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Poor dispersion stability of carbon nanofluids is one of the key issues limiting their solar-thermal applications
especially under medium-to-high temperatures. Herein, this work reported a facile way to prepare stably
dispersed graphene quantum dot-ethylene glycol (GQD-EG) medium-temperature solar-thermal
nanofluids. The hydroxyl-terminated GQDs were synthesized by a scalable hydrothermal approach. The
obtained GQDs have a small particle size, narrow particle size distribution and are self-dispersible within EG
fluids. The GQD-EG nanofluids maintained their uniform dispersion after continuous heating at 180 °C for
7 days. The hydrogen bonding between the hydroxyl group on the surface of GQDs and the EG molecules
helped achieve homogenous dispersion of GQDs in the nanofluids, and the small particle size and low

density of GQDs helped mitigate the sedimentation tendency. The dispersed GQD-EG nanofluids have
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Accepted 1st December 2020 demonstrated broadband absorption of sunlight, high specific heat capacity and low viscosity, which are all

desired for high-performance direct absorption-based solar-thermal energy. The prepared GQD-EG

DOI: 10.1039/d0ra08128k nanofluids have exhibited consistent volumetric harvesting of solar-thermal energy under concentrated
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Introduction

Conversion of sunlight into storable heat is an attractive way to
harness abundant solar energy due to the high energy conversion
efficiency, cost-effectiveness, and environmental compatibility.'
In recent years, great efforts have been devoted to the exploration
of the harvested solar-thermal energy for high-efficiency interfa-
cial evaporation,® desalination,*® clean water generation,”
domestic and industrial heating,® thermotherapy>'® and many
other important applications.” The collected solar-thermal
energy can be further converted into electricity through ther-
moelectric conversion.'>*® Efficient and facile harvesting of solar-
thermal energy is critical to overcome solar intermittency and
realize continuous operation of the aforementioned processes.
Direct absorption-based solar collectors (DASCs), which utilize
homogeneously distributed optical nanofluids to absorb incident
sunlight and convert it into heat, have emerged as a superior
device to conventional surface absorption-based collectors for
solar-thermal energy harvesting.*** In conventional surface
absorption-based collectors, solar-thermal energy is harvested by
a surface coating and the converted heat is then transferred into
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solar illumination with a heating temperature up to 170 °C.

the working fluids within the collector. Such configuration cau-
ses a large thermal resistance between the absorber surface and
working fluids, which results in heat accumulation near the
surface of the absorber. By contrast, the volumetric solar-thermal
conversion within the working fluids avoids the long-distance
heat transfer, thus DASCs have more uniform temperature
distribution, minimize surface heat loss and achieve high solar-
thermal harvesting efficiency. A critical requirement of DASC is
that the nanofluids can volumetrically absorb the incident
sunlight.’® Carbon nanomaterials can efficiently absorb the
broad-spectrum sunlight and have good chemical stability, thus
graphite nanofluids,” carbon nanotube nanofluids**** and gra-
phene nanofluids'® have received intensive research attention for
the DASC application. To date, most of the investigated carbon
nanofluids are water-based and they are used for low-
temperature solar-thermal energy harvesting. By comparison,
medium-temperature solar-thermal energy (80-250 °C) can
provide more intensive heating for a broad range of applications
such as steam generation, sterilization, cooking and industrial
process heating.® Under the elevated operation temperatures,
however, the nanoscale solar absorbers have stronger tendency to
lose their uniform dispersion within the nanofluids.”*** The
carbon solar absorbers tend to aggregate and precipitate out of
the nanofluids, which will lose the volumetric absorption of
sunlight and even cause blockage of the DASC.?* To improve the
dispersion stability of the nanofluids, surface modification of
solar absorbers with surfactants, organic ligands or polymer

This journal is © The Royal Society of Chemistry 2020
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chains is wusually required, which adds both fabrication
complexity and cost to the solar-thermal nanofluids.*?** There-
fore, developing self-dispersible medium-temperature carbon
solar-thermal nanofluids, which at best can be prepared through
a facile way at large scale, is still a grand challenge.

