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Direct absorption solar collectors, which use optical nanofluids to volumetrically absorb and convert sunlight into
heat, have emerged as promising devices to harvest solar-thermal energy for many heat-related applications.
Nanofluids, however, generally suffer from aggregation issues and the widely investigated water-based fluids
only enable solar-thermal harvesting at relatively low temperatures. Herein, we report a facile way to prepare
stably dispersed reduced graphene oxide-ethylene glycol (rGO-EG) fluids for solar-thermal energy harvesting
at medium temperatures. Without the use of complex surface modification process, the homogeneous
dispersion of rGO-EG fluids was achieved by utilizing the favorable interaction between the oxygen-
containing groups on the rGO surfaces and EG molecules. The rGO-EG fluids were prepared by reducing the
GO-EG fluids that are uniformly dispersed with ethanol-wetted GO through a single step of heating. The
prepared rGO-EG fluids have suitable thermophysical properties for direct solar-thermal energy harvesting,
such as broadband absorption of sunlight, high specific heat capacity and low viscosity. The rGO-EG fluids
have shown stable uniform dispersion up to 120 °C and have demonstrated consistent solar-thermal energy
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Introduction

As one form of renewable energy source with the largest capacity,
solar energy holds the promise to simultaneously meet the
increasing energy demand and address environmental pollution
concerns for the sustainable development of human society.™*
Converting solar energy into heat is one of the most simple and
straightforward methods to utilize the abundant solar energy for
space and water heating-related applications.>® To realize these
applications, efficient collection of solar-thermal energy is
a prerequisite.”” Conventional solar-thermal collectors such as
the flat plate collector rely on a black solar-absorbing surface for
solar-to-thermal conversion and the converted heat is transferred
to the flowing working fluids underneath.'® With such a design,
the collector surface has a high temperature, and the thermal
resistance between the absorber surface and working fluids is
large, which in turn lead to serious heat loss of the converted heat
to the environment, especially under concentrated solar illumi-
nation."* To overcome this limitation, a direct absorption solar
collector (DASC), which uses fluids dispersed with solar-
absorbing particles to harvest the solar-thermal energy, has
been proposed as a more advanced option.””** The DASC has
achieved higher solar-thermal harvesting efficiency and
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harvesting performance during repeated solar radiation at ~110 °C.

eliminated the thermal resistance between the absorbing plate
surface and the working fluids.*

Solar-thermal fluids are the core component in the DASC, and
the thermophysical properties of the base fluids and solar-
absorbing particles have significant influence on the solar-
thermal harvesting performance of the collector.’>® Despite
having been extensively studied, water-based fluids have a rela-
tively narrow operation temperature range limited by the freezing
and evaporation of water. By comparison, the EG-based fluids
have a much broader operation temperature range from —12.9 °C
to 197.3 °C, which provides the possibility to use the fluids for
medium-temperature industrial heating applications.'*** Addi-
tionally, as shown by eqn (1), the energy conversion efficiency of
DASC (n) is proportional to the temperature rise of the fluids."***

me(Tf - Ti)

Qincident

n= 1)
where m is the mass of the fluids, Cj, is the heat capacity, and T
and T; are the final and initial temperature of the fluids,
respectively. Such dependence implies that under the same
solar illumination higher servicing temperature of the fluids is
critical to achieve high conversion efficiency for the collector.
Among various solar-absorbing particles investigated so
far,*2>>* carbon nanomaterials have been viewed as one of the
most promising candidates due to their efficient broadband
absorption of sunlight, which enables effective solar absorp-
tion through adding a minute amount of absorbers. The low
loading requirement not only reduces the associated costs but

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra09533g&domain=pdf&date_stamp=2019-04-01
http://orcid.org/0000-0002-9284-7158
http://orcid.org/0000-0002-4757-9481
http://orcid.org/0000-0002-3574-5585
http://orcid.org/0000-0002-1560-3838
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09533g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009018

