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This work aimed at studying the optical absorption and photothermal conversion of binary CuO/ZnO

nanofluids that can be used as catalysts in methanol reforming hydrogen production. A series of

different component CuO/ZnO composite nanoparticles were prepared via a co-precipitation method,
and showed the features of uniform diameter distribution, high crystallinity and single crystal structure.
The optical absorption, thermal conductivity and photothermal conversion of the composite oxide

nanofluids based on water were investigated. The transmission spectrum tests show that the optical

absorption properties of the composite oxide nanofluids are effectively enhanced with the introduction
of ZnO in visible light band. And the thermal conductivity tests indicate that the thermal conductivity of
the binary CuO/ZnO composite nanofluids is higher than that of the pure CuO. The photothermal
conversion results show that, due to the addition of ZnO, the photothermal conversion performance of
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the CuO/ZnO composite nanofluids has been enhanced, and the maximum temperature of the

nanofluid reaches about 72.649 °C with the volume fraction of 0.01%, which possesses the highest

DOI: 10.1039/c7ra12022b
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1. Introduction

Due to the non-renewability of traditional fossil fuel energy, as
well as the more and more serious environmental pollution
caused by their combustion, energy and environmental prob-
lems have become two important restricting factors to the
sustainable development of the world economy. Therefore, the
exploration of clean and renewable energy and the improve-
ment of energy utilization have become important development
strategies for many developed countries. In so many energy
sources, hydrogen is a clean and efficient renewable energy,
although hydrogen does not exist in the atmosphere, it is
abundant in various organic fuels. So hydrogen production by
the decomposition of organic fuels has become a dream of the
energy and environmental science workers. Attractively, meth-
anol has the advantages of relatively mild hydrogen conversion
conditions (such as low temperature and pressure), convenient
storage, low toxicity and so on, thus it becomes the first choice
for the preparing of hydrogen energy.>® At present there are
mainly two kinds of catalysts used in methanol reforming, the
copper-based catalyst>*® and the noble-metal catalyst.>%”
Compared with the noble-metal one, the advantages of the
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photothermal efficiency of 97.35% at 30 °C and 34.70% at 70 °C. This implies a simple approach to
enhance photothermal conversion for efficient solar energy utilization.

copper-based catalyst are its low cost, high activity and good
selectivity on the ratio of produced CO, and H,, so copper-based
catalyst is widely used in methanol steam reforming tech-
nology.>®* However, the reforming reaction temperature of
methanol to hydrogen is as high as 200-300 °C, thus it needs to
consume a large amount of external energy. Fascinatingly, due
to the simple and extensive source and without any harm to
environment, the solar energy is the most ideal heating source
used for the methanol reforming.'® Therefore, how to efficiently
absorb and utilize solar energy has become a focus for many
researchers.'*?

Photothermal conversion is the simplest way to utilize solar
energy by using absorption device to convert absorbed solar
energy directly into the heat energy.'* ¢ As for nanofluid formed
by the stable dispersion of nanoparticles in base liquid, the
capture and absorption ability on the incident light will be
enhanced due to the enhancement of light scattering from the
nanoparticles and the increment of light path of the photon.*”**
Moreover, the direct absorption technology by the nanofluid
makes the heat transfer process simplified, the thermal resis-
tance reduced, and is conducive to the uniform distribution of
temperature. Therefore, the direct solar absorption technology
based on nanofluid as a new type of heat collection method has
attracted widespread attention.™ 72>

