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To advance the application of renewable biowaste in the renewable energy field, biowaste-derived
natural dyes (BND) and biowaste-derived carbon materials (BCM) were individually prepared from five
common flowers as raw materials and then facilely integrated into dye-sensitized solar cells (DSSCs).
The five extracted BNDs contained anthocyanins with subtly different molecular structures, which were
employed as photosensitizers to assemble mono-biowaste based devices with a Pt counter electrode,
each of which showed a significantly different conversion efficiency (), varying from 0.17% to 0.43%.
The five pyrolyzed BCMs with an amorphous structure were used as counter electrodes to configure
mono-biowaste based devices with the photosensitizer N719, and their 5 values ranged between 1.08%
and 2.13%. The high efficiency of the BCM-based devices was mainly derived from their unique
microstructure and the N,S-codoped oxygen-group-containing carbon skeleton of the BCM, which
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provided more catalytic active sites for reduction of the electrolyte. A dual-biowaste device based on
crape myrtle violet flower with an n of 0.181% was finally fabricated by using the corresponding BND
DOI: 10.1039/d5ya00086f and BCM. Moreover, a combination strategy was carried out by introducing the BND extracted from

willow leaf into the cell with the pyrolyzed crape myrtle violet flower BCM, resulting in an enhanced
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1. Introduction

In the low-carbon era, the utilization of renewable energy
through devices made of renewable materials has become an
inevitable development tendency.' As a cost-effective, colorful,
and flexible photovoltaic device, dye-sensitized solar cells
(DSSCs) consisting of a photosensitizer, photoanode, electro-
lyte and counter electrode, can convert solar energy into
electrical energy for human consumption.”” Two kinds of
renewable materials in daily life, i.e., biowaste-derived natural
dyes (BND) and biowaste-derived carbon materials (BCM), can
be facilely integrated into the DSSCs as the photosensitizer and
counter electrode,® ™ respectively. Utilizing both BND and BCM
in the energy conversion field enables high-value-added use of
renewable biowaste, which is otherwise commonly disposed
through landfilling and incineration.
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The photosensitizers in DSSCs play an indispensable role in
absorbing sunlight and transforming photons to electrons.®
Although the classical ruthenium complex dye (N719) used as
the photosensitizer in these devices exhibits a remarkable
conversion efficiency () of 12.3%, it has several disadvantages,
such as the resource scarcity and high cost of the noble metal
ruthenium."® To solve this problem, an alternative approach is
the replacement of the N719 by BNDs, owing to their impressive
features including abundance, easy preparation, and eco-
friendly nature. BNDs have been extracted from natural leaves,
stems, fruits, roots, hulls, flowers, etc.** In ancient China, BNDs
with coloring compositions were broadly applied in dying
textiles.'”> At present, BNDs in the form of carotenoids, flavo-
noids, chlorophylls, and anthocyanins have been introduced as
the photosensitizer in the DSSCs."?

The counter electrode in DSSCs serves to collect the external
electrons and to reduce the electrolyte.'* The noble metal Pt is a
typical electrode catalyst due to its high catalytic activity. Never-
theless, the high cost, resource scarcity, and poor stability of Pt
films in corrosive electrolytes (leading to the formation of Ptl,)
limit its widespread application.">"® Accordingly, renewable
BCMs have attracted attention as electrode catalysts to replace
Pt, due to their relatively low cost, excellent chemical stability,
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and reasonable catalytic properties.®'”'® In particular, using
BCMs avoids the complex synthesis processes associated with
other carbon materials, such as carbon nanotubes,'® carbon
black,?® and graphene.> BCMs have been fabricated using the
same biowastes employed for BND extraction through simple
high-temperature pyrolysis.*>** The obtained BCMs have been
applied in many technological fields other than DSSCs, for exam-
ple, water purification,” gas adsorption,> supercapacitors,*® and
lithium/sodium ion batteries.?””*® To date, limited work to realize
the full potential of pyrolyzed flower BCMs in DSSCs has been
performed. At the same time, previous research into wood- and
leaf-derived BCMs has revealed that the 1 of BCM-derived DSSCs is
highly dependent on the morphology and microstructure of the
BCM, which mainly originate from the biowaste selected.'”*82%3°
In particular, to our knowledge, a few reports have paid close
attention to the integration of a renewable BND and BCM in the
same device to replace the N719 photosensitizer and Pt catalyst,
respectively.