Open Access Article. Published on 02 April 2019. Downloaded on 1/17/2026 9:16:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

also helps maintain the high heat capacity and minimize the
increase of viscosity of the fluids. A general issue that impedes
the development and application of carbon nanofluids is their
strong tendency to form aggregation.*?® The aggregated fluids
not only lose their volumetric solar absorption capability but
also induces clogging and abrasion. In the past, introducing
surface charge or surfactants*** or grafting with polymer
chains®**** had been adopted to mitigate the aggregation issue.
While improved dispersion has been demonstrated within
low-temperature water-based fluids,>~*"*¢** the dispersion
stability of solar-thermal fluids under medium operation
temperature is challenging and has been rarely investi-
gated.®*** In particular, simple strategies rather than the
complex and time-consuming surface treatment are highly
desired to promote the practical applications of nanofluids for
solar-thermal energy harvesting in the future.*

Herein, we reported a facile way to prepare EG-based fluids
with stably dispersed reduced graphene oxide (rGO) for medium-
temperature solar-thermal energy harvesting. Specifically, as
schemed by Fig. 1, we chose GO as the starting material and used
ethanol as the intermediate dispersing solvent. By making use of
the interaction between the oxygen-containing groups on the
surface of GO and the ethanol molecules, we obtained ethanol-
washed GO that can be homogeneously dispersed within EG
fluids. Through a single-step heating process, GO is reduced into
solar-absorbing rGO. The remaining oxygen-containing groups
on the surface of rGO can further interact with the EG molecules,
which results in the uniformly dispersed rGO-EG solar-thermal
fluids. With the high specific heat and low viscosity similar to
the base fluids, the obtained rGO-EG fluids showed significantly
improved solar absorption and solar-thermal conversion capa-
bility over the EG base fluids. The prepared rGO-EG fluids have
maintained their stable dispersion with a heating temperature up
to 120 °C and have shown consistent solar-thermal harvesting
performance during repeated solar heating and cooling cycles.

Materials and methods
Materials

Ethanol, sodium nitrate, potassium permanganate, ethylene
glycol (EG) and concentrated sulfuric acid (98%) were
purchased from Sinopharm (Shanghai, China). Nano-graphite
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Fig.1 Schematic of rGO-EG fluids for direct absorption solar-thermal
energy harvesting.
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powders with a diameter (~400 nm) were purchased from
XFNano (Nanjing, China).

Preparation of rGO-EG fluids

GO was synthesized by the modified Hummers method.* In
a typical experiment, 40 mL of concentrated sulfuric acid (98%)
was added to the mixture of 0.5 g of nano-graphite powder and
0.5 g of sodium nitrate in a 500 mL round bottom flask. Then, 3 g
of potassium permanganate was added to the solution that was
placed within an ice bath. After that, the flask was transferred to
a warm water bath at 40 °C. After stirring for 1.5 h, 30 mL of
deionized (DI) water was added to the mixture and the solution
was stirred for another 30 min. Subsequently, 100 mL of DI water
was added following with dropwise addition of 3 mL of hydrogen
peroxide. The dispersion was then subject to centrifugation at
1000 rpm for 2 min. After discarding the sediment, the collected
solution was centrifuged at 8000 rpm for 15 min and washed with
water for 3 times. The as-prepared graphite oxide was soaked in
1 : 10 (by volume) HCl aqueous solution for 12 h, then centrifuged
at 8000 rpm for 15 min and washed with ethanol for 5 times to
remove residual HCL. The centrifuged GO was dried in air at room
temperature for 5 h before mixing with EG to form dispersion
through sonication. The final rGO-EG fluids were obtained by
heating the ethanol-washed GO-EG fluids at 120 °C for 12 h.

