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Increasing the light absorption across the wide solar spectrum has important implications for
applications in solar-thermal and photovoltaic energy conversion. Here, we report novel
tandem structures combing two different materials with complementary optical properties and
microstructures: copper oxide (CuO) nanowires (NWs) and cobalt oxide (Co3O4) nanoparticles
(NPs). Copper oxide NWs of 100–200 nm in diameter and 5 mm long are grown thermally on
copper foil in air and cobalt oxide NPs of 100–200 nm in diameter are synthesized hydrothermally. Tandem structures of spectrally selective coating (SSC) layer are built with three
different methods: spray-coating, dip-coating of cobalt oxide NPs into copper oxide NWs forest,
and transferring of copper oxide NWs layer onto cobalt oxide NPs layer. The tandem-structured
SSC layers fabricated from the spray-coating, dip-coating and transferring methods exhibit
ﬁgure of merit (FOM) values of 0.875, 0.892 and 0.886, respectively, which are signiﬁcantly
higher than that of the starting copper oxide NWs (FOM =0.858) and cobalt oxide NPs
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(FOM=0.853). Our results demonstrate the efﬁcacy of using novel tandem structures for
enhanced light absorption of solar spectrum, which will ﬁnd broad applications in solar energy
conversion.
& 2014 Elsevier Ltd. All rights reserved.

Introduction
The Earth receives an enormous amount of incoming solar
radiation generated by fusion reaction in the sun, which is
expected to remain stable for the next 4 billion years [1,2].
Therefore, solar energy is the most plentiful resource for
energy supply. Photovoltaic (PV) solar cells, concentrating
solar power (CSP) systems, solar thermoelectric generators
as well as photoelectrochemical water splitting systems
harvest solar energy for electricity or fuel [3–8].
CSP system uses heliostat mirror arrays to concentrate
sunlight to the spectrally selective coating (SSC) layer on the
solar receiver structure (such as a corrosion-resistant Inconel
alloy tube) to heat up a heat transfer ﬂuid inside (e.g., a
molten salt), which is then transported to create high-pressure
steam and utilized to drive a steam-turbine-type heat engine to
generate electricity. The CSP system is already commercialized
with a multi-gigawatt level power generations, with a fast
industrial growth in progress, especially with a recent recognition of CSP's advantage of potentially inexpensive energy
storage (e.g., by using molten salt reservoir), which can be
quite useful and beneﬁcial for control of energy distribution in
energy grid systems [4].
Among many approaches to increase the efﬁciency of solarbased energy conversion devices, nanowire (NW) structures
have been used for enhanced light absorption and charge
separation, such as demonstrated in Si micro-nanowires for
PV solar cells [9–12] and copper oxide NWs for photoelectrochemical water splitting systems [13,14]. For CSP type solar
thermal applications, Si NWs are not suitable because the band
gap of Si (1.12 eV at 300 K [15]) is not sufﬁciently low to absorb
near-infrared (IR) sunlight spectrum and pure Si can be easily
oxidized when exposed to air at high temperature. For
instance,  45 nm of silicon oxide will grow on Si when it is
annealed at 700 1C for 100 h under dry oxygen atmosphere [16]
and Si nanoparticle has been reported to increase its weight
by  15 wt% through the oxidation at 750 1C for 2 h in dry
oxygen [17]. In this regard, copper oxide (CuO) is a better
candidate material because it is already oxidized into a stable
oxide form and should be resistant to oxidation in air. For highly
efﬁcient CSP system, it is desirable that the SSC layers absorb
as much sunlight as possible with high absorption and low
sunlight reﬂectivity in the visible and near-IR spectrum range
and have high reﬂection in the spectrum range longer than
near-IR to obtain low thermal emission. The wavelength regime
of interest for CSP solar energy absorption includes the visible
spectrum range (o700 nm) and near IR spectrum range
( 700 nm to 1.6 um). Based on our measurements, copper
oxide NWs exhibit relatively high sunlight reﬂection characteristics in near-IR spectrum, even though the reﬂection in visible
spectrum is quite low. Copper oxide (CuO) has been reported to
have band gap of 1.2–1.4 eV which corresponds to the

absorption from the wavelength of 890–1030 nm [18,19]. This
optical property of CuO results in high reﬂectance of near-IR
spectrum longer than 890–1030 nm. Therefore, it is necessary to
combine another near-IR absorbing material layer with copper
oxide NWs structure, which could then enable efﬁcient sunlight
absorption over a broader spectrum range.
As a desirable material to absorb near-IR spectrum,
semiconducting metal oxides with small band gap can be
utilized. For example, one phase of cobalt oxide, Co3O4, has
absorption bands at several spectrum ranges including 0.82–
0.85 eV ( 1500 nm), 0.93–1.03 eV (1340–1200 nm), 1.5–
2.07 eV (850–700 nm) and 1.88–3.1 eV (660–400 nm) [20–24]
which means Co3O4 can become a candidate to increase the
absorption of near-IR spectrum when combined with copper
oxide NWs structure. We have introduced a hybrid structure
containing both Co3O4 and Cu oxide NWs so as to broaden

