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ABSTRACT

Spectral-selectively solar harvest is achieved in designated frequency regions for photothermal energy generation. In this study, we have designed and synthesized
porphyrin-based hybrids that typically exhibit two absorption peaks respectively near 400 nm (blue-violet) and 700 nm (NIR). To be able to tune the optical ab-
sorptions for more efficient solar harvest especially in the IR region, unique porphyrin hybrids are developed by incorporating another porphyrin compound such as
phthalocyanine, and inorganic Fe304@Cus.«S nanoparticles with different absorption characteristics. By controlling the ratio of the components, the hybrids exhibit
gradual and consistent changes in the optical spectra, showing high spectral tunability. Transparent thin films of the hybrids are deposited on glass substrates and
assembled in parallel for 3D solar harvesting in a cuboid photothermal generator. Solar light is able to pass through the multilayers of thin films, generating sig-
nificant thermal heat on each one for enhanced energy density. The structural features of the hybrids are well correlated to the optical behaviors based on Raman
studies. Also discussed is the operating mechanisms underlying the photothermal behaviors associated with the hybrid structures.

1. Introduction

To meet the mission of net-zero by 2050, declared at COP26, creating
an energy neutral, zero emission, and climate positive civic infrastruc-
ture has become the highest priority in clean and renewable energy
research. Solar light can be converted to various energy forms including
heat, electricity, and biochemical energies for a wide range of applica-
tions [1]. The solar spectra are widely divided into three regions: ul-
traviolet (UV), visible, and infrared (IR), with corresponding
wavelengths: 100-400 nm, 400-700 nm, and above 700 nm. About 58%
of the energy density of the solar spectrum lies below 800 nm with the
other 42% occurring at longer wavelengths [1-4]. As is well-known,
photovoltaic (PV) mainly utilizes the UV and visible (UV/Vis), while
the IR part is majorly converted to heat [2]. This absorbed
long-wavelength solar energy contributes to heating of the PV which
causes considerable efficiency decreases [3-8]. However, the IR portion
of the solar light can be utilized to generate heat for thermoelectric and
photothermal energy applications.

The current PV technologies have achieved efficiencies on the order
of 25% [9-14]. There are other possible alternative ways of utilizing
solar energy such as the spectral selective photothermal energy gener-
ation [15]. One of the photothermal energy applications is the so-called
Optical Thermal Insulation (OTI) based on a transparent photothermal
coating on single pane widow without any intervention media. Two
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types of photothermal thin films, namely iron oxides and porphyrin
compounds, can selectively harvest solar light in the UV and NIR re-
gions, while maintaining 85% average visible transmittance (AVT). The
photothermal coating can generate sufficient heat on window surfaces,
thus lowering the temperature difference between the single-pane and
room interior, and significantly reduce thermal transmittance. With OTI,
single-pane window is highly possible in cold climate without any
glazing technologies and intervention media [16].

Photothermal (PT) materials have been mainly applied in medical
therapeutics such as photothermal therapy (PTT) [17-20]. With a small
quantity of nanoparticles up taken by the tumor, upon near-infrared
(NIR) laser excitation, the local temperature in the lesions can reach
~ 45 °C which can kill the cancer cells effectively. In energy applications
such as OTI, the PT materials are utilized to absorb solar light in the UV
and NIR regions for both high photothermal efficiency and visible
transparency [15,21-26]. The PT materials include inorganic materials
(i.e. noble metals [27,28], carbon-based materials [29,30], metal oxide
and its composites [15,21,24-26], and organic materials (i.e.
polymer-based nanomaterials) [31].

Upon solar harvesting, the photothermal materials can be
photonically-activated to generate thermal energy directly and effi-
ciently for many energy applications such as energy-efficient building
skins [23-25], photothermal energy generator [26], and photothermal
desalination [32,33]. However, most of the current photothermal
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materials are based on metallic compounds and graphene that are either
dark or non-transparent, therefore limiting solar harvesting to 2D sur-
faces. A fundamental question to be asked is whether sunlight can be
collected through multiple layers if they are rendered transparent. This
possibility lies on the spectral selective and tunable nanostructures that
not only exhibit strong UV and NIR absorptions, but also high average
visible transmittance (AVT). With these unique optical characteristics, it
is highly possible that solar harvesting will profoundly transform from
2D to 3D with much greater energy density. Currently, several trans-
parent photothermal thin films have been developed for multilayer solar
harvesting and energy generation, resulting in significant increase in
photon collecting surface areas and energy density [26]. This novel
method will fundamentally lift the current limitations in 2D surface
solar harvesting by introducing another dimensionality via transparent
thin films. The thermal energy generated in a confined volume can be
further utilized to produce electricity, or other forms of energy for a
variety of applications, including utility heating and thermoelectric
devices. Spectrally selective photothermal thin films allow more effi-
cient utilization of solar light; while the UV/vis portions for PV, the IR
can be used for thermal energy applications. This will pave a new path to
spectral selective solar harvesting and energy generation.

