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luminescent solar concentrators to improve the
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and Luciano F. Boesel *b

Fiber solar cells have attracted considerable interest in recent years for their agile integration with wearable

electronics. They have the unique advantage of collecting light from all directions. However, in daily use, the

incoming sunlight only covers the face-up surface area and a large portion of it is lost between fiber gaps,

leading to an unexploited device efficiency. In this work, wearable luminescent solar concentrators (LSCs)

are integrated with fiber solar cells to harvest additional photons and fully utilize the advantage of harvesting

light from all directions. Wearable LSCs made from an amphiphilic polymer conetworkmatrix and coumarin

6 luminescent dyes are applied to fiber dye-sensitized solar cells (FDSSCs). The results show a remarkable

FDSSC power conversion efficiency enhancement of 84%, LSC concentration factor of 1.57, and device

optical efficiency of 7.85%, attributed to LSC-assisted enlargement of the photon harvesting area,

recycling of lost photons, and utilization of the complete surface of FDSSCs. Using a Monte Carlo ray-

tracing simulation for optimizing the fibers' arrangement, a textile with multiple FDSSCs integrated with 3

cm2 LSCs exhibits a high-power output of 0.89 mW. The device shows a sustainable power conversion

efficiency even after 1000 bending cycles, which demonstrates its wearability. This is the first

experimental and computational demonstration of the integration of FDSSCs and wearable LSCs as

energy harvesting textiles, showcasing their potential as future wearable electronic systems.
Introduction

With the signicant development of wearable electronic
devices in recent years and the increased variety of functions
per device, the rise in electricity consumption is inevitable.1–3

For example, smart watches are promising portable devices
endowed with multiple functions, such as communication,
health monitoring, positioning, and navigation function.
However, high electricity consumption and limited size of the
device induced new challenges for the device operating life
span. Photovoltaics (PVs) provide an optimal option for real-
time power supply in a luminous environment as well as sus-
tained power supply aer being stored in batteries.4 Never-
theless, the disadvantages of conventional PVs, e.g., rigidity,
bulkiness, and stacked-lm structures, have restricted their
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integration with wearable devices and have hindered their
niche applications in portable/wearable electronics. The quest
for wearable PVs throws immense attention on the develop-
ment of ber solar cells.5–8 Fiber solar cells provide an agile
and robust integration with textiles and wearable electronics to
adapt to the irregular shape and surface of the body parts with
breathability and comfort, due to their brous structure, light
weight, and exibility.9–11 Besides, the inherent brous struc-
ture can use incident photons from all directions equally,
avoiding the pitfalls of angle-dependent efficiency. Nonethe-
less, the packed ber solar cell array on textiles results in loss
of photons in the gaps and a harvesting area employing only
face-up surfaces, as shown in Fig. 1(a). Therefore, to achieve
higher power conversion efficiency (PCE) per device, an
optimal luminous environment to harvest penetrating photons
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for Thin Films and Photovoltaics, Überlandstrasse 129, CH-8600 Dübendorf,

Switzerland

† Electronic supplementary information (ESI) available. See DOI:
10.1039/d1ta04984d

‡ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2021

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta04984d&domain=pdf&date_stamp=2021-11-27
http://orcid.org/0000-0002-2654-8352
http://orcid.org/0000-0003-0946-682X
http://orcid.org/0000-0002-6396-8938
http://orcid.org/0000-0002-2583-8593
http://orcid.org/0000-0002-2142-2945
http://orcid.org/0000-0003-4481-9651
https://doi.org/10.1039/d1ta04984d
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009046


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

3/
24

/2
02

2 
6:

32
:0

5 
A

M
. 

View Article Online
and utilize the shadowed area of ber solar cells via a wearable
material is needed.