Colorful and diverse flowers adorn a beautiful world. Unfor-
tunately, they instantly become biowaste after withering. In this
research, to advance the application of renewable biowaste
in the renewable energy field, BNDs and BCMs were first
individually prepared using five common flowers as raw mate-
rials via the facile techniques of ethanol extraction and one-step
pyrolysis, respectively and were then employed to assemble
renewable-flower-based DSSCs with mono-biowaste-based and
dual-biowaste-based modes. In the dual-biowaste-based mode,
the BND and BCM were employed as the photosensitizer and
counter electrode catalyst, respectively, as shown in Fig. 1. The
flowers employed were lotus, oleander, crape myrtle violet,
crape myrtle white, and hibiscus. Some of these flowers, such
as the two crape myrtle varieties, were introduced into DSSCs
for the first time in this study. Furthermore, we focused on a
combination strategy for strengthening the photovoltaic pro-
perties of the dual-biowaste-based DSSCs by introducing a
willow-leaf-extracted BND into a cell with the pyrolyzed crape
myrtle violet flower BCM, resulting in an enhanced # of 0.32%.

In terms of the scientific novelty or advancement in this
study, there are several aspects: (1) Although several of the
flowers used have already been reported in the literature as
sensitizers, crape myrtle violet flower and crape myrtle white
flower are employed here for the first time to prepare natural
dyes for DSSCs. Furthermore, the solid residues of these
five flowers were simultaneously pyrolyzed to fabricate carbon
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materials as counter electrodes for DSSCs, which has never
been reported before. (2) Despite the low photovoltaic efficien-
cies of these biomass-based DSSCs, we designed several
improvement strategies to achieve better performance. For the
dual-biowaste-based mode, a biomass with good light absorp-
tion performance may not necessarily have good catalytic
performance. Hence, we conducted cross-combination studies
of different BNDs and BCMs. In addition, we explored the
co-sensitization strategy to compensate for the weak light
absorption ability of a single natural dye. (3) The study on the
morphological and structural characteristics of renewable pyro-
lyzed flower BCMs has yielded some interesting findings, which
can provide a reference for the current research into negative
electrode materials for sodium ion batteries. For example, the
flakes with nanopores and amorphous structure of the BCM
could be partially split up into independent nanobelts after
milling.

2. Experimental details

2.1. Fabrication of BNDs and BCMs

Five species of fresh flowers were collected from the corres-
ponding plants in the central part of China. The petals were
detached from the flowers and used as the raw materials to
synthesize the BNDs and BCMs. The petals were first washed to
remove pollutants, dried at room temperature, and then heated
at 80 °C. The dried petals were milled to obtain the petal
powders for the BND extraction and BCM pyrolysis.

10 g of the petal powder was immersed in 100 mL ethanol
for 12 h at room temperature. The mixed solution was filtered
using filter paper to remove solid residue, producing the BND
extract solution. The extracted BND solution was stored at 4 °C
and used for the sensitization of the TiO, photoanode.
The filtered solid residue was further pyrolyzed at 800 °C for
1 h in an N, atmosphere to form the BCM. The obtained BCM
was finally milled to give BCM powder for preparing the
BCM counter electrode. For brevity, the BNDs extracted from
the lotus flower, oleander flower, crape myrtle violet flower,
crape myrtle white flower, and hibiscus flower are referred to
as the BND-LF, BND-OF, BND-VF, BND-WF, and BND-HF,
respectively, while the BCMs pyrolyzed from those flowers
are respectively designated as BCM-LF, BCM-OF, BCM-VF,
BCM-WF, and BCM-HF.
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Fig. 1 Schematic of DSSCs consisting of natural anthocyanin dyes and natural carbon counter electrodes derived from renewable flowers.
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2.2. Configuration of devices