Materials characterizations

The water-washed and ethanol-washed graphite oxides are
characterized by the Shimadzu X-ray diffractometer (LabX XRD-
6100). The morphology of fabricated monolayer GO sheet was
checked with a transmission electron microscope (TEM, JEOL-
2100F) operated at 200 kV. Atomic force microscopic (AFM)
images of fabricated monolayer GO sheets were taken on an
Atomic Force Microscopy (NT-MDT Prima Instruments, Russia).
FTIR spectra were collected with a Fourier transform infrared
spectrometer (Bruker Equinox 55). XPS spectra were recorded by
an X-ray photoelectron spectroscopy (XPS, AXIS UltraDLD).
Optical transmission spectra of each fluid sample were
measured at room temperature by a UV-Vis-NIR spectropho-
tometer (PerkinElmer Lambda 330) using a quartz cuvette with
an optical length of 10 mm as the container. Zeta potential ({) of
fluids was measured by the Particle Sizer and Zeta Potential
Analyzer (Omni Instruments, Japan). A differential scanning
calorimeter (DSC, PerkinElmer DSC8000, TA Instruments) was
used to measure the specific heat capacity. The temperature was
programmed from 20 °C to 80 °C at a rising rate of 10 °C min .
The viscosity of each nanofluid sample was measured by
a viscometer (Fangrui, LVDV-1T). The thermal conductivity of
the EG and rGO-EG fluids was measured by a hot disk method
(Hot disk 2500S). Each sample was tested for 10 times to obtain
the average thermal conductivity.

Results and discussion
Preparation of rGO-EG fluids

Fig. 2 schematically shows the process for preparing homoge-
neously dispersed rGO-EG solar-thermal fluids. Nano-graphite
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was oxidized and exfoliated into GO by using the modified
Hummers method. Considering the reported stability issue of
GO within aqueous media,*® we adopted ethanol as the washing
solvent to facilitate the subsequent mixing and dispersing
within EG base fluid. The ethanol-washed graphite oxide was
partially dried in air. With the assist of ultrasonication, the
partly dried GO sheets can be readily redispersed within the EG
fluid. The homogeneously dispersed rGO-EG fluid was obtained
by simply heating the GO-EG fluid.

The XRD pattern in Fig. 3a shows that the partially dried
ethanol-washed graphite oxide displays a diffraction peak at
9.4°, which corresponds to an interlayer distance of 0.94 nm
according to the Bragg's diffraction law. In the control experi-
ment, we also prepared graphite oxide by washing it with water
and dried it in an oven. The resultant water-washed graphite
oxide sample shows a diffraction peak at 11.3°, and the corre-
sponding interlayer distance is 0.79 nm. The increased spacing
is due to the intercalation of ethanol molecules between GO
sheets.*® Compared with water molecules, ethanol has a larger
molecular volume but weaker interaction with the oxygen-
containing groups on the GO surfaces. Thus, the ethanol-
washed graphite oxide has a larger inter-plane distance than
the water-washed one. The increased separation weakens the
strong van der Waals attraction between adjacent GO layers,
which helps exfoliate the graphite oxide into single-layered GO.
The fabrication of monolayer GO was evidenced by the TEM
observation in Fig. 3b and S1.f AFM measurement shown in
Fig. 3c further supports the formation of single-layer ethanol-
wetted GO sheets. The thickness of the exfoliated GO sheets
was measured to be 0.96 + 0.02 nm, which indicates that the
ethanol-wetted GO sheets are single-layered (<1 nm in thick-
ness).”* The ethanol-washed GO sheets can be readily
dispersed within EG to form homogeneous dispersion.

