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ABSTRACT: Nanofluid is an ideal working fluid for direct
absorption solar collectors (DASCs) and a promising technology
for solar energy harvesting. An advanced composite of reduced
graphene oxide (rGO) nanosheets and nitrogen-doped carbon
quantum dots (N-CQD) was prepared by using a hydrothermal
technique. The X-ray photoelectron spectroscopy (XPS) analysis
confirmed the presence of N-CQD on the surface of rGO, resulting A
in the formation of a rGO/N-CQD composite. Additionally, e ’ !
transmission electron microscopy (TEM) analysis verified the . Y

uniform distribution of N-CQD on rGO nanosheets. Physicochem- \ - anspazent olas= BN

ical property investigations reveal that the rGO/N-CQDgy, 49 m

nanofluid exhibits the highest thermal conductivity (TC) with

proper stability. An artificial neural network (ANN) was developed

to estimate the TC of the rGO/N-CQDgj/4 nanofluid using temperature and concentration as inputs. The model accurately
predicted the TC, achieving a coefficient of determination (R*) of 0.9974. The composite of rGO/N-CQDy,4 greatly enhances
optical absorption compared to GO and N-CQD. The rGO/N-CQDgy4 nanofluid, which achieves 82.64% photothermal
conversion efficiency (17) at 1 Sun (1000(W/m?)) irradiation, has high potential as a working fluid for DASCs. The study examined
how different solar radiation intensities affect photothermal conversion, showing # values of 82.64, 66.73, and 51.11% for the rGO/
N-CQDgq/40 nanofluid at 1, 2, and 3 sun, respectively.

KEYWORDS: rGO/N-CQD composite, nanofluid, direct absorption solar collector, photothermal conversion, thermal conductivity,
artificial neural network
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1. INTRODUCTION Nanofluids’ exceptional thermophysical properties, including
high thermal conductivity,” heat transfer coefficients,'’ energy

Rapid population growth and energy demands necessitate the ) " D )
harvesting/storage,” solar evaporation, ~ and thermal diffu-

development of renewable energy development. Fossil fuel

dependence causes environmental issues, such as ozone sivities," enhance DASCs efficiency. Furthermore, their
depletion, air pollution, and climate change. Solar energy sensitivity makes them valuable for monitoring DASC systems
offers a promising, abundant, and clean alternative.”> Solar design modifications.'* Nanoparticle addition enhances heat
energy applications encompass photothermal techniques, transfer via high thermal conductivity, but maintaining stability
photovoltaics (PV), and photochemistry.” Solar thermal is crucial for optimal performance and viability as a working
conversion is the most efficient method, transforming absorbed fluid. Studies demonstrate nanofluids’ superior heat transfer
solar radiation into thermal energy.* Harnessing solar energy is capabilities in DASC systems.'> Carbon nanostructures,
increasingly important, as the Earth’s surface receives more possessing strong C—C bonds and low density, exhibit high

solar energy in 1 h than humanity consumes in a year.
Therefore, the efficiency (1) is critical for solar thermal
applications. DASCs offer an alternative to surface absorption,
directly heating the working fluid and minimizing temperature
differences with the environment, thus boosting efficiency.’
Conventional working fluids like oil, water, and ethylene glycol
exhibit weak solar absorption, hindering the development of
DASCs due to insufficient light capture and poor thermal
conductivity. Nanofluids, with their adjustable optical
absorption, offer significant promise for DASC applications.”*

TC."® Carbon, abundant on Earth, exists in various allotropes:
0D fullerenes,"” 1D carbon nanotubes,'® 2D graphene19 have
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been experimentally synthesized. Graphene, an sp* hybridized
carbon allotrope with a dense honeycomb structure, exhibits
exceptional mechanical, electrical, electronic, and electro-
chemical properties, making it highly promising for materials
science and scientific research.”’ Its micrometer-scale lateral
size provides a large specific surface area and suitable aspect
ratio for efficient heat carrier movement within its few-
nanometer thickness. To minimize graphene nanoparticle
sedimentation, even dispersion and stabilization are critical.
Graphene nanofluid stability, vital for preparation, maintains a
uniform particle distribution. Oxygen functionalization, while
reducing the thermal conductivity of graphene derivatives
relative to graphene, improves their stability.”' Graphene oxide
(GO)’s amphiphilic nature facilitates the formation of diverse
and reactive nanostructures readily functionalized with nano-
particles. This functionalization modifies their thermophysical
properties, enhancing nanofluid TC for improved performance
in DASCs.”” Nanocomposites with synergistic photothermal
conversions are promising nanostructures. Carbon quantum
dots (CQDs), novel 0D nanocarbon typically smaller than 10
nm, exhibit excellent characteristics, including low toxicity,
versatile synthesis, water solubility, large surface area, and
broad visible absorption. CQDs can be functionalized and
doped with various elements (e.g., P, B, S, N) to improve solar
energy absorption.”” Their production relies on hydrothermal
synthesis from small molecules at low temperatures, with
heteroatom doping achieved through dopant precursor
incorporation during synthesis.”* Recent researches emphasize
new materials and system optimization to improve efficiency
and stability. For instance, ultrastable carbon quantum dot
nanofluids have achieved >95% solar absorption and long-term
stability in direct absorption solar collectors.”® Studies also
explore the synergistic effects of nanoparticles in composites to
improve solar energy absorption efficiency, making them
crucial for light-to-heat conversion. Chen et al. demonstrated
95.6% solar absorption efficiency with Cu@C nanoparticles in
solar thermal conversion.”® Furthermore, heterogeneous nano-
fluid studies show that nanoparticle distribution and volume
fraction significantly impact local heating and solar thermal
conversion efficiency.