Recently, a class of porphyrin compounds has been found to exhibit
strong photothermal effects under both NIR laser and white light irra-
diation [23-25]. They have been applied in PV applications for their
appreciable photon conversion efficiency (PCE) due to the
donor-acceptor framework [34,35]. Porphyrins contain a large ring
molecule constituted of tetrapyrrole, which is made from four carbons
and one nitrogen, and with a metal ion at the center of the tetrapyrrole
ring. Due to unique chemical structures of the porphyrin compounds,
they typically exhibit two main peaks in the absorption spectra, which
are the B band (380-500 nm) and the Q band (500-750 nm). Chloro-
phyll is an essential component in the plants for photosynthesis, which is
characterized with a unique “saddle-like” absorption spectrum with a
higher absorption peak at 413 nm and a lower one at 668 nm. Chlor-
ophyllin is derived from chlorophyll with the center atom of divalent
copper instead of magnesium. As a derivative of chlorophyll, chlor-
ophyllin shows similar absorption peaks to those of chlorophyll at 402
nm and 628 nm. Replacing the center atom with copper results in
phthalocyanine with considerably modified absorption peaks at 350 nm,
638 nm, and 730 nm [23]. The photothermal mechanism of porphyrins
has been identified to be associated with the photon-activated vibrations
of the porphyrin molecules [23]. These transparent PT films can be
developed for spectral-selective solar harvest and energy generation.

In this study, novel hybrids were designed and developed between
two fundamentally different families of materials, namely porphyrins
and iron oxides in order to manipulate their spectra in a wide range. The
structural features were investigated by Raman spectroscopy through
consistent compositional variations of the components. The optical ab-
sorptions of the hybrids were structurally tuned via compositional
combinations between different porphyrins and oxides. A photothermal
generator (PTG) was designed and engineered to spectral-selectively
harvest solar light in a 3D space. The PTG photothermal parameters of
hybrids were calculated including the total energy generated, the power
of the PTG, and energy density.

2. Experimental procedures

Material Synthesis: Chlorophyllin sodium copper was purchased from
Sigma-Aldrich and p-form copper phthalocyanine was purchased from
Tokyo Chemical Industry Co., Ltd. Iron (III) acetylacetonate (Fe(acac)s,
>99.9%), copper (II) acetylacetonate (Cu (acac)z, >99.9%), oleylamine
(70%), sulfur (99.998%), N-methyl-2-pyrrolidone (99.5%), chloroform
(>99.9%), tetrahydrofuran (THF, >99.9%), and polyethylene glycol
(PEG, Mw = 6000) were purchased from Sigma-Aldrich Inc. (Milwau-
kee, WI, USA). Cyclohexane was purchased from Tedia Inc. (Fairfield,
OH, USA).
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Fig. 1. Schematic digram showing the multilayer photothermal thin film
strucrtures of the photothermal-gemerator (PTG) for 3D solar harvesting and
energy generation.

Fe304@Cuz.«S nanoparticles were synthesized based on a modified
procedure from the literature [36,37]. Briefly, 60 mL of oleylamine was
heated to 300 °C and stirring for 30 min in a three-neck flask in a ni-
trogen environment to remove residual water and oxygen. Subse-
quently, a mixture (Mixture A) containing 12 mL of oleylamine, 8 mL of
N-methyl-2-pyrrolidone, and 700 mg of Fe(acac); was injected into the
flask. Keeping the solution at 300 °C and stirring for 10 min, the mixture
was cooled down to 70 °C. Meanwhile, another mixture (Mixture B) of
128.28 mg of sulfur dissolved in 12 mL of oleylamine was mixed with 10
mL of cyclohexane and injected into Mixture A to form Mixture C. After
stirring Mixture C at 70 °C for 10 min, a solution containing 523.52 mg
of Cu(acac)s, 4 mL of oleylamine, and 16 mL of chloroform solution was
injected into it as the final mixture. The final mixture was kept at 70 °C
and stirred for 30 min, and ready for transferring to a beaker. The
Fe304@Cua«S nanoparticles were collected by a strong magnet and
washed three times with methanol, and then freeze-dried overnight.
After drying, nanoparticles were dispersed in THF for later use. The glass
substrates (2.54 x 2.54 x 0.1 cm3) were cleaned in acetone and iso-
propanol for 15 min by ultrasonic cleaner, and then dried by compressed
air.

Thin Film Deposition: Solutions containing various chlorophyllin to
phthalocyanine and chlorophyllin to Fe304@Cuy4S ratios were incor-
porated into THF with 10 wt% PEG. Thin films were deposited onto glass
substrates with the solutions of different hybrids by spin-coating at
3000 rpm for 10 s. The as-deposited films were uniform in thickness
(~500-800 nm) with high uniformity and transparency.

