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ARTICLE INFO ABSTRACT
Handling Editor: Panos Seferlis Nanofluid has emerged as a promising heat transfer fluid (HTF) due to their significant thermophysical, and
optical characteristics enhancement over base fluids. Hybrid nanofluids with multiple nanomaterials have the
Keywords: advantage of synergistic properties in comparison to monocomponent nanofluids. The present study proposes an
IPVII};(bHd nanofluid energy-efficient and cleaner synthesis method for developing carbon quantum dot (C-dot), MXene, and a hybrid
ene

MXene/C-dot hybrid nanofluids, for heat transfer application. In-situ microwave pyrolysis technique and two-
step method were adopted for nanomaterial and nanofluid synthesis. The morphological, phase structural,
chemical, and elemental compositional analysis of the nanomaterials was performed. The material character-
ization confirms the hybridization of C-dot on MXene nanosheets. The thermal conductivity and volumetric heat
capacity of the nanofluids were measured using the transient plane source (TPS) method. Thermal conductivity
was observed to increase with nanofluid concentration and temperature. Results indicate that MXene has the
highest thermal conductivity enhancement (50 %) over water, followed by hybrid (42.2 %) and C-dot nanofluid
(33.2 %). The volumetric heat capacity of nanofluids decreased with concentration and temperature. A semi-
empirical correlation, as a function of nanofluid concentration and temperature, was coined for predicting
thermal conductivity and volumetric heat capacity. Optical property characterization study shows that C-dot
nanofluid exhibited considerable absorption along the UV range, while MXene nanofluid showed absorption in
the visible and near-infrared (NIR) region. Hybrid nanofluids demonstrated complementary absorption prop-
erties of C-dot and MXene nanofluids.

Carbon dot
Thermal conductivity
Volumetric heat capacity

flexible for specific applications (Xiong et al., 2021).

Metal (Cu, Al, Ag, Au, etc.), metal oxide (CuO, Al,03, MgO, Fey0s3,
Zn0O, SiO,, TiOy), carbide (SiC, TiC, ZrC), nitride (AIN, SiN, TiN), and
carbon nanomaterial (Graphene, CNT, MWCNT) based nanofluids were
widely used in energy systems (Sreekumar et al., 2022b). Nanofluids
find applications as HTF in heat exchangers (Ambreen et al., 2022), solar
collectors (Sreekumar et al., 2019), electronic devices (Selvaraj and
Krishnan, 2021), etc. Colloidal stability and cost associated with the
nanofluid-based system are the major drawbacks faced. Carbon quan-
tum dot (C-dot) nanofluids are a recently developed class of HTFs.
Carbon-dot materials are being adopted in solar cells, composite syn-
thesis, fluorescent devices, etc. Due to their exceptional optical char-
acteristics (Kim et al., 2022; Li et al., 2023). However, lesser research
attention was provided to the study the heat transfer and rheological
properties of carbon quantum dot (C-dot) nanofluids. Mirsaeidi and

1. Introduction

Demand for efficient and compact energy conversion devices is
driving the research to develop effective heat transfer systems. Con-
ventional working fluids are commonly used in industrial and residen-
tial cooling and heating applications. Water, ethylene glycol (EG),
propylene glycol, ionic liquids, and thermal oils, are some of the widely
adopted working fluids (Sreekumar et al., 2022a). The thermal con-
ductivity of these fluids is very low and hence, more efficient HTFs are
required to enhance the heat transfer and thereby achieve size reduction
in components. Nanofluids, developed by dispersing nanomaterials in
base fluids, are found to possess exceptional thermophysical properties.
They have the advantage of property tunability by augmenting nano-
particle shape, size, concentration, or material, which makes them
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Nomenclature

Parameters

(o Mass-specific heat capacity [J kg’l K1

Cp.yol Volumetric heat capacity [J kg’l K1

Cp voic—dor  Volumetric heat capacity of C-dot [J kg’l K1

Cp voimxene Volumetric heat capacity of MXene [J kg’l K11

Cp vohybria  Volumetric heat capacity of MXene/C-dot [J kg’l K1
ew Equivalent weight [g equivalent ']

k Thermal conductivity (wm K1

krcc-doe Thermal conductivity of C-dot [Wm 1K1

krcmxene Thermal conductivity of MXene (wm™ k1]

k1c mxenejc-doe  Thermal conductivity of MXene/C-dot [Wm 1K1

K; Spectral specific extinction coefficient [em™1]

t Time [s]

T Temperature [°C]

Te_dot Instantaneous temperature of C-dot nanofluid [°C]

Trxene Instantaneous temperature of MXene nanofluid [°C]
Thybria Instantaneous temperature of MXene/C-dot nanofluid [°C]
AT Instantaneous temperature difference [°C]

6Uy,, Uncertainty in thermal diffusivity calculation [%]
oU, Uncertainty in measurement instrument [%]

SUx Uncertainty in thermal conductivity calculation [%]
8U, Uncertainty due to repeatability [%]

y Penetration depth [m]

Greek Symbol

am Thermal diffusivity m%s 1]

p Density [kgm ]

@ Weight percentage [%]

7; Spectral-specific transmittance percentage [%]

y Wavelength [nm]

S Uncertainty [%]
Abbreviations

ACS American chemical society
AM Air mass

ANOVA Analysis of variance

BE Binding energy

CuO Copper oxide
C-dot Carbon quantum dot
DI De-ionized

DAPTC Direct absorption parabolic trough collector
DASC Direct absorption solar collector

EIS Electrochemical impedance spectroscopy
EG Ethylene glycol

EDX Energy dispersive X-ray

FE-SEM Field emission scanning electron microscope

IPA Isopropyl alcohol

ISO International organization for standardization
JCPDS  Joint Committee on Powder Diffraction Standards
HTC Heat transfer coefficient

HTF Heat transfer fluid
MWCNT Multi-walled carbon nanotube

NIR Near-infrared

PV/T Photovoltaic/thermal

SEM Scanning electron microscopy
TPS Transient plane source

uv Ultraviolet

XPS X-ray photoelectron spectroscopy

XRD X-Ray diffraction

Yousefi (2021) conducted an experimental study on the thermal con-
ductivity, viscosity and density of carbon dot nanofluid and a new
semi-empirical correlation was derived to predict the properties.
Ultra-stable C-dot nanofluids were developed by microwave-irradiation
for application in optical nanofluid filter-based photovoltaic/thermal
system (Xiao et al., 2023). The study reveals that the optical property of
C-dot helped the system to outperform the existing nanofluid filters. The
major drawback faced by C-dot nanofluid is the relatively lower thermal
performance enhancement when compared to its exceptional stability
and optical characteristics (Vatani et al., 2019).