The DSSCs with a typical sandwich structure were configured by
stacking a BND-sensitized TiO, photoanode, an Lil/I, electro-
lyte and a BCM counter electrode. Although ITO has better
conductivity, FTO has better high-temperature resistance and
corrosion resistance, as well as lower cost. During the prepara-
tion of the photoanode and counter electrode of the DSCCs,
high-temperature sintering is required. Although AZO inexpen-
sive, its performance is inferior than those of ITO and FTO.
Considering the above, FTO was chosen for this study. The
BND-sensitized TiO, photoanode was prepared by immersing
the TiO, photoanode composed of mesoporous TiO, film and
FTO into the BND solution at room temperature for 24 h. The
dye loading amount is important for light absorption and
device performance. However, excessive adsorption of dyes
may clog the TiO, pores, hinder the penetration of the electro-
lyte and the transfer of charge and thus reduce the efficiency of
the DSSCs. The adsorption of a monolayer on the surface of
TiO, can ensure sufficient light absorption while avoiding the
adverse effects mentioned above, as shown in Fig. 1. Thus, we
removed the excess dye from the BND-sensitized TiO, photo-
anodes with alcohol. BCM electrodes with a carbon loading of
about 3 mg cm™> were prepared by coating a blended BCM
paste on FTO, followed by annealing in air at 120 °C for 2 h.
To obtain the blended paste, the BCM was ground in a mortar
with carboxymethyl cellulose (CMC) and aqueous alcohol. The
fabrication process of the TiO, photoanode and the Lil/I,
electrolyte was previously described.'”"*®

2.3. Characterizations and measurements

The ultraviolet-visible light (UV-Vis) spectra and Fourier trans-
form infrared (FT-IR) spectra of the BND solutions were
obtained using a double-beam UV-Vis spectrophotometer
(TU-1901, Persee, China) and an FT-IR spectrometer (Nicolet5700,
Thermo, USA), respectively. The FT-Raman spectra of the BND
solutions were measured using a FT-Raman spectrometer (Nicolet
1S50, Thermo, USA). The morphologies and microstructures of the
BCMs were observed using scanning electron microscopy (SEM;
EVO MA10, Zeiss, Germany) and high-resolution transmission
electronic microscopy (TEM; JEM-2100, JEOL, Japan). The crystal
structures of the BCMs were characterized using X-ray diffraction
(XRD; D8 ADVANCE, Bruker, Germany) with Cu Ko radiation. The
N, adsorption-desorption isotherms of the BCMs were recorded
using an automatic adsorption instrument (ASAP 2020M, Micro-
meritics, USA), under nitrogen at 77 K. The surface areas (Sggr) and
pore size distributions of the BCMs were calculated using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods, respectively. X-ray photoelectron spectroscopy (XPS) of the
BCMs was performed using a spectrometer (K-alpha, ThermoFisher,
UK) with monochromatic Al Ko radiation. Thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) of the dried
petals were recorded using a thermogravimeter (STA2500,
NETZSCH, Germany). These samples were heated to 1000 °C
at a rate of 10 °C min~ " in N,. Measurements of the Nyquist
plots and Tafel polarization curves were conducted with an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical workstation based on a symmetric cell con-
sisting of two identical counter electrodes and an electrolyte.
The photocurrent-voltage (J—V) performances of the devices
were measured under illumination with a standard light
intensity.

3. Results and discussion

3.1. Photovoltaic properties of renewable-flower-based DSSCs

The flower-extracted BNDs were first used as the photosensiti-
zer to assemble the mono-biowaste-based DSSCs with a Pt
counter electrode, and their /-V curves and photovoltaic para-
meters are illustrated in Fig. 2(a). The significant differences in
the  and short-circuit photocurrent density (Js.), both of which
have similar tendencies, are observed in the five BND-based
devices. According to the values of both parameters for the
devices, the five BNDs could be divided into three grades in the
sequence grade I > grade II > grade III. The oleander-flower-
derived extract was of grade I, that is, its device exhibited the
highest values of 1 (0.43%) and J,. (1.29 mA cm ™) among the
five BND-based devices. Grade II includes the two crape myrtle
flower extracts, which demonstrated almost same values of
and J,., while the grade III comprises the lotus and hibiscus
flower extracts. The y values of BND-VF, BND-WF, BND-HF, and
BND-LF are 0.30%, 0.30%, 0.18%, and 0.17%, respectively.
Moreover, the variation in the open-circuit voltage (Voc) and
fill factor (FF) of the five BND-based devices was relatively
small, with ranging 0.485-0.511 V and 0.59-0.65, respectively,
as displayed in Fig. S1 (ESIf). The above results indicate that
the enhanced J. is a dominant contribution to strengthening
the n of the BND-based device.