Photothermal Experiments: The thin film samples were irradiated by
0.1 W/cm? white light using the Newport 150 W solar simulator (Lamp
model 67005). The light power density was measured by using an op-
tical power meter (Newport, 1919-R). The thin film temperature was
recorded by an infrared camera (FLIR E6). A black sheet was placed
under the sample to avoid reflection of light. There are two main steps in
this experiment, namely, heating and cooling. The shape and size of the
light spot was set to exactly cover the sample surface.

Optical Property Characterization: The absorption and transmittance
spectra were acquired by using a UV-VIS NIR spectrometer (Lambda
900, PerkinElmer Inc.). The average visible transmittance (AVT) was
measured by a light transmittance meter LS116 (Linshang, Co. Ltd.).

Raman Spectroscopy: The Raman spectra were acquired by Raman
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Fig. 2. Absorption spectra of the hybrid solutions of (a) Chlorophyllin:Phthalocyanine and (b) Chlorophyllin:Fe304@Cus .S in THF. The base concentration of
chlorophyllin is fixed at 0.01 mg/ml. The ratio formula on the top right corner represent the respective proportions of Chlorophyllin:Phthalocyanine (Fig. 2a) and
Chlorophyllin:Fe;04,@Cus.«S (Fig. 2b). For instance, 1:0 denotes pure chlorophyllin and 0:1 denotes pure phthalocyanine in Fig. 2a; 1:0 denotes pure chlorophyllin
and 0:1 denotes pure Fe304@Cu,.S in Fig. 2b. The concentrations of phthalocyanine and Fe;0,@Cu,.,S are varied in the base solution of chlorophyllin, and denoted
as 1:0.5, 1:1, 1:2, and 1:3. (c) Photographs of Chlorophyllin:Phthalocyanine in THF, and (d) photographs of Chlorophyllin:Fe304@Cus.4S in THF.

spectroscopy excited by 442 nm, 514 nm, and 633 nm lasers (Renishaw
inVia). The sample holder for Raman spectroscopy was a microscope
slide covered with an aluminum foil. The samples were drop-casted on
aluminum foil twice to ensure the material was well-coated on the
holder, and each drop was 2 pL.

Photo-Thermal Generator Design and Assembly A photo-thermal
generator (PTG) was designed and assembled for the multilayer heat-
ing experiments. The transparent photothermal thin films were depos-
ited on glass substrates of 25.4 x 25.4 x 1.4 mm®. These PT-coated
transparent substrates were positioned in parallel in a cuboid (5 x 5
% 13 cm®) which was thermally insolated (Fig. 1). The simulated solar
light was directed from the top of the system, penetrating all the PT
substrates, resulting in solar harvest in a three-dimensional fashion.
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Since all layers were coated with the photothermal thin films, each
generated thermal energy in the PTG.

3. Results

Since various porphyrin compounds exhibit quite different optical
behaviors, their hybrids can provide wide ranges of spectra for
controlled photonic behaviors via structural and compositional alter-
ations. Quite successfully, hybrids of chlorophyllin:phthalocyanine and
chlorophyllin:Fe304@Cus.4S were synthesized with gradual changes in
optical absorptions. Fig. 2 shows the absorption spectra of the chlor-
ophyllin:phthalocyanine and chlorophyllin:FesO4@Cusz.S hybrids with
different proportions of phthalocyanine or Fe304@Cus«S in THF. The
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Fig. 3. Optical photographs of hybrid thin films of (a) Chlorophyllin:Phthalocyanine, (b) Chlorophyllin:Fe;04@Cu, .S deposited on glass substrate, and (c) in front of

a campus building showing high transparencies of these films.
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Fig. 4. Scanning electron microscopic (SEM) images of hybrid thin film cross-sectional areas of (a) chlorophyllin, (b) phthalocyanine, (¢) Fe304@Cus4S, (d)

chlorophyllin:phthalocyanine, and (e) chlorophyllin:Fe;04@Cus.«S.