Figure 1 SEM images observed for (a) copper oxide NWs longer
than 5 mm with a diameter of 100–200 nm and (b) cobalt oxide
NPs having mainly 100–200 nm in particle size.
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the absorbed spectrum range of sunlight. Such a ‘tandem
structure’ approach has also been used in PV solar cells to
absorb different spectrum ranges using a combination of
materials or different sized quantum dots having different
band gaps [25–27], however, such an approach has not been
investigated much in the case of CSP solar absorber
materials.
In this work, new tandem structures of SSC layer having
copper oxide NWs and cobalt oxide (Co3O4) NPs have been
prepared by scalable spray-coating or dip-coating type
processes. Our results indicate that this tandem structure
of SSC layers signiﬁcantly increases the absorption of sunlight, which is expected to improve the energy conversion
efﬁciency of solar thermal systems such as CSP and solar
thermoelectric generation systems.

Materials and methods
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Designs of SSC layers to increase optical absorption
Based on the evaluation of optical reﬂectance of CuO NWs
alone and that of Co3O4 NPs alone (see Figure 6(a)), it is
seen that copper oxide nanowires (NWs) can absorb a large
amount of visible spectrum. By contrast, the coated layer of
Co3O4 nanoparticles (NPs) exhibits a much higher optical
reﬂectance in the visible range than CuO NWs, but shows an
advantage of absorbing more near-IR spectrum than the CuO
NWs. Therefore, a combined tandem structure of copper
oxide NWs and cobalt oxide NPs was devised to take
advantage of both materials unique characteristics and
achieve higher absorption of sunlight in both near-IR and
visible spectrum. The SEM micrograph of Figure 6(b) shows
one example of such a combined tandem structure of CuO
NWs and Co3O4 NPs. This concept of tandem structure
formation for optically improved SSC layer is more clearly
illustrated by schematic diagrams of Figure 5.

Thermal growth of copper oxide nanowires
Thermal growth of copper oxide nanowires (NWs) was made
by annealing copper foil in air atmosphere [13,14]. As a
pretreatment procedure, the purchased copper foil (Alfa
Aesar, 50 mm thick) was cleaned with hexane, acetone,
isopropyl alcohol and distilled water, followed by drying
with air blowing. The copper foil was heated with a rate of
20 1C/min up to 500 1C and held for 5 h under air atmosphere. After cooling down to room temperature, a dense
array of copper oxide NWs was obtained on copper foil. The
image of the copper oxide NWs was observed by scanning
electron microscopy (SEM) and the crystal structure of
nanowires was analyzed with X-ray diffraction analysis
(XRD), transmission electron microscopy (TEM) and energydispersive X-ray spectroscopy (EDX) as shown in Figures 1(a),
2(a), 3 and 4.

Hydrothermal synthesis of cobalt oxide
nanoparticles
A two-step synthesis method was used to produce cobalt
oxide (Co3O4) nanoparticles (NPs), with the ﬁrst step of
precipitation into cobalt hydroxide and the second step of
hydrothermal synthesis to make cobalt oxide NPs. The
precursor cobalt chloride (CoCl2  6H2O) was purchased (Alfa
Aesar) and dissolved in distilled water in concentration of
1.0 M. To induce a precipitation of Co(OH)2, 10.0 M NaOH
aqueous solution was added gradually until the pH of the
mixed solution reached 11.5. The mixed solution was placed
inside a Teﬂon liner of high pressure steel container and
subjected to a hydrothermal synthesis for 20 h at 150 1C.
After the synthesis, the remaining precursor solution and
reaction byproducts were removed with repeated washing
in distilled water followed by centrifuging, after which
freeze-drying for 1 day was employed to dry the cobalt
oxide nanoparticles. The dried particles were annealed at
750 1C for 2 h to fully crystallize into Co3O4 NPs. The
processed Co3O4 NPs were composed of mainly particles
having 100–200 nm in average size. The structure of the
Co3O4 NPs was analyzed by SEM microscopy and XRD as
shown in Figures 1(b) and 2(b).

Figure 2 (a) XRD analysis of copper oxide nanowires (NWs)
scraped off from the copper foil, showing two types of copper
oxide consisting of CuO and Cu2O phase (n mark) and (b) XRD
analysis of cobalt oxide nanoparticles (NPs) exhibiting the
crystal structure of Co3O4.
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According to Figure 5, vertically aligned CuO NWs and
spherical Co3O4 NPs can be combined in two different conﬁgurations. One way is to coat the vertical CuO NWs with cobalt
oxide NPs by means of spray-coating, or dip-coating method
which makes micro-cone type of structure formed with cobalt
oxide NPs, as shown in the left side procedure of Figure 5.
Another way of tandem structure formation is to have the
copper oxide NW layer itself separated from the copper foil
substrate by wet-etching removal of Cu, followed by attachment of it on top of micro-layer of cobalt oxide NPs predeposited on Inconel substrate surface, as represented by the
right side procedure of Figure 5.

