
anchoring of Ag nanoparticles onto the Gr and CNT structures
(Fig. 7). This synergy contributes to the efficient formation and
stable distribution of AgNPs within the hybrid material.

2AgNO3 + NaBH4 / 2Ag + B2H6 + H2 + 2NaNO3 (1)

3.2. Thermal conductivity of THFs

The thermal conductivity of the nanouid was measured in the
temperature range of 30–55 °C because this interval is
commonly used in practical heat-transfer applications such as
electronic cooling, heat exchangers, and solar-thermal
systems.42 Within this range, the nanouid remains thermally
and colloidally stable, thereby avoiding issues such as nano-
particle agglomeration, sedimentation, or base-uid degrada-
tion that may occur at higher temperatures.43,44 In addition,
temperatures approaching the boiling point of the base uid
may introduce measurement uncertainties due to bubble
formation, enhanced natural convection, and ow instability,
which can adversely affect the accuracy of thermal conductivity
measurements.45,46 Therefore, the temperature range of 30–55 °
C enables a clear observation of the temperature dependence of
thermal conductivity while ensuring reliable and accurate
measurements with the employed instrumentation. The
thermal conductivity of THFs using distilled water as base uid
is presented in Fig. 8a. The obtained results indicated that the
thermal conductivity of the THFs increases when increasing the
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03763h


Fig. 8 (a) Thermal conductivity and (b) enhancement in thermal conductivity of water-based ternary hybrid nanofluid containing different Gr–
CNT–AgNP concentrations. The error bars represent the standard deviation of the reported values.
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Gr–CNT–AgNP concentrations. For example, at 30 °C, the
thermal conductivity of the THFs containing 0.005% Gr–CNT–
AgNP was measured to be 0.685 W m−1 K−1, which is signi-
cantly higher than that of the distilled water (0.607 Wm−1 K−1).
Fig. 8b and show the enhancement of the thermal conductivity
of the water-based THFs. It can be seen, that the increase in
thermal conductivity of the THFs is proportional to the increase
in the concentration of Gr–CNT–AgNP hybrid materials and the
measured temperatures. At 30 °C, the thermal conductivity
enhancements of the THFs containing 0.001%, 0.002%,
0.003%, 0.004% and 0.005% were determined to be 4%, 6%,
9%, 13% and 15% respectively, higher than that of distilled
water. It is noted that the increase in thermal conductivity of the
nanouid was considerably more pronounced when assessed at
higher temperatures. Specically, at the measurement
Fig. 9 (a) Thermal conductivity and (b) enhancement in thermal condu
CNT–AgNP concentrations. The error bars represent the standard devia

© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature of 55 °C, the thermal conductivity enhancement of
the THFs containing 0.005% Gr–CNT–AgNP was determined to
be 37.6% higher than that of distilled water. It is noteworthy
that the thermal conductivity ratio exhibits several outliers at
55 °C, which can be primarily attributed to the reduced colloidal
stability of the nanouid at elevated temperatures.46–48

Increased thermal motion at elevated temperatures enhances
Brownian collisions between nanoparticles, which can promote
agglomeration and transient sedimentation, thereby leading to
increased scatter in the measured thermal conductivity data.46

At higher temperatures, enhanced Brownian motion and
weakened intermolecular interactions can promote partial
nanoparticle agglomeration or sedimentation, which leads to
temporary uctuations in the local particle concentration.49

These uctuations may cause instability in the signal and result
ctivity of EG-based ternary hybrid nanofluid containing different Gr–
tion of the reported values.
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Table 2 The value of a factor was estimated by using linear fitting of
the thermal conductivity versus Gr–CNT–AgNP concentrations

Concentrations
(vol%)

Water-based ternary
hybrid nanouids

EG-based ternary hybrid
nanouids

a R2 a R2

0 3.14 × 10−4 0.99998 4.21 × 10−4 0.99996
0.001 4.26 × 10−4 0.99976 5.33 × 10−4 0.99937
0.002 4.51 × 10−4 0.99942 6.79 × 10−4 0.99905
0.003 5.61 × 10−4 0.99915 7.66 × 10−4 0.99891
0.004 6.43 × 10−4 0.99931 8.49 × 10−4 0.99882
0.005 8.41 × 10−4 0.99891 11.10 × 10−4 0.99812
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in scattered data points. Additionally, higher temperatures may
increase natural convection effects in the measuring cell,
further contributing to outliers at 55 °C.49–51