concentration of chlorophyllin is fixed at 0.01 mg/mL and the amount of
phthalocyanine or Fe304@CuzS varies in the range of 0.000, 0.005,
0.010, 0.020, and 0.030 mg/mL, respectively. Note that 1:0 represents
pure chlorophyllin, and 0:1 represents 100% phthalocyanine or 100%
Fe304@Cus4S in THF. As shown in Fig. 2a, pure chlorophyllin (1:0,
black curve) has an intensive absorption peak at 404 nm and a small one
at 630 nm forming a so-called “saddle-like” spectrum. Phthalocyanine is
however characterized with a moderate peak at 370 nm, and a broad
absorption between 550 nm and 750 nm (0:1, pink curve). By increasing
the proportion of phthalocyanine in the chlorophyllin solution, the peak
of chlorophyllin at 404 nm is gradually shifted to 380 nm, while the 630
nm peak is not only broadened but also intensified with much stronger,
and double-peaked absorption between 600 nm and 800 nm for the
chlorophyllin:phthalocyanine ratio of 1:3 (cyan curve). The overall
spectrum is significantly modified with a deep “U-shaped” valley.
Fe304@Cusy4S is shown to have broad absorbance in both UV and
NIR regions (1:0, pink curve in Fig. 1b). As shown in Fig. 2b, there is a
wide absorption with a maximum at 1100 nm for Fe304@Cuy4S (0:1
pink curve), while no absorption in the IR region for chlorophyllin. By
increasing the concentration of Fe304@Cus4S in the chlorophyllin so-
lution, the hybrids begin to develop more pronounced absorption peaks
in both UV and IR regions. The hybrid with the 1:3 ratio exhibits strong
and broad peaks at ~400 nm and ~1100 nm, which are much distinctive
compared to their pure counterparts (i. e. 1:0 and 0:1). Interestingly, the

absorption peak of chlorophyllin at 630 nm is remained in the spectra of
the chlorophyllin:FesO4@CuzS hybrids. Fig. 2c and d shows respec-
tively the photographs of the chlorophyllin:phthalocyanine and chlor-
ophyllin:Fe3O4@Cuy.«S solutions with different ratios as indicated. As
shown in these figures, both hybrid solutions are clear, transparent, and
uniform without any aggregations or precipitates indicating homoge-
neous mixtures of the components. The data shown in Fig. 2 indicates
the strong structural effects on optical spectral characteristics of the
porphyrin compounds. By compositional alteration and optimization,
the absorption of the hybrid can be well manipulated into desirable
behaviors for specific solar-mediated energy applications.

Following the procedure described above, the hybrid solutions with
various ratios of Chlorophyllin:Phthalocyanine and Chlorophyllin:
Fe304@Cuy S were deposited on glass substrates by spin coating.
Fig. 3a and b shows the optical photographs of chlorophyllin, phthalo-
cyanine, Fe304@Cusy4S, and their hybrids in thin films. As can be seen,
the colors of the thin films gradually change, corresponding to the
different ratios of chlorophyllin:phthalocyanine and chlorophyllin:
Fe304@Cuz.«S. These thin films are visually transparent in front of a
campus building with AVT of 85% (Fig. 3c).

Fig. 4d-h shows the Scanning Electron Microscopy (SEM) images of
the cross-sectional areas of the thin films, namely, chlorophyllin,
phthalocyanine, Fe3O04@CusS, chlorophyllin:phthalocyanine, and
chlorophyllin:Fe304@CusS. As shown in these SEM images, these films
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Fig. 5. (a) Absorption and (b) transmittance spectra of the chlorophyllin:phthalocyanine hybrid thin films; (¢) Absorption and (d) transmittance spectra of the

chlorophyllin:Fe304@Cus S hybrid thin films.
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Fig. 6. Temperature vs. time curves of (a) Chlorophyllin:Phthalocyanine thin films and (b) Chlorophyllin:Fe304@Cu,xS thin films with different ratios under white-
light irradiation. AVTs of all films are kept at 85%. White light intensity is 0.1 W/cm? The room temperature is 22 °C.

are all uniform with smooth top surfaces and coherent interfaces with
the substrates. The thicknesses of the films range between ~556 nm and
825 nm, responsible for high transparency.

The as-deposited thin films were characterized by UV-vis/IR ab-
sorption and transmittance. Fig. 5 shows the UV-vis/IR transmittance
and absorption spectra of the hybrid thin films. All thin film samples
were controlled to exhibit AVT of 85%. A PEG coated thin film with 90%
of AVT was used as control. As shown in Fig. 5, the absorption intensities
of all thin films are much lower than those of the solutions due to very
thin films containing a fraction of PEG. However, it is quite consistent
with the solution data shown in Fig. 2; by increasing the concentration of
phthalocyanine in the base thin film of chlorophyllin, the chlor-
ophyllin’s peak at 404 nm begins to decrease significantly (Fig. 5a),
while the peak at 630 nm is considerably broadened. Correspondingly,
the visible range transmittance of the 1:3 hybrid remains at 85% (cyan

curve in Fig. 5b). A similar behavior is observed from the hybrid of
chlorophyllin:Fes04@Cus.S. As shown in Fig. 5c, the 404 nm peak of
chlorophyllin is significantly suppressed by increasing the concentration
of Fe304@Cuy.xS. However, the 630 nm peak is only slightly modified at
1:3 (cyan curve in Fig. 5¢). As can also be seen in Fig. 5c, there is a broad
IR absorption between 700 nm 1400 nm for the hybrid 1:3 due to
increasing amount of Fe304@Cus.xS. Note that pure chlorophyllin and
phthalocyanine have no NIR absorption. Accordingly, the visible
transmittance is also maintained at 85% for hybrid 1:3 (cyan curve in
Fig. 5d).