Fabrication of tandem SSC layers
Spectrally selective coating (SSC) layer of copper oxide nanowires (NWs) combined with cobalt oxide (Co3O4) nanoparticles
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(NPs), was fabricated with three different methods including
spray-coating, dip-coating, and transferring.
For the preparation of coating solution for spray-coating
of the synthesized cobalt oxide NPs, phenyl-methyl polysiloxane resin (purchased from Evonik (Germany, SILIKOPHEN P 80/X)) was utilized as a binder resin. After diluting
to 6 wt% by adding a cosolvent of isobutanol/xylene (1/3 v/v
ratio) to the purchased resin solution, cobalt oxide NPs were
then added to the diluted binder solution with a composition of 4:1 (w/w) (cobalt oxide: pheny-methyl polysiloxane). In the ﬁnal coating solution, the concentration of total
solid consisting of cobalt oxide and a binder became 18 wt%.
The nanoparticle dispersion was further improved by sonication followed by ball-mixing for 1 day. On the surface of
copper oxide NWs (which are semi-vertically aligned on Cu
foil surface), the ﬁnal cobalt oxide NPs coating solution
was spray-coated (left side schematics in Figure 5) after
which the binder resin was cured at 250 1C for 1 h in air
atmosphere.
Cobalt oxide solutions with different concentrations of
18 wt% and 6 wt% were used for the dip-coating of cobalt
oxide NPs into the copper oxide NW structure. The cobalt
oxide solution of 18 wt% prepared as described above was
used for dip-coating into copper oxide NW structure with
different dipping methods, including a continuous longer
time dipping (10 min) without making the solution container
to be vacuum state, and a dipping with 1 cycle of vacuum
(20 s) and venting. For a diluted coating solution with a solid
concentration of 6 wt%, the previous 18 wt% solution was
diluted by a factor of 3 by adding isobutanol/xylene (1/3 v/v).
With this diluted cobalt oxide solution (6 wt%), copper oxide
NW structure was dip-coated using 1 cycle of vacuum/venting
and 3 cycles of vacuum/venting procedure. For all these dipcoating procedures, the drying and curing procedure was
carried out at 250 1C for 1 h in air environment.
For an alternative tandem structure by transferring of
copper oxide NW layer and placing it on top of cobalt oxide
NP layer (right side schematics in Figure 5), the copper
oxide NWs grown thermally on copper foil were separated
from the copper foil by wet-etching removal of remaining
Cu in a mixed aqueous solution of 3.0 M iron chloride
solution and 37% hydrochloric acid solution (25/1 w/w).
Before transferring, thin binder resin layer of phenyl-methyl
polysiloxane was coated on cobalt oxide NP layer (30 mm)
formed on Inconel alloy (Type 625) substrate by spraycoating at 40 psi pressure, using the cobalt oxide NP
solution with 18 wt% concentration. The separated copper
oxide NW layer was transferred onto the binder resin layer,
followed by drying and curing at 250 1C for 1 h in air
atmosphere.

Optical reﬂectance measurement and ﬁgure of
merit (FOM) evaluation

Figure 3 (a) Images of a single CuO nanowire by TEM analysis
where an inset image is a magniﬁed crystal structure of CuO for
a red-lined square area (a black scale bar =2 nm) and (b) FFT
patterns obtained from all area of the nanowire in Figure 3(a).

Visible/infrared (IR) reﬂectance of different types of SSC
layers was measured, using a home-made reﬂectance measurement system consisting of an integration sphere (4″ LabSpheres, Spectraﬂects coated) assembled with an Andors
Shamrock 303i spectrometer equipped with Si and InGaAsbased detectors. The optical reﬂectance was measured with
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Figure 4 EDX analysis made with observation of a cross-sectional SEM image (tilt angle: 901) of as-prepared copper oxide NWs layer
showing two phases (CuO, and Cu2O) depending on the position (a: nanowire at 2 mm above nanowire bottom surface, b: 1.5 mm
underneath the nanowire bottom surface, and c: 8 mm underneath the nanowire bottom surface). The small peaks at 0.2–0.4 keV
come from the carbon tape used for sample holding.