In the family of carbon derivatives, graphene quantum dots
(GQDs) are graphene nanoparticles consisting of one or a few
graphene layers along the thickness direction and have a lateral
size smaller than 100 nm.* In recent years, GQDs have received
extensive research interest due to its small size,*® unique spin,*”
photoluminescence®® and electronic properties.”® These fasci-
nating physical and chemical properties provide vast opportu-
nities to explore bioimaging,* photodetection,* light emission,**
electrocatalysis®® and electrical energy harvesting applications.>*
Thanks to the broad light absorption from ultraviolet to the
visible light region and the outstanding photostability,*> GQDs
also hold great potential for solar energy harvesting, conversion
and utilization.®® Current solar related applications of GQDs
mainly focus on photovoltaics and photocatalysis.*”** However,
the exploration on employing GQDs to prepare self-dispersible
solar-thermal nanofluids for medium-temperature solar-
thermal energy harvesting has not been reported.

In this work, we report the preparation of stably-dispersed
GQDs nanofluids for direct absorption-based solar-thermal
energy harvesting at medium temperatures. Gram-scale
hydroxyl-functionalized graphene quantum dots (OH-GQDs)
were synthesized through a single-step hydrothermal reaction.
The obtained OH-GQDs are self-dispersible within commercial
medium-temperature ethylene glycol (EG) heat transfer fluid.
Dispersion stability tests show that the resultant GQD-EG
nanofluids can maintain the uniform dispersion under
continuous heating at 180 °C for 7 days. Theoretical analyses
indicate that the ultrasmall particle size helped effectively
suppress the interparticle van der Waals attraction, and the
hydrogen bonding between the surface hydroxyl groups and the
EG molecules promotes the formation of homogenous disper-
sion. The small mass of individual GQD significantly lowers the
sedimentation velocity such that it can be counterbalanced by
the thermal Brownian motion, which in turn ensures the long-
term dispersion stability of the GQD-EG nanofluids. In addi-
tion, the GQD-EG nanofluids have demonstrated high solar
absorptance, large specific heat capacity and low viscosity.
Repeated direct absorption solar-thermal energy harvesting
tests show that the GQD-EG nanofluids can efficiently and
consistently convert concentrated solar illumination into stor-
able heat with a temperature up to 170 °C. It is anticipated that
the development of self-dispersed GQD-EG nanofluids will help
accelerate the practical applications of solar-thermal technolo-
gies toward higher temperature ranges.

Materials and methods
Materials

Pyrene (C;6H;) was purchased from Tokyo Chemical Industry
Co., Ltd. Nitric acid, sodium hydroxide (NaOH) and EG were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
reagents were used as received.
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Synthesis of OH-GQDs

OH-GQDs were synthesized by a bottom-up method following the
procedure reported by Wang et al.*’ Typically, 0.5 g pyrene and
40 mL of concentrated nitric acid were added into a 200 mL round
flask. The reactants were placed at 80 °C under stirring and
refluxing for 12 h. After cooling down to room temperature, the
suspension was diluted with 250 mL of deionized (DI) water and
filtered through a 0.22 pm microporous membrane to remove the
acid. The as-synthesized 1,3,6-trinitropyrene was dispersed in
100 mL of 0.2 M aqueous NaOH solution by ultrasonication. The
mixture was then transferred to a Teflon autoclave, which was
placed within an oven at 200 °C for 10 h. After the hydrothermal
treatment, the suspension was filtered through a 0.22 pm micro-
porous membrane to remove the insoluble products, and further
dialyzed in a dialysis bag for 2 days. The OH-GQDs were obtained
by drying the solution within an oven at 70 °C for 24 h.

Preparation of solar-thermal fluids

The OH-GQDs were added into ethylene glycol, followed by
mechanical mixing with a glass rod and ultrasonication (200 W,
40 kHz) for 30 min. The dispersed fluids were then transferred
to a Teflon autoclave and heated at 180 °C for 6 h. The final
GQD-EG solar-thermal fluids were obtained by cooling the
dispersion to room temperature.