Apart from C-dots, MXene is a newer class of 2D materials that finds
application in energy storage, batteries, supercapacitors, catalysts, etc
(Abbasi et al., 2021). In addition to their optical, and electrical prop-
erties, MXene colloidal solutions possess exceptional thermal conduc-
tivity, which is very less explored in past studies (Bao et al., 2021). Bao
et al. (2021) synthesized Ti3CyTy MXene nanofluid dispersed in EG.
Thermal conductivity of 5 vol % multi-layered and single-layered
nanofluid increased by about 53.1 and 64.9 %, respectively. The vis-
cosity of 1 vol % of MXene was observed to be lower than that of gra-
phene and MWCNT nanofluids of 0.1 vol % due to the self-lubricating
property of the MXene nanosheet. Thermophysical properties of ionic
liquid-based MXene nanofluid were analysed by Das et al. (2020) for
application in a photovoltaic/thermal (PV/T) system. The study shows
that the PV/T system produces better thermal performance at an opti-
mum concentration of 0.2 wt %. The feasibility of MXene nanofluid for
heat transfer enhancement in a pin-fin heat sink was conducted by
Ambreen et al. (2022). The study shows that about 40 % enhancement in
the average Nusselt number was achieved with the nanofluid coolant at
the expense of a very small increase in pumping pressure. Hence, ma-
jority of studies report that MXene nanofluid exhibits better thermal
conductivity and heat transfer enhancement.

Hybrid nanofluids consisting of two or more nanomaterial shows
synergistic properties in comparison to monocomponent nanofluids
(Siddiqui et al., 2019; Sreekumar et al., 2019). Hybrid nanofluids could
be synthesized using either a one-step method (Joseph and Thomas,
2022) or a two-step method (Said et al., 2023). The nanomaterial
shape/size, nanofluid concentration, and mixing ratio (Xuan et al.,
2022) are the other dominant factors that determine the bulk thermo-
physical properties of the hybrid nanofluid. An EG based SiC-ZnO
hybrid nanofluid synthesized by Ghafouri and Toghraie (2023) exhibi-
ted about 15.9% enhancement in thermal conductivity over base fluid. A
hybrid mixture of an ionic liquid and water was used as the base fluid by
Said et al. (2022) for synthesising MXene hybrid nanofluid. The study
reports that the thermal conductivity improved from 0.443 to 0.82
Wm 'K ! for 0.5 wt % nanofluid concentration. Das et al. (2022)
developed a Therminol 55-based MXene/Al,O3 nanofluid and the
characterization was performed for three different concentrations of the
fluid. The thermal conductivity of base fluid was found to be enhanced
by 62 % with 0.2 wt % of nanoparticle loading. High thermally
conductive copper nanomaterial was hybridized with C-dot nanoparticle
by Azizi et al. (2018) to generate Cu/C-dot hybrid nanofluid. The
nanofluid exhibited complementary thermal conductivity enhancement
of around 25 % at 0.5 wt %, and high dispersion stability. MXene was
found to be one of the better thermally conductive nanomaterials with
potential for hybridization.

The literature review shows that the research performed on C-dot,
and MXene nanofluids is very rare. C-dot nanofluids exhibits significant
stability and optical property, in comparison to thermal property
enhancement. While MXene nanofluid exhibits high thermal conduc-
tivity enhancement. The literature study reveals that a hybrid nanofluid
could show synergistic characteristics of the component nanomaterials
(Siddiqui et al., 2019). To the best of authors knowledge, a hybrid
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Fig. 1. Synthesis of MXene nanofluid.

MXene/C-dot nanofluid has not been reported to date. Hence, a novel
hybrid MXene/C-dot nanofluid was synthesized as an alternative, and
stable HTF with synergistic thermal and optical properties. Character-
izations were performed on all the nanofluids of five different concen-
trations (0.01-0.2 wt %) and an effective comparison was conducted
with monocomponent nanofluids. In this study, morphological, phase
structure, and chemical compositional analysis was performed on the
novel MXene/C-dot hybrid nanomaterial. Optical and thermophysical
property characterization of C-dot, MXene, and MXene/C-dot nanofluids
were also conducted for the very first time in this study. Based on the
measured values of thermal conductivity and volumetric heat capacity, a
new semi-empirical correlation was coined to predict these properties
based on the nanofluid concentration and temperature.

2. Materials and methodology

The raw materials required for nanomaterial and nanofluid synthesis
are detailed in this section. The synthesis procedure, synthesis equip-
ment used, characterization equipment, and characterization method-
ology adopted for nanomaterial/nanofluid are also explained.

2.1. Materials required

De-ionized (DI) water was used as the base fluid for dispersing
nanomaterials. Ammonium citrate dibasic (Merck, UK 247561) of ACS
reagent grade (98 % purity), was used as the carbon source for carbon
quantum dot nanofluid synthesis. Multi-layered MXene nanosheets of
99 wt % purity were procured from NanoChemazone, Canada and were
used without further purification. Further details of the raw material are
provided in Table S1 in Section S1 of the supplementary data file.