To investigate the effects of optical absorption on photothermal be-
haviors, the heating/cooling curves were experimentally obtained and
presented in Fig. 6 for the thin films of chlorophyllin:phthalocyanine
and chlorophyllin:Fes04@Cus4S hybrids. Note that all films were
adjusted via concentration and thickness to exhibit AVT of 85% under
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Fig. 7. Temperature vs. time curves of (a) chlorophyllin, (b) phthalocyanine,
(c) chlorophyllin:phthalocyanine (1:0.5), (d) Fe304@Cus.xS, (e) chlorophyllin:
Fe304@Cup xS (1:3) films under white-light irradiation in photothermal
generator (PTG) with thermal insulation. Light power density vs. number of
layers for the (f) chlorophyllin, (g) phthalocyanine(h) chlorophyllin:phthalo-
cyanine (1:0.5), (i) Fe304@Cu,xS, and (j) chlorophyllin:Fe;0,@Cus.xS (1:3)
films. White light intensity is 0.1 W/cm? The room temperature is 22 °C.

white light irradiation. As shown in Fig. 6a, the temperatures of the
chlorophyllin and phthalocyanine thin films respectively increase up to
13.39 °C and 12.53 °C from room temperature in 10 min under white
light irradiation (0.1 W/cm?). Consistent with the absorptions of
chlorophyllin and phthalocyanine (Fig. 5a), the UV absorption peak of
the former is much greater than the latter, responsible for more efficient
heating effect. The heating curves of all hybrids are between those of
pure chlorophyllin and phthalocyanine (Fig. 6a). It is also consistent
with the absorptions (Fig. 5a and c¢) that the chlorophyllin film (1:0,
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black curve) and the Fe304@Cus4S film (0.1 purple curve) heat up to
13.39 °C and 15.34 °C, respectively (Fig. 6b) due to considerable IR
absorption in Fe304@Cus4S. As can also be seen in Fig. 6b, all other
hybrids of chlorophyllin/Fe304@Cus.«S fall between the heating curves
of pure chlorophyllin (1:0) and Fe3O04@CuzS (0:1). Although chlor-
ophyllin exhibits a strong UV peak at 404 nm, hardly any absorptions in
the IR range. The broad IR absorption of Fe304@Cuy.S is therefore
responsible for the more pronounced heating effects.

As described above, since all films are transparent, light can then
pass through multiple layers, generating heat on each one. Fig. 7 shows
heating behaviors and light power density attenuation of the chlor-
ophyllin, phthalocyanine, chlorophyllin:phthalocyanine (1:0.5),
Fe304@Cuy.xS, and chlorophyllin:Fe3O4@Cus.xS (1:3) films in a pho-
tothermal generator (PTG) (Fig. 1). As shown in Fig. 7a—e, the temper-
atures of the top layers for chlorophyllin, phthalocyanine, chlorophyllin:
phthalocyanine (1:0.5), FesO4@Cuz.xS, and chlorophyllin:Fe3O4@Cus.
xS (1:3) films can reach up to 33.3 °C, 32.7 °C, 32.6 °C, 33.8 °C, and
32.4 °C, respectively. Expectedly, the incident light experiences some
attenuation as passing through multiple layers. Note that the light power
density on the first (top) layer is a constant at 0.1 W/cm? for the PTG
heating measurement. As shown in Fig. 7f-j, due to high transparencies
of the films (85%AVT), the light power densities at the fifth layers in the
cuboid can still reach power densities ranging from 0.05 to 0.06 W/cm?.
These film characteristics are particularly important in solar harvest and
energy generation through multilayers in a three-dimensional (3D)
fashion.

The molecular behaviors of the hybrids were studied with Raman
spectroscopy. In this study, the excitation laser frequencies of Raman
scattering were at 442 nm, 514 nm, and 633 nm. All samples were drop-
casted on an aluminum foil. An earlier Raman study [24] on chlor-
ophyllin and phthalocyanine showed close correlations between the
absorptions and Raman peaks: the Raman peaks are significantly
intensified if the excitation laser frequency is close to the absorption
peak. As shown in Fig. 8a for chlorophyllin, the Raman peaks are
identified as molecular vibrations involving bonds of the porphyrins,
corresponding to the photon absorptions at UV and NIR. It is quite
consistent with the absorption peaks at 404 nm and 603 nm for chlor-
ophyllin that all Raman peaks are well enhanced by the excitations of
442 nm and 633 nm lasers while those are less intensified by the 514 nm
laser due to low absorptions in the visible range (Fig. 8a). In a similar
way, the Raman peaks of phthalocyanine are very sharp and strong as
excited by the 442 nm and 633 nm laser since this porphyrin compound
has a broad NIR absorption between 600 nm and 730 nm. One can also
notice the UV absorption of phthalocyanine, responsible for consider-
able Raman peaks excited by 442 nm laser. There are virtually no Raman
responses for the 514 nm laser for the same reason that phthalocyanine
is quite transparent in the visible band.