Figure 5 Schematic illustration of the tandem-structured spectrally selective coating (SSC) layer concepts including coating cobalt
oxide NPs into vertically aligned copper oxide NWs as well as transferring of copper oxide NW layer onto the layer of cobalt
oxide NPs.
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incidence angle of 12.51 in the spectrum range of 400–2000 nm
for SSC layers at room temperature.
To compare the absorption efﬁciency of the SSC layers for
solar receivers, ﬁgure of merit (FOM) value was evaluated
for various SSC layers including the tandem structured
SSC layers. The ﬁgure of merit (FOM) is deﬁned as follows
(Eq. (1)).
R 1

R1
ð1RðλÞÞBðλ; TÞdλ
0 ð1 RðλÞÞIðλÞdλ ð1=CÞ
0
R1
F¼
ð1Þ
0 IðλÞdλ
where R(λ) is the spectral reﬂectivity, I(λ) is the spectral
solar irradiance per square meter as deﬁned by the reference solar spectral irradiation(ASTM G173), B(λ,T) is the
spectral thermal emission of a black body at temperature T,
and C is the concentration ratio. For large concentration
ratio of mirror-focused sunlight such as solar power tower
type CSP generator systems, the optical absorption (related
to optical reﬂectance properties) is the dominant factor.

XRD, TEM, EDX and SEM analysis
X-ray diffraction (XRD) analysis was carried out to investigate the crystal structure of copper oxide nanowires (NWs)
and cobalt oxide nanoparticles (NPs). Copper oxide NWs
were separated from copper foil by scraping off with a razor
blade. Crystal structures of copper oxide NWs and cobalt
oxide NPs were characterized by Bruker D2 Phaser XRD with
Cu Kα (λ= 0.154 nm) as the radiation source. The scanning of
2θ angle (degree) was made in the range of 20–701 with a
scanning rate of 1.0 1/min.
In order to analyze more precisely the crystal structure of
copper oxide nanowires, a single copper oxide nanowire was
analyzed with transmission electron microscope (TEM) (FEI
Tecnai F20 G2) operated at the acceleration voltage of
200 kV in bright ﬁeld (BF) mode and high resolution (HR)
mode, followed by fast Fourier transform (FFT) analysis to
conﬁrm the crystal structure of the nanowire.
The copper oxide phases existing at different positions in
the cross-sectional area of copper oxide NW structure were
analyzed using energy-dispersive X-ray spectroscopy (EDX)
installed with scanning electron microscopy (SEM) (Oxford),
with an acceleration voltage of 10 kV. The structures of
copper oxide NWs, cobalt oxide NPs, and the combined
tandem structured SSC layers were imaged by SEM.

Results and discussion
Characterization of copper oxide NWs and cobalt
oxide NPs
The XRD analysis indicates that the scraped-off copper
oxide nanowires (NWs) have two crystal phases including
CuO phase and Cu2O phase (n mark) as shown in Figure 2(a).
For CuO crystal structure, two main planes of (1̄ 11) and
(111) are observed at 2θ = 35.61 and 38.71, respectively in
end-centered monoclinic system [28]. For Cu2O crystal
structure there are three planes including (110), (111) and
(200) at 2θ = 29.51, 36.31, and 42.31, respectively in the
primitive cubic system [29]. CuO phase can come from the
crystal structure of nanowires and Cu2O phase in XRD
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analysis can originate from the material in the copper oxide
bottom layer from which the copper oxide NWs grow.
Because the some chunks of bottom layer can be taken
out together with nanowires during the strong scraping
during the razor blade removal process.
In addition to the previous research on CuO NWs [13], our
TEM and EDX analyses also conﬁrm that the copper oxide
nanowire is composed of only CuO crystal phase with band gap
of 1.2–1.4 eV while the bottom layer copper oxide (from which
the CuO nanowires grow) contains CuO in the upper portion of
the layer while some Cu2O phase is present in the lower part of
the bottom oxide layer. The Cu2O phase is known to be a larger
band gap copper oxide with 2.17 eV [18,19]. The crystal
structure of a single copper oxide nanowire is shown in the
inset of the TEM image in Figure 3(a). The FFT pattern in
Figure 3(b) obtained for all area of the nanowire in Figure 3
(a) shows that the copper oxide nanowire consists of only CuO
phase containing (101), (110), (111), (2̄02), (202), (022) and
(2̄04) plane which corresponds to lattice plane spacing of
3.138 Å, 2.739 Å, 2.356 Å, 1.885 Å, 1.570 Å, 1.425 Å and
1.195 Å, respectively. The cross-sectional SEM image of CuO
NW layer obtained by tilting 901 was analyzed by EDX analysis at
three points (a: nanowire at 2 mm above the nanowire bottom
surface, b: 1.5 mm underneath the nanowire bottom surface
(within the bottom copper oxide layer), and c: 8 mm underneath the nanowire bottom surface) as exhibited in Figure 4.
This EDX analysis at point a on nanowires indicates that the
composition of overall nanowires is 1/1 (Cu/O) in atomic
ratio which is in accordance with CuO phase as identiﬁed by
TEM and FFT in Figure 3. The ﬁrst point beneath nanowire's
bottom surface (point b) is conﬁrmed to be composed of 1/1
(Cu/O) in atomic ratio corresponding to CuO phase, while the
second point beneath the nanowire bottom surface (point c)
shows 2/1 (Cu/O) in atomic ratio matching with Cu2O phase.
The nanowire layer (above 5 um thickness) is all made of
CuO phase as identiﬁed by TEM. The upper portion of the
oxide layer (from which the CuO nanowires grow) is 5 um
thick and also CuO phase as identiﬁed by EDX analysis. The
lower portion of the bottom oxide layer contains some
Cu2O. Therefore, the optical reﬂectance behavior is mostly
dominated by the CuO phase which is located at outermost
two layers having total thickness of above 10 mm. During
CSP operation at high temperature, it is likely that the Cu2O
phase will eventually oxidize further to become CuO, which
is considered to be a beneﬁcial reaction. For study of the
stability of CuO phase at high temperature, the copper
oxide nanowire layer was annealed at 500 1C for 10 h under
air atmosphere and the overall atomic composition of Cu/O
was measured with EDX as shown in Figure S1. The atomic
composition of CuO in nanowires and in the upper portion of
the oxide bottom layer are stable enough to maintain 1/1
ratio of Cu/O, which implies that the formed CuO phase can
be expected to retain the stable crystal structure and
optical properties during CSP operation.
Figure 2(b) shows XRD analysis of cobalt oxide nanoparticles (NPs) annealed at 750 1C for 2 h in air. This analysis
conﬁrms that the hydrothermally synthesized cobalt oxide
NPs are Co3O4 phase which has a main plane of (311) at
2θ= 36.21 in face-centered cubic system [30].
The SEM image in Figure 1(a) shows that the copper oxide
NWs are longer than 5 mm in length and have 100–200 nm in
diameter as can be seen more clearly in an inset image in
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Figure 1(a). The spacing between adjacent nanowires
appears to be roughly 500 nm–2 um. The aspect ratio of
nanowires is higher than 25, which is believed to be
beneﬁcial for higher absorption efﬁciency due to light
trapping effect [9–12]. The SEM image in Figure 1
(b) exhibits that cobalt oxide NPs annealed at 750 1C for
2 h have mainly 100–200 nm in particle size, although some
particles have a diameter as small as 50 nm.