2.2. Nanofluid synthesis methodology

The synthesis methodology adopted for developing C-dot, MXene,

Dissolving in DI at
weight ratio 1:5

N\

DI Water

Ammonium citrate dibasic

C-dot nanofluid

Microwave pyrolysis
at 800W for 8minutes
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and MXene/C-dot nanofluids is detailed in this section. Five different
concentrations of each nanofluid (0.01, 0.05, 0.1, 0.15, and 0.2 wt %)
were synthesized. The optimum concentration that generates the
maximum thermal conductivity improvement with minimum viscosity,
was selected as the upper limit for nanofluid concentration (0.2 wt %) in
this study (Mahesh et al., 2016; Parashar et al., 2021). The lower limit of
nanofluid concentration (0.01 wt %) was selected such that the fluid
samples are capable of exhibiting minimum thermal conductivity
enhancement of about 5% (at 20 °C).

2.2.1. Synthesis of MXene nanofluid

A two-step method was adopted for MXene nanofluid synthesis as
shown in Fig. 1. Firstly, the multi-layered MXene nanofluids were
dispersed in the DI water without any surface modifiers using an Ul-
trasonic homogeniser. Sonication was found to be effective in delami-
nating the MXene sheets (Feng et al., 2018). The nanofluid was
subjected to sonication for about 30 min of sonication time. Previously
reported works from the literature was analysed to develop a pre-
liminary understanding on the range of sonication time used for MXene
delamination (Zhang et al., 2017). Sonication time selected in this study
was found to be the lowest time taken to achieve delamination of MXene
layers. MXene nanofluid of five concentrations (0.01-0.2 wt %) was
synthesized.

2.2.2. Synthesis of carbon quantum dot nanofluid

A two-step method was adopted to prepare carbon quantum dot
nanofluid. Ammonium hydrogen-citrate precursor (2 g) dissolved in DI-
water (10 ml) is to be subjected to microwave treatment, as shown in
Fig. 2, at 180 °C for about 10 min (Ettefaghi et al., 2018). A domestic
microwave of 800 W capacity was used for the synthesis. The solution is
to be further dried and cooled to room temperature. The synthesis
process parameters were varied to find the optimum conditions for
synthesising the C-dot in this study. Carbon dot nanoparticles are
collected after the process. The collected particles are further dispersed
in the base fluid at a different mass fraction (0.01-0.2 wt %) to syn-
thesize the nanofluids.

2.2.3. Synthesis of MXene/Carbon quantum dot hybrid nanofluid

In-situ microwave-assisted synthesis (Zheng et al., 2018) of hybrid
nanocomposite nanofluid was performed as shown in Fig. 3. Microwave
irradiation has been reported to be a sustainable, less energy-intensive,
and cost-effective synthesis route for various nanocomposite materials
including MXene (Zheng et al., 2019) and C-dot (Meng et al., 2020)
based nanocomposites. In this procedure, 2 g of ammonium

Domestic Microwave

Drying in oven for
10mins at 150°C

Weighing the nanoparticles
and probe sonication

Dried C-dot nanoparticle

Probe sonicator & Analytical weigh balance

Fig. 2. Synthesis of C-dot nanofluid.
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Addition

MXene nanofluid ~ Ammonium citrate dibasic

Microwave

&

Magnetic stirrer

Fig. 3. Synthesis of MXene/C-dot hybrid nanofluid.

hydrogen-citrate precursor (carbon source) was dissolved in DI water.
To the above-prepared solution, 1 g of MXene nanoparticle was added
and mixed thoroughly for 10 min. The component mixture was kept in a
microwave oven for about 8 min at a power of about 800 W. A nano-
composite of MXene/C-dot was formed as shown in Fig. 3. The material
was collected and dried at 180 °C for 10 min in an air dryer. The dried
nanoparticles were dispersed in DI water to prepare MXene/C-dot
hybrid nanofluid.

2.3. Nanomaterial characterization

The nanomaterial samples were deposited on silicon wafers for
performing the material characterization. The sample preparation pro-
cedure is explained in Section S1 of supplementary data file. The
morphology of the nanomaterials was analysed using FESEM (HITACHI
SU5000, Tokyo, Japan) at an accelerating voltage of 5 kV. Elemental
mapping and chemical composition analysis of the nanomaterials were
conducted using an FE-SEM coupled X-Max™ 80 mm? silicon drift de-
tector. Phase structure analysis of MXene, C-dot, and hybrid MXene/C-
dot nanoparticles was performed using Bruker D8-Discover X-Ray
diffractometer with Cu Ko radiation source (1= 1.54 A) in the 2 6 angle
range of 0-90° at a scanning rate of 2°/min. Raman spectrum analysis
was also performed on the samples using Renishaw inVia Qontor
Confocal Raman Microscope (Renishaw Ltd., UK). A laser source having
an excitation wavelength of 532 nm was used to confirm the crystalline
nature of synthesized C-dot and hybrid nanoparticles. The elemental
composition of the nanomaterials was analysed using X-ray photoelec-
tron spectroscopic (XPS) analysis.

2.4. Nanofluid characterization

Analysis of the bulk volume property of nanofluid is necessary as it
determines its applicability in thermal or heat transfer systems. This
section describes the methodology adopted to perform an effective
thermal and optical property characterization of nanofluids.