Despite that the GO-EG fluids have formed uniform disper-
sion, they are yellow-colored (Fig. 4a), which means that they are
not a good absorber for the broadband sunlight. To improve the
solar absorption performance, we further converted them into
black-colored rGO-EG fluids by heating the GO-EG fluids
(Fig. 4a). The FTIR spectra in Fig. 4b show the presence of
oxygenated groups on the surface of GO and rGO. Specifically,
the stretching vibration peak of hydroxyl groups at ~3420 cm ™,
the stretching vibration peak of carbonyl groups at ~1730 cm ™"
and the vibration peak of epoxy groups at ~1050 cm ™' were
identified in both samples. By comparison, the intensity of
vibration peaks of oxygen-containing groups was significantly
decreased after reduction. Such reduced content of oxygen-
containing groups was also confirmed by the XPS measure-
ment. The C 1s XPS spectrum of GO in Fig. 4c shows four peaks
at 284.6 eV, 286.6 eV, 288.7 eV, and 290.6 eV, corresponding to
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Fig. 2 Schematic processes for the preparation of dispersed rGO-EG
solar-thermal fluids.
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Fig. 3 (a) XRD pattern of water-washed and ethanol-washed graphite

oxide; (b) TEM image of ethanol-washed GO; (c) AFM image and
scanning profile of ethanol-washed GO.

C-C, C-0, C=0 and O-C=O0 binding states.*® Quantitative
fitting of the spectrum indicates a relative content of 23.82%,
52.5%, 18.96% and 4.72%, respectively. Similarly, the C 1s XPS
spectrum of rGO in Fig. 4d shows three peaks at 284.8 eV, 286.
4 eV and 288.9 eV, which corresponds to C-C, C-O and C=0
binding, respectively. These three binding states account
50.9%, 38.95% and 10.15%, respectively. The reduced peak
intensity of C-O and C=0 binding states indicates that the GO
had been partially reduced.

We comparatively prepared the EG-based solar-thermal
fluids (1.6 mg mL ") by dispersing water-washed rGO and
ethanol-washed GO into EG. As shown in Fig. S2,f although they
initially have the similar homogeneous dispersion, only the EG
fluids dispersed with ethanol-washed GO have maintained the
stable dispersion after heating at 120 °C for 12 h, which high-
lights the importance of separated inter-plane distance for
achieving uniform dispersion. In another controlled experi-
ment, we mixed the same ethanol-washed GO in Dowtherm A
oil, another commonly used high-temperature base fluid, to
prepare the solar-thermal fluids. It turned out that after heating
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Fig. 4 (a) Photographs of ethanol-washed GO-EG fluids before and
after reduction; (b) FTIR spectra of GO and rGO; (c) C 1s XPS spectra of
GO; (d) C 1s XPS spectra of rGO.
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the rGO sheets formed aggregates and precipitated out of the
base fluid. These results show that the polar EG molecules can
interact with the surface oxygen-containing groups on the
surface of rGO to achieve uniform dispersion, but it lacks such
favorable interaction between rGO and the Dowtherm A oil.

Thermophysical properties of rGO-EG fluids

To fulfill the requirement for high-performance solar-thermal
energy harvesting applications, the fluids should have good
absorption of sunlight, high specific heat capacity, and low
viscosity. We further characterized the physical properties of the
rGO-EG fluids with different loadings (0.2 mg mL "', 0.4 mg
mL ™, 0.8 mg mL ™', 1.6 mg mL ™). We measured the optical
transmittance of the rGO-EG fluids over the solar irradiation
spectral wavelengths by using air as the reference. Fig. 5a shows
that the transmittance of rGO-EG fluids rapidly decreases with
increasing loading of rGO. With a loading of 1.6 mg mL ™", the
rGO-EG fluids almost fully absorb the incident light ranging
from 250 to 2500 nm. To better characterize the absorption
performance of the fluids, as shown in Fig. S3,t we calculated
the extinction coefficient («) by converting the transmittance (7)
according to the Beer-Lambert law:

o= _; In(7) @)

where [ is the optical length (1 cm). Based on the measured

extinction coefficient, we further calculated the penetration

depth of sunlight (x) within the rGO-EG fluids by eqn (3):*
[ I, ed(2)

F(X)ZI*W 3)