Tandem structured SSC layer by spray-coating
Tandem structure of solar absorbers can be fabricated with
copper oxide nanowires (NWs) coated with the solution of
cobalt oxide nanoparticles (NPs) by means of either spraycoating or dip-coating with the aforementioned concept
explained in the left side procedure of Figure 5.
Spray-coating of cobalt oxide NPs solution is made onto
copper oxide NW layer of Figure 1(a). Due to the vertically
aligned nanowire structure of copper oxide, the cobalt
oxide solution, even with nanoparticle size, is difﬁcult to
uniformly penetrate all the way down to the bottom of
nanowires through their interspace gap regions. Therefore,
a micro-ball type of cobalt oxide structure with a partial

Figure 6 (a) Comparison of the optical reﬂectance and FOM
between the tandem SSC layer by spray-coating, and the SSC
layer of copper oxide NWs only, or the SSC layer of cobalt oxide
NPs only and (b) SEM image of tandem SSC layer made by spraycoating of cobalt oxide NPs onto vertical copper oxide NWs.
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penetration into copper oxide NWs is formed when spraycoating is carried out, as shown in Figure 6(b). Even though
the cobalt oxide NPs are not inﬁltrated into the bottom of
the CuO nanowire array, the optical reﬂectance data in
Figure 6(a) shows that this type of tandem structure
decreases near-IR reﬂectance due to the absorption of
near-IR by Co3O4 NPs. The reﬂectance of visible light
spectrum increases slightly compared to the copper oxide
NWs only structure due to the addition of some Co3O4 NPs.
The ﬁgure of merit (FOM) value increases a little from 0.858
to 0.875 when the copper oxide NWs is hybridized into a
tandem structure with the addition of cobalt oxide NPs by
spray-coating because the overall absorbed solar energy is
larger in cobalt oxide NPs-sprayed copper oxide NWs due to
the more substantial reduction of reﬂectance in the near-IR
spectrum range relatively to the increment of the reﬂectance in the visible spectrum range.