Characterization and property measurement

The morphology and particle size distribution of GQDs were
observed with a transmission electron microscope (TEM, FEI
Talos F200X) operated at 200 kV. The particle size distribution
was analyzed by Image J software through counting more than
100 GQD particles for each sample. Atomic force microscope
(AFM, Bruker Multimode Nanoscope V) was used to analyze the
thickness of GQDs. The surface functional groups on GQDs
were probed by a Fourier transform infrared spectrometer
(FTIR, Nicolet 6700) and the X-ray photoelectron spectrometer
(XPS, AXIS UltraDLD). Optical transmission and absorption
spectra of solar-thermal fluids were measured at room
temperature by a UV-Vis spectrometer (PerkinElmer Lambda
330). The specific heat capacity was tested by a differential
scanning calorimeter (DSC, PerkinElmer DSC8000, TA Instru-
ments) through raising the temperature from 12 °C to 110 °C at
the rate of 10 °C min~". The viscosity of each sample was
measured by a viscometer (Fangrui, LVDV-1T). A dynamic light
scattering apparatus (DLS, Malvern, Zetasizer Nano ZS) was
used to measure the hydrodynamic size of GQD. Zeta potential
() of the solar-thermal fluids was measured by the Particle Sizer
and Zeta Potential Analyzer (Omni Instruments, Japan). The
thermal conductivity of EG and GQD-EG nanofluids was
measured by a thermal conductivity meter (Hot Disk TPS 2500
S) with a heating power of 80 mWw.

Results and discussion
Preparation and characterization of solar-thermal fluids

As shown in Fig. 1a, instead of applying the top-down synthetic
routes that cut large graphene sheets into GQDs,*"** herein
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a bottom-up method was adopted and pyrene was used as the
precursor. In general, the bottom-up method has better control
of particle size and surface chemistry than the top-down
approaches, which is highly desired for engineering their
dispersion in nanofluids. Gram-scale of high-quality GQDs
could be readily produced through such route each time under
mild hydrothermal conditions. Fig. 1b shows that pyrene was
first nitrated into yellow 1,3,6-trinitropyrene, following by the
hydrothermal treatment in NaOH aqueous solution to further
transform the sample into black OH-GQDs.

It was found that the obtained OH-GQD powders can be
mixed with the EG base fluid at room temperature through
mechanical agitation. With further ultra-sonication, the GQD-
EG nanofluids seem to be well-dispersed. However, the DLS
measurement shows that there are still some big particles in the
fluids (Table S1t). The existence of big agglomerates implies
that at room temperature mechanical and ultrasonic agitation
cannot effectively break the centrifuged GQD powders into
homogeneously dispersed particles. To tackle this problem,
further hydrothermal treatment was carried out by placing the
GQD-EG nanofluids within a Teflon autoclave and heating it
within an oven at 180 °C for 6 h. At the elevated temperature, EG
molecules can more easily diffuse into the GQD powders and
interact with the surfaces of GQDs, thus promoting the sepa-
ration of the bulk GQD powders toward nanoparticles. Due to
the favorable interaction between the polar EG molecules and

45030 | RSC Adv, 2020, 10, 45028-45036

(a) Synthetic procedure of OH-GQDs. (b) Schematic fabrication process of GQD-EG nanofluids. (c) Homogeneously dispersed GQD-EG
nanofluids for direct absorption-based solar-thermal energy harvesting.

the hydroxyl groups on the surfaces, the prepared OH-GQDs are
self-dispersible in the EG base fluid (Fig. 1c). The hydrothermal
treatment also helps prescreen dispersion stability of the solar-
thermal nanofluids and stable dispersion can be anticipated
when the application temperature is slightly lower than the
treatment temperature (180 °C).

TEM observation in Fig. 2a shows that the OH-GQDs have
a small plate morphology, and a narrow lateral particle size
distribution (8.0 + 1.9 nm, Fig. 2b). The HRTEM image in
Fig. 2c shows the single crystal structure for the OH-GQDs with
an interplanar crystal spacing of 0.21 nm, which is further
confirmed by the periodically oscillating intensity profile
(Fig. S1t). The AFM image in Fig. 2d also shows uniform
distribution of the drop-casted OH-GQDs on the Si wafer after
solvent evaporation. The thickness of OH-GQDs was measured
to be in the range of 0.5-2.5 nm, which corresponds to 1 to 5
graphene layers. The FTIR spectra in Fig. 2e show the C-H
stretching vibrations from the sp> hybridized carbon atoms in
the range of 3000-3100 cm™ " for pyrene.* After nitration, strong
characteristic spectra of N-O bonds were observed in the range of
1250-1500 cm . For the OH-GQDs, peaks corresponding to
strong and broad vibration of O-H bonds in the range of 3200-
3600 cm™ " were observed. XPS measurement of pyrene shows
a strong peak of C 1s at 284.8 eV (Fig. 2f). The XPS spectrum of OH-
GQDs in Fig. 2g shows strong signals of C 1s and O 1s at 531 eV
and a weak signal from the sodium impurity at 496 eV. There is