As shown in Fig. 2¢, Fe304@CuyS is characteristically exhibiting a
wide IR absorption above 700 nm. Correspondingly, the sample excited
by the 633 nm laser results in significant Raman peaks, and practically
none is observed for the 514 nm laser. Only a small peak is visible for the
633 nm laser due to considerable UV absorption. The Raman peak at
474 cm! is identified as the S, ions of CuS [38], while the one at 670
em ! is associated with the Fe304 nanoparticles (Fig. 8c) [39].

Fig. 9 shows that the Raman spectra of chlorophyllin:phthalocyanine
hybrids excited by the 442 nm laser. As shown in Fig. 9, the Raman
peaks are consistently modified by the ratios of chlorophyllin:phthalo-
cyanine from pure chlorophyllin (1:0) to pure phthalocyanine (0:1). At
wavenumber 1525 cm ™+ [40], the Raman peak for 1:0 is consistent with
that as shown in Fig. 8a for pure chlorophyllin (black curve) without any
Raman peak from phthalocyanine. As more phthalocyanine is incorpo-
rated into the base chlorophyllin solution, a peak appears at 1525 cm ™}
for ratio 1:0.5 (red curve). Thereafter, the same peak intensifies at 1:1
(green), 1:2 (blue), 1:3 (cyan), and finally 0:1 (purple). This consistent
Raman peak intensity enhancement indicates graduate increase of
phthalocyanine fraction in the chlorophyllin base solution, that is
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Fig. 8. Raman spectra of (a) chlorophyllin, (b) phthalocyanine, and (c) Fe304@Cus.«S on an aluminum foil (which is laid on a micro slide), excited by 442 nm, 514

nm, and 633 nm lasers at room temperature.
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Fig. 9. Raman spectra of chlorophyllin:phthalocyanine hybrids of different
ratios excited by 442 nm lasers at room temperature.

responsible for the modified optical behaviors as shown in Fig. 2.

Consistent Raman spectra were also obtained for the hybrids of
Chlorophyllin:Fe304@Cus4S as shown in Fig. 10. As can be seen in
Fig. 10 for excitation of 442 nm, the Raman spectrum of chlorophyllin
(black) with increasing amount of Fe304@Cuy4S gradually involves
from the base compound (1:0) to ratio 1:0.5 (red), 1:1 (green), 1:2
(blue), 1:3 (cyan), and finally pure FesO4@CuzS 0:1 (purple), which
are consistent with those shown in Fig. 8a and c. The Raman spectra of
the Chlorophyllin:Fe304@Cus.S hybrids for the 1:0.5 ratio can be seen
to exhibit Raman peaks assigned to both compounds: at 481 cm ™" for
Fe304@Cus4S, and at 1373 cm ! and 1584 cm ! for chlorophyllin. By
increasing the proportion of Fe304@Cus.4S, its Raman peak at 479 em ™!
consistently increases from 1:0 (black) to 0:1 (purple). These Raman
data indicate that the compositional variations in the hybrids can be
continuously and congruently altered for spectral tuning purposes.

The thermal energy (Q) is defined as the heat generated by a
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Fig. 10. Raman spectra of chlorophyllin: Fe30,@Cus,4S hybrids of different
ratios excited by 442 nm lasers at room temperature.

photothermal thin film and it can be expressed as, where Q is the input
energy (solar simulator) and At is heating period [23,25]. In this
research, the heating time is 10 min. Fig. 11 shows the thermal energy
and power generated by each layer in the PTG. The calculated results are
summarized in Table 1 and Table 2. As shown in these tables, the total
thermal energy for chlorophyllin:phthalocyanine (1:0.5) and chlor-
ophyllin: Fe304@Cus4S (1:3) for five layers are, respectively, 3264.02 J
and 3586.83 J; and the total power generated for chlorophyllin:phtha-
locyanine (1:0.5) and chlorophyllin: Fe304@Cusy4S (1:3) for five layers
are, respectively, 5.44 W and 5.98 W. As a result of spectral tuning by
compositional optimization, the hybrid materials can generate consid-
erably greater total thermal energy and overall power than those by the
pure compounds. The enhanced energy generation can be well corre-
lated to the optical characteristics of the hybrids based on the intensified
absorptions near UV and IR regions. Fig. 12 shows the energy density vs.
number of layers for the hybrid films in the PTG. The calculated energy
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Fig. 11. (a) Thermal energy versus number of layers and (b) power versus number of layers in the cuboid as shown in Fig. 1.

Table 1

Thermal energy (J) generated for different numbers of layers in the photothermal generator.