As is known to all, copper oxide is a narrow band gap
semiconductor with excellent absorption properties in visible
light,"**** thus it can be expected to have significant
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photothermal conversion properties. For instance, Wang et al.*
studied the optical absorption and photothermal conversion
properties of the CuO nanofluid, and the results showed that
the nanofluid has high photothermal conversion performance
under the 635 nm visible light irradiation. Lee et al.>* investi-
gated the effect of the particle shape and size on thermal
conductivity of the CuO nanofluid, and found that the effective
conductivity of the nanofluid had increased with the decrease of
the particle size. Due to the limited absorption band by a single
component nanofluid, it is difficult to achieve broad spectrum
utilization of the solar energy, therefore, it is urgent to develop
broad spectrum solar energy utilization technology based on
the nanofluid. Chen et al.*® designed a two-component nano-
fluid containing copper oxide (CuO) and antimony doped tin
oxide (ATO) nanoparticles, and achieved the broad-band
absorption across the visible and near-infrared region. Duan
et al.”® studied the optical absorption properties of the TiO,/Ag
core-shell structure plasmonic nanofluid, and found that under
the same conditions the TiO,/Ag plasmonic nanofluid exhibited
a better photothermal performance. Therefore, by appropriately
designing the kind, structure and size of the suspended nano-
particles, the synergistic effects between different nanoparticles
can be realized, and the absorption band of the nanofluid will
be effectively broadened. ZnO is a direct band gap semi-
conductor with high thermal conductivity and good chemical
stability.***® Moreover, as for the nanostructured zinc oxide,
there are a large number of disordered crystal structures and
crystal defects existed on its surface, thus it can be used as
active agent in the catalytic reactions.”””® However, the ther-
mophysical properties of the ZnO nanofluid have not exten-
sively been investigated. With the introduction of ZnO, the
crystal structure and particle size of the oxide nanoparticles
should be drastically changed. Thus, the optical absorption
performance of the composite nanofluids may be effectively
regulated by using the synergistic effects between the binary
oxide nanoparticles.

Therefore, this work attempted to study the optical absorp-
tion and photothermal conversion performance of the binary
CuO/ZnO nanofluids based on water. First, a series of pure CuO
and CuO/ZnO composite oxide nanoparticles were prepared via
co-precipitation method. For the as-prepared samples, experi-
mental measurements on surface morphologies, elemental
compositions and crystal structures were conducted by using
XRD, SEM, TEM, Raman, etc. Then the optical absorption and
thermal conductivity of the composite oxide nanofluids based
on water were studied. And the photothermal conversion
characteristics of the nanofluids as-prepared were also
investigated.

2. Experiment
2.1 Preparation of the nanoparticles

A series of CuO/ZnO composite nanoparticles with different
components were prepared by wusing co-precipitation
method.****® The specifics of the process were as follows.
First, accurately measured stoichiometric ratios of 0.7 : 0.3 and
0.5 : 0.5 of the Cu(NO3), and Zn(NOj3), aqueous solutions were
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respectively prepared, and Na,CO; aqueous solution with
a concentration of 0.5 M was also prepared simultaneously.
Subsequently, the metal nitrates solutions Cu(NO;), and
Zn(NOj3), were uniformly dropped into Na,CO; aqueous solu-
tion with vigorous stirring, while the pH value of the mixed
solution was adjusted at 9.0, and the temperature was raised to
60 °C. After the reaction media was maintained under stirring
for 2 hours at 60 °C, the resulting precipitate was cooled stati-
cally to room temperature and aged for 1 hour. Then, the ob-
tained blue greenish solid was washed with deionized water and
filtered several times until its pH value was neutral, and
immediately the precipitate was dried in an oven at 80 °C for 12
hours and then placed in a muffle furnace and calcined at
450 °C for 4 hours. After it was cooled to ambient temperature,
the composite oxide nanoparticles were obtained. In order to
comparison, the pure CuO nanoparticles were also prepared via
the same method.

2.2 Preparation of the nanofluids

Water was chosen as the base fluid, and the oxides/water
nanofluids were prepared as follows."*' At first, a certain
amount of the three different oxide powders were dispersed
with 100 mL deionized water at room temperature, followed by
ultrasonically vibration for about 30 min. Then the three
different oxide/water nanofluids containing 0.01% volume
fraction of oxide nanoparticles were obtained. The other
nanofluids with different volume fractions of the oxides were
prepared from the 0.01% one by diluting with different
amounts of deionized water and subsequently dispersing for
30 min using ultrasound, in which the volume fractions of the
oxide powers were set at 0.005%, 0.002%, 0.001% and 0.0005%,
respectively. During the experiment, a large amount of precip-
itation occurs after about 5 hours in the nanofluids with the
0.01% volume fraction in a static state. However, the precipi-
tation will be dispersed again even if there is slight disturbance.