This journal is © The Royal Society of Chemistry 2020
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(@) TEM image of OH-GQDs. (b) Particle size distribution profile of as-synthesized OH-GQDs. (c) HRTEM image of OH-GQDs. (d) AFM

image of OH-GQDs (right: scanning height profile along the white line). (e) FTIR spectra of pyrene, 1,3,6-trinitropyrene and OH-GQDs. (f) XPS C
1s curve of pyrene. (g) XPS spectrum of OH-GQDs. (h) XPS C 1s curve of OH-GQDs.

also a weak signal of N 1s at 399 eV. The C 1s curve (Fig. 2h)
presents strong peaks of C=C and C-O bonds indicating the
formation of ~-OH groups on the surface of GQDs. The significantly
weakened C-N bonds indicate that 1,3,6-trinitropyrene has been
fused into OH-GQDs and the -NO, groups were removed under the
strong alkaline hydrothermal treatment.

Dispersion stability test and analysis

Maintaining homogeneous dispersion of the nanofluids is
a prerequisite to pursue direct absorption-based volumetric
solar energy harvesting. The dispersion stability of GQDs within
EG was evaluated by optical absorption measurement. Fig. S2f
shows that the absorption spectra of the GQD-EG nanofluids
with three different loadings (0.05 mg mL™', 0.1 mg mL™ ",
0.2 mg mL ") and different storage time (as-prepared, 14 days
and 1 month) are almost coincident with each other, which also
indicates the stable dispersion of the nanofluids at room
temperature. The medium-temperature dispersion stability was
tested by continuously heating the GQD-EG nanofluids at
180 °C for 12 h and 7 days, respectively. Fig. 3a shows that the

nanofluids have retained the homogenous dispersed

This journal is © The Royal Society of Chemistry 2020

appearance after heating at 180 °C for 7 days. TEM observation
indicates that the GQDs have maintained their morphology and
no agglomeration was observed after the long-time heating tests
(Fig. 3b). The TEM particle size distribution histograms in
Fig. 3c show the lateral size of OH-GQDs has largely maintained
same (7.5 £+ 2.1 nm) after the heating tests. DLS measurement
also shows that the hydrodynamic diameter of GQDs has
negligible difference before and after the heating tests (Fig. 3d).
The stable dispersion state of GQD-EG nanofluids was also
checked by the optical spectrum measurement. Fig. 3e presents
that the optical absorption spectra of the nanofluids after
heating for 12 h and 7 days are almost overlapped with the as-
prepared ones. The zeta potential measurement indicates that
the GQD-EG nanofluids have retained an absolute zeta potential
larger than 30 mV before and after the heating tests, which
resists the aggregation and ensures the uniform dispersion of
GQDs in EG (Table S27).

Theoretically, in order to achieve stable dispersion during
the long-term heating tests, both aggregation tendency and
sedimentation tendency of the GQDs need to be suppressed.
The aggregation tendency is governed by the relative strength of

RSC Adv, 2020, 10, 45028-45036 | 45031
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Fig. 3 Thermal stability test of GQD-EG nanofluids with different concentration after heating at 180 °C. (a) Photographs of GQD-EG nanofluids
before and after heating for 7 days (from left to right: 0.2 mgmL™%, 0.1 mgmL™2, 0.05 mgmL™?). (b) A TEM image of GQDs after heating for 7 days.
(c) Particle size distribution histogram of GQDs after heating at 180 °C for 7 days. (d) Particle size of GQDs measured by DLS before and after
heating. (e) Optical absorption spectra of GQD-EG nanofluids before and after heating.