Number of layers Chlorophyllin (J) Phthalocyanine (J) Fe304@Cuz,4S (J)

Chlorophyllin:Phthalocyanine (1:0.5), (J) Chlorophyllin:Fe304@Cus, S (1:3), (J)

1 646.15 547.99 804.91 920.10 1114.50

2 1166.89 913.75 1541.38 1548.97 1701.64

3 1494.99 1087.86 2052.59 2165.66 2380.78

4 1918.35 1186.29 2351.41 2877.70 3042.28

5 2049.33 1235.15 2636.65 3264.02 3586.83
Table 2

Power (W) generated for different numbers of layers in the photothermal generator.

Number of layers Chlorophyllin (W) Phthalocyanine (W) Fe304@Cuz4S (W)

Chlorophyllin:Phthalocyanine (1:0.5), (W) Chlorophyllin:Fe304,@Cus«S (1:3), (W)

1 1.08 0.91 1.34
2 1.94 1.52 2.57
3 2.49 1.81 3.42
4 3.20 1.98 3.92
5 3.42 2.06 4.39

1.53 1.86
2.58 2.84
3.61 3.97
4.80 5.07
5.44 5.98

- * Chlorophyllin
= Phthalocyanine
. Fe;O.@CuZ-,S
» Chlorophyllin:Phthalocyanine
Chlorophyllin:Fe;0,@Cu;-,S

Energy Density

Number of layers

Fig. 12. Energy density versus number of layers in the cuboid as shown
in Fig. 1.

Table 3

density results are summarized in Table 3. As shown in Table 3, the total
energy density for chlorophyllin:phthalocyanine (1:0.5) and chlor-
ophyllin: Fe304@Cua.«S (1:3) for five layers are 10043130.462 J/m® and
11036398.154 J/m?>, respectively, much greater than their single layer
counterparts, showing amplified thermal energy by number of the
transparent layers, which is the key novelty of 3D solar harvest.

4. Discussion

One of the key issues in this study deals with the structural and
compositional effects on the photonic behaviors of porphyrin-based
hybrids. For energy applications, spectral selectivity is crucial espe-
cially in solar harvesting via transparent thin films. For more efficient
solar harvest, there is an increasing need to design and develop unique
hybrids with the engineered properties. In this study, we identified both
porphyrins and iron oxides for constructing unique porphyrin-based
hybrids with spectral tunability. One of the challenges, however, lies
on making congruent solutions between different material systems.

Energy densities (J/m®) for different numbers of layers in the photothermal generator.

Number of Chlorophyllin (J/ Phthalocyanine (J/ Fe304@Cu,,S (J/
layers m®) m?) m®)

Chlorophyllin:Phthalocyanine (1:0.5), (J/  Chlorophyllin:Fe304@Cu,4S (1:3), (J/

1988163.692
3590418.462
4599969.231
5902615.385
6305621.538

1686112.615
2811544.615
3347257.846
3650123.077
3800470.154

2476656.000
4742717.538
6315662.769
7235113.846
8112771.692

[SLIE U R SR

m®) m®)

2831084.308 3429216.000
4766056.615 5235823.385
6663577.846 7325484.923
8854465.846 9360869.538

10043130.462 11036398.154
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Among the porphyrins, chlorophyllin is known to be a water-soluble
compound, and only slightly soluble in chloroform and alcohol, while
phthalocyanine can be partially dissolved in DMSO and THEF.
Fe304@Cuy.4S, as an oxide, is structurally and compositionally different
from the porphyrins. The nanoparticles of Fe304@Cuy4S can be
dispersed in toluene, chloroform, and THF. Since the water-soluble
chemicals can be dissolved in THF, we developed a chlorophyllin
aqueous solution in THF. In the same fashion, we were able to develop
uniform solutions of phthalocyanine and Fe3O4@Cuy.«S in THF. Based
on these THF solutions, various hybrids were synthesized successfully
with different ratios and congruently mixed with PEG for deposition of
thin films via spin coating.

The photothermal effects of the porphyrins and iron oxides have
been reported previously with different mechanisms [23]. The photo-
thermal effects of metals and semiconductors are attributed to the
so-called localized surface plasmon resonance (LSPR) [41-43]. A
localized plasmon is the result of the confinement of a surface plasmon
in a nanoparticle smaller than the wavelength of the incident light. A
nanoparticle’s response to the oscillating EM field can be described by
the so-called dipole approximation of Mie theory [44]. The extinction
cross-section of a particle depends on the dielectric function of the metal
of which the particle is composed. This gives rise to very different ab-
sorption and scattering characteristics for different metal nanoparticles.
At plasmonic resonance, the electric fields near the particle’s surface are
greatly enhanced, responsible for the photothermal effect. LSPR is
mainly responsible for metals with large charge carriers. The porphyrin
compounds are lacking of charge carriers, and their photothermal effects
are identified to be associated with the molecular vibrations due to
white light irradiation [23].