The pyrolyzed flower BCMs were then used as catalytic films
to assemble the mono-biowaste-based DSSCs with N719 photo-
sensitizer, and their J-V curves and photovoltaic parameters are
presented in Fig. 2(b) and Fig. S1 (ESIt). The 5 values of the
BCMs derived from the five flowers used in the devices followed
the sequence crape myrtle violet flower > crape myrtle white
flower > lotus flower > oleander flower > hibiscus flower,
which differs significantly from the trend observed in devices
employing the corresponding flower-derived BNDs. The values
of n are 2.13%, 1.91%, 1.56%, 1.21%, and 1.08% for BCM-VF,
BCM-WF, BCM-LF, BCM-OF and BCM-HF, respectively. The
high efficiency of the BCM-based devices is mainly due to
the large FF. To reveal the differences in their photovoltaic
performances, three representative BCMs, namely, BCM-VF,
BCM-WF, and BCM-HF, were further selected to understand
their comparative electrochemical performances. The charge-
transfer resistance (R.;) and exchange current density (J,) were
obtained from the Nyquist plots and Tafel polarization curves,
respectively, as displayed in Fig. 3. Specifically, the R. is
determined from the diameter of semicircle at high-frequency
in the Nyquist plot, while the J, corresponds to the intersection
of the tangent line of the Tafel zone and the extension line of
the zero bias. Obviously, BCM-VF and BCM-WF exhibited
smaller R.. and larger J, values than BCM-HF. This indicates
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Fig. 2 J-V curves and photovoltaic parameters of renewable-flower-based DSSCs with various modes. (a) Mono-biowaste-based cells using a BND dye
and Pt electrode; (b) mono-biowaste-based cells using N719 dye and a BCM electrode; (c) dual-biowaste-based cells using a BND dye and BCM

electrode.

that both the crape-myrtle-flower-derived BCMs have superior
catalytic activity for the reduction of tri-iodide (I;~) compared to
the hibiscus-flower-derived BCM, which is a key factor to endow
the devices with more outstanding photovoltaic performances.
Furthermore, the analogous electrochemical parameters of
BCM-VF and BCM-WF imply that both pyrolyzed crape myrtle
flower BCMs exhibit similar catalytic activity, resulting in the
similar photovoltaic properties for the cells.

As the crape myrtle violet flower provides both a pronounced
dye and the most excellent catalyst among the five flowers for
the devices, dual-biowaste-based DSSCs were fabricated using
BND-VF as the photosensitizer and BCM-VF as the electrode
catalyst. The corresponding J-V curve and photovoltaic perfor-
mance are shown in Fig. 2(c). Compared with the mono-
biowaste-based mode device, the 5 of the dual-biowaste-based
mode device obviously declines to 0.181%. However, the 5 of
the crape-myrtle-violet-flower-based device is far superior to
that of the hibiscus-flower-based one; the 5 value of the latter
cell is only 0.094%. The J-V curves of DSSCs using N719 and Pt
are shown in Fig. S2 in ESI,} and the n of the DSSCs reached as
high as 6.44%. The results indicate that the development of

950 | Energy Adv, 2025, 4, 947-957

fully biomass-based DSSCs remains in its early stages and
requires further advancement.

3.2. Spectral and structural characteristics of BNDs extracted
from renewable flowers

The UV-Vis technique provides necessary information on the
solar energy range absorbed by a dye. The obtained UV-Vis
absorption spectra of the BND solutions are demonstrated in
Fig. 4(a). All the BNDs are light yellow and soluble in ethanol,
and they exhibit a similar absorption range of visible light
wavelengths, mainly concentrated from 300 to 400 nm. Accord-
ing to the intensities and positions of the absorption peaks, the
five absorption curves could be classified into three styles,
which corresponded with the # and Js. values of the mono-
biowaste-based devices employing the natural dyes (Fig. 2a).
The oleander-flower-extracted BND-OF is of style I, while crape-
myrtle-flower-extracted BND-VF and BND-WF are both of style
II. Compared to the style II curves, the absorption peak of the
style I curve exhibits an ultraviolet shift and presents at 326 nm.
However, the absorption intensity of the style I curve in the
range from 350 to 400 nm approaches that of style II. Style III