2.4.1. Thermal property analysis

The thermal conductivity, thermal diffusivity, and volumetric spe-
cific heat are the three thermal characteristics of the fluids that were
analysed using a thermal constant analyser (Hot disk TPS-2500, Swe-
den). Thermal conductivity analysis of all 15 samples was performed
using the Kapton-7577F1 sensor at the same heating power (25 mW) and
with equal measurement time (4 s). The experimental test rig for
temperature-dependent thermal property characterization is shown in
Fig. S3 in the Supplementary data file. An exploded view depicting the
sensor arrangement inside the liquid sample holder of the thermal
conductivity analyser was exhibited in Fig. S4 of the Supplementary
data file. Properties were evaluated within the temperature range of a
typical low-temperature solar collector (20-60 °C). Thermal conduc-
tivity and thermal diffusivity values are directly obtained from the

analysis. Equation (1) depicts the relation between thermal diffusivity,

conductivity, and volumetric heat capacity of the fluid. The volumetric

heat capacity of nanofluid was calculated from the measured thermal

conductivity and thermal diffusivity values.
k k 2.1

TG G ™
In the above equation k (Wm’lK’l), p (kgm*3), G, (kag’lK*I), Cp ol
(kJm 3K ™) represents the thermal conductivity, density, specific heat
capacity, and volumetric heat capacity, respectively. Using the experi-
mental data, a new correlation was proposed for predicting the
temperature-dependent thermal conductivity and volumetric-specific
heat of each nanofluid. The accuracy and methodology of measure-
ment were validated by comparing the measured thermal conductivity
values of a reference liquid with the experimentally reported data
(Sandhu and Gangacharyulu, 2017) as shown in Fig. S5 in the Supple-
mentary data file. The relative variation of the measured values from
reference data was calculated and found to be falling within 5 %.

@

2.4.2. Optical property analysis

The transmittance of the nanofluid was measured using a
UV-Vis-NIR spectrometer (PerkinElmer Lambda 650S) with a 150 mm
integrating sphere. Spectroscopic analysis was conducted in standard
transmittance mode and followed by using an integrating sphere, to
effectively calculate the spectral absorption and scattering coefficient.
The scattering coefficient was calculated to account for the attenuation
of the beam in the nanofluid due to scattering. Beer-lambert law as
shown in Equation (2) correlates the measured transmittance (z;) with
extinction (K;). Extinction coefficient was measured using Equation (3)
(Huang et al., 2022).

7, :e—K,; 1 (2)

1
k,q = — 711’1 (T,q) (3)
In the above equations, [ indicates the optical path length of the

quartz tube (1 cm).

2.5. Uncertainty analysis

An uncertainty analysis was performed to estimate the error involved
in the experimental determination of thermal conductivity, thermal
diffusivity, and volumetric heat capacity of nanofluids. The uncertainty
involved with data measured using an instrument depends on the un-
certainty of the measurement instrument (6U,), and the uncertainty due
to its repeatability (6U,) (Ebrahimnia-Bajestan et al., 2016). The general
formula for calculating the uncertainty is shown in Equation (4). As the
thermal conductivity and thermal diffusivity were directly measured
using the instrument, the uncertainty was calculated using Equations (5)
and (6), respectively. Volumetric heat capacity being a function of
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Table 1

Results from uncertainty analysis.
Equipment Uncertainty
Thermal conductivity +2.24 %
Thermal diffusivity +3.19 %
Volumetric heat capacity +3.90 %

thermal conductivity and diffusivity, the Moffat method (Pesteei et al.,
2005) was used for the error analysis as shown in Equation (7).

8U=+/6U, + 86U, (€]
5Uk:\/6Ue,k +5Ur,k (5)
6Uath =V (SUevam + 6U’ya1h (6)

ICpuot 11\ 1 (9Cpmo ’
5Cp,vol = \/( 01)1; 15Uk> + (ﬁﬁUa,h> (7)
th

In the above equations, 6Ux, 6U,,, and §(pC,) represents the uncer-
tainty in the measurement of thermal conductivity, thermal diffusivity,
and volumetric heat capacity, respectively. The accuracy of Hot Disk
TPS 25008 in measuring thermal conductivity and thermal diffusivity
was better than +5 and +10%, respectively (Hot disk instruments,

2015). The respective repeatability of results was about +0.055 and

+0.22% (Hot disk instruments, 2015). The result from the analysis, as
shown in Table 1, states that maximum uncertainty in the calculations
falls within +4%. Hence, the errors involved in the thermal conductiv-
ity, thermal diffusivity, and volumetric heat capacity measurement were
minimal.

3. Results and discussion

Nanomaterial and nanofluid characterization data was analysed and
observations are explained in this section.

SUS5000 5.0kV 7.3mm x200 SE(L)

SUS5000 5.0kV 7.4mm x50.0k SE(L)
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3.1. Morphological analysis

Fig. 4 shows the morphology of the carbon dot, MXene and MXene/
C-dot nanomaterials under study. Fig. 4 (a) visualises the SEM image of
C-dot nanoparticles. The drop-casted materials (from a colloidal solution
of C-dot nanoparticles in water) on silicon substrates exhibited a “gel”
formation, resulting in a thin layer of “insulating” gel-like film covering
the highly conducting C-dots. Because of the unavoidable “charging
effect” from the “insulating” coverage, it was not possible to get any
magnified SEM image. Fig. 4 (b) shows the MXene nanosheet arrange-
ment. The morphology of the hybrid nanomaterial as observed in Fig. 4
(c), shows that the carbon nanoparticles are deposited on the MXene
nanosheets. The magnified image shown in Fig. 4 (d) reveals the dis-
tribution of C-dot nanoparticles on the basal planes of the MXene
nanosheet. As observed, the average size of the C-dots falls within the
8-20 nm range. The C-dot particle morphology agreed with previously
reported studies with comparatively smaller sizes (Ahmadian-Fard-Fini
et al., 2018; Hatimuria et al., 2023).

3.2. Chemical compositional analysis

Elemental mapping of C-dot, MXene, and MXene/C-dot nano-
materials are shown in Figs. 5-7, respectively. As inferred from Fig. 5,
the significant elements detected during the mapping of C-dot nano-
particles are C, O, and N which constitute about 65.4, 19.7, and 14.9 %,
respectively. EDX analysis of MXene as shown in Fig. 6, indicates that
titanium (Tj) is the major element contributing about 43.1 % of the total
elemental composition. Followed by fluorine, carbon, oxygen, and trace
amounts of Al. The presence of elements F and Al is caused due to the
etching process performed on Ti3AlC2 using HF during the synthesis
phase. As carbon is the common element in both materials, the
elemental composition analysis of MXene/C-dot nanoparticle as
observed in Fig. 7 shows a higher percentage of C (56.8 %), followed by
0 (19.6 %) and Ti (16.5 %).