This study explores a novel aqueous nanofluid based on an
rGO/N-CQD composite engineered to enhance photothermal
conversion efficiency. By integrating the high TC of rGO
nanosheets®® with the excellence of N-CQD in DI water,” the
composite is designed to achieve optimized thermophysical
properties. The type, proportion, and synthesis conditions of
the nanoparticles govern the composite’s microscopic proper-
ties, which in turn significantly affect its macroscopic
properties. Given the absence of prior research on rGO/N-
CQD ratio optimization in nanofluids, this work provides
valuable insights into the TC, stability, optical properties, and
photothermal conversion performance of this stable carbon
nanostructure composite for potential use in DASCs. An
optimized ANN model has also been developed for accurate
thermal conductivity prediction.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. GO nanosheets were prepared
using a modified Hummers method with ultrasonic treatment (ROHS
Ultrasonics, Korea), and N-CQD was synthesized via a hydrothermal
method. A rGO/N-CQD nanocomposite, synthesized by a mild
hydrothermal method, is proposed for DASC applications. The
chemicals used in this study are listed in Table 1.
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Table 1. Chemical Materials Utilized in This Study

uri

chemical (%) supplier role in synthesis
graphite (G) 99.9 Merck precursor for GO
synthesis
sulfuric acid (H,SO,) 98 Merck oxidizing agent in
Hummers method
phosphoric acid (H;PO,) 85 Merck oxidizing agent in
Hummers method
potassium permanganate 99 Merck oxidizing agent in
(KMan Hummers method
hydrogen peroxide 30 Merck termination of oxidation
(H,0,)
hydrochloric acid (HCI) 37 Merck washing and purification
citric acid (C¢HgO,) >99.5  Merck carbon source for N-CQD
ethylenediamine >99 Merck nitrogen doping agent for
(CHgN,) N-CQD
deionized (DI) water lab- solvent and washing
purified

2.2. Synthesis of GO. GO was synthesized using an improved
version of Hummers method in an ultrasonic bath at 40 kHz.” The
process involved adding 0.5 g of G to a mixture of 7 mL of H;PO, and
60 mL of H,SO, in an ice bath. Subsequently, at a temperature of 18
°C, 3 g of KMnO, was added to the mixture, which was then
sonicated for 20 min in an ultrasonic bath with a power of 150 W.
Next, to dilute the mixture, 40 mL of DI water was gradually added to
the suspension. The reaction was completed by adding an extra 100
mL of DI water and then 3 mL of H,0, to the mixtures. The brown
suspensions were washed multiple times with 120 mL of 10% HCI (v/
v) and 120 mL of DI water to remove impurities. The resulting
suspensions were centrifuged and dried for 12 h at 90 °C under a
vacuum.

2.3. Synthesis of N-Doped CQD. N-doped CQDs were
synthesized by dissolving 1.0507 g of C¢HgO, and 335 uL of
C,HgN, in 10 mL of DI water. The solution was heated in a 50 mL
Teflon-lined autoclave at 150 °C for S h and then naturally cooled to
room temperature. The resulting brown-black product was dialyzed
against DI water (exchanged every 3 h for 24 h) and subsequently
freeze-dried at —60 °C for 48 h to yield purified N-CQDs.

2.4. Synthesis of the rGO/N-CQD Composite. Three rGO/N-
CQD composite samples were synthesized hydrothermally. GO
powder was dispersed in 10 mL of DI water via sonication for 30 min.
Subsequently, 1.0507 g C;HgO and 335 uL C,HgN, were added to
the GO suspension. The mixture was then heated in a 50 mL
autoclave at 150 °C for S h. Finally, the resulting blackish-brown
suspension was dialyzed using a 1000 Da membrane. The synthesis
steps are outlined in Figure 1.

The suspension was dialyzed against DI water (exchanged every 3 h
for 24 h) and then freeze-dried at —60 °C for 48 h. Three GO/N-
CQD composites with varying compositions were synthesized
according to Table 2. The rGO nanosheets, chosen for their high
TC, formed the primary component of the composite. Quantum dots
were incorporated to enhance the rGO stability and improve heat
transfer across the plates; consequently, rGO percentages below 50%
were not evaluated. The optimal composite ratio was selected based
on TC and stability measurements. Transmission electron microscopy
(TEM) images and other data confirmed that further ratio
optimization was unnecessary as the chosen formulation showed
stable dispersion and favorable structural features.

2.5. Characterization and Equipment. The optical properties
of GO, N-CQD, and rGO/N-CQDs were determined by using a
UNICO 2800 model UV—vis spectrometer. A functional group
analysis was performed using FTIR spectroscopy with a Nicolet 370
spectrometer. The Raman spectrum of various nanomaterials was
obtained using an Almega Thermo Nicolet Raman spectrometer with
532 nm laser excitation. X-ray diffraction was performed using Bruker
D8-Advanced XRD equipment over a broad range of angles (26 = §
to 80°) with monochromatized Cu Ka radiation (4 = 15406 A). The

https://doi.org/10.1021/acsaem.5c00938
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Figure 1. Schematic illustration of the synthesis process of the rGO/N-CQD composite.
Table 2. Amounts of Nanomaterials and DI Water for TCR = K¢
Nanocomposite Synthesis Ky (1)
sample N-CQD (g) GO (g) DI water (mL) K — Ky
%TCE = ——= X 100
rGO/N-CQDyy50 0.016 0.016 10 Ky )
rGO/N-CQDgy/40 0.016 0.024 10
£GO/N-CQD1y 50 0016 0.037 10 The C, is a thermal property directly linked to heat storage and

transmission electron microscopy (TEM) characterization was
performed by a Zeiss EM10, Germany, 80 kV. X-ray photoelectron
spectroscopy (XPS) measurements were performed by using a Bes-
Tec (Germany) electron spectrometer with monochromatic Mg Ka
radiation (1253.6 eV). Atomic force microscopy (AFM) images were
obtained by using an atomic force microscope from ARA Pajoohesh
(ARA Pajoohesh Inc., Tehran, Iran). Energy Dispersive X-ray (EDX)
microanalysis and elemental mapping were recorded using Tescan-
Vega2, XMU. The Zeta potential of nanofluids was measured using a
zeta potential meter (Zeta Compact, CAD Instruments, France). The
TC of nanofluids was determined using a KD2 Pro analyzer (Decagon
Devices, Inc,, USA). The specific heat capacities (C,) samples were
measured from 20 to 80 °C with a temperature rise rate of 5 °C/min
using a differential scanning calorimeter (Swiss Mettler-Toledo-
DSC3). The thermal images were visualized using an infrared (IR)
Camera (DT-980, China).