2.3 Characterization of the nanoparticles and the nanofluids

The power X-ray diffraction (XRD) measurements for the
composite oxides were performed on a D8 super speed diffrac-
tometer (Bruker AXS, Karlsruhe, Germany). The surface
morphologies and particle sizes of the nanoparticles were
characterized by using S-4800 field-emission scanning electron
microscope (SEM) (Hitachi, Tokyo, Japan) with an acceleration
voltage of 15 kV and CM100 transmission electron microscope
(TEM) (Philips Corporation, Netherlands). The Raman spectra
were recorded using an In Via laser confocal Raman spectros-
copy (Renishaw Corporation, English) equipped with a 325 nm
diode laser. The diffuse reflection spectra of the oxide powders
and the transmittance spectra of the oxide nanofluids based on
water were measured with a Cary 500 UV-Vis-NIR spectropho-
tometer (Varian, USA). The thermal conductivity of the oxide
nanofluids was tested by using the TC 3010L thermal conduc-
tivity measuring instrument (XiaTech, China). The photo-
thermal conversion properties of the oxide nanofluids with
different volume fractions were recorded using a self-built
photothermal conversion device.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

3.1 Structure and morphology of the oxide powers

Fig. 1 shows the XRD patterns of the as-prepared CuO and CuO/
ZnO powers. Curves a, b and ¢ correspond to the pure CuO and
the CuO with ZnO added ratios of 30% and 50%, respectively. As
can be seen from curve a that, a series of obvious diffraction
peaks appeared at the 26 of 32.47°, 35.56°, 38.79°, 46.22°,
48.90°, 53.46°, 58.24°, 61.55°, 66.31°, 68.13°, 72.52° and 75.16°.
In contrast to the standard XRD patterns for CuO materials, the
diffraction peaks of this product could be indexed to the
monoclinic CuO phase (JCPDS 05-0661).**?**** And no peak
from impurities can be observed in the XRD curve of this ob-
tained sample, indicating a high purity of the CuO product.
When the added amount of ZnO is small, such as the intro-
ducing amount of 30% in curve b, the observed diffraction
peaks are still mainly attributed to CuO. The peak positions are
also exactly the same with the pure CuO, and the crystal struc-
ture is still monoclinic phase. However, the diffraction peak has
a tendency to broaden and the peak intensity has become
weakened, such as at the 26 of 35.56°, and it indicates that the
crystallinity of the CuO has been slightly weakened. When the
added amount of ZnO is increased to 50% in curve c, the
diffraction peaks of the ZnO become stronger and stronger, and
the crystal structure of ZnO is hexagonal phase (JCPDS 36-
1451).>*>% Due to lattice distortion, the diffraction peaks of
CuO become further weakened, especially for the ZnO intro-
duced amount of 50% in curve c.*® In addition, there is an
interesting phenomenon that a weak diffraction peak appears at
the 26 of 29.35° in curve c. In contrast to the standard XRD
patterns, we assume that it is attributed to Cu,O, which is cubic
phase (JCPDS 05-0667)* and the reason for the emergence of
Cu,0O may be due to its non-uniform calcination process.

The surface morphologies and particle sizes of the CuO/ZnO
and CuO nanoparticles characterized by SEM and TEM are
presented in Fig. 2. As can be seen from SEM images in Fig. 2(a)
and (c), the morphologies of the CuO/ZnO and CuO particles
take on pseudo-spherical shape, and they both exhibit uniform
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Fig. 1 XRD patterns of the CuO and CuO/ZnO powers (a) pure CuO;
(b) 70% CuO and (c) 50% CuO.
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size distribution with some compact structures. However, their
particle sizes have a little difference, and they are respectively
about 30 nm and 50 nm. Besides, the binary CuO/ZnO particle
shows looser structure than that of the pure CuO which can be
seen from TEM photographs of the corresponding samples in
Fig. 2(b) and (d), respectively. This shows that not only the
particle size of the nanoparticles becomes smaller, but also the
structure between the agglomerated nanoparticles becomes
looser due to the addition of ZnO. Excitedly, both the smaller
particle size and loose structure will significantly increase the
specific surface area of the samples prepared, and this is very
favorable for the occurrence of the optical absorption.