the attractive interaction and repulsive interaction between the
GQDs. According to the classical DLVO theory, two neighboring
GQDs in nanofluids can be treated as two parallel plates with
a separation distance of D (Fig. S31), and the van der Waals
attraction energy per unit area between two parallel flat plates of
fixed thickness (L) can be estimated by:**

Au |1 2 1

Waaw = —a |~
N7 2R D (D+LP (D+2L)

where Ay is the Hamaker constant. Compared with conven-
tional graphene oxide (GO) or graphene sheets that have lateral
sizes of several micrometers,*>*® the small lateral size of the
GQDs (~8 nm) signficantly weaks the interplane van der Waals
attraction. As evidenced by the zeta potential measurement, the
surfaces of GQDs are negatively charged due to the ionization
and dissociation of surface groups, which can provide the
repulsive force to counterbalance the van der Waals attraction
and thus mitigate the aggregation tendency (Fig. S4T). However,

45032 | RSC Adv, 2020, 10, 45028-45036

detailed calculation and estimation indicate that the total DLVO
interaction for the contacting GQDs is less than kgT, which is
not sufficient to stabilize the GQDs in the nanofluids (Table
S31). Besides the DLVO interaction, the hydrogen bonding
between OH-GQDs and EG provides the solvation force to
prevent direct contact between GQDs. Herein, the interaction
energy for the hydrogen bonding is estimated to be 21 kJ mol %,
which means breaking each hydrogen bonding requires an
energy input of ~8.48kpT at room temperature.”” This large
energy barrier prevents the direct contact between GQDs and
ensures their uniform dispersion within EG fluids.

Another requirement for achieving long-term stable dispersion
is that the sedimentation of GQDs can be counterbalanced by the
Brownian motion. For single GQD, the sedimentation velocity (V)
in the nanofluids can be estimated by the Stokes law:*®

dz
o (
187n

Pp — PBE)E

This journal is © The Royal Society of Chemistry 2020
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where pp and pgr are the densities of dispersed particles
(2.25 g ecm ™) and base fluid (1.11 g cm™3), 5 is the viscosity of
fluid, g is the gravitational acceleration and d is the diameter of the
particle. Considering that the sedimentation velocity is propor-
tional to the square of particle size, smaller particles will signifi-
cantly lower the sedimentation velocity (Fig. S5t). On the contrary,
the thermal Brownian motion velocity is inversely proportional to
the particle size.* Calculation shows that the small size of the
GQDs enables a higher Brownian motion velocity than the sedi-
mentation velocity, thus the dispersed GQDs can maintain their
long-term stable dispersion within EG.

Thermophysical properties of nanofluids

Besides the stable uniform dispersion, high-performance
nanofluids for direct solar energy harvesting should have
broad light absorption, large heat capacity and low viscosity.
The transmittance spectra of GQD-EG nanofluids in Fig. 4a
shows that unlike the EG base fluid that is highly transparent,
the transmittance quickly decreases with the increasing loading
of OH-GQDs. By increasing the concentration to 0.2 mg mL ",
transmittance of nanofluids is less than 10% in the visible
region (380-760 nm). To evaluate the absorption performance
of the nanofluids, the percentage of solar energy absorbed by
the nanofluids (F) is calculated by:*
Fm 1) (1 = e=?x)da

Amin
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where I(2) is the spectrum solar irradiance, «(2) is the extinction
coefficient, x is the penetration depth of sunlight, Ay.x and Apin
are the maximum and minimum wavelength of the solar spec-
trum, respectively. The extinction coefficient was calculated by

1
the Beer-Lambert Law: o (1) = 7 In T(1), where [ is the pene-

tration distance (1 cm) and T(2) is the transmittance of nano-
fluids. Fig. 4b exhibits that over 90% of incident solar energy is
absorbed by the 0.2 mg mL™" GQD-EG nanofluids when the
penetration depth is 3 cm. The low concentration in turn
minimizes the influence of GQDs on the heat capacity and
viscosity of the solar-thermal fluids. Fig. 4c shows the
temperature-dependent specific heat capacity curves of the
GQD-EG nanofluids are nearly overlapped with the curve of the
neat EG. The effective specific heat capacity of the GQD-EG
nanofluids can be estimated by:**