Luminescent solar concentrators (LSCs) are devices with
transparent waveguide containing luminophores, absorbing
direct and diffusive lights, activating luminophores, and
concentrating the re-emitted light to the attached PVs.12–15

Moreover, with the choice of luminophores for LSCs, the
absorbed solar spectrum can be benecially shied according to
the PVs' spectral responsive wavelength.16,17 Adding LSCs is
a cost-efficient and effective way of ne-tuning the PVs' luminous
environment. To date, reports focused on non-wearable
concepts; either the attached PVs were bulky and rigid,18,19 e.g.,
silicon-based PVs, or the material choice for the LSC polymer
matrix was sturdy and solid,20,21 like poly(methyl methacrylate).
Integrated PV–LSC architectures with exible, lightweight, and
breathable abilities remained elusive. A careful selection of LSC
matrix materials is paramount for maintaining the agility of
textile integration in wearable electronics. In this regard, LSCs
with wearable polymer matrices, such as amphiphilic polymer
co-networks (APCNs), fall into the spotlight.22–24 The biphasic
APCNs are elastic, exible, permeable to small molecules, and
puncture-resistant coatings for textiles.24,25 Furthermore, APCNs
are capable of loading apolar dyes into the hydrophobic poly-
dimethylsiloxane (PDMS) phase and allow water vapor perme-
ability using the hydrophilic hydroxyethyl acrylate (HEA) phase,
which is an essential requirement for the textile application.
Fig. 1 Energy harvesting textile device overview, working principle, and d
(inset) the scheme showing the large loss of light due to gaps between fi

the utility of LSCs for collecting the penetrated light and hence the use o
scanning electron microscope image of a modified titanium wire phot
Schematic and atomic force microscope image of LSCs based on APCNs
two types of dyes (N719 and Y123) for FDSSCs, and the photoluminesce

This journal is © The Royal Society of Chemistry 2021
In this work, ber solar cells are integrated with exible LSCs
to realize a wearable energy harvesting textile, as shown in
Fig. 1(b). A ber dye-sensitized solar cell (FDSSC) was used as
the model due to the cell stability and the excellent PCE
performance.26,27 The FDSSCs are prepared by twisting a dye
absorbed photoanode ber and a carbon nanotube ber
counter electrode as shown in Fig. 1(c). The LSCs based on
APCNs have a 50 : 50 hydrophobic and hydrophilic phase
volume ratio and are doped with coumarin 6 (C6), as shown in
Fig. 1(d). In addition, in order tomonitor the C6 luminous effect
on the FDSSCs using the attached LSCs, two types of dyes with
different spectral responsive characteristics, namely N719 and
Y123, are selected. N719 is the most commonly used dye in dye-
sensitized solar cells for its stability and mature preparation
process and Y123 is selected for its relatively simple synthetic
procedure. And with the combination of cobalt electrolyte high
power conversion efficiency can be achieved. We selected both
dyes not only due to their unique properties and prevailing
usage in the DSSCs eld, but also the absorbance spectrum
difference, to monitor the different PCE performances under
LSC attachment. The absorbance spectrum of C6, N719, and
Y123 and the photoluminescence emission spectrum of C6 are
shown in Fig. 1(e). Furthermore, to gain an insight into how the
re-emitted light from the LSCs works on the FDSSCs, the PCE
enhancement is investigated at three LSC-attachment-positions
with respect to the FDSSCs (side, top, and bottom). Moreover,
evice component details. (a) Schematic of the FDSSC array on a textile;
bers. (b) Schematic of LSCs integrated with FDSSCs on a textile; (inset)
f the whole surface area of the FDSSCs. (c) Schematic of an FDSSC and
oanode twisted with a carbon nanotube fiber counter electrode. (d)
with nano-domains. (e) Absorbance spectrum of coumarin 6 (C6) and
nce emission spectrum of C6.

J. Mater. Chem. A, 2021, 9, 25974–25981 | 25975
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Fig. 2 The influence of side-attached LSCs on FDSSC performance.
(a) Scheme of the influence of side-attached LSCs with various lengths
on an FDSSC. (b) J–V curves of N719 and Y123 based FDSSCs at various
lengths of attached LSCs. (c) The enhanced PCE over the length of
attached LSCs with exponential decay fitted curves. (d) A ray-tracing
simulation and visualization of the coordination projection of the
photons that reached the FDSSC surface without, with one-side, and
with two-side attached LSCs. The FDSSC with two-side LSCs attached
has in-coming photons from all directions, around 360�. The photon
incoming direction is the z-axis.
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experimental data were corroborated by simulations – Monte-
Carlo ray tracing has been done to visualize photons' propaga-
tion and termination within the device. This is the rst exper-
imental demonstration and computational elaboration of
FDSSC and wearable LSC integration as energy harvesting
textiles, fostering future progress in this arena.