The Raman spectra of the binary CuO/ZnO composite
nanoparticles are shown in Fig. 3, and curves a and b corre-
spond to the stoichiometric ratios of 0.7 :0.3 and 0.5 : 0.5,
respectively. Previous studies****** have shown that, CuO with
the monoclinic structure has a space group symmetry of C,,°,
and there are three zone-center optical-phonon modes of A, and
2B, which attribute to the Raman active. That is, there are three
peaks of 296 cm ™', 346 cm™ ' and 636 cm™ " which correspond to
the Ag, B,") and B,) modes of the CuO single crystal, respec-
tively. As can be seen in Fig. 3 that, there are three peaks dis-
played at about 268.6 cm ™', 318.7 cm™ ' and 598.4 cm ™' in both
the two curves. In comparison with Raman spectra of the CuO
single crystal, the peaks of the Raman active have broadened
and occurred downshift. The broadenings and blue shifts of the
Raman peaks are mainly attributed to the quantum confine-
ment effect of the CuO nanoparticles.*” Due to the introduction
of ZnO, the average diameter of the sample becomes smaller,
which can be seen from the SEM images in Fig. 2, thus, it results
in the enhancement of the quantum confinement effect.
However, there is no other observable peak which refers to Cu,O
modes,***® which demonstrates that both the samples prepared
have a single phase property.

3.2 Diffuse reflection property of the oxide powders

Fig. 4 shows the diffuse reflection spectra of the pure CuO and
binary CuO/ZnO oxide powders. The diffuse reflectance curves
in Fig. 4(a) were measured with a UV-Vis-NIR spectrophotom-
eter and the corresponding absorbance data in Fig. 4(b) were
obtained through the Kubelka-Munk theory.>”~** For the solid
powder, the relationship between the absorption and diffuse
reflection can be described by the Kubelka-Munk function:

A(2) = —lg[R()] (1)

where R is the diffuse reflectance, and A is the absorbance. It
can be seen from Fig. 4(a) that, the reflectance of pure CuO is
higher than that of the binary CuO/ZnO samples, which indi-
cates that the pure CuO nanoparticles have higher light-
scattering ability than that of the composite samples.*
However, the scattering ability of the binary samples is gradu-
ally weakened with the increase of ZnO introducing content.
The absorption spectrum of the pure CuO in Fig. 4(b) exhibits
a typical absorption behavior of the narrow band gap semi-
conductor, and has an absorption edge at about 800 nm,*>*
which corresponds to a band gap of 1.55 eV. However, the band

RSC Adv., 2017, 7, 56023-56033 | 56025
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Fig. 2 SEM and TEM images of the nanoparticles (a and b) CuO/ZnO composites; (c and d) pure CuO.

1400

b i 268.6cm’™
1200

1000 1318.7cm™

i 598.4cm™

800

Intensity

600

400

200

100 200 300 400 500 600 700 800 900
Raman shift cm™)

1000

Fig. 3 Raman spectra of the CuO/ZnO powers (a) 70% CuO and (b)
50% CuO.

gap value is much smaller than the reported one of 1.85 eV for
the bulk CuO.*” This should be attributed to the quantum size
effect because of the so small particle size of the as-prepared
CuO nanoparticles.”* Attractively, due to the introduction of
ZnO, the optical absorption properties of the composite
samples are effectively enhanced, which is in agreement with
the earlier study.** The optical properties of nanostructures
strongly depend on the absorbance of the material related to the
transition of charges from the valence band to the conduction
band.*® Obviously, the ZnO introduced can significantly
enhance the absorbance, which is caused by the improvement
of carrier mobility because of the lattice distortion and impurity
levels.** Thus the absorption properties of the composite oxide

56026 | RSC Adv., 2017, 7, 56023-56033

powers have been enhanced compared with the pure CuO.
Moreover, the enhancement becomes larger with the increase of
ZnO introducing content.