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performances of the various BCM counter electrodes. (a) Nyquist plots; (b) Tafel polarization curves; (c) electrochemical

parameters extracted from (a) and (b).

includes BND-LF and BND-HF, which were extracted from lotus
and hibiscus flowers, respectively. The absorption intensity of
the style III curves is evidently lower than that of the other two
styles. Moreover, the conclusions reflected by the absorption
spectra are in good agreement with the transmission spectra
results shown in Fig. 4(b). Evidently, the strengthened photon
capture capability of the BND is a determining factor in indu-
cing the high n and J,. of the BND-based devices. As shown in
Fig. 2(a), the BCM-OF based DSSC exhibited the highest 5
(0.43%). Therefore, taking BCM-OF as an example, we mea-
sured the UV-Vis diffuse reflectance absorption spectrum of the
dye-adsorbed TiO, photoanode. As shown in Fig. S3 (ESIT), the
absorption range of the dye-absorbed TiO, photoanode was
mainly concentrated in the ultraviolet band, which made the
efficiency of the DSSCs much lower than that of commercial
dyes like N719.

The FT-IR technique was further employed to characterize
the flower-extracted BNDs. Fig. 4(c) presents the FT-IR spectra
of three BND solutions that represent the three styles of the
absorption spectra in Fig. 4(a). It is clear that the three natural

dyes display similar spectral profiles with different intensities,
indicating homologous main active ingredients in all the BNDs.
In the spectra of all the BNDs, the bands appearing at 1330-
1381 cm ' are assigned to the C-O angular deformations of
phenols, while the bands at 1454-1651 cm™ " correspond to the
C—C stretching vibration of aromatic rings.>* Note that the
intensities of the above peaks for BND-OF (style I) are obviously
stronger than those of the corresponding peaks for both BND-
VF (style II) and BND-HF (style III). In particular, the peak
observed at 1454 cm™ " for both BND-OF and BND-VF is shifted
to 1435 cm ™' for BND-HF. This suggests that the main active
ingredients in BND-OF and BND-VF have a more integrated
molecular structure compared to those in BND-HF, thereby
enhancing photon capture in the devices. Furthermore, the
peak at 1416 cm ™" is attributed to the C=N hydroxyl (-OH) or
-NH group. The two peaks near 2975 cm™ ' and 2894 cm™ " are
assigned to the symmetric stretching modes of CH, whereas the
broadest peak at 3376 cm ™" was assigned to the O-H stretching
vibration of the BND solutions, including water and ethanol.**
Obviously, the FT-IR results confirm the existence of anthocyanins
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Fig. 4 Spectral and structural characteristics of various flower-extracted BND solutions. (a) UV-Vis absorption spectra; (b) UV-Vis transmission spectra;

(c) FT-IR spectra; (d) chemical structure of anthocyanin in the BND and its
solution.
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with subtle structural differences as the main active ingredient
in all the flower-derived BNDs. The anthocyanin consists of an
aglycone or anthocyanidin moiety flanked with sugars and acyl
groups.®® This belongs to the flavonoid family with a flavylium
cation as the core unit. The anthocyanin can be anchored on the
TiO, surface by substitution of the surface hydroxyl moieties with
Ti(v) from the TiO, photoanode, creating an electron transfer
route.” The chemical structure of the anthocyanin and its bonding
interaction with the TiO, are shown in Fig. 4(d). The Raman
spectra in Fig. S4 (ESIt) were obtained to confirm the presence
of anthocyanins as the main active ingredients in the BNDs. The
peak at 1620 cm ™' is attributed to the C—=C stretching vibration of
the benzene ring, while the peaks in the range of 1050-1150 cm ™"
are ascribed to the stretching vibration of the glycosidic bond
(C-0-C). The peak at 1276 cm™* is assigned to the stretching
vibration of C-O on the benzene ring or the bending vibration
within the C-H plane, while the peak at 1453 cm™ " is assigned to
the C-H bending vibration or C-C stretching vibration of the
benzene ring. The peaks around 1300 cm™ " are related to the
vibrations of the -OH.