In Raman scattering, the laser light interacts with molecular vibra-
tions of porphyrins, associated with phonons and electrons in the sys-
tem, resulting in the energy shift of the laser photons. Stokes or anti-
Stokes radiations are related to the vibrational energy levels in the
ground electronic state of the molecule. Therefore, the Raman peaks
shown in Figs. 9 and 10 are the direct measures of the molecular
vibrational energies of in the hybrids. With three different lasers, 412
nm, 514 nm, and 633 nm, the Raman peaks are identified for both
porphyrins [45] and Fe304@Cusy«S [46]. The Raman peak of phthalo-
cyanine between 1518 and 1530 cm™! corresponds to the main mac-
rocycle stretching vibration [47]. The effects of hybrid on Raman peaks
are clearly evident in Fig. 8. It can be seen in Fig. 9, the Raman peaks of
chlorophyllin:phthalocyanine hybrids are shifted from 1518 cm™! (pure
phthalocyanine) to 1526 cm ! (Fig. 9¢), due to the interaction between
phthalocyanine at 1518 cm ™! and chlorophyllin at 1565 cm™!. By
changing the ratio of components, the Raman peak intensities experi-
ence graduate changes as shown in Figs. 9 and 10, indicating the
continuous compositional evolution of the hybrid. In this fashion, the
structures and compositions of the hybrids can be controlled for opti-
mum optical properties in various energy applications. The experi-
mental results show the significant increases in thermal energy and
power generated by multiple transparent thin films in the PTG system
(Fig. 11). As shown in Fig. 12, the energy density in the cuboid increases
from 2831084.308 J/m® to 10043130.462 J/m°® for chlorophyllin:
phthalocyanine (1:0.5), a factor of 3.5; and from 3429216 J/m® to
11036398.154 J/m® for chlorophyllin:Fes04@Cusy xS (1:3), a factor of
3.2 by increasing the number of layers from 1 to 5. These results indicate
that both thermal energy and power can be further increase by adding
more transparent layers.

A previous work utilized Fe304@Cu2-XS and chlorophyllin films for
solar harvesting and photothermal energy generation [26]. However,
both Fe304@Cu2-XS and chlorophyllin are synthetic compounds with
given absorption characteristics. As shown in Fig. 2, the hybrids are
spectrally tunable via compositional combinations. As a result of their
structural flexibilities, the spectra of the hybrids can be compositionally
altered for the optimum characteristics, i.e. even higher absorptions in
the near UV and IR regions and further improved AVT. The optimized
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optical and spectral characteristics will further enhance the efficiencies
of solar harvesting and energy generation.

5. Conclusions

The novelty of this research lies on the design and synthesis of new
porphyrin hybrids that exhibit not only strong absorptions preferentially
in the near UV and IR regions, but also high average visible trans-
mittance in the visible band. These unique photonic behaviors render
the films optically transparent for photon collection through multiple
layers in a 3D fashion. This new approach will profoundly transform
solar harvesting from the conventional 2D to novel 3D structures for
significantly increased solar harvesting surface area. Upon 3D solar
harvesting, thermal energy is to be generated via a multilayer system
that functions as an efficient solar light collector, energy converter and
generator with much higher energy density. The experimental results of
study demonstrate a concept of “Photo Thermal Generator” that can
further convert heat to other forms of energy, such as electricity through
thermoelectric.

In this study, we have designed and synthesized porphyrin-based
hybrids, namely, chlorophyllin:phthalocyanine and chlorophyllin:
Fe304@CuaS via controlled compositional combinations. The UV-Vis
spectra of these hybrids are characterized and correlated to the com-
ponents of chlorophyllin, phthalocyanine, Fe304@Cusy.S, and their
hybrids. It is found that the optical spectra of the hybrids can be
compositionally tuned by the ratios of the hybrid components resulting
in well-enhanced absorptions in the UV and IR regions, while main-
taining high AVTs for 3D solar harvest through multiple layers in a PTG.
Using the solution method, uniform and transparent films of hybrids
have been deposited on glass substrates for spectral selective solar
harvest and photothermal energy generation. As the hybrid films are
highly transparent, solar light is able to pass through multilayers and
generate sufficient thermal energy in the photothermal generator. In this
fashion, 3D solar harvest is achieved through multilayers with signifi-
cantly increased energy density for both chlorophyllin:phthalocyanine
(1:0.5) and chlorophyllin:Fe304@Cuy xS (1:3) hybrids. With only five
transparent layers, the energy densities of both hybrids have increased
by factor of 3.5 for chlorophyllin:phthalocyanine and 3.5 for chlor-
ophyllin:Fe3O4@Cus.xS. Raman spectroscopy results show consistent
structural evolutions in the hybrids with varied ratio of the components.
By controlling the ratio of each component, the optical absorptions can
be systematically tuned in both chlorophyllin:phthalocyanine and
chlorophyllin:Fes04@CuyxS for optimized solar harvest and photo-
thermal energy generation.
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