3.3 Optical absorption property of the oxide nanofluids

The photographs of the pure CuO and binary CuO/ZnO nano-
fluids based on water with increasing volume fractions of
0.0005%, 0.001%, 0.002%, 0.005% and 0.01% are illustrated in
Fig. 5. And Fig. 5(a—c) are referred to the pure CuO and CuO/ZnO
composites with the component ratios of 0.7 : 0.3 and 0.5 : 0.5,
respectively. As can be seen that, the colors of the three nano-
fluids all deepen gradually with the increase of the volume
fractions. At the same time, due to the introduction of ZnO, the
transparency of the composite nanofluids with the same volume
fraction is becoming more and more apparent, respectively.
And this may have an impact on their optical absorption
properties.

Fig. 6 shows the transmittance spectra curves of the three
different nanofluids corresponded to Fig. 5, respectively, and
they are recorded by using the UV/Vis/NIR spectrophotometer
with a 10 mm light path quartz cuvette. For comparison, the
spectrum curve of the deionized water was also tested in the
experiment. It can be seen from Fig. 6 that, for each nanofluid,
all the transmittance decreases sharply as the volume fractions
increase, and they are almost down to zero and exhibit total
absorption when the volume fractions rise to about 0.01%.
There are two marked absorption peaks emerged at the wave-
length of about 973 nm and 1195 nm in all the spectra curves.
And they are attributed to the absorption of water,'** in which
near 973 nm is the frequency doubling absorption band of the
hydroxyl in H,O molecular, while near 1195 nm is that of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Diffuse reflection spectra of the CuO and CuO/ZnO powers (a)
diffuse reflectance and (b) diffuse reflection absorbance.
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frequency combination absorption band. Moreover, all the
transmittance curves are close to zero at the wavelength greater
than 1400 nm, and it is independent of the concentration of the
nanofluids. This indicates that the light has been totally
absorbed by pure water with the 10 mm light path. Compared
with the pure CuO, the spectra curves of both the composite
oxides nanofluids with the same volume fraction have a signif-
icant absorption peak at the wavelength about 368 nm, which
shows that their absorption properties are enhanced in short
wavelength. Moreover, the enhancement becomes larger with
the increase of the added content of ZnO.

In water-based nanofluid, the total extinction coefficient of
the nanofluid is equal to the sum of the extinction coefficient of
base fluid and that of the nanoparticles.””** So in the experi-
ment of nanofluid absorption with the same base fluid of water,
the absorption ability of the nanofluid and the nanoparticles
without the influence of base fluid can be evaluated, respec-
tively. According to the Beer-Lambert law,"”*"*¢ in a homoge-

neous medium, the extinction coefficient ¢(4) and
transmittance 7(2) of the nanofluid can be obtained from:
1
T(2)=1-a(h) = ;= expl-o(NL] 2)
0

where 7(4) is the transmittance, a(2) is the absorptance, d(4) is
the extinction coefficient, L is the length of the light path, I is
the transmitted light intensity and I, is the incident light
intensity.

Fig. 7 shows the extinction performance of the three nano-
fluids with different volume fractions corresponded to Fig. 6,
respectively. As can be seen that, the extinction coefficients of
the three different nanofluids all increase gradually as the
volume fractions increase. Moreover, the extinction coefficients
of both the doped oxides nanofluids increase drastically in
visible light band, and the enhancement becomes larger with
the increase in the introduced content of ZnO. Excitedly, the
extinction coefficients increase more than one magnitude, and
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7 i Y et i e e e v
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Fig. 5 Photographs of the nanofluids with different volume fractions (a) pure CuO; (b) 70% CuO and (c) 50% CuO.
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Fig. 6 Transmittance spectra of the nanofluids with different volume
fractions (a) pure CuQO; (b) 70% CuO and (c) 50% CuO.

reach a maximum when the volume fractions rise to 0.01%,
compared with that of the pure water. This indicates that the
optical absorption ability has been effectively enhanced due to
the addition of the oxide nanoparticles, and only a little amount
addition can lead to remarkable improvement on the optical
absorption performance.
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Fig. 7 Extinction coefficients of the nanofluids with different volume
fractions (a) pure CuQ; (b) 70% CuO and (c) 50% CuO.