ConE = @ppcpp + (1 — @) pprcyBE
P opp + (1 — @)pyr

where p is the density and ¢ is the volume fraction of GQDs. The
densities of GQDs and EG are estimated to be 1.8 g em™* and
1.11 g ecm 3, respectively.®> The specific heat capacity of GQDs
and EG are estimated to be 0.7 J g ' K 'and 2.5J g ' K" at
room temperature. For the 0.2 mg mL~' GQD-EG nanofluids,
the calculated specific heat is only 0.013% lower than that of
pure EG. Similarly, Fig. 4d presents that the difference in
temperature-dependent viscosity is also negligible for the pure
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(a) Transmittance spectra of EG and GQD-EG nanofluids with different concentration. (b) Store solar energy fraction as a function of the

penetration depth of EG and GQD-EG nanofluids. (c) Specific heat capacity of EG and GQD-EG nanofluids versus temperature. (d) Viscosity of EG

and GQD-EG nanofluids versus temperature.
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EG and the GQD-EG nanofluids. Empirically, the viscosity of
GQD-EG nanofluids () can be calculated by:**

n = no(l +2.5¢)

where 7, is the viscosity of the base fluid. The calculated
viscosity of the 0.2 mg mL~" GQD-EG nanofluids is only 0.03%
higher than pure EG. We also measured the thermal conduc-
tivity of EG and GQD-EG nanofluids at room temperature. As
shown in Table S4,7 the thermal conductivity slightly increased
from 268.2 + 0.9 mW m ™" K~ for pure EG to 274.5 + 2.9 mW
m~" K" for the 0.2 mg mL~" GQD-EG nanofluids.

Direct absorption-based solar-thermal energy harvesting

With combined stable dispersion, high solar absorptance, large
heat capacity and low viscosity, the GQD-EG nanofluids were
used for medium-temperature direct absorption-based solar-
thermal energy harvesting. The GQD-EG nanofluids were
placed within a plastic cup wrapped by a PDMS thermal insu-
lation layer and the whole setup was illuminated under
concentrated solar fluxes generated by a solar simulator
(Fig. 5a). Three thermocouples were employed to monitor the
temperature evolution of the nanofluids at top, middle and
bottom position and the average values were plotted. Fig. 5b
shows that under 2-sun solar illumination (2 kW m™?) for
30 min both EG and GQD-EG nanofluids (10 mL) are heated up
and the maximum heating temperature increases with the
loading of GQDs. Enhanced solar-thermal harvesting perfor-
mance with the increasing loading of GQDs is clearly shown by
comparing the temperature rise for GQD-EG nanofluids under

<

Solar simulator

a

Nanofluids

PDMS insulation

Computer

Data acquisition

Thermocouple

C
100
—1sun
6150 ——2sun
o 4 sun
o 6 sun
=120 8 sun
=
3
o 90
§
- 60
30
0 10 20 30

Time (min)

Fig.5
evolution profiles of GQD-EG nanofluids with different concentration

View Article Online

Paper

solar illumination for 30 min (Fig. S61). Under the same illu-
mination condition, increasing the loading of GQDs from
0.05 mg mL~ " to 0.2 mg mL ™" the nanofluids were heated from
30 °C to 64.9 °C and 77.1 °C, respectively. It can be seen that
high loading of GQDs helps increasing the stabilized heating
temperature of the nanofluids. However, it should be noted that
if the loading of photothermal converters is too high the solar-
thermal conversion would only occur within the top surface
layer of the nanofluids. The optimum loading of GQDs can fully
absorb all the incident solar photons within the given height of
the nanofluids such that the nanofluids are volumetrically and
homogenously heated. With the same loading of GQDs (0.2 mg
mL "), increasing solar fluxes can induce more intensive heat-
ing. Fig. 5¢ shows that by increasing the solar flux to 8 sun the
GQD-EG nanofluids can be heated up to more than 170 °C.