2.6. Preparation of N-Doped CQD, GO, and rGO/N-CQD-
Based Nanofluids. GO, N-CQD, and rGO/N-CQD nanofluids
were prepared in DI water via a two-step method at concentrations of
0.0060, 0.0125, 0.0250, and 0.0500%w. No dispersants were used, and
the resulting samples were sonicated for 30 min.

2.7. Thermophysical Characteristics. The TC of the nanofluid,
its primary thermophysical property, was measured using the transient
hot wire method with a KD2 Pro thermal property analyzer.*
Nanofluids were prepared at 0.0500%w concentration and sonicated
for 30 min before vertical insertion of the KS-1 single sensor. The TC
of GO, N-CQD, and rGO/N-CQDs was measured at 40 °C with 5%
accuracy. Thermal conductivity ratio (TCR) and thermal conductivity
enhancement (TCE) were calculated using eqs 1 and 2, where k,¢and
k¢ are the thermal conductivity coefficients of the nanofluid and base
fluid, respectively.”!
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transfer in energy systems.”> Therefore, the C, of the base fluid and
nanofluids was measured by using a differential scanning calorimeter.

2.8. Development of ANN. Repetitive testing makes laboratory
research time-consuming and expensive, leading researchers to
explore more advanced computing methods. ANNs are favored for
accurately predicting nanofluid thermophysical properties.>> ANNs,
similar to the human brain, learn relationships between inputs and
outputs. This learning is affected by the number of layers and neurons,
particularly those at the input and output of hidden layers.** Transfer
functions are also crucial for interlayer communication and network
structure. To find the optimal neural network structure, the following
steps were taken:

e The number of hidden neurons was changed between 4 and 10
o The activation functions for the hidden layer and output layer
were varied between Tan-Sig and Purelin

In total 28 different structures were trained and the one with
the lowest error was chosen

In this study, it was found that the Tan-Sig for the hidden layer and
Purelin for the output layer is the best structure, Tan-Sig function
defined in eq 3.%°

flx) = 2

1+ exp( — 2x) B (3)

The Levenberg—Marquardt method was selected for network
training, and all input data were normalized according to eq 4.*°

X - Xmin

= Tmin
Xmax - Xmin

2 X

(4)

The prediction model’s performance was assessed using common
error metrics: percent error (5), Root Mean Squared Error (RMSE),
Relative Root Mean Squared Error (rRMSE), Mean Absolute

https://doi.org/10.1021/acsaem.5c00938
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Table 3. Summary of the Statistical Metrics Utilized in the Study

description

Percent error quantifies the difference between an estimated and an actual value as a percentage of the actual value. A smaller

RMSE offers insights into the short-term performance of prediction models. Its value is always positive, and a value close to

rRMSE is calculated using the RMSE and the average value of the measured data. A smaller rRMSE value indicates better

MAPE measures the accuracy of a prediction model by comparing the average of the absolute values of prediction errors to

The classification of

This method indicates how effectively a model can predict a given set of measured data. The value ranges from 0 to 1, with

metric eq
s =%l 100 00 o an o
X percent error signifies a more accurate estimate.
Ty 2
RMSE » Zimt (X4 — Xe) zero is desired.”’
performance of the prediction model.”®
[Tyn (- X The success of the prediction model is categorized as follows:
TRMSE ¥ % X 100 - Excellent: rRMSE < 10%
- Good: 10% < rRMSE < 20%
- Fair: rRMSE < 30%
the absolute values of actual data. A lower MAPE value indicates better model performance.’’
prediction accuracy is as follows:
MAPE 1 Z?:; XE); Xa % 100 - High prediction accuracy: MAPE < 10%
" - Good prediction: 10% < MAPE < 20%
- Reasonable prediction: 20% < MAPE < 50%
- Inaccurate prediction: MAPE > 50%
R? 1— T - %)
(X - Xg)* an R? value closer to 1 representing better performance.’

Percentage Error (MAPE), and the Coefficient of Determination (R*)
(Table 3). These metrics compare the ANN-predicted TC values
(X4) to the experimental TC values (Xg), with X; representing the
mean of the experimental values and n denoting the number of
measurements. Based on the analysis of varying neuron numbers in
the hidden layer, a configuration with 6 neurons was selected (Figure
2).

Input layer Hidden layer Output layer
@
—-
£
=
L
W
Q -
g £
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Figure 2. Optimal ANN configuration.

2.9. Stability Analysis of Nanofluids. Common stability
evaluation methods for nanofluids include sedimentation, centrifuga-
tion, zeta potential, and spectral absorbency analysis. Sedimentation,
the simplest method, infers stability from the weight or volume of
nanoparticle sediment under an external force. Visual observation via
sedimentation photographs is also frequently used. Spectral
absorbency analysis, which leverages the linear relationship between
absorbency intensity and nanoparticle concentration, provides a
quantitative measure of nanofluid concentration, making it advanta-
geous over other techniques.*” Zeta potential, the electric potential at
the slipping plane of the interfacial double layer, correlates with the
stability of colloidal dispersions.*" In this work, nanofluid stability was
assessed through zeta potential analysis and absorption spectra

8445

measurements. UV—vis spectroscopy, performed within the 200—900
nm range, analyzed the relationship between light absorption and the
wavelength. The absorbance of 0.0500%w rGO/N-CQD nanofluids
was measured in the upper part of the sample at 3-day intervals after
sonication.