/min

where F(x) is the fraction of stored solar-thermal energy within
solar-thermal fluids after passing a distance of x across the
fluids, I, is the incident solar irradiance, Ay and Ay, are the
maximum and minimum wavelength of the solar spectrum.
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Fig. 5 (a) Transmittance spectra of EG and rGO-EG fluids with
different loading; (b) penetration depth of EG and rGO-EG fluids; (c)
specific heat capacity of EG and rGO-EG fluids at different tempera-
tures; (d) viscosity of EG and rGO-EG fluids as a function of
temperature.
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Fig. 5b shows that the incident sunlight is quickly absorbed by
a thin layer of rGO-EG fluids and with increasing loading of rGO
the penetration depth becomes shorter. For the 1.6 mg mL ™"
rGO-EG fluids, the incident solar light is fully absorbed within
a penetration depth of 2 cm, whereas the pure EG fluids only
absorb less than 40% of incident solar energy for the same
penetration depth, indicating significantly enhanced solar-
thermal harvesting capability by the added rGO sheets.

Fig. 5¢ presents that the specific heat capacity of these rGO-
EG fluids increases with increasing temperature due to stronger
molecular vibration contribution. At the same time, it shows
that adding rGO only leads to negligible decrease of specific
heat capacity of the fluids due to the low loading of homoge-
neous dispersed rGO (Table S17). Viscosity is another important
parameter for solar-thermal fluids, which directly influences the
pumping pressure when the fluids are in circulation. Fig. 5d
and Table S21 show that the viscosity of the rGO-EG fluids
decreases with increasing temperature and it varies little with
the increasing loading of rGO. Compared to the pure EG fluid,
the unchanged viscosity of rGO-EG fluid is due to both the low
loading of rGO and its homogenous dispersion within EG. As
described by eqn (4), the viscosity of the mixture system can be
calculated by the classical Einstein theory:*

n =no(1 + 2.5¢) (4)

where 7 is the viscosity of the nanofluid, 7, is the viscosity of the
base fluid, and ¢ is volume fraction of nanoparticle. The
densities of GO and EG are estimated to be 1.8 g em™, and
1.11 g em >, respectively. For the tGO-EG fluids with a loading
of 1.6 mg mL ", the calculated viscosity of the nanofluids is only
0.22% higher than the base fluid. We also measured the
thermal conductivity of EG and rGO-EG fluids at room
temperature. Table S37 shows slight increase of thermal
conductivity from 0.2599 + 0.0058 W m ™" K ' for the EG base
fluids to 0.2674 £+ 0.007 W m ' K ' for the rGO-EG fluids
(1.6 mg mL™Y).

Dispersion stability of rGO-EG fluids

Maintaining uniform dispersion of the rGO-EG fluids is the key
to purse their consistent solar-thermal applications. We first
assessed their static dispersion stability against sedimentation
at room temperature. As shown by the photographs in Fig. 6a
and b, the rGO-EG fluids have demonstrated the same homo-
geneous dispersion without observing any visible precipitation
after being stored for two weeks. Fig. 6¢ presents that the
transmittance spectra of the fluids after storing for one and two
weeks are almost overlapped with that of the as-prepared fluids,
which also confirmed the stable dispersion of the rGO-EG
fluids.

After confirming the stable dispersion of rGO-EG fluids at
room temperature, we further evaluated their dispersion
behavior at elevated temperatures. Considering that typically
the available solar illumination time for daily solar-thermal
energy harvesting is no more than 12 h, here we choose 12 h
as the representative heating duration to evaluate the disper-
sion stability of the solar-thermal fluids. The rGO-EG fluids with

RSC Adv., 2019, 9, 10282-10288 | 10285
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Fig. 6 (a) Photographs of as-prepared rGO-EG fluids with different
loadings (from left to right: 1.6 mg mL™%, 0.8 mg mL™% 0.4 mg mL™?,
0.2 mg mL™Y); (b) photographs of rGO-EG fluids after being stored at
room temperature for two weeks; (c) transmittance spectra of rtGO-EG
fluids before and after being stored at room temperature for one week
(7 d) and two weeks (14 d).