By shortening the light path, the transmittance spectra
curves of the three different nanofluids with the same volume
fraction of 0.01% at the wavelength range to 2000 nm were
successfully recorded with a 5 mm thickness quartz cuvette.
Simultaneously, the performance of the solar radiation referred

This journal is © The Royal Society of Chemistry 2017
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to the dark cyan curve was also given in the diagram. As can be
seen in Fig. 8 that, the transmission intensity at the wavelength
range from 200 nm to 1400 nm and from 1550 nm to 1800 nm
increases significantly due to the shortening of the light path in
contrast to the transmittance curves in Fig. 6, but complete
absorption still appears at the wavelength range from 1400 nm
to 1550 nm for all the three nanofluids. This further indicates
that the absorption of pure water will play a dominant role at
the wavelength greater than 1400 nm, while that of the nano-
particles in the nanofluids may be hidden. Besides, the
absorption properties of both the composite oxides nanofluids
are enhanced in visible light band, for instance, the trans-
mittance curves of the samples with the ZnO added ratios of
30% and 50% are both less than that of the pure CuO when the
wavelength is below 582 nm and 644 nm, respectively, and they
are all larger than 480 nm referred to the wavelength of the solar
radiation maximum intensity. Thus, the absorption perfor-
mance of the composite oxides nanofluids will be effectively
enhanced at the wavelength of the solar radiation maximum
intensity. It is well known that ZnO is a wide band gap semi-
conductor,”*® and it has excellent optical absorption properties
in short wave bands. The optical properties of nanostructures
strongly depend on the absorbance of the material related to the
transition of charges from the valence band to the conduction
band.® Thus it is believed that the optical absorption
enhancement in short wave band is caused by the improvement
of carrier mobility because of the lattice distortion and impurity
levels which is attributed to the introduction of ZnO.***°
However, on the other hand, the transmittance of composite
oxides samples increases gradually in the near infrared-light,
and with the increase of the added amount of ZnO, the trend
of the increase becomes more and more remarkable.

Therefore, the accurate absorption performance of the three
nanofluids should be calculated in order to evaluate their
absorption capacity. In our experiment, the transmittance of all
the nanofluids can be obtained from Fig. 6 and 8. Thus the
percentage of the solar energy absorbed by nanofluids can be
represented by the solar weighted absorption fraction A,,, which
is given by Drotning:*®
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Fig. 8 Transmittance spectra of the nanofluids with the 0.01% volume
fraction.
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where T() is the transmittance, and Inyg5 is the radiation
intensity of the AM1.5 solar power spectrum, referring to the
ASTMG173. Then the percentages of the solar energy absorbed
by the three different nanofluids are obtained, and they are
respectively about 88.58%, 84.97% and 79.02% for the 5 mm
light path. Also, those of the 10 mm light path with the same
volume fraction of 0.01% are referred to 99.47%, 98.67% and
94.78%, respectively. Obviously, the absorption performance of
the pure CuO is the best, and the absorption ability decreases
gradually with the increase of the introduced content of ZnO.

3.4 Thermal conductivity of the oxide nanofluids

The thermal conductivity of the three different nanofluids
including pure CuO and CuO/ZnO composites with the
component ratios of 0.7 : 0.3 and 0.5 : 0.5 with the same volume
fraction of 0.01% is shown in Fig. 9. As can be seen that, the
thermal conductivity of all the three different nanofluids
increases almost linearly as the temperature increases from
20 °C to 70 °C. And the thermal conductivity of the binary CuO/
ZnO composite nanofluids is higher than that of the pure CuO.
The reason for the enhancement in the thermal conductivity for
the composites nanofluids may be attributed to its smaller size
of the nanoparticles. The previous studies**** showed that the
thermal conductivity enhancement of the nanofluid reduces as
the particle size increases. In other words, the nanoparticles
with smaller size should have higher thermal conductivity in
the nanofluids. As shown in Fig. 2, the particle size of the CuO/
ZnO composite nanoparticles decreases greatly from about
50 nm to 30 nm with the introduction of ZnO, and this may lead
to a certain increase in heat conduction in the nanofluids. In
addition, since the thermal conductivity of the ZnO is smaller
than that of CuO,’*** so the thermal conductivity of the
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composites nanofluids decreases with the increase of the
introduced content of ZnO.