2.10. Measuring the Optical Properties of Nanofluids.
Nanofluid optical properties are crucial for photothermal applications.
UV—vis—NIR transmission spectra of the base fluid and nanofluids
were measured using a spectrophotometer from 300 to 1000 nm with
+1 nm accuracy. Extinction coefficients (a(1)) were then calculated
from transmittance (T(1)) data based on the Beer—Lambert law
using eq 5 to characterize the nanofluids’ optical behavior.*

-1
a) = =11 .
Among the law, [ is the optical length of a quartz cuvette, i.e, 10
mm. To better understand the heat transfer properties of the fluid in
the solar collector, the theoretical absorption of the spectral intensity
and its amount for the base fluid and nanofluids were calculated using
eq 6.*" In this eq, I,(1) represents the solar radiation absorbed by
the nanofluid. Iy, (1) represents the standard solar power spectrum,
as defined by ASTM G173-03.

L(4) = Ly s(DIL = T(A)] (6)

In solar energy absorption, the solar-weighted absorption fraction
(A,) represents the percentage of solar energy absorbed by the
nanofluids, as defined by eq 7, where « is the penetration distance."*

Amﬂx —al X
L L s = e @¥1d

Amax
L Ton s @2 )

In DASCs, a thin working fluid layer absorbs the solar radiation.
High surface temperatures and radiation losses can cause environ-
mental heat loss. Inadequate collector height hinders nanofluid
absorption, significantly reducing the solar energy conversion
efficiency. Thus, optimizing A,, is crucial for DASC efficiency. The
average nanofluid absorption can be calculated using eq 8.*

[ ()i

Y
S T s ()

2.11. Experiments on Solar Thermal Conversion. A simple
experimental setup (Figure 3) was used to measure the photothermal
conversion efficiency of the nanofluid. This setup included a 100 mL

m

Axg =

https://doi.org/10.1021/acsaem.5c00938
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Figure 3. Schematic of the photothermal conversion experimental
setup.

polypropylene beaker (S cm inner diameter and 7 cm height; Figure
S1) stirred at ~400 rpm to ensure uniform thermal distribution. The
beaker was suspended to prevent contact with the magnetic stirrer,
insulated with low thermal conductivity foam, and covered with a
quartz plate to minimize heat loss and evaporation. This closed,
insulated system with low operating temperatures minimized
evaporation and heat loss in solar thermal conversion experiments.*®
Three T-type thermocouples, positioned at 20, 30, and 40 mm from
the beaker bottom, monitored temperature during 60 min irradiation
with simulated sunlight (Arvin Nano Equipment, Iran) at intensities
of 1,2, and 3 suns (1 sun = 1000 W/m?), recording data every 1 s.

While symmetrical thermocouple placement improves spatial
averaging, 400 rpm stirring ensured radial uniformity of temperature,
and the vertical profile prioritized detecting axial stratification, critical
for photothermal efficiency calculations. The total energy absorbed by
the nanofluids (Q,) was calculated using eq 9 to determine their
photothermal conversion performance.

z

Q=2

1

Cp i (mdT,) ©)

In this equation, C, is the working fluid’s specific heat capacity, and
AT, and mi represent the nanofluid’s temperature increase and mass
during a specific irradiation time. The 5 was then calculated using eq
10, where I is solar radiation intensity, A is the nanofluid’s irradiated
surface area, and f is the irradiation time.*®

(10)

Measurement errors in nanofluid mass (m), thermocouple
temperature (T), and radiation intensity (I) contribute to the overall
error in the photothermal conversion experiment. Consequently, the
relative error (Eg) of the photothermal conversion efficiency can be
determined using eq 11.%

siY (st (sn) (sTY (om Y
Ep= || + |2 +[2] +| 2] +| 2
I I I I3 I (1)

The experimental results are reliable as the photothermal
conversion experiments have a maximum uncertainty of only 1.4%.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. UV—vis absorption of
the nanomaterials was measured using a spectrophotometer
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Figure 4. (a) UV—visible absorption spectra of N-CQD, GO, rGO/N-CQDjs/s50, tGO/N-CQDyq,40, and rtGO/N-CQD5 5, samples, (b) FTIR
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composite.

with DI water as the reference. Figure 4a shows that GO
nanosheets exhibit maximum absorption at 230 and 260 nm,
corresponding to z—n* and n—n* transitions, respectively.
These transitions are attributed to C=C (sp” hybridization)
and C=0 bonds associated with oxygen groups.’® N-CQDs
displayed maximum absorption at 231 and 353 nm, also related
to 7—n* and n—z* transitions. The high absorbance at these
wavelengths is attributed to C=C and C=0 bonds on the
quantum dot surface, respectively.”’ In rGO/N-CQD
composites (50/50, 60/40, and 70/30), the maximum
absorption peak initially at 230 nm in GO shifted to higher
wavelengths of 257, 262, and 258 nm, respectively. This red
shift of the 7—z* transition indicates the reduction of GO to
rGO during the composite’s hydrothermal preparation.’
FTIR analysis (Figure 4b) confirmed the presence of
functional groups in the prepared nanostructures. The GO
spectrum exhibited characteristic peaks at 3405.67 cm™' (O—
H stretching), 1727.91 cm™ (C=O0 stretching), and 1031.73
em™' (C—O stretching), indicating the disruption of graphite’s
7 bonds and the introduction of oxygen-containing groups
during GO synthesis. The peak at 1619.91 cm™" suggests the
presence of residual sp? groups.”” Spectra of N-CQD and
rGO/N-CQD composites showed O—H and N—H stretching
vibrations in the 3296—3396 cm™' range and a small peak at
~1295 cm™!, attributed to C—H stretching and sp® hybridized
carbon. C=O0 stretching vibrations were observed at ~1712
cm™". A high-intensity absorption peak in the CQD spectrum
(1565—1658 cm™') was assigned to C=C and C=N
stretching vibrations.”* N—H bending vibrations appeared at
1550—1556 cm™" in quantum dots and rGO/N-CQD
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composites. Finally, C—O and C—O-C bending vibrations
were detected at 1382—1384 cm™! and 1240 cm™ in N-CQD
and rGO/N-CQD composite samples. In summary, FTIR
effectively characterized the structures and surface functional
groups of GO, N-CQD, and the rGO/N-CQD composites.
FTIR analysis confirms the formation of the rGO/N-CQD
composite, as spectral shifts were observed in the composite
compared to pure rGO.