different loadings were heated at 60 °C, 90 °C, 120 °C and 150 °C
for 12 h. As shown by the photographs in Fig. S4,t there were no
visible aggregation in fluids after heating at 60 °C, 90 °C and
120 °C, but when the temperature was raised to 150 °C the rGO
particles were aggregated and partly precipitated on the wall of
the quartz cuvette. The transmittance spectra of fluids in Fig. 7
show the same trend. For the sample heated at 60 °C, the
transmittance spectra of fluids before and after heating are
almost overlapped (Fig. 7a). For the fluids that are heated at
90 °C and 120 °C, Fig. 7b and c show that there was slight drop
in the transmittance after heating, which is due to further
reduction of rGO during the heating process. In contrast, Fig. 7d
shows that the transmittance of the fluids sharply increases
after heating at 150 °C as a result of precipitation of the solar-
absorbing rGO sheets to the bottom of the cuvette. The photo-
graphs in Fig. S4f confirm the precipitation of rGO after heating
at 150 °C, so the incident light can easily penetrate through the
fluids leading to high transmittance.

It can be seen that heating temperature has a profound
influence on the stability of rGO-EG fluids and the fluids can
keep stable dispersion at temperatures up to 120 °C. The
favorable interaction between the oxygen-containing functional
groups on the surface of rGO sheets and the polar EG fluids is
the main driving force for forming stable and homogeneous
dispersion. With increased heating temperatures, the rGO
sheets in the fluids would be further reduced and the amount of
remained oxygen-containing groups will be decreased to such
an extent that the attractive interaction between the rGO surface
and the EG molecules is negligible. Without the adsorbed EG
molecules on the surface, the strong inter-plane attraction
between neighboring rGO sheets dominates and leads to
aggregation. Zeta potential is an important parameter to
analyze the dispersion stability of thermal fluids. Generally, the
fluids with absolute zeta potential values greater than 25 mVv
typically have high stability, and for those fluids with an abso-
lute zeta potential above 30 mV the dispersion is highly
stable.*>***> As shown in Table S1,} the absolute zeta potential
of the rGO-EG fluids before and after heating at 120 °C for 12 h
was measured to be 31.42 mV and 25.70 mV, respectively. By
comparison, after heating at 150 °C for 12 h the absolute zeta
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Fig. 7 Transmittance spectra of rGO-EG fluids with different loadings
before (solid lines) and after (dashed lines) 12 h continuous heating at
different temperatures: (a) 60 °C, (b) 90 °C, (c) 120 °C, (d) 150 °C.

potential of the rGO-EG fluids decreased to 14.76 mV due to the
removal of polar oxygen-containing groups at the rGO surface.

Solar-thermal harvesting by rGO-EG fluids

With the obtained stable dispersion of rGO-EG fluids, we eval-
uated their solar-thermal harvesting performances. As shown in
Fig. S5,1 we measured the temperature evolution profiles of the
fluids by placing 4 thermocouples along the cuvette and all
thermocouples were shielded by embedding them within the
sidewall of the container. Fig. 8a shows that directly shedding
light on the fluids causes a gradient temperature distribution
along the height of the cuvette. After one-sun solar illumination
for 1 h while the top portion of the fluid was heated to 52.5 °C
the bottom section was only heated to 40.0 °C. This temperature
difference (12.5 °C) is attributed to the limited penetration
depth of the solar light in the rGO-EG fluids. Based on the
calculation shown in Fig. 5b, the incident light was fully
absorbed by the rGO-EG fluids within 2 cm. Thus, the fluids
beneath relies on heat diffusion from the top to be heated up.
Such temperature difference can be eliminated by magnetically
stirring the fluids. As evidenced by the overlapped temperature
curves in Fig. 8b, the stirred fluids were uniformly heated.