Results and discussion
FDSSC–LSC attachment geometries

Reports on the integration of LSCs with planar and rigid PVs are
ubiquitous in the literature.28–31 However, the integration of
wearable LSCs and thread-like FDSSCs with a curved surface
area has not been reported. Here, to get a fundamental picture
of the luminous effect of the LSCs on FDSSCs, three basic
attachment geometries, side, top, and bottom, have been
examined. The prepared LSCs were cut into several sizes and
attached to N719 and Y123 based FDSSCs. For the synthesis and
fabrication of the LSC lm and FDSSCs, we refer the reader to
the ESI (1).† All FDSSC specimens are 15 mm in length and
1 mm in diameter. The PCEs of the FDSSCs were recorded,
before and aer the LSC attachment, to evaluate the effect of the
luminous environment changes. Moreover, to have a statisti-
cally reliable experimental value to perform further compari-
sons with the simulation results and to explain the mechanism,
eight to eleven experiments for each sample were done. All the
raw data, the used parameters, and the dening equations as
well as the individual FDSSCs' EQE and dark current can be
found in the ESI (2).† A Monte Carlo ray-tracing simulation has
been performed for each set of empirical results to assist in
explaining, visualizing and further relating the photons' prop-
agation within the LSCs to the PCE variation of FDSSCs.
Simulation details are provided in the ESI (3).† In addition, for
all the measurements, the open-circuit voltage (Voc) is main-
tained while the short circuit currents (Isc) are varied under the
various attachment conditions of APCN LSCs to FDSSCs. This
implies that the intrinsic property of the FDSSCs is not altered
by the attachment of LSCs, and thus the changes of PCE, i.e., the
changes of individual FDSSC power output, are solely from the
variation in the luminous environment.

Side. Five lengths, 0, 0.5, 1, 1.5, and 2 cm, of LSCs were side-
attached to an FDSSC and tested, as shown in Fig. 2(a). The raw
data and statistical information can be found in Tables S1, S2,
S7, and S8.† A higher Isc in the device with LSCs than bare
FDSSCs has been observed, as displayed in the current density–
voltage (J–V) curve in Fig. 2(b), resulting in a higher PCE.
Remarkably, the improvement for N719 and Y123 is up to 42%
and 36%, respectively. The curves of the PCE enhancement
versus various LSC lengths are logarithmic for both FDSSCs, as
shown in Fig. 2(c). This is due to the nature of the luminescent
materials' self-absorption within the LSC matrix, which pres-
ents exponentially decayed emission intensity with regard to the
travel distance of a re-emitted photon.19 Moreover, both N719
and Y123 FDSSCs achieved remarkable PCE enhancement, with
the enhancement for the former (42%) being superior to the
latter (36%). This is attributed to the absorbance range differ-
ence, i.e., spectral responsiveness, of these two solar cell dyes, as
25976 | J. Mater. Chem. A, 2021, 9, 25974–25981
shown in Fig. 1(e). The emission wavelength of C6 is nearer to
the absorbance of N719 than Y123. Therefore, the re-emitted
photons from C6, which reached FDSSCs from side-attached
LSCs, can induce more efficient photoelectric transfer in the
N719 than the Y123 solar cell dye.

Furthermore, the utilized surface areas of the FDSSCs
without, with one-side, and with two-side attached LSCs have
been computationally visualized from the terminated photons
on the surface of FDSSCs, as depicted in Fig. 2(d). The
impinging photon direction is normal to the x–y plane, i.e.,
from the z-axis. Apparently, with the projected photon coordi-
nation on each plane, the side-attached LSCs not only increased
the number of harvested photons, but also utilized the unused
facedown part of FDSSCs, i.e., the right-side-attached LSCs
enable the right-facedown-side of FDSSCs to receive incoming
photons. Additionally, it should be noted that, for two-side
attached FDSSCs, the side-harvested photon number is
doubled. Hence, PCE enhancement is rationally doubled as
well, e.g., the PCE enhancement for N719 and Y123 was
measured to be 84% and 76%, respectively (Fig. S6†). The side-
attached LSC has demonstrated a drastic PCE enhancement via
enhancing the light-harvesting areas and re-directing the light
to exploit the whole surface area of FDSSCs.