Raman spectroscopy (100—4000 cm™, Figure 4c) was
employed to analyze the vibrational states of GO, N-CQD,
rGO/N-CQDs,50) rGO/N-CQDgp40, and rGO/N-CQD7g, 3.
The GO spectrum exhibited D and G bands at 1341 and 1563
cm™!, respectively. The D band, indicative of defects and
disorder in the graphene lattice (A;, vibration mode of sp”
carbon) due to oxidation, correlates with increased C—C
bonds and decreased sp” in-plane vibrations. The G band
corresponds to graphite lattice vibrations with E,, symmetry.”
The Ip/Ig ratio, a measure of graphene sheet oxidation, was
1.09 for GO. For N-CQD, D and G bands are typically found
at 1348 and 1547 cm_l;56 however, in this study, the strong
fluorescence of N-CQD, even with 785 nm excitation,
prevented observation of these bands.”” The rGO/N-CQD
composites exhibited D and G bands at 1299 and 1541 cm™
(rGO/N-CQDgy/50), 1296 and 1543 cm™' (rGO/N-
CQDgp/40), and 1295 and 1541 cm™ (rGO/N-CQD+3)-
The corresponding Ip/Ig ratios were 0.93, 0.99, and 0.97,
respectively. The lower Ip/I; ratio in rGO/N-CQD
composites (0.93—0.99) compared to GO (1.09) indicates
GO reduction and the restoration of sp>-hybridized carbon
domains, resulting in more ordered graphitic structures. This
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enhanced order is crucial for improving electrical conductiv-
ity,58 which, in turn, can increase the TC of graphene
nanosheets, beneficial for photothermal applications.

XRD analysis (Figure 4d) revealed the crystal structure of
the nanostructures. GO and N-CQD powders exhibited
characteristic peaks at 26 = 11.20° (001 plane)*” and 19.24°
(002 plane),*” respectively. Hydrothermally synthesized rGO/
N-CQD composites (50/50, 60/40, and 70/30) showed three
peaks at 260 = 11.85, 20.52, and 26.58; 11.65, 19.83, and 26.59;
and 11.81, 19.97, and 26.64°, respectively. These peaks
correspond to graphene nanosheets (001 plane), N-CQD
(002 plane), and rGO (002 plane),®" indicating a successful
reduction of GO to rGO during the hydrothermal process. The
coexistence of graphene and rGO peaks suggests partial GO
reduction.

XPS analysis was utilized to determine the surface’s chemical
composition and identify the type of bond present (Figure Sa).
Examination of the XPS spectrum of the rGO/N-CQDyg,40
composite revealed three characteristic peaks for C 1s, N 1s,
and O Is at 285, 400, and 531.4 eV, respectively. The C 1s
peak was split into four peaks at 284.40, 286.26, 287.25, and
288.18 electron volts, which are associated with C—C, C—N,
C—0, and N—C=O0 bonds, respectively (Figure Sb). The N
1s peak was divided into two peaks at 399.52 and 400.35 eV,
indicating the presence of N—H and N—-C=O bonds,
respectively (Figure Sc). The separated peaks of O 1s show
two peaks at 530.95 and 532.12 electron volts, correspondin,
to O=C and O—C bonds, respectively (Figure 5d).°>*
EDAX was used for semiquantitative elemental analysis of
carbon materials.”* The rGO/N-CQD samples were drop-cast
onto carbon tape and vacuum-dried for uniform dispersion.
Figure Se—g shows the EDAX spectra and elemental maps of
rGO/N-CQD composites. N-CQD incorporation on rGO
nanosheets was quantified by the N/C atomic ratio, which was
0.364, 0.289, and 0.182 for rGO/N-CQDsys0, rGO/N-
CQDg¢o 400 and rtGO/N-CQD,y, 30, respectively.

AFM provides unique morphological insights that comple-
ment SEM/TEM, particularly for nanoparticle height, surface
roughness, and mechanical properties.”> AFM (Figure 6a)
revealed the morphology of the hydrothermally synthesized N-
CQDs. Height profiling (Figure 6b) between two adjacent N-
CQDs indicated a size of approximately 4 nm. TEM imaging
(Figure 6c) of the tGO/N-CQDy/4 composite confirmed the
successful anchoring of N-CQDs onto rGO nanosheets
(Figure 6d), with an average N-CQD diameter of 4—5 nm
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(Figure 6d). TEM confirms that the rGO is attached to the N-
CQD, unlike the random clustering anticipated in a simple
binary mixture. If N-CQDs were only mixed (as a binary
nanofluid), they would appear as random clusters surrounding
the rGO. The close agreement (4—5 nm) between AFM height
and TEM lateral diameter indicates minimal particle
aggregation or stacking, validating the AFM-derived N-CQD
thickness.