As revealed in Table S1 (ESIT), we tested other natural dyes,
including various leaves, petals, and peels, but the PCEs
obtained for the DSSCs were also much lower than those of
commercial dyes. Possible reasons include: (1) the narrow

Date 17 Apr 2018
Time 165537

View Article Online

Energy Advances

absorption spectrum range of natural dyes, (2) poor energy
level matching between natural dyes and semiconductors,
(3) easy photodegradation or chemical decomposition of nat-
ural dyes in electrolyte, and (4) non-conjugated groups of
natural dyes reducing charge separation efficiency. In addition,
the natural dyes obtained from the current experiment contain
other impurities. If further purification were carried out, the
PCE could be improved.

3.3. Morphological and structural characteristics of
renewable pyrolyzed flower BCMs

To explore the origin of the electrochemical performance of the
three representative BCMs, that is, BCM-VF, BCM-WF, and
BCM-HF, their morphological and structural features were
comparatively analyzed. The SEM images in Fig. 5(a)-(f) show
that the BCM-VF and BCM-WF derived from the two crape
myrtle flowers possess almost identical surfaces and fractures,
which are different to those of the BCM-HF prepared from the
hibiscus flower. A large number of mountain-chain-like flakes
with a thickness of less than 1 um are regularly arrayed on both
the BCM-VF and BCM-WF. The fine flakes have nano-scale
wrinkle-like microstructures, which resemble “terraced fields”
on the mountains. After milling the BCM, the flakes with
nanopores and amorphous structure could be partially split
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Fig. 5 Morphological and porous characteristics of various pyrolyzed flower BCMs. (a) and (b) SEM images of BCM-VF; (c) and (d) SEM images of BCM-
WF; (e) and (f) SEM images of BCM-HF; (g) pore size distributions of BCM-VF and BCM-HF.
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Fig. 6 TEM morphology of BCM-VF derived from crape myrtle violet flower.

up into independent nanobelts, as illustrated in the TEM
images (Fig. 6). In comparison, the unique wrinkle-like micro-
structures are nearly absent on the homologous flakes with less
quantity for BCM-HF. This implies that both BCM-VF and BCM-
WF possess higher surface area than the BCM-HF. In addition,
the pore size distributions of the BCM in Fig. 5(g) further reveal
that the volume of the pores in the BCM-VF, which range from 2
to 3 nm, is greater than that of those of BCM-HF, which also
brings about the larger surface area for the former BCM. The
values of Sy are 28.15 and 17.26 m* g~ for BCM-VF and BCM-
HF, respectively. Thus, the pyrolyzed BCM derived from crape
myrtle flowers, with its unique microstructure and larger
surface area, can offer more catalytically active sites for I3~
reduction than the BCM prepared from hibiscus flowers. This is
a key factor contributing to the enhanced catalytic performance
of the natural carbon materials.

The XRD patterns of the three representative BCMs are
shown in Fig. 7(a). It is obvious that all the carbon materials
have almost the same diffraction patterns, indicating their
extremely similar crystal structures. The existence of two broad-
ening diffraction peaks of (002) and (100) associated with
graphite characteristics implies that the skeletons of all the
BCM are of the glassy carbon type, which is a general structural
feature of the carbon materials derived from the cellulose-
based biowastes, such as leaves, paper and wood."®** Glassy
carbon consists of abundant and randomly oriented graphene
stacks, and the catalytic active sites are located at the edges of
the graphene stacks.”® Therefore, all the BCMs can contribute
to I;~ reduction in the counter electrode. Furthermore, several
tiny but clearly identifiable diffraction peaks can be also seen in
all the XRD patterns, indicating the presence of a few impu-
rities in the carbon skeletons of all the BCMs. These diffraction
peaks mainly correspond to five minerals, including calcite
(CaCO3), sylvite (KCl), wollastonite (CaSiO3), butschliite
(K,Ca(CO3),) and quicklime (Ca0).>**”