3.5 Photothermal conversion property of the oxide
nanofluids

The schematic diagram of the self-built photothermal conver-
sion device is shown in Fig. 10. The light source used in the
experiment is the simulated sunlight, and the irradiation
intensity is 1000 W m 2. The nanofluids are filled in a quartz
cuvette, and its size is 12.5 x 12.5 x 45 mm. The quartz cuvette
is coated with an insulating layer to insulate the energy
exchange between the sample cell and the external environ-
ment. Simultaneously, the sample cell is connected with
a digital thermometer by thermocouple to collect the time and
temperature data, then the relationship between the tempera-
ture and time will be obtained.

Fig. 11 shows the photothermal conversion curves of the
pure CuO and CuO/ZnO composites nanofluids, and the
volume fractions of them are all about 0.001%, 0.002%,
0.005% and 0.01%, respectively. And the photographs of the
corresponded nanofluids are also illustrated in Fig. 11. In the
experiment, the starting temperatures of the three nanofluids
were about 26.580 °C, 26.577 °C and 26.535 °C, then the
subsequent temperature data were collected at each interval of
10 s. As can be seen from the diagram in Fig. 11, the temper-
atures of all the three nanofluids with different volume frac-
tions rise continuously under the irradiation. For each
nanofluid, the heating rate all increases with the increase of
the volume fractions. After a certain period of time, the
temperatures of all the nanofluids reach the highest and
remain stable. The maximum temperatures of the three
nanofluids all appear at the highest volume fraction of 0.01%,
and they are respectively about 71.609 °C, 72.649 °C and
71.805 °C, which corresponds to the pure CuO and CuO/ZnO
composites with the component ratios of 0.7:0.3 and
0.5 : 0.5. And the temperature changes are 45.029 °C, 46.072 °C
and 45.270 °C, respectively. Compared to the pure CuO
nanofluid, the temperature increments of the composite
oxides both have a certain amount of enhancement, especially
for the added amount of 30%, although the enhancement is
very small, only about 1 °C. Besides, the maximum tempera-
tures of the three nanofluids at the lowest volume fraction of
0.001% are about 65.158 °C, 66.196 °C and 66.244 °C,
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=
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oo \J\

- )

(| |

: : Time
Thermal insulating layer Digital thermometer Temp. vs. time profile

Fig. 10 Schematic diagram of the photothermal conversion device.
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Fig. 11 Photothermal conversion of the nanofluids with different
volume fractions (a) pure CuO; (b) 70% CuO and (c) 50% CuO.

respectively. And they are all markedly lower than that of the
nanofluids with the volume fraction of 0.01%, which indicates
that the concentration of the nanofluids has a great influence
on the maximum temperature of the nanofluids. Moreover,
with the increase of the volume fraction, the maximum
temperatures of the other nanofluids all increase at different
extent.

This journal is © The Royal Society of Chemistry 2017
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Furthermore, the photothermal conversion efficiency n of
the oxides nanofluids can be calculated according to the
following formula:****

mep(Ts — T;)

= T UAGA: (4)

where m and ¢, are the mass and specific heat of the nanofluid,
respectively, T; is the initial temperature of the nanofluid, Ty is
the instantaneous temperature of the nanofluid, A is the top
surface area of the sample cell, G is the incident solar heat flux
and At is the time exposed to the solar radiation. In the experi-
ment, the specific heat of the nanofluids is approximately equal
to that of the pure water because the concentration of the
nanofluids is quite small, and the other parameters can be ob-
tained by experimental test or theoretical calculation. Then the
photothermal conversion efficiency of all the three nanofluids at
different temperatures was obtained.