Top. The scheme of the top attached LSCs is shown in
Fig. 3(a). Three different thicknesses (200, 400, and 600 mm) of
LSCs were tested. The raw data and statistical information can
be found in Tables S3, S4, S7, and S8.† The effect of top-covered
LSCs on the FDSSCs' PCE is negative, as the current density
dropped with an increase in LSC thickness, as shown in
Fig. 3(b). This is attributed to the fact that not only photons
from the LSCs are re-emitted, but also photons from the solar
light are absorbed and terminated (i.e. without re-emission) in
the LSCs. Fig. 3(c) shows the curves of PCE difference at various
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ta04984d
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covered LSC thicknesses. The curve of N719 based FDSSCs has
a relatively smoother initial PCE drop compared to Y123 based
FDSSCs. This can be explained by the change of photon
numbers in each wavelength, aer passing through LSCs to
FDSSCs.

In the range of C6 absorption (ca. 400–500 nm), the
incoming light intensity is hence reduced. As for the C6 emis-
sion (ca. 500–600 nm), the light intensity increases. From the
ray-tracing simulation, by extracting information from the
terminated photons in the FDSSC model, the wavelength of
each terminated photon can be recorded. The blocked and re-
emitted photons crossing various wavelengths under the
different cover thicknesses of LSCs are shown in Fig. 3(d). The
number of photons at the wavelengths between 500 and 600 nm
indeed rises; however, this increase does not compensate the
drastic plunge between 400 and 500 nm at greater thicknesses.
Besides, more photons are wave-guided to the sides of LSCs
with thicker LSCs. This is another reason for the loss of light
from the top-covered LSCs. Hence, a good usage of the re-
emitted light wavelength (500–600 nm) of N719 leads to
a smaller drop for 200 mmbut still cannot compensate for all the
terminated light. Consequently, from the top-covered thickness
of 400 mm on, when the re-emitted light is much less prominent
than the terminated light, a bigger PCE drop is expected. The
top-covered results show, in principle, a negative effect on
FDSSCs due to the imbalance of re-emitted and blocked
photons. In the future, these issues could be tackled by placing
a dichroic mirror or Bragg reector on top of the device to
harness the wave-guided lost photons, as already applied for
tandem-attached LSCs for planar PVs.17,22,32,33

Bottom. The scheme of the bottom attached LSCs is shown
in Fig. 4(a). Four different positions of APCN LSCs were tested,
including one directly at the bottom (position 1) and three
Fig. 3 The influence of the top covered LSCs on FDSSC performance.
(a) Scheme of the influence of the top covered LSCs with various
thicknesses on FDSSCs. (b) J–V curves of N719 and Y123 based
FDSSCswith various thicknesses of top covered LSCs. (c) Reduced PCE
over various thicknesses of top covered LSCs (lines to guide the eye
only). (d) The counts and wavelength of photons terminated on FDSSC
surfaces via ray-tracing simulation. The imbalanced counts of blocked
(400–500 nm) and re-emitted (500–600 nm) photons of top-covered
LSCs caused a negative effect on FDSSC performance.

This journal is © The Royal Society of Chemistry 2021
extended lengths (positions 2, 3 and 4) with each having a size
of 15 mm length, 1 mm width, and 200 mm thickness. The raw
data and statistical information can be found in Tables S5, S6,
S7, and S8.† The Isc increased with more attached bottom LSCs,
as the current density increased as shown in Fig. 4(b). In
addition, as shown in Fig. 4(c), the PCE enhancement varied
with different positions. For the direct-down piece (position 1),
PCE slightly increased, for the 1st extension position (position
2), a surge in PCE enhancement can be found, and for the 2nd
and 3rd extensions (position 3 and 4), there is slight enhance-
ment. Generally speaking, the increased PCE can be attributed
to the photons that are not in accordance with the total internal
reection within the waveguide matrix, escaped from the top
surface of APCN LSCs, and ended up being absorbed by the
FDSSCs. For APCNs with a refractive index of 1.45, the escape-
angle of total internal reection is less than 45� to the normal
vector. This means, theoretically, the escaped light from more
than double the ber width, i.e., from the 2nd position on
(>1 mm further away from the 1 mm diameter FDSSCs), should
not reach the ber and result in a PCE enhancement. However,
from the experimental results, the PCE is still improved. This is
attributed to the propagation of photons from greater distances
to FDSSCs and the associated re-absorption/re-emission by the
luminescent moieties near the FDSSCs. The photon paths are
illustrated in Fig. 4(d). The photon paths indicate that the
photons can either directly escape the polymer matrix or
propagate internally and then escape. In both cases, photons
can be eventually absorbed by the FDSSCs at a reasonable
distance. The bottom results demonstrate that the lost
Fig. 4 The influence of bottom attached LSC position on FDSSC
performance. (a) Scheme of bottom attached LSCs with various
positions to FDSSCs. (b) J–V curves of N719 and Y123 based FDSSCs at
various bottom positions of LSCs. (c) Enhanced PCE at various bottom
positions of LSCs (lines to guide the eye only). (d) Illustration of the
photon propagation paths based on ray-tracing simulation. Green
arrows are the escaped light in close distance with the escaping angle
and site that can be absorbed by FDSSCs, red arrows are the escaped
light at a greater distance with respect to the escaping angle and site
that cannot reach the FDSSCs, and the blue arrow is the propagated,
re-absorbed, re-emitted light with suitable escaping angle and site and
can be absorbed by the FDSSCs. The incoming photon direction is the
z-axis.