Tandem structured SSC layer by dip-coating
Comparison of optical reﬂectance and FOM among different
SSC layers, shown in Figure 7(a), indicates that the optical
reﬂectance properties are sensitive to the SSC layer structures and how they are produced. As compared to the rapid
spray-coated structures, a slower process of dip-coating
allows the cobalt oxide nanoparticles (NPs) to penetrate
deeper into the spaces between copper oxide nanowires
(NWs) having a relatively small spacing of 500 nm to 2 µm
between adjacent nanowires. In addition, cobalt oxide NPs
can also be entangled with copper oxide NWs, which may
enable the formation of multi-scaled structures composed
of the combination of microscale and nanoscale structures
of nanowires and nanoparticles, as observed in Figure 7(c-1–
d-2). The presence of some pore structures may also
contribute to enhanced sunlight absorption. In order to
make cobalt oxide NPs to inﬁltrate into copper oxide NW
structures more efﬁciently, a cycle of vacuum suction/
venting process is devised for the dip-coating process. The
vacuum is not a high vacuum but a typical, mechanical
pump type of low vacuum was sufﬁcient. The vacuum
process extracts and removes most of entrapped air from
copper oxide NWs structure, and this process causes the
cobalt oxide NPs in solution to be sucked into the spaces
that the air pocket previously occupied. Subsequent venting
step allows the air to come in which generates such a large
pressure difference between vacuum state and atmospheric
pressure that cobalt oxide NP solution is pushed and driven
into the interspace of aligned copper oxide NWs. Repeated
vacuum/vent processes further controls the formation of
tandem mixed structure and the sunlight absorption and the
FOM properties are accordingly also affected as will be
discussed later.
It is seen that without using the vacuum/venting process,
the cobalt oxide NPs hardly get into the inter-nanowire
spacing, as can be seen in Figure 7(b) but instead cover up
the surface of the CuO nanowire structure as an almost
continuous particle layer. Copper oxide NWs are rarely seen
to protrude out of the cobalt oxide NP layer, except a few
NWs which has very little affect on optical properties of SSC
layers. As expected, the optical reﬂectance data of this
monotonous structure shows a similar reﬂectance behavior
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Figure 7 (a) Comparison of optical reﬂectance and FOM among different SSC layers, (b) a top view surface image of tandem SSC
layer made by 10 min dip-coating in 18 wt% cobalt oxide solution without using a vacuum process, (c-1) a top view surface image and
(c-2) a tilted surface image of tandem SSC layer made by dip-coating with 1 cycle of vac./venting in 18 wt% cobalt oxide solution,
and (d-1) a top view surface image and (d-2) a tilted surface image of tandem SSC layer made by dip-coating with 1 cycle of vac./
venting in 6 wt% cobalt oxide solution.

to that of the SSC layer fabricated with cobalt oxide NPs
only (Figure 7(a)) and the FOM value of this structure is only
0.842 which is not high enough to absorb sufﬁcient solar
energy. This dip-coated sample without using vac./venting
procedure produces a structure covered mostly with Co3O4
particles, with very few number of CuO nanowires protruding (Figure 7(b)), so it is essentially Co3O4 particle surface.
The spray-coating method to produce the Co3O4 particle SSC
layer tends to have a high porosity and roughness as
represented in Figure S2. Therefore, the Co3O4 layer of
Figure S2 produces a slightly lower reﬂectance in the visible
spectrum range.
The vacuum/venting process was utilized to make further
advanced dip-coating structures with the concentrated solution
of 18 wt%. After placing the copper oxide NW sample into cobalt
oxide NP solution, the vacuum is made for 20 s followed by a

fast venting process with air, which may cause some interesting
mechanical disturbance on the coating structure. As shown in
Figure 7(c-1) and (c-2), copper oxide NWs and cobalt oxide NPs
form combined complex structures where copper oxide NWs are
entangled with themselves coated with cobalt oxide NPs.
In more details, a top side of this sample displays a spire-like
roof layer of cobalt oxide NPs in Figure 7(c-1) whose inset image
shows the bottom surface coated with cobalt oxide NPs at
interspaces between the copper oxide NWs. The tilted images
including a magniﬁed inset image in Figure 7(c-2) exhibit the
entangled tripod-like structure of copper oxide NWs mixed with
cobalt oxide NPs. Figure 7(a) demonstrates that this 3dimensionally entangled tripod-like structure can decrease the
reﬂectance in both visible and near-IR spectrum regime and
obtain a higher FOM value of 0.876, compared to the sample
made by a continuous dipping (Figure 7(b)).