3.3. Phase structure analysis

The XRD spectrum of each nanomaterial can be observed in Fig. 8. As

~

)\

' 500nm |

Fig. 4. SEM images of (a) C-dot (b) MXene (c) & (d) MXene/C-dot nanoparticle.
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Fig. 5. (a) SEM image of C-dot, EDX mapping of (b) C, (¢) N, and (d) O in C-dot, and (e) elemental analysis report of C-dot nanoparticle from SEM-EDX analysis.

observed, the XRD spectrum of MXene nanoparticles shows a good
match with that of TigAlCy, (JCPDS 52-0875 (Gou et al., 2021; Sengupta
et al., 2020)). The characteristics peaks were observed at 20 angles of
8.8° 18.16°, and 60.7°, which corresponds to the (002), (006), (008),
and (110) crystallographic planes, respectively. The XRD spectrum for
carbon dot nanoparticles shows a main peak at 2 6 angle of 18.56°,
which corresponds to crystallographic plane (002) of carbon (JCPDS
26-1076) (Shaikh et al., 2018). The broad peak confirms the fluores-
cence property and considerably very small crystallite size distributions
of the synthesized C-dot nanomaterials, and was consistent with previ-
ous reports from literature (Rub Pakkath et al., 2018; Sun et al., 2016).
As observed from the XRD spectrum of hybrid MXene/C-dot nano-
material, all the peaks from the crystalline MXene nanosheet are pre-
sent. However, a shift in the peaks corresponding to planes (002), (006),
(008), and (110) was observed. The characteristic peak of (002) at 8.7°
was shifted to the left to 6.92°. The peak shifting could be to increase the
MXene layer spacing to accommodate the C-dot nanoparticles. This
observation was in accordance with previously reported characteriza-
tion studies from literature on MXene nanocomposite (Feng et al., 2022).

The (006), and (110) planes shifted to right from 18.16 to 20°, and 60.7
to 61.1°, respectively. This could be arising due to the probe sonication
and the microwave heat treatment conducted during the synthesis
(Zhang and Zhang, 2022).

3.4. Raman spectroscopic analysis

As observed from Fig. 9, the C-dot is showing a broad peak indicating
the luminescence property of the C-dot. The G-band due to the in-plane
C-C deformation (Dervishi et al., 2019) was observed at 1599.4 cm™ !,
which corresponds to the sp2 hybridized carbon atoms (Edison et al.,
2016). And the peak at 1359 cm ™! indicates the D-band of the C-dot
nanoparticle which indicates the sp3 defects in the carbon atom. The
D-band is caused due to the vibrations of carbon atoms with dangling
bonds in the termination plane of disordered graphite. The intensity
ratio of D and G-band (ID/IG) was 0.79. ID/IG value being less than one
indicates that the as-synthesized carbon is heavily graphitized (Edison
etal., 2016; John et al., 2022). Hence, the Raman spectroscopic analysis
shows that the as-prepared C-dot have a graphitic structure consisting of
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Fig. 6. (a) SEM image of MXene, EDX mapping of (b) Ti, (¢) C, and (d) O in MXene, and (e) elemental analysis report of MXene nanosheet from SEM-EDX analysis.

hybridized sp2 carbon atoms and defected sp3 carbons. The Raman
spectrum of MXene shows two distinct peaks at 1355 and 1601 cm ™
which represent the D-band and G-band, respectively. The D-band is
associated with the disordered graphite structure and defects. While the
G-band corresponds to the signal from graphite (Li et al., 2017). The
intensity of D and G peaks was calculated to be about 0.84. The spectrum
also shows peaks at 391.44, 519.64, and 642.27 cm~ . These peaks
could be attributed to the vibrational modes of B1g (1), Alg & Blg (2),
and Eg (3), respectively (Naguib et al., 2014; Swamy et al., 2005), which
are also indicative of MXene (Hu et al., 2015; Wen et al., 2019). The
absence of peaks from aluminium (185, 201 and 272 cm ™) indicates
that the Al was etched completely and no trace elements are present
(Wang et al., 2016). The Raman spectrum of MXene/C-dot nanoparticle
shows D and G bands at 1356.6 and 1595.4 cm™'. In comparison to
MXene, the fluorescence property of the carbon dot is visible from the
Raman spectrum of the hybrid nanoparticle. The intensity of peaks due
to anatase vibrational modes is reduced due to the fluorescence intensity
caused by carbon dots. A redshift in the D-band by about 10 cm ™! was

observed, which could be attributed to the defects occurring due to the
high-temperature microwave synthesis method. This could also be
occurring due to the interaction between MXene and C-dot nanoparticles
in the hybrid material (Wen et al., 2019). The ID/IG ratio has also
increased to 0.85 in comparison to 0.79 for pure MXene. This also
confirms the increase in defects in MXene after the introduction of the
C-dot (Wen et al., 2019).

3.5. Elemental compositional analysis

The XPS spectrum of all three samples is displayed in Fig. 10, Fig. 11,
and Fig. 12. The survey spectrum of C-dot as observed in Fig. 10 (a),
shows the presence of three main elements C, O, and N with composi-
tions of 67.78, 20.63, and 10.72 %, respectively. The C 1s deconvolution
spectrum of C-dot as observed from Fig. 10 (b) shows four peaks at BE
values of 284.67, 286.09, 287.9, and 288.65 eV, corresponding to the
functional groups of C-C, C-N, C = 0, and O-C=0, respectively. The
peaks observed at the respective BE values were found to be agreeing
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with the literature (Niu et al., 2015).