Fig. 9a shows the inuence of the Gr–CNT–AgNP concen-
trations on the thermal conductivity of EG-based THFs. Simi-
larly to water-based THFs, the thermal conductivity of EG-based
THFs increases when the concentration of Gr–CNT–AgNP
hybrid materials increases. The nanouid containing Gr–CNT–
AgNP exhibits the thermal conductivity enhancement of 5%,
7%, 11%, 18% and 22% with 0.001%, 0.002%, 0.003%, 0.004%
and 0.005% Gr–CNT–AgNP, respectively (Fig. 9b). The thermal
conductivity enhancement of THFs could be explained accord-
ing to Sastry et al.52 CNTs act as thermal bridges to connect the
network and help to avoid Gr stacking. Graphene sheets form
an interconnected network (as shown in SEM and TEM images),
leading to better enhancement in heat transfer.53 In addition,
the presence of AgNPs with high thermal conductivity helps to
avoid the Gr stacking and expand the overall surface area.54 The
thermal conductivity of THFs was augmented when assessed at
higher temperatures. The highest thermal conductivity
enhancement was determined to be 52% compared to EG for
THFs containing 0.005 vol% Gr–CNT–AgNP. The obtained
results show certain agreement with previously published
studies on ternary hybrid nanouids Table 1. The prepared
THFs exhibited higher improvement compared to the THFs
containing MWNT–HEG/AgNPs reported by Baby et al.28 This
could be due to the bond between Gr, CNTs and Ag improved via
the interaction between Ag+ ion and the functional groups
attached to Gr, CNTs surface. The improvement in interface
bond strength between Ag and Gr, CNTs lead to enhance the
electron and phonon transfer and thus improve the thermal
conductivity of the nanouids. The improvement in the thermal
conductivity of THFs at higher concentrations can be attributed
to the percolation effect, which reduces the mean free path of
nanoparticles or increases their volume fraction, thereby
intensifying lattice vibrations.55 Li et al. further identied
Fig. 10 Thermal conductivity ratio of the ternary hybrid nanofluids versu
ternary hybrid nanofluids.

3760 | RSC Adv., 2026, 16, 3753–3764
Brownian motion, particle agglomeration, and viscosity as key
factors inuencing the temperature-dependent thermal
conductivity of nanouids.56 According to their ndings, an
increase in temperature produces two main effects: (i) a reduc-
tion in nanoparticle cluster formation and (ii) enhanced Brow-
nian motion. Together, these phenomena contribute to the
observed increase in the thermal conductivity of THFs with
rising temperature.

The correlation between the thermal conductivity (K) of
THFs and the concentration of Gr–CNT–AgNP hybrid material
could be expressed using a linear function as the following:57

KTHF

Kbf

¼ 1þ a� 4 (2)

where KTHF and Kbf represent the thermal conductivities of the
THFs and base uid, respectively. These values are inuenced
by the concentration (4) of Gr–CNT–AgNP hybrid materials. The
factor a is a numerical coefficient associated with the measured
temperatures. The value of a factor for both water-based and
EG-based ternary hybrid nanouids was estimated by using
Origin Pro 9 as shown in Fig. 10. The estimated values of
a factor are displayed in Table 2, indicating an R2 superior to
s different measured temperatures (a) water-based and (b) EG-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Values of factors (A, B, C, D, E) of the eqn (3) estimated by
using Poly4-FitFunc of a values for water-based and EG-based ternary
hybrid nanofluids

Factors

Water-based ternary
hybrid nanouids

EG-based ternary
hybrid nanouids

R2 = 0.96643 R2 = 0.99998

A −0.00581 0.02285
B 5.17606 × 10−4 −0.00236
C −1.58711 × 10−5 9.04064 × 10−5

D 2.08741 × 10−7 −1.50337 × 10−6

E −9.33333 × 10−10 9.23333 × 10−9

Fig. 11 Values of fitting parameter a using Poly4-FitFunc for water-
based and EG-based ternary hybrid nanofluids.