Tandem structured spectrally selective coating layer of copper oxide nanowires with cobalt oxide nanoparticles
To better control the degree of entangling of copper
oxide NWs and agglomeration of cobalt oxide NPs, the dipcoating solution was diluted to 6 wt%, that is, 1/3 of initial
concentration, as the third approach. This third dip-coating
method also uses the procedure of vacuum/venting, but due
to the reduced solid concentration of nanoparticles and the
binder resin, the insertion of the nanoparticles into the
nanowire spacing gets easier. From the top view surface
image (Figure 7(d-1)) and a tilted view (Figure 7(d-2)), the
occupied area by a spire-like top layer of cobalt oxide NPs is
diminished (Figure 7(d-1)) and micro-cone structure of
cobalt oxide NPs is formed (see the inset of Figure 7(d-2))
instead of the tripod-like structure observed in Figure 7(c-2).
The dip-coating with a diluted solution of 6 wt% essentially
maintains the nanowire structure of copper oxide after the
dip-coating of cobalt oxide NPs so that a more or less uniform
multi-scaled micro-nano structure can be made, which can
be more effective in absorbing sunlight in both visible
spectrum and near-IR spectrum.
Optical reﬂectance measurements in Figure 7(a) shows
that this multi-scaled tandem structure (Figure 7(d-1) and
(d-2)) coated with the diluted solution of 6 wt% exhibits
much lower reﬂectance in visible spectrum and similarly
reduced reﬂectance in near-IR spectrum range, compared
to the entangled tripod-like structure (Figure 7(c-1) and
(c-2)) made of cobalt oxide solution with higher concentration of 18 wt%. The FOM value of this structure increases
up to 0.892 which is much higher than the structure of
Figure 7(c-1) and (c-2). The lower reﬂectance in visible
spectrum results from the well-preserved nanowire structure of copper oxide and the similarly low reﬂectance of
near-IR (1.0–1.55 mm) is attributed to the cone-type of
microstructure of cobalt oxide NPs as well as the layer of
cobalt oxide NPs coated on the bottom of copper oxide NWs
as can be seen in the inset of Figure 7(d-1). In the spectrum
ranging from 1.55 mm to 2.0 mm, the dip-coated layer with
6 wt% solution shows a steeper increase of reﬂectance than
that with 18 wt% solution. The diluted 6 wt% Co3O4 particles
layer has less amount of Co3O4 than the 18 wt% Co3O4 layer.
It can be recognized that Co3O4 particles layer reﬂects less
IR spectrum ranging from 1.0 mm to 2.0 mm than CuO
nanowires layer as can be compared in Figure 7(a). Lower
concentration of Co3O4 particles can make thinner layer of
Co3O4 particles and will result in less absorption which
enable the SSC layer to have higher reﬂectance in IR spectrum
compared to SSC layer coated with an 18 wt% solution (browncolored graph in Figure 7(a)). This behavior of reﬂectance
increasing steeply from 1.55 um will be useful for the CSP or
other solar thermal application which needs to have cut-off
wavelength around 1.55 mm in order to reduce the emission
loss of infrared spectrum. For instance, in the parabolic trough
type concentrated solar power systems, the cut-off wavelength of 1.5 um is helpful to increase FOM value by diminishing the amount of IR emission at 700 1C [4].
To optimize the procedure of vacuum/venting cycle, the dipcoating is also made with 3 cycles of vacuum/venting by which
more cobalt oxide NP material is pushed into the CuO NW
structure so that an increased amount of cobalt oxide layer is
expected to be deposited onto the bottom of CuO NW
structure. The inset image of Figure 8(a) shows that the bottom
of copper oxide NWs is covered with cobalt oxide NPs. Repeated
vacuum/vent processes further controls the formation of
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tandem mixed structure with more cobalt oxide NPs deposited,
with the sunlight absorption and the FOM properties accordingly
affected. For example, 3 cycles of vacuum/venting process for
dip-coating with the diluted solution of 6 wt% forms a somewhat larger area of a spire-like roof layer of cobalt oxide NPs

Figure 8 SEM images showing (a) a top view surface image and
(b) a tilted surface of tandem SSC layer made by dip-coating
with 3 cycles of vac./venting procedures in 6 wt% cobalt oxide
solution.

Figure 9 Optical reﬂectance measured and FOM values calculated for tandem SSC layer fabricated by dip-coating with
1 cycle of vac./venting process and 3 cycles of vac./venting
process in 6 wt% cobalt oxide solution.
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(Figure 8(a)), compared to the structure made with just 1 cycle
of vacuum/venting procedure (Figure 7(d-1)). From tilted
images in Figure 8(b), it can be observed that cobalt oxide
NPs form micro-cone structure similar to the structure in the
inset image of Figure 7(d-2).
Optical reﬂectance measurement in Figure 9 indicates that
the 3 cycle procedure slightly increases the reﬂectance of
visible spectrum but noticeably decreases the reﬂectance of
near-IR as well as short wavelength IR (SWIR) spectrum. The
small increase of reﬂectance in the visible spectrum results
from the diminished nanowire structure of copper oxide
caused by the addition of more nanoparticles and wider
spire-like roof area of cobalt oxide NPs. The thicker cobalt
oxide layer which can be expected by 3 repetition cycles
absorbs a larger amount of sunlight SWIR spectrum (1.6–
2.0 mm) to result in the decreased reﬂectance in that
wavelength regime. In the IR spectrum range, the spectrum
of 0.8–1.6 mm is more important to a solar absorber due to its
higher energy than longer IR spectrum above 1.6 mm. So the
SSC layer made by 3 cycles of vacuum/vent processing has
FOM value of 0.891 which is very similar to that (0.892) of SSC
layer by 1 cycle dip-coating.
For a contrast experiment, a SSC layer was fabricated
using the mixture solution (1/1 w/w) of Co3O4 particles and
CuO nanowires which were scraped off from the copper foil.
Using the same condition and ball-mixing procedure as the
previous Co3O4 layer, the mixture solution was spray-coated
on Inconel substrate and the reﬂectance of the sample was
measured. Figure S3 indicates that the reﬂectance of the
mixture sample is much higher in all spectrum range than
the dip-coated SSC layer made with 6 wt% and vac./venting
procedure. One possible reason for such a behavior is that
the nanowires can be inadvertently shortened much during
the ball-mixing process, thus the SSC layer has no structure
advantage on entrapping sunlight, compared to SSC layer of
vertically standing nanowires.
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Figure 10 SEM images representing (a) a stand-alone copper
oxide NWs layer obtained by etching Cu metal layer, and (b) a
transferred copper oxide NWs layer attached onto cobalt oxide
layer with a thin binder resin layer.