The survey spectrum of MXene nanomaterial as shown in Fig. 11 (a)
confirms the presence of four major elements namely, titanium (Ti),
carbon (C), and oxygen (O) of atomic weight percentage by 61.49,
21.99, and 8.46 %, respectively. Fluorine was detected due to the usage
of hydrogen fluoride during the etching of aluminium layers from
Ti3AlCy to obtain MXene nanosheets. The Ti 2p spectrum of MXene
shows peaks at 454.4, 455.62, 459.16, 460.8, 462, and 464.82 eV. The
Ti-C bond was observed at 454.4eV. Ti2+ 2p3/2 and Ti2+ 2p1/2 were
detected at binding energies of 455.62 and 460.8 eV, respectively. Peaks
at 459.16 and 462 eV correspond to Ti3+ and Ti4+. The peak at 464.82
eV could be due to Ti-F bonds. The Ti 2p spectrum resembled that of the
previously reported works in literature (Cao et al., 2017; Krishna-
moorthy et al., 2017). The C 1s spectrum shows two major peaks at BE
values of 280.67, and 283.63 eV, which confirms the presence of C-Ti
and C-C bonds, respectively. Other peaks occur at binding energies of
281.28, 284.48, and 287.87 eV, corresponding to functional groups of

C-Ti-O, C=0, and C-F, respectively (Du et al., 2019; Sun et al., 2016).
The presence of fluorine is indicated by the F 1s spectrum as it shows two
peaks corresponding to Ti-F and F-C at binding energies of 684 and
685.72 eV, respectively (Li et al., 2019). The O 1s spectrum shows the
presence of TiO2, C-Ti-Ox, C-Ti-OHx, and water molecules at BE values
of 529.2, 530, 531.25, and 532.9 eV respectively.

The Ti 2p spectrum of hybrid MXene/C-dot as observed in Fig. 12
shows 7 peaks at 455.1, 456.48, 458, 459.1, 460.94, 462.61, and 464.61
eV. The Ti-C 2p1/2 and 2p3/2 bonds were detected at 455.1 and 460.94
eV (Li et al., 2020; Wang et al., 2018). As indicated by the Ti-O 2p1/2,
and 2p3/2 bonds, titanium was bonded with oxygen after being oxidised
during the microwave pyrolysis process during hybrid material syn-
thesis. The peaks from C 1s show the carbon bonds C-Ti, C-O, C-C,
C=O0, and O-C=O at binding energies of 280.85, 284.08, 285.01,
287.43, and 288.47 eV, respectively. The C-C bond was observed to be
having the highest peak intensity, followed by the C=0 bond. The Ti-C
bond was observed to be having the least intensity. Trace fluorine
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element from MXene was observed to show bonding with titanium and
carbon after the synthesis process to form Ti-F and Fi-C bonds and was
detected in the F 1s spectrum at BE of 684.15 and 685.57 eV, respec-
tively. The change in BE for the doublet splitting of Ti (IV) 2p1/2-3/2
splitting was about 5.64 (Reference was 5.66 for Ti (IV) (Biesinger et al.,
2010)). The XPS survey spectrum of hybrid nanoparticles, shown in
Fig. 12 (a), in comparison to MXene, shows that an additional N 1s peak
with high intensity was observed at 401.98 eV. This additional peak
could be attributed to the hybridization of C-dot on the MXene surface
(Geng et al., 2021). The elemental composition of hybrid nanomaterial
is contributed mainly by C, O, N, and Ti by 60.20, 20.33, 9.31, and 8.18
%, respectively.

3.6. Thermal property analysis

Understanding the thermal characteristics of HTFs are necessary to
assess their feasibility in suitable heat transfer applications. Thermal
conductivity and volumetric heat capacity of the nanofluids are
explained in this section.

3.6.1. Thermal conductivity analysis
Variations of thermal conductivity of nanofluid with temperature
and the corresponding enhancement over base fluid could be observed
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in Fig. 13 (a), (c), and (e). As inferred from the thermal conductivity plot
of the C-dot in Fig. 13 (a), the thermal conductivity of nanofluid
increased with an increase in the concentration of nanofluid. This in-
crease is predominantly caused due to high thermal conductivity of the
nanomaterial in comparison to base fluid. The difference in thermal
conductivity between 0.01 wt % and 0.05 wt % was observed to be
minimal. However, a significant increase was noticed in the thermal
conductivity of nanofluid value with an increase in the concentration
beyond 0.05 wt %. Also, the curve of TC was observed to rise steeper
with an increase in fluid temperature beyond 30 °C. Brownian motion
and thermophoretic effect are the two underlying phenomenon that
enhances the thermal conductivity of nanofluid with temperature
(Godson et al., 2010). The highest thermal conductivity was found to be
0.885 Wm 'K ! at a fluid temperature of 60 °C. Enhancement in the TC
value of C-dot over base fluid is plotted in Fig. 13 (b). Thermal con-
ductivity enhancement of C-dot over DI water was highest at 60 °C for all
concentrations. The corresponding increment was from 19.66 to 33.21
% with an increase in concentration of C-dot from 0.01 to 0.2 wt %. The
thermal conductivity of MXene nanofluid and the corresponding graph
of enhancement over DI water are depicted in Fig. 13 (c) and (d),
respectively. Compared to C-dot, the variation of TC with temperature is
more linear. The results indicate that MXene nanofluid has significant
thermal conductivity. The value increased from 0.628 to 0.828
Wm 'K ! for 0.01 wt %. The highest thermal conductivity of about
1.003 Wm 'K ~! was reported for 0.2 wt % at 60 °C. As observed from
Fig. 13 (d), the highest enhancement of 50 % was also reported at this
point. Similarly, Fig. 13 (e) and (f) visualize the thermal conductivity
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the C-dot nanofluid due to the introduction of MXene nanomaterial. The
highest observed thermal conductivity varied from 0.810 to 0.945
Wm K ! for 0.01 and 0.2 wt % nanofluids, respectively. About 42.2 %
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enhancement was calculated for the hybrid over base fluid. The findings
suggest that MXene exhibits the highest thermal conductivity in com-
parison to C-dot and base fluid. However, the hybrid nanofluid is
showing comparable thermal conductivity as MXene due to the syner-
gistic effect of C-dot and MXene in the medium.