3.2. Stability Characterization. Nanofluid suspension
stability is commonly improved by adding surfactants or
chemically functionalizing nanoparticle surfaces.’® While
surfactants are limited by irreversible high-temperature
degradation that weakens their bond with nanoparticles,
functionalized nanoparticles show promise for achieving
long-term, high-temperature stability.”” Surface modification
chemically binds functional groups, enhancing compatibility
with the host environment.”® For example, N-CQD was used
to compensate for the loss of hydrophilic oxygen groups on
GO nanosheets during hydrothermal synthesis, leveraging the
numerous hydroxyl, carbonyl, and amino groups on the N-
CQD surface to enhance the solubility and stability. Zeta
potential and absorption spectrum analyses were used to
investigate the stability of various nanofluids prepared from
composites. Zeta potential measurements, crucial for under-
standing electrostatic interactions between nanomaterials, were
performed at 25 °C and pH 6.24 for GO, N-CQD, rGO/N-
CQDyy/500 'GO/N-CQDgp 40y and rGO/N-CQD;q 30 nano-
fluids. The respective zeta potential values were —30.6S,
—23.35, —18.4, —17.24, and —15.66 mV (Figure 7a). UV—vis
spectroscopy (200—800 nm) assessed the wavelength-depend-
ent light absorption of 0.0500%w nanocomposite-based
nanofluids. Figure 7b illustrates the normalized absorption
intensity (A/A,) over 24 days, where A and A, are the
maximum absorption intensities at a given day and preparation
time, respectively, within the 200—800 nm range. The rGO/N-
CQDyy/500 'GO/N-CQDgp 40, and rGO/N-CQD5g 30 nano-
fluids (0.0500%w) exhibited good dispersion and stability up
to 20, 18, and 15 days, respectively. Sedimentation began
gradually after these periods, with absorption intensity
decreasing to 0.7 of the initial values.”” Nanofluids™ stability
was observed for at least 15 days (Figure S2). Although zeta
potential values exceeding +30 mV typically indicate stable
dispersions,”” these nanofluids, with moderate zeta potential
measured at laboratory temperature and neutral pH, remained
stable for 15—20 days, as confirmed by UV—vis absorption and
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visual inspection. This stability is attributed to the enhanced
electrostatic repulsion from the combination of rGO and
nitrogen-doped quantum carbon. Furthermore, the dynamic
conditions within the intended closed-loop system (DASCs)
will likely further stabilize the nanofluid and prevent
nanoparticle aggregation, contrasting with the static conditions
during the zeta potential measurement.

3.3. Thermophysical Measurement. While nanocarbon
structures inherently possess high TC, oxygen functional
groups drastically reduce TC by 2—3 orders of magnitude due
to disrupted lattice symmetry and induced local strain. GO
nanosheets exhibit anisotropic TC, and vacancies in GO strips
negatively impact TC. Furthermore, increased phonon
scattering from GO defects further diminishes the TC.

To enhance the TC, GO nanosheets were coated with N-
CQD, creating a composite material. The TC of five nanofluids
(GO, N-CQD, rGO/N-CQDsys500 rGO/N-CQDgg/40, and
rGO/N-CQDy,3,) was measured at concentrations of
0.0060, 0.0125, 0.0250, and 0.0500%w between 10 and 40
°C using a KD2 sensor-equipped heat processor. All nanofluids
exhibited the highest TC at 40 °C and 0.0500%w (Figure
S3a—e). At 0.0500%w, the rGO/N-CQDgy4 nanofluid
displayed the highest TC compared to the other nanofluids
(Figure 8a). TCR and TCE% values were calculated using eqs
1 and 2 and are presented in Figure S4a,b. The GO nanofluid
yielded a TC of 0.724 W/m-K, with a TCR of 1.23 and a TCE
% of 23.12%. The N-CQD nanofluid showed a TC of 0.761
W/mK, with a TCR of 1.29 and a TCE % of 29.42%. The

addition of N-CQD quantum dots increased the TC of the GO
nanofluid. TC values for rGO/N-CQDysq,59, rGO/N-
CQDgo/400 and rGO/N-CQD-q/3 were 0.799, 0.881, and
0.733 W/m-K, respectively, with corresponding TCR and TCE
% values of 1.35, 35.88%; 1.49, 49.82%; and 1.24, 24.65%. The
rGO/N-CQDyy,49 composite exhibited the highest TC
increase compared to those of GO and N-CQD nanofluids.
This excellent thermal conductivity is crucial for DASC
applications as it minimizes heat loss by rapidly transferring
energy from the surface layer to the fluid bulk.

Figure 8b shows the C, values of the base fluid and
nanofluids at various temperatures. Nanofluids exhibit a lower
C, than the base fluid, and the C, of all fluids increases with
temperature. Consequently, the C, values for the base fluid and
nanofluids were modeled as temperature-dependent functions
(eqs 12—15) to calculate the photothermal conversion
efficiency.

C, (DIwater) = 8 X 10~*T + 4.1705 (R* = 0.9824)
(12)

C, (GO) = 1.4 X 107°T + 40182 (R* = 0.9726)  (13)
C, (rGO/N-CQD, )

=19 X 107°T + 3.9833 (R*

= 0.9737) (14)
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Figure 9. (a) TC and zeta potential of various nanofluids, (b) schematic of heat transfer in a nanofluid, and (c) TEM images of rGO/N-CQD50,s0,
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C, (N-CQD) = 1.9 X 107°T + 3.8118 (R* = 0.9723)
(15)

Cp is the specific heat of the working fluid (kJ kg™ °C'")
and T is the temperature of the working fluid (°C) with R* as
the coefficient of determination.