The photothermal conversion efficiency curves of the three
nanofluids at different temperatures corresponded to Fig. 11 are
shown in Fig. 12, respectively. As can be seen that, the maximum
of the photothermal efficiency emerges completely at the first
acquisition point which corresponds to the temperature of 30 °C
for all the nanofluids, and then the photothermal efficiency
decreases gradually as the irradiation time goes on. As for each
sample of the nanofluids, the photothermal efficiency increases
with the increase of volume fractions from 0.001% to 0.01%, and
the maximum of the conversion efficiency which corresponds to
the pure CuO and CuO/ZnO composites with the component
ratios of 0.7 : 0.3 and 0.5 : 0.5 are respectively 95.90%, 97.35%
and 93.57% at the volume fraction of 0.01%. Here the CuO/ZnO
composite with the ZnO introducing amount of 30% possesses
the highest photothermal efficiency, while that of the 50%
introduced amount shows the lowest photothermal efficiency. In
the experiment, the temperature of the nanofluids increases
because the radiation energy absorbed by the nanofluids is
converted into heat. The thermal characteristics of the nano-
fluids such as thermal conductivity, specific heat and optical
absorption are believed to be the main reasons for the rise of
temperature.** As shown in Fig. 9, due to the introduction of
ZnO, the thermal conductivity of the binary CuO/ZnO composite
nanofluids with the volume fraction of 0.01% is higher than that
of the pure CuO, thus it may lead to a certain increase in the heat
conduction in the composite nanofluids. On the other hand, the
solar weighted absorption fraction of the three nanofluids with
the volume fraction of 0.01% are respectively about 99.47%,
98.67% and 94.78%. Unfortunately, the optical absorption
performance decreases with the increase of the introduced
content of ZnO. Therefore, it is believed that there has an opti-
mized amount of ZnO for the CuO/ZnO composite which can
make the photothermal conversion efficiency reach the highest.
With the temperature increasing, the photothermal efficiency of
the nanofluids decreases gradually. When the temperature rises
to 70 °C, the photothermal efficiency reduces to the lowest, and
they are respectively about 31.72%, 34.70% and 29.92% for the
three nanofluids with the volume fraction of 0.01%. Also, the
composite nanofluid with the ZnO introducing amount of 30%
shows the highest photothermal efficiency.
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Fig. 12 Photothermal conversion efficiency of the nanofluids at
different temperatures (a) pure CuO; (b) 70% CuO and (c) 50% CuO.

4. Conclusions

In summary, a series of binary CuO/ZnO and pure CuO nano-
particles were prepared by using a simple co-precipitation
method. The experimental measurements on surface
morphologies, crystal structures, optical properties and thermal
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conductivity are conducted by using XRD, SEM, TEM, Raman,
UV-Vis-NIR spectra, and so on. XRD results show that the crystal
structures of the CuO prepared are all single monoclinic crystal,
while those of the ZnO are hexagonal phase. SEM and TEM
images illustrate that the size distribution of the as-prepared
nanoparticles is very uniform and the particle sizes of the
binary CuO/ZnO and pure CuO are about 30 nm and 50 nm,
respectively. Raman spectra also demonstrate that both the
composite oxides prepared have a single phase properties, and
there is no observable Cu,O modes appeared. The transmission
spectrum tests show that the optical absorption performance of
the composite oxide nanofluids based on water is effectively
enhanced with the introduction of ZnO in visible light band.
And the thermal conductivity of the binary CuO/ZnO composite
nanofluids is higher than that of the nanofluid consisting of
pure CuO nanoparticles at the same volume fraction. The
photothermal conversion results show that, compared to the
pure CuO, the temperature changes of the CuO/ZnO composite
oxide nanofluids both have been enhanced, and the maximum
temperature of the nanofluid reaches about 72.649 °C with the
volume fraction of 0.01%. Moreover, the CuO/ZnO composite
nanofluid with the ZnO introducing amount of 30% possesses
the highest photothermal efficiency, which are 97.35% at 30 °C
and 34.70% at 70 °C. This implies a simple approach to enhance
the photothermal conversion for the solar energy efficient
utilization.
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