Tandem structured SSC layer by transferring
of copper oxide NW layer
Copper oxide nanowire (NW) layer separated from Cu foil is
composed of a horizontally conﬁgured copper oxide ﬂat
layer (1–2 mm thick) at the bottom from which copper oxide
NWs have grown, as indicated in Figure 10(a). Figure 10
(b) represents the ﬁnal attached structure consisting of
copper oxide NWs layer / polysiloxane binder resin layer /
cobalt oxide NPs layer. It is expected that pure copper oxide
NWs layer without cobalt oxide NPs is able to absorb more
visible spectrum while the cobalt oxide NPs layer under
copper oxide NW layer can absorb the near-IR spectrum
transmitted through the copper oxide NW layer positioned
above the nanoparticle layer, as explained in the aforementioned concept section (Figure 5).
The reﬂectance of visible spectrum is similarly as low as the
pure copper oxide NW sample, but the reﬂectance of near-IR
spectrum is not decreased as low as pure cobalt oxide layers,
as shown in Figure 11. The data in Figure 11 indicates that the
reﬂectance value in the near-IR spectrum for the SSC layer
fabricated by transferring the CuO NW layer is higher than that
for the SSC layer of pure cobalt oxide NPs and lower than that
for the SSC layer of pure copper oxide NWs, as well as SSC

Figure 11 Optical reﬂectance and FOM compared among
structured SSC layers including a copper oxide NWs layer only,
a cobalt oxide NPs layer only, a spray-coated tandem SSC layer,
a dip-coated tandem SSC with 1 cycle of vac./venting process in
6 wt% cobalt solution, and a transferred tandem SSC layer.

layer made by the spray-coating. Copper oxide NWs may
reﬂect near-IR spectrum partially before it is transmitted to
the bottom layer of Co3O4 NPs. Table 1 shows FOM values of
the representative SSC layers including SSC layer fabricated by

Tandem structured spectrally selective coating layer of copper oxide nanowires with cobalt oxide nanoparticles

Table 1 Calculated FOM values from reﬂectance measurement of SSC layers.
SSC layers

FOM

Copper oxide NWs only
Co3O4 NPs only
Tandem SSC by spray-coating
Tandem SSC by dip-coating (1 cycle, 6 wt%)
Tandem SSC by transferring

0.858
0.853
0.875
0.892
0.886

the transfer method. The tandem SSC layer by transferring has
FOM value of 0.886 which is much higher than that of pure
copper oxide NWs, pure cobalt oxide NPs and spray-coated SSC
layers, but lower than that of efﬁciently dip-coated SSC layer.

Conclusion
Tandem-structured spectrally selective coating (SSC) layer was
newly devised with novel and scalable methods to increase the
absorption efﬁciency of solar spectrum. This new SSC layer
structure is simultaneously utilizing the thermally grown copper
oxide NWs and the hydrothermally synthesized cobalt oxide
NPs. The tandem-structured SSC layer consists of a multi-scaled
combination of copper oxide nanowire (NW) layer having a good
visible light absorbing material and structure, together with
wet-coated microstructure of cobalt oxide nanoparticles (NPs)
having a good near-IR absorbing characteristics. Various novel
structured SSC layers were built with 3 different fabrication
methods including the spray-coating, vacuum/vent processed
advanced dip-coating of cobalt oxide NPs into copper oxide NWs
forest, and the transferring of copper oxide NWs layer onto
cobalt oxide layer. The tandem-structured SSC layers exhibited
superior light absorbing properties in the visible and near-IR
spectrum range, with much higher ﬁgure of merit (FOM) values
close to 0.90. These tandem structures and fabrication
procedures to achieve higher and wider absorption of solar
spectrum can be highly useful for enhanced solar absorption in
the ﬁeld of solar energy conversion systems such as concentrated solar thermoelectric generators and concentrating solar
power systems.
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