We also investigated the impact of rGO loading on the solar-
thermal harvesting behavior of the stirred rGO-EG fluids. Fig. 8c
shows that with the same one-sun illumination the solar-
heating temperatures increase with increasing loading of rGO.
After illumination for 1 h pure EG only was heated to 29.2 °C,
but the 1.6 mg mL™" rGO-EG fluid has reached 49.6 °C. The
enhanced solar-thermal conversion with increasing loading of
rGO is more clearly shown by the hourly temperature rise in
Fig. 8d. Based on the measured temperature profiles in Fig. 8c,
we further calculated the photothermal efficiency of EG and
rGO-EG fluids under 1 kW m™? solar irradiation by using eqn
(1). Fig. S61 shows that minute addition of rGO into the EG base
fluids can significantly improve the photothermal conversion

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Temperature profiles of rGO-EG fluids (1.6 mg mL™)
measured at different heights under one-sun illumination without stir-
ring; (b) temperature evolution profiles of rGO-EG fluids (1.6 mg mL™)
with magnetic stirring; (c) temperature profiles of rGO-EG fluids with
different loadings under one-sun illumination with magnetic stirring; (d)
hourly temperature rise of the stirred rGO-EG fluids under one-sun
illumination; (e) temperature profiles of the stirred rGO-EG fluids (1.6 mg
mL~Y) under different solar illumination intensity; (f) cycling performance
of the rGO-EG fluids (1.6 mg mL™Y) under 6 kW m~2 solar irradiation.

efficiency. We also studied the effect of solar intensity on solar-
thermal conversion behavior of the fluids (Fig. 8e). After solar
irradiation for 1 h, the final temperature of the rGO-EG fluids
continuously increases with stronger solar illumination and the
1.6 mg mL ™" fluids was heated to 107.3 °C with 5-sun illumi-
nation. Under the strong solar illumination, the photothermal
efficiency of the rGO-EG fluids gradually dropped to 30%
(Fig. S61). As the photothermal efficiency of the receiver is
dependent on solar concentration, nanofluid height, optical
thickness and thermal insulation of the system,” it is expected
that receiver efficiency at medium operation temperatures can
be further improved by optimizing these factors. The cycling
stability of the fluids was tested by repeated heating the 1.6 mg
mL ™" rGO-EG fluids to 110 °C through strong solar irradiation
(6 kW m™?) for 40 min followed by naturally cooling down the
fluids to room temperature by 75 min. Fig. 8f shows that the
prepared rGO-EG fluids have maintained their stable solar-
thermal heating performance during continuous heating and
cooling for 8 cycles.

Conclusions

In summary, we reported a simple method to fabricate homo-
genously dispersed rGO-EG fluids for direct solar-thermal

This journal is © The Royal Society of Chemistry 2019
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energy harvesting at medium temperatures. Instead of resort-
ing to complex surface modification treatment of graphene, we
selected GO as the starting material and made use of the
interaction between the oxygen-containing groups at GO
surfaces and the polar ethanol dispersing solvent to prepare
ethanol-washed GO that is miscible with EG fluids. After
a single step of heating, GO was transformed into rGO and the
EG molecules directly interact with the remaining oxygen-
containing groups at the rGO surface as the ethanol evapo-
rates. Compared with the EG base fluids, the obtained rGO-EG
fluids have significantly improved broadband absorption of
sunlight whiling maintaining similar high specific heat and low
viscosity, which would make them an attractive solar-thermal
fluid for the DASC systems operating at medium tempera-
tures. It is also expected that similar facile fabrication strategy
could be applied to disperse rGO within other functional fluids
for diverse applications. Ideally, the potential medium-to-high
temperature solar-thermal fluids also need to have low emis-
sivity in order to suppress the radiation heat losses, but the EG
base fluids and the rGO-EG fluids have shown the same high
emissivity of 0.97. To this end, both low-emissivity base fluids
and nanoscale low-emissivity solar-thermal converters similar
to the commercial selective solar-thermal coatings should be
developed.
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