3.4. ANN Model. An ANN model with two input neurons,
six hidden neurons, and one output neuron was developed to
predict the TC of the rGO/N-CQDgy,4 nanofluid based on
temperature and concentration. Experimental data and the
ANN model’s output are provided in Table S1, with a small 6
indicating high accuracy. Figure 8C shows a strong agreement
between the ANN-predicted and experimentally measured TC
values. The temperature dependence of TC and corresponding
8 at concentrations of 0.0060, 0.0125, 0.0250, and 0.0500%w is
shown in Figure S5a—d. The small 6 values further confirm the
model’s accuracy. The ANN model exhibited R* = 0.9974 and
low rRMSE (training: 3.4843, testing: 6.5531), RMSE
(training: 0.0348, testing: 0.0518), and MAPE (training:
4.0000, testing: 6.5531) values, demonstrating its effectiveness
in predicting the TC of the rGO/N-CQDg,4 nanofluid. The
ANN analysis created a highly accurate predictive model for
the TC of rGO/N-CQD60/40 nanofluids. With a high R?
value and low error, the ANN effectively models the
relationship among TC, temperature, and concentration.
This validates experimental trends and allows for reliable
extrapolation, enhancing the study’s practical value for thermal
applications.

3.5. Optimal Stability and Thermal Conductivity of
the GO Nanofluid. Figure 8a shows that the rGO/N-
CQDygp 40 nanofluid possesses the highest TC among the
tested composites, while Figure 7a indicates that the rGO/N-
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CQDgy50 nanofluid exhibits superior stability. For DASC
applications, selecting a nanofluid with both high TC and
stability is essential.”" Figure 9a also presents the zeta potential
and TC values for the three composite-based nanofluids. The
nanofluid within the Optimal Stability and TC (OSTC)
region, defined as above the average TC (ATC) and average
stability (AS), was deemed to be optimal for light-to-heat
conversion. These results demonstrate the influence of varying
rGO and N-CQD percentages on the nanofluid TC and
stability.

In DASCs, TC is crucial for evaluating the working fluid’s
heat transfer rate. Two-dimensional materials, with their high
aspect ratio and surface area, reduce contact thermal resistance.
Carbon quantum dots enhance heat transfer by directing it and
increasing the surface area. As illustrated in Figure 9b, a higher
TC enables faster heat transfer during photothermal
conversion, minimizing heat loss. TC in rGO/N-CQD
composites relies on phonon transport through continuous
pathways, with N-CQDs acting as thermal bridges between
rGO nanosheets to improve heat transfer. Morphological
analysis (Figure 9c) shows varying N-CQD distributions and
dispersion on rGO nanosheets. The rGO/N-CQDsy/so
composite’s TEM image reveals N-CQD agglomeration,
obstructing heat transfer. Conversely, rGO/N-CQDyp,4o
exhibits a proportional N-CQD distribution, forming effective
heat transfer pathways. However, rGO/N-CQD;3, lacks
sufficient N-CQD for establishing such pathways. A 60/40
ratio of rGO to N-CQD (rGO/N-CQDyy/4) offers optimal
dispersion, reducing interfacial resistance, and promoting the
formation of efficient percolation networks. Conversely,
agglomeration (50/50) or insufficient N-CQD density (70/
30) disrupts these pathways. This behavior is consistent with
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Table 4. Comparison of Photothermal Conversions of Similar Materials

nanoparticle base fluid concentration
graphene urea/choline chloride 40 ppm
single-layer graphene DI water 100 ppm
SiC-MWCNTs ethylene glycol- 1%w
GO DI water 0.05%w
rGO/N-CQD DI water 0.05%w

penetration depth photothermal conversion efficiency (%) ref
1 cm 94.3 73
<2 cm 38.93 74
1 cm 97.3 49
1 cm 72.5 7
1 cm 82.64 this work

percolation theory and effective medium principles, emphasiz-
ing the critical role of filler distribution in achieving high
thermal conductivity. Percolation is the phenomenon where
highly conductive particles, randomly distributed in a matrix,
form a continuous chain connecting opposing faces.”

3.6. Optical Properties of Nanofluids. The optical
properties of the base fluid and nanofluids are presented in
Figure 10, emphasizing the importance of the absorption
performance of the working fluid in DASC applications. Due
to the dispersion of nanocarbon structures into the base fluid,
nanofluids have lower transmittance in the visible light region
compared to the base fluid. As shown in Figure 10a, the rGO/
N-CQDygp/49 nanofluid exhibits significantly lower trans-
mittance than GO and N-CQD alone, indicating that the
hydrothermal composite enhances optical absorption. Expo-
sure to solar radiation further decreases transmittance,
correlating with color deepening (Figure 10a inset for the N-
CQD nanofluid). These results suggest the potential of
nanofluids as working fluids for DASCs.

Figure 10b shows that GO, N-CQD, and rGO/N-CQD
nanofluids exhibit higher extinction coeflicients than DI water
in the visible range, indicating improved optical absorption due
to the addition of nanocarbon structures. Notably, rGO/N-
CQDgo/40 significantly enhances these properties, increasing
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the extinction coefficient from 0 in the base fluid to 4.9 cm™.

Solar irradiation further increases the extinction coefficient of
all nanofluids, making rGO/N-CQDg/4o an excellent candi-
date for DASCs due to its exceptional optical characteristics.
Figures 10c and S6 demonstrate the practical application
potential of tGO/N-CQDyy,4, revealing its ability to access a
significant portion of solar radiation energy, as indicated by its
absorbed solar spectral irradiance curve’s similarity to the
standard solar spectrum and its maximum average absorptivity.
Figure 10d presents the A, of various nanofluids, showing that
to harvest 99.95% solar energy at a 0.0500%w concentration,
penetration depths of 4.6, 2.9, and 1.5 cm are required for N-
CQD, GO, and rGO/N-CQDgg/4, respectively. Table 4
compares the photothermal conversion characteristics of the
rGO/N-CQDy/49 nanofluid with those of similar nanofluids.