Based on the measured temperature profiles, the solar-
thermal harvesting efficiency of EG and GQD-EG nanofluids
was calculated by:**

Ty

(T)YdT
_ stored thermal energy J T mey(T)

" incident solar energy

Qincidenl

where m is the mass of the nanofluids, c,(7) is the specific heat
capacity, 7; and Tt are the initial and final temperature of the
nanofluids. Fig. S7aft shows that compared with the EG base
fluids the addition of a minute amount of GQDs can signifi-
cantly improve the solar-thermal harvesting efficiency. In the
meanwhile, it was found that the solar-thermal harvesting
efficiency gradually decreases with rising temperature of the
nanofluids. For the 0.2 mg mL~' GQD-EG nanofluids under 8
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(a) Schematic experimental setup for direct absorption-based solar-thermal energy harvesting with GQD-EG nanofluids. (b) Temperature

of GQDs under 2 sun solar illumination (2 kW m~2) for 30 min. (c)

Temperature evolution profiles of GQD-EG nanofluids (0.2 mg mL™) under solar illumination with different intensity for 30 min. (d) Cycled
heating/cooling tests of GQD-EG nanofluids (0.2 mg mL™1) under 7 kW m~2 solar illumination for 36 min and natural cooling down for 90 min.
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sun solar illumination, the solar-thermal harvesting efficiency
dropped from 97% at 30 °C to 16% when the nanofluids were
heated 170 °C (Fig. S7bt). The decreased efficiency should be
attributed to the increased heat losses from the nanofluid
system. As shown by the energy balance scheme of the DASC
(Fig. S8t), besides the solar-thermal energy stored within the
nanofluids, part of the incident solar energy is lost through heat
conduction, heat convection, heat radiation, evaporation of
base fluids, and light reflection and transmission.> Specifically,
the harvested heat in the nanofluids can be conducted through
the beaker to heat up the PDMS layer. The overall nanofluid
device can also lose heat through radiation and convection from
the top surface. It was also noted that with rising temperature of
the nanofluids evaporation of the EG base fluid became
pronounced. In particular, when the operating temperature of
the nanofluids was higher than 140 °C, the evaporation loss of
EG was serious and the large evaporation enthalpy of EG would
lower the amount of heat harvested in the nanofluids. Addi-
tionally, part of the incident sunlight is reflected at the top
surface. If the incident solar photons are not fully absorbed by
the nanofluids, the transmission loss could occur from the
bottom of nanofluid container. In practical applications, the
nanofluids can be sealed within confined systems with an
extremely low thermal conductivity to suppress the various
forms of heat losses. Moreover, the ideal concentration of
photothermal converters and the height of the nanofluids
should be identified so that all the incident solar photons can
be captured by the nanofluids within the DASCs. With the
improved system design and the optimum combination of
concentration and height of GQD-EG nanofluids, consistent
high solar-thermal harvesting efficiency can be expected within
a broad range of operation temperatures.

To test the cycling performance, the 0.2 mg mL™ ' GQD-EG
nanofluids were exposed to repeated heating/cooling cycles
through direct solar illumination with a power density of 7 kW
m > for 36 min followed by naturally cooling for 90 min. Fig. 5d
shows that the fluids reached a maximum temperature around
170 °C and then cooled down to 30 °C, and the heating/cooling
temperature profiles remain largely same during the tests for 10
cycles, which should be attributed to the stable dispersion and
consistent thermophysical properties of the GQD-EG nanofluids.

Conclusions

To summarize, this work demonstrated a facile way to prepare
stably-dispersed GQD-EG nanofluids for direct absorption-
based solar energy harvesting at medium temperatures.
Instead of resorting to complicated surface modification
methods, this work synthesized small-sized OH-GQDs as the
self-dispersible solar absorber and capitalized on the hydrogen
bonding interaction between the surface of OH-GQDs and EG
fluids to achieve long-term stable dispersion. Dispersion
stability tests indicated that the GQD-EG nanofluids could
maintain their uniform dispersion after continuous heating at
180 °C for 7 days. The prepared GQD-EG nanofluids also
exhibited other desired attributes for solar-thermal energy
harvesting such as broadband sunlight absorption, high

This journal is © The Royal Society of Chemistry 2020
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specific heat capacity and low viscosity. The stably dispersed
GQD-EG nanofluids have been successfully used for reliable,
consistent, volumetric solar-thermal energy harvesting under
direct illumination of concentrated solar illumination with
a heating temperature up to 170 °C. It is anticipated that the
reported stably-dispersed carbon nanofluids would not only
expand the application of GQDs into solar-thermal fields but
also boost the exploration of nanofluid technologies that
involve elevated operation temperatures.
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