A semi-empirical correlation was coined to predict the thermal
conductivity of nanofluid, as a function of nanofluid concentration and
temperature. Analysis of variance (ANOVA) study was performed using
the software Design-Expert® 11 to understand the interaction effect of
fluid temperature and concentration on the thermal conductivity of
fluids. The details on the methodology adopted for this analysis and the
interaction effects are shown in Section S4 of the Supplementary data
file. Equations (8)-(10), are used to predict the thermal conductivity of
C-dot, MXene and hybrid nanofluid, respectively. The developed cor-
relation agreed well with the experimentally recorded data with an R2
value of 0.9964, 0.9931, and 0.9901 for C-dot, MXene, MXene/C-dot
nanofluids, respectively.

Kre.c—aor = 0.562681 4 0.226675.¢¢_ g0 4+ 6.03 X 107*. T4y
+6.79% 10 @ _yor-Te—gor — 2.33098.9% . +5.7 x 10772,

+8.9953x107°.¢0% .. T% 4, (8)

kremxene = 0.643073 — 0.72344.0 1500 — 3248 X 107> Tasxene

+2.171% 10720 xeme- Thixene + 1.6371.0%,, + 1.02 x 107472~ (9)

krc mxene/c—dor = 0.531369 — 0.62041.0 1501, / c—aor +3-022
X 1()*3,TMXW / C—dot +4.3135% 10’2.(pMXene / C—dot- ThXene | C—dot
+ 649325 ¢/ g T 15 X107 T ¢

— 0.424877-0}1x0ne 1 ¢—dor- TiiXene | C—don
2
TMine / C—dot

T2

MXene | C—dot

= 5175107 @pxene / C—dot*

+7.038x107° .02 e / Cedor” (10)

11

3.6.2. Volumetric heat capacity analysis

Thermal conductivity and thermal diffusivity values were used to
calculate volumetric heat capacity as shown in Equation (1). The ther-
mal diffusivity value of base fluid and nanofluids at each concentration
and temperature are shown in the Supplementary data file (Section S3).
Variation of volumetric heat capacity of nanofluids with temperature is
depicted in Fig. 14 (a) — (c). The heat capacity was observed to decrease
with an increase in temperature and concentration of the nanofluid. The
highest volumetric heat capacity of all the nanofluids was almost the
same around 4.12 MJm °K ! and was measured at a fluid temperature
of 20 °C and 0.01 wt %. The volumetric heat capacity of the hybrid
nanofluid decreased by about 0.47 MJm K ! with an increase in fluid
temperature by 40 °C. The variation of volumetric heat capacity was in
accordance with previously reported studies in literature (Zhou and Ni,
2008). The decrease in the specific heat of nanofluid with an increase in
nanoparticle concentration could be attributed to the lower specific heat
value of nanomaterial in comparison to base fluid (Mousavi et al., 2019;
Shahrul et al., 2014). Another reason is the solid-liquid interfacial free
energy change occurring with the addition of nanoparticles (Wang et al.,
2006). With a larger surface area of nanoparticles, higher will be the
effect of surface free energy on the heat capacity of the fluid. Hence,
careful selection of base fluid, nanomaterial, and concentration is
required to improve the specific heat of nanofluid.

The semi-empirical formulae for predicting the volumetric heat ca-
pacity of nanofluids were correlated. The details on the ANOVA analysis
models used for generating the correlations are shown in Section S5 of
the Supplementary data file. The regression model was agreeing with the
experimental data with R? values of 0.9931, 0.9917, and 0.9952 for C-
dot, MXene, and MXene/C-dot nanofluids, respectively. The volumetric
heat capacity of C-dot, MXene and hybrid nanofluid, at a specific con-
centration and temperature, could be calculated using Equations (11)-
(13), respectively.
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3.7. Optical property analysis

Transmittance of C-dot, MXene and MXene/C-dot nanofluids are
shown in Fig. 15 (a), (b), and (c), respectively. As observed from Fig. 15
(a), all concentrations of C-dot nanofluid show high transmittance in the

spectral range of 930-2000 nm and resemble that of the base fluid. The
spectrum below 930 nm shows that the transmittance of the nanofluids
decreases with an increase in concentration. In this region, the trans-
mittance of all the fluids falls steeply till 330 nm. A peak in trans-
mittance was observed only in the case of C-dot with lower
concentrations (0.01 and 0.05 wt %). As observed, the highest trans-
mittance corresponds to 0.01 wt % C-dot and the least pertains to 0.2 wt
%. Transmittance spectra of MXene nanofluids as seen in Fig. 15 (b)
show that the transmittance was decreasing steadily along the spectrum
with the increase in concentration. The transmittance of the nanofluids
and base fluid is almost the same above 1400 nm. As observed from the
graph, the decrease in transmittance with concentration is predominant
for concentrations below 0.1 wt %. The decrement in transmittance with
an increase in concentration above 0.1 wt %, is comparatively less. The
spectral transmittance of MXene/C-dot hybrid nanofluid is shown in
Fig. 15 (c). As observed, the transmittance spectra of the fluid are a
blend of transmittance characteristics of both MXene and C-dot nano-
fluid. The steep decrease in transmittance below 600 nm wavelength,
and a small peak in transmittance around 300 nm are the characteristics