3.7. Photothermal Performance of Nanofluids. Accu-
rate determination of nanofluid photothermal efliciency
requires a uniform temperature distribution. Solar radiation
induces temperature increases, complicating energy calcula-
tions based on limited data points (Figure 11la). Thorough
mixing achieved temperature uniformity, eliminating surface-
to-bulk temperature differences (Figure 11b). Infrared images
highlight the temperature distribution after 3600 s of solar
irradiation, contrasting unstirred (Figure 11c) and stirred
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Figure 11. Temperature variation curves of the rGO/N-CQDy,4o nanofluid under 1 Sun irradiation (a) without 400 rpm stirring, (b) with 400
rpm stirring, (c) infrared thermographs of rGO/N-CQDyy,4, without 400 rpm stirring, (d) with 400 rpm stirring, (e) temperature variation curves
of nanofluids and DI water, (f) # of nanofluids and DI water, (g) temperature variation curves of tGO/N-CQDy/4o nanofluid under different Sun
irradiation, and (h) 7 of rGO/N-CQDgp,4 nanofluid under different Sun irradiation.

states (Figure 11d), facilitating subsequent calculations. After
3600 s of irradiation (Figure 11e), DI water, GO, N-CQD, and
rGO/N-CQDg,4 nanofluids reached maximum temperatures
of 6.8, 11.4, 9.85, and 15.47 °C, respectively. Infrared
thermographs (Figure S7a—d) corroborate these temperature
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differences, indicating that the rGO/N-CQDy/4 nanofluid
exhibited the greatest temperature increase. Key technical
parameters for DT-980 used in this study are listed in Table
S2. Figure S8 illustrates the energy absorbed by DI water, GO,
N-CQD, and rGO/N-CQDyg/4o nanofluids. Under 1 Sun
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Figure 12. (a) Cycling performance of tGO/N-CQDyj,4o nanofluid at 1 Sun irradiation and (b) solar-weighted absorption fractions of the rGO/N-

CQDyj,49 nanofluid after each heating—cooling cycle.

irradiation, rGO/N-CQD60/40 absorbed the most energy
(5840.55 J). Figure 11f presents the # after 3600 s of solar
irradiation. rGO/N-CQDy/49 exhibited the highest efficiency
(82.64%), followed by GO (65.73%), N-CQD (53.41%), and
DI water (40.37%). The photothermal conversion perform-
ance of rGO/N-CQDy/4o nanofluid under varying solar light
intensities (2 and 3 Suns) was investigated. As illustrated in
Figure 11g, the nanofluid temperature increased with higher
light intensity, reaching 15.47, 22.85, and 25.95 °C at 1, 2, and
3 Suns, respectively. However, the # decreased with increasing
intensity (Figure 11h), achieving 82.64, 66.73, and 51.11% at
1, 2, and 3 Suns, respectively, with the highest efficiency
observed at 1 Sun. Although higher radiation intensity raises
the temperature, heat dissipation and absorption saturation
constrain further photothermal conversion. While increased
sunlight intensity boosts heat storage (eq 9), the gain is
disproportionately lower than the increased input energy,
indicating substantial energy losses. Mechanistic explanation
for the efficiency drop at higher intensities is saturation of
photothermal absorption. Nanofluids have a finite light
absorption capacity.”> Beyond a certain threshold, the
nanofluid cannot absorb more sunlight, and the increased
input energy is largely lost instead of being converted into heat.
This makes DASC systems suitable for low-intensity sunlight
areas.

To evaluate photothermal conversion stability, repeated
heating and cooling cycles were performed on a 0.0500%w
tGO/N-CQDyy,49 nanofluid under 1000 W/m? light irradi-
ation. As shown in Figure 12a, the rGO/N-CQDyj/49 nanofluid
exhibited consistent temperature increases (maximum >15.47
°C) over five cycles, followed by natural cooling to room
temperature. The nanofluid’s absorption spectrum remained
largely unchanged after each cycle, with no significant decrease
in absorption or visible changes in the spectrum, indicating
minimal nanoparticle aggregation (Figure S8). Furthermore,
the solar-weighted absorption fractions at a penetration depth
of 1.5 cm exhibited a low standard deviation (0.0251) across
cycles, confirming the thermal stability of the nanofluid during
repeated heating and cooling (Figure 12b). These consistent
heating and cooling curves demonstrate the reliable photo-
thermal conversion stability and remarkable performance of
the nanofluid, especially over extended durations.

4. CONCLUSIONS

A composite of 2D nanostructures (rGO) and 0D functional
nanocarbon (N-CQD) was synthesized via a mild hydro-
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thermal method at varying ratios to evaluate the photothermal
performance in direct absorption solar collectors (DASCs).
Nanofluids were prepared using a two-step method, and
physicochemical characterization revealed that rGO/N-
CQDgp40 nanofluid exhibited the highest thermal conductivity
(TC) and remained stable for 18 days. Characterization via
UV—vis, FTIR, Raman, XRD, XPS, EDAX, AFM, and TEM
confirmed that a 40/60 ratio of N-CQDs to rGO nanosheets
yielded an optimal structure and morphology, making it a
suitable candidate for DASCs. Optical property analysis
showed that the rGO/N-CQDy,4 nanofluid had the lowest
transmittance and the highest extinction coefficient. At a 1 cm
penetration depth, solar radiation absorption was significantly
higher for rGO/N-CQDyq/4 (97.97%) compared with DI
water (7.32%), N-CQD (35.32%), and GO (74.77%).
Photothermal studies at 1 Sun intensity demonstrated
efficiencies of 40.37, 53.41, 65.73, and 82.64% for DI water,
N-CQD, GO, and rGO/N-CQD60/40, respectively, high-
lighting the potential of the rGO/N-CQDgy,4 nanofluid for
DASCs due to its dispersion stability, solar absorption, and
photothermal conversion. Investigation of solar energy
absorption and efficiency under varying solar radiation
intensities (1—3 Suns) revealed peak performance at the
lowest intensity (1 Sun), indicating effective solar energy
utilization even under low radiation. Finally, an artificial neural
network with six neurons in the hidden layer and Tan-Sig and
Purelin transfer functions accurately predicted the thermal
conductivity of rGO/N-CQDg /4 (R* = 0.9974).
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