XPS was further used to extract the surface information of
BCM-VF derived from the crape myrtle violet flower. The XPS
survey spectrum in Fig. 7(b) shows that BCM-VF is mainly
composed of carbon and oxygen with an O 1s/C 1s atomic ratio
of 0.323. The high-resolution C 1s spectrum of BCM-VF in
Fig. 7(c) reveals a peak at 284.4 eV, which is attributed to
graphite-like carbon with a relative content of 84.48%, which

© 2025 The Author(s). Published by the Royal Society of Chemistry

is consistent with the XRD and TEM analyses (Fig. 6 and 7a).
The remaining two peaks at 285.2 and 287.2 eV are related to
the ether/alcohol and the carbonyl (C=0), respectively.>® The
presence of the oxygen-containing groups is confirmed by the O
1s spectrum in Fig. 7(d). The peaks at 531.1, 532.1, and 533.2 eV
are respectively ascribed to the carbonyl (C—=O0), the hydroxyl
(-OH) and non-carbonyl oxygen (ether structure) in the ester,
and the carboxyl (-COOH), with relative contents of 13.62%,
54.23%, and 32.15%. These oxygen-containing groups at the
sharp atomic edges in the BCM can act as the catalytic active
sites. More information can be obtained from Fig. 7(b), which
shows that four weak peaks occur at around 169, 233, 293, and
401 eV, which are attributed to S 2p, Si 2p, K 2p, and N 1s,
respectively. Among them, the amounts of sulfur and nitrogen
are 5.36% and 1.35%, respectively. The moderate amounts of
nitrogen and sulphur present in the BCM-VF enhance its
catalytic activity, owing to the high charge polarisation and
the asymmetric distribution of the atomic charge density in the
C atoms,*®?° respectively. Through fitting analysis, the sulfur
peaks were determined to be related to -C-SO;- and -C-SO,—
bonds (Fig. 7e), while the nitrogen peak is attributed to
hexagonal pyridinic-N and the quaternary nitrogen bound
within a graphitic-like framework (Fig. 7f)."° Furthermore, the
trace silicon and potassium observed indirectly indicates that
K- and Si-containing minerals were present in the BND-VF.
The formation of the amorphous carbon in BCM-VF from
the dried crape myrtle violet flower was explored using the TGA
and DTA techniques. As displayed in Fig. 7(g), the weight loss
behavior of the flower can be divided into four distinguished
stages with increasing temperature. In stage I (25-150 °C), the
mass loss of the sample with a remaining weight of 95.38 at
150 °C is mainly due to the moisture removal in the flower.
In the stage II (150-390 °C), the mass loss of the sample with a
remaining weight of 63.03% at 390 °C is mainly attributed to
the breakage of the hemicellulose and cellulose in the flower."”
Meanwhile, the first exothermic peak occurs at around 320 °C.
In stage III (390-700 °C), the mass loss of the sample with a
remaining weight of 32.27% at 700 °C is caused by the degrada-
tion of the lignin in the flower. At the same time, the second
and third exothermic peaks arise at about 453 and 516 °C,
respectively. Above 700 °C, stage IV of the formation and
graphitization of the glassy carbon in the BCM takes place,
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Fig. 7 Structure and surface characteristics of various pyrolyzed flower BCMs. (a) XRD patterns. (b) XPS survey spectrum and high-resolution scans of
the (c) C 1s, (d) O 1s, (e) S 2p and (f) N 1s regions of BCM-VF. (g) TGA and DTA curves of the dried crape myrtle violet flower used for BCM-VF preparation.

and 32.16% of the sample is left at the end of TGA experiment
conducted at 1000 °C. The final residues are mainly composed
of dual-doped amorphous carbon with minor mineral sub-
stances and chemical groups.