Fig. 12 Thermal conductivity ratio of ternary hybrid nanofluids versus Gr
EG-based ternary hybrid nanofluids. The points represent experimental

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.99. Furthermore, the thermal conductivity of the produced
THFs elevated as assessed at higher temperatures. The thermal
conductivity enhancement has a nearly linear relationship with
the concentration of Gr–CNT–AgNP hybrid materials and
a nonlinear relationship with the measured temperatures.
Therefore, it could be articulated by a quartic polynomial
function relationship:58

a = A + B × X + C × X2 + D × X3 + E × X4 (3)

where A, B, C, D and E are numerical factors. The relationship
between a and temperature X, along with eqn (3), was shown in
Fig. 11. By integrating eqn (2) and (3), a general relationship of

the
KTHF

Kbf
ratio for Gr–CNT–AgNP concentration and temperature

can be given as the following eqn (4):

KTHF

Kbf

¼ 1þ A� 4þ B� X � 4þ C � X 2 � 4þD� X 3 � 4

þ E � X 4 � 4

(4)

By using Poly4-FitFunc of OriginPro 9, the values of factors
(A, B, C, D, E) of eqn (2) were estimated for water-based and EG-
based THFs as presented in Table 3. The tting results are
shown as a graph in Fig. 12, which demonstrates that the
experimental data matched smoothly with the proposed eqn (3).
The obtained results indicated that, in addition to factors such
as conductivity and the concentration of nanoadditives, the
inuence of measured temperature on thermal conductivity of
nanouid cannot be neglected. This dependence is represented
by factor a, a fourth-order polynomial function via eqn (3). The
–CNT–AgNP concentrations and temperatures (a) water-based and (b)
values, whereas the surfaces are derived from the fitting function (3).
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proposed model enables researchers to more accurately eval-
uate the thermal conductivity of nanouids.

4 Conclusion

The thermal conductivity of ternary hybrid nanouids containing
Gr–CNT–AgNPs was experimentally investigated. The inuences
of nanoparticle concentration and temperature were systemati-
cally evaluated. The results showed that increasing the Gr–CNT–
AgNPs concentration signicantly improved the thermal
conductivity of both base uids. At a loading of 0.05 vol%, the
maximum thermal conductivity enhancement reached 38% for
water-based nanouid and 52% for EG-based nanouid, respec-
tively. In addition to concentration, temperature also played
a notable role, as the intensied Brownian motion at elevated
temperatures further contributed to the enhancement in thermal
conductivity. The proposed correlation based on a quartic poly-
nomial function relationship exhibited strong agreement with
the experimental data with R2 of 0.96643 and 0.99998 for water-
based THFs and EG-based THFs, respectively, conrming the
accuracy and reliability of the model for the prediction of the
thermal conductivity of ternary hybrid nanouids.

Nevertheless, this study has certain limitations that should
be acknowledged. The experimental investigation was limited
to a moderate temperature range (30–55 °C), selected to ensure
measurement reliability and colloidal stability; therefore, the
behavior of the nanouids at higher temperatures, where
instability and convection effects may become more
pronounced, was not examined. In addition, thermal conduc-
tivity measurements were performed under controlled labora-
tory conditions, and the inuence of ow, shear, and long-term
operation on nanouid stability was not addressed. Minor data
scatter observed at the upper temperature limit further suggests
that colloidal stability may be reduced at elevated temperatures.

Future research should extend the temperature range and
evaluate the long-term stability and thermophysical performance
of Gr–CNT–AgNPs nanouids under dynamic ow conditions
relevant to practical systems. Further studies should also focus
on validating the proposed correlation under different operating
conditions and exploring the application of these nanouids in
realistic thermal systems such as electronic cooling devices, heat
exchangers, and internal combustion engines.
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Graphene

GNP
 Graphene nanoplateletes

CNTs
 Carbon nanotubes

MWCNTs
 Multiwalled carbon nanotubes

SWCNTs
 Single walled carbon nanotubes

Gr–CNT
 Graphene–carbon nanotube hybrid material

CuNPs
 Copper nanoparticles

AgNPs
 Silver nanoparticles

Gr–CNT–
AgNPs
Graphene–carbon nanotube–silver nanoparticles
DI
 Deionized

EG
 Ethylene glycol

THF
 Ternary hybrid nanouids

FESEM
 Field emission scanning electron mircoscopy

TEM
 Transmission electron mircoscopy

FTIR
 Fourier transform infrared spectroscopy

KTHF
 Thermal conductivity of ternary hybrid

nanouids [W m−1 K−1]

Kbf
 Thermal conductivity of base uid [W m−1 K−1]

KTHF/Kbf
 Thermal conductivity ratio

A, B, C, D, E
 Eqn (2) numerical factors

a
 A numerical coefficient associated with the

measured temperatures

4
 Volume concentration [vol%]

X
 Temperature [°C]
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