J. Mater. Chem. A, 2021, 9, 25974–25981 | 25977
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penetrated photons can also be effectively recycled and essen-
tially enable the photon harvesting by the face-down part of the
FDSSCs.
Device performance

In the previous section, the fundamental investigation of the
APCN LSC luminous effect on FDSSCs has been done experi-
mentally and computationally with three geometries. In this
section, the focus will be on the performance of the integrated
device (FDSSCs with LSCs) from the perspective of device effi-
ciency, wearability, and multiple FDSSC device optimization
and power output.

Device efficiency. Aer the FDSSC PCE enhancement for
each geometry and the ability of APCN LSCs to exploit the whole
surface area of FDSSCs, the next step is to quantify the FDSSC–
LSC device efficiency: concentration factor (C) and optical effi-
ciency (hopt). C gives information on the real increase in power
output with respect to pristine PVs, and hopt embodies the
efficiency of each step that the incident photons have to go
through, i.e., absorption, emission, re-absorption, re-emission,
and propagation within LSCs. The calculation has been carried
out with the geometry of side-attached N719 based FDSSCs and
a 3 cm2 LSC size. Based on the experimental setups, the area of
LSCs (ALSC¼ 3 cm2) is illuminated using a solar simulator with
a power density of I ¼ 100 mW cm�2 (AM 1.5 Global standard)
and attached with FDSSCs with a diameter of 1 mm, i.e., the
edge area of the LSCs (AFDSSCs ¼ 0.15 cm2). No further optical
assistance, such as reectors or back diffusers, is used to
imitate the real working conditions of the device on textiles.
Based on the photocurrent output with LSCs (ILSCs) and without
LSCs (IFDSSCs), the concentration factor (C ¼ ILSCs/IFDSSCs) is
calculated as 1.39. Furthermore, the optical efficiency (hopt ¼ C/
G) is calculated as 6.95%, where G is the geometry factor (G ¼
ALSCs/AFDSSCs). The considerable high C and hopt are principally
due to the ability of the ber structure of the FDSSCs to absorb
light from all directions, allowing PVs to utilize direct incident
photons and the re-emitted photons from LSCs. Furthermore,
under the same illumination area, by simply shiing the FDSSC
ber to the middle of the LSCs along the x-axis, the calculated
resulting efficiency is 13% higher, i.e., C is 1.57 and hopt is
7.85%. This category of middle placed single PVs and the
consequence on efficiency enhancement are unique and limited
to the ber shaped solar cells. The device efficiency evidences
a clear advantage of integrating LSCs into FDSSCs compared to
conventional planar PVs. The comparison of both C and hopt

with values from the literature is shown in Table 1.
Device wearability. To further evaluate the device (FDSSCs

with LSCs) compatibility with curved wearable surfaces like
textiles, the PCE difference of the device under various bending
conditions has been investigated. Fig. 5(a) shows that the PCE
variation over various bending angles is less than 20% at 180� of
bending. This drop can be ascribed to not only the bending
angle effects on the light-absorbing projection areas, but also
the increased light propagation losses within the waveguide of
LSCs