3.4. Combination strategy to strengthen dual-biowaste-based
DSSCs

To further enhance the 5 of the dual-biowaste-based DSSCs
derived from crape myrtle violet flowers, a potential approach
is to replace the BND-VF with another BND that exhibits
stronger photon-capturing ability. Previous research, including
research by our group, has revealed that BNDs extracted
from leaves containing chlorophyll acted as a main active
ingredient.”'""**'” The chlorophyll could be bonded to the
surface of TiO, via C*—O- - -TiO, coordination. Note that the
absorption range of the leaf-derived BND in visible-light is
generally wider than that of the flower-derived ones, indicating
a stronger photon-capturing ability of the former BND.
Considering the potential advantages of the leaf-extracted
BNDs, the willow leaves were used for the first time as a new

954 | Energy Adv., 2025, 4, 947-957

raw material for BND extraction using the same process, and
the resulting dye is denoted as BND-WL. The UV-Vis and FT-
Raman spectra in Fig. 8(a) and (b) confirm that the BND-WL
also possesses chlorophyll. Using the formula E = hc¢/A, band
gaps of 1.87 eV and 3.42-3.79 eV were calculated for the BNDs
derived from willow leaf and the five flowers, respectively,
where 7 is Planck’s constant, 4 is the wavelength of the
absorption spectrum peak, and c is the speed of light.® A narrow
band gap indicates strong photon-capturing ability of BND.
When BND-WL was used in the mono-biowaste-based DSSCs
with a Pt electrode, a higher n of 0.627% was obtained
in comparison with all the flower-extract BNDs, as shown in
Fig. 8(c) and (d). However, the pyrolyzed willow leaf BCM
exhibits weak catalytic activity, resulting in a low 5 (1.26%)
when used in the mono-biowaste-based device with N719
dye. Therefore, only the willow-leaf-extracted BND-WL was
employed as a photosensitizer to assemble dual-biowaste-
based DSSCs with the crape myrtle violet flower pyrolyzed
BCM-VF electrode. The y of this device increased to 0.32%,
which is 76.24% higher than that of the device with BND-VF dye

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) UV-Vis and FT-Raman spectra of BND-WL solution. (c) and (d) J-V curves and photovoltaic parameters of DSSCs using various dyes

and counter electrodes. (e) UV-Vis spectra of the mixed solution of BND-OF and BND-WL, and (f) their photovoltaic parameters in DSSCs with

a Pt electrode.

and a BCM-VF electrode, as shown in Fig. 8(c) and (d). Further-
more, BND-WL was also blended with BND-OF derived from the
oleander flower to prepare a mixed BND. Unfortunately, the
photovoltaic properties of the mixed BND used in the mono-
biowaste-based DSSC with a Pt electrode were not further
improved relative to those of BND-WL alone, mainly owing to
the negligible complementarity of the absorption spectra of
BND-WL and BND-OF, as demonstrated in Fig. 8(e), (f) and
Fig. S5 (ESIY).

4. Conclusion

Renewable-flower-based DSSCs, including both mono-biowaste-
based and dual-biowaste-based device modes, were assembled by
applying BND dye or/and a BCM counter electrode. In the mono-
biowaste-based devices with a Pt counter electrode, the BNDs
extracted from five flowers were adopted as photosensitizers, and
the devices exhibited » values varying from 0.17% to 0.43%.
Anthocyanins, the main active components of BNDs, have subtly
different structures, resulting in BNDs with varying light-capturing
abilities. These differences in light-capturing abilities are a key
factor contributing to the variation in photovoltaic performance
among the cells. In other mono-biowaste-based devices with N719
dye, the BCM composed of amorphous carbon from the five
pyrolyzed flowers are employed as the counter electrode catalysts.
The # values of the five flower-based devices followed the sequence
crape myrtle violet flower > crape myrtle white flower > lotus
flower > oleander flower > hibiscus flower. The highest efficiency
(2.13%) of the cell is mainly attributed to the unique microstruc-
ture and the N,S-codoped carbon skeleton with oxygen-containing
groups of the BCM derived from the crape myrtle violet flower,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which provide more catalytically active sites for electrolyte
reduction. As the crape myrtle violet flower can provide a
relatively pronounced dye and the most excellent electrode
catalyst among the five flowers for the DSSCs, a dual-
biowaste-based device with an # of 0.181% was fabricated by
employing the corresponding BND photosensitizer and BCM
electrode. Moreover, to improve the n of the above dual-
biowaste-based device, a willow-leaf-extract BND with enhanced
photon-capturing ability was further introduced to replace the
crape myrtle violet flower extract BND, giving rise to an
enhanced 7 of 0.32%.
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