12
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of C-dot nanofluid. The transmittance curve of the C-dot nanofluid was
almost similar to that of base fluid above 930 nm. The hybrid nanofluid
shows a considerable decrease in transmittance in the range 930-1400
nm which could be attributed to the optical absorptivity of MXene

nanofluid.
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Spectral absorption and scattering coefficients of the nanofluids and
base fluid were calculated and visualized as shown in Fig. 16 (a) — (f).
The absorption spectrum of C-dot nanofluid as observed in Fig. 16 (a),
indicates that increasing the concentration can enhance the absorption
coefficient of fluid. C-dot of 0.2 wt % was found to be showing higher
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absorption in comparison to other concentrations throughout the spec-
trum. The beam radiation was highly absorbed in the wavelength be-
tween 200 and 800 nm. The scattering coefficient depicted in Fig. 16 (b)
shows that the variation was nonlinearly dependent on the concentra-
tion. The scattering coefficient peaked for a C-dot of 0.01 wt % at 215
nm. The scattering coefficient peak was found to decrease with the in-
crease in the concentration of C-dot at this range of 200-300 nm. In the
wavelength range of 300-2000 nm, a C-dot of 0.1 wt % was found to be
showing a higher scattering coefficient, followed by 0.2, and 0.05 wt %.
C-dot of 0.15 and 0.01 wt % were observed to be showing the least
scattering in comparison to other nanofluids. It is worth noticing that the
amount of light scattered in the C-dot of 0.15 and 0.01 wt % was
comparatively lower than that of DI water. This indicates that the C-dot
of 0.15 wt % having a higher absorption coefficient and lower scattering
coefficient is a better candidate for photothermal applications. The ab-
sorption spectrum of MXene nanofluid in Fig. 16 (c) shows that the
absorption coefficient increases with nanofluid concentration. The
increment in absorption coefficient was predominant in the range of
200-1300 nm. The scattering coefficient as observed in Fig. 16 (d) shows
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that the light was more scattered while passing through 0.15 wt %
MXene. The 0.2 wt % nanofluid showed the second-highest scattering
coefficient along the spectrum. The absorption spectrum of hybrid
nanofluid as depicted in Fig. 16 (e), reveals that MXene/C-dot of 0.15
and 0.2 wt % could absorb more radiation as their absorption curves
were almost coinciding across the spectral range. Comparing the ab-
sorption coefficient spectrum of hybrid with other nanofluids, a syner-
gistic enhancement in radiation absorption was observed. C-dot had
peak absorption along 200-800 nm and after 800 nm the absorption
coincided with that of the base fluid. And MXene was showing steady
absorption in the range of 200-1380 nm. Hence, in the case of hybrid, an
intrinsic absorption coefficient peak of C-dot was observed within
200-600 nm. A steady increment was noticed till 1380 nm, which is due
to the absorption of MXene. The corresponding synergistic pattern could
be observed in the scattering coefficient plot of the hybrid nanofluid in
Fig. 16 (f). The characteristic scattering coefficient peaks of C-dot (along
200-400 nm) and MXene (along 600 to 1200 nm) were observed for the
hybrid nanofluid.
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4. Conclusions

A novel MXene/C-dot hybrid nanofluid having synergistic properties
of individual nanofluids was developed using a cleaner and less energy-
intensive in-microwave synthesis route. The study performs morpho-
logical, phase structure, and chemical compositional analysis on the
hybrid nanomaterial. The thermal conductivity, volumetric heat ca-
pacity, and optical absorptivity properties of the hybrid nanofluid and
individual nanofluids were analysed in the study. The major findings
from the study include:

The morphological analysis observed multilayered nanosheets for
MXene, and delaminated MXene nanosheets with carbon dot depo-
sition in the case of hybrid nanocomposite.

XRD analysis shows that C-dot exhibits crystalline phase structure.
The phase structure of hybrid nanomaterial exhibited a shift due to
the synthesis process. The fluorescence characteristic of the carbon
dot is discernible from the hybrid nanoparticle’s Raman spectrum in
comparison to the MXene nanoparticle.

Compared to 0.79 for pure MXene, the ID/IG ratio has increased to
0.85 for hybrid nanomaterial. This further supports the finding that
MXene defects increased with the introduction of C-dot.

o XPS spectroscopy shows that additional chemical bonds were created
in the Ti 2p spectrum of hybrid nanoparticles in comparison to
MXene. Hence, each analysis has helped to confirm the hybridization
of MXene and C-dot in the hybrid nanomaterial.

Semi-empirical correlations were coined to predict the thermal
conductivity and volumetric specific heat of nanofluids at a specific
concentration and temperature. Effective thermal property predic-
tion makes the design of nanofluid based energy systems easier, and
energy-efficient. The proposed correlations are limited to the ther-
mal property prediction of MXene, C-dot, and MXene/C-dot
nanofluids.

Thermal conductivity was observed to increase with concentration
and fluid temperature. MXene nanofluid showed the highest thermal
conductivity of 1.003 Wm ™K™' at 0.2 wt % which was an
enhancement of 50 % over base fluid. Hybrid and C-dot nanofluids
were observed to have enhancement of 42.2 and 33.2 %,
respectively.

e Volumetric heat capacity decreased with an increase in nanofluid
concentration and temperature. Volumetric heat capacity reached a
maximum of around 4.12 MJm 3K ! for all the nanofluids at the
lowest concentration of 0.01 wt %.

Transmittance spectra of hybrid nanofluid were observed to have the
characteristics of the component nanomaterials. This complimentary
property was also observed in the absorption and scattering coeffi-
cient spectrums.

oThe scattering coefficient of 0.15 wt % C-dot was found to be lower
than that of the base fluid. The absorption coefficient was almost as
high as 0.2 wt % C-dot, hence making 0.15 wt % C-dot better suited
for optical solar applications. Similarly, 0.1 wt % MXene showed
better optical properties suited for solar applications. And hybrid
nanofluid of 0.15 wt % exhibited a high absorption coefficient in
comparison to other concentrations.

The study presents that MXene and MXene/C-dot nanofluids have
exceptional thermal, and optical properties. These characteristics make
them desirable for heat transfer applications as a cleaner, and an energy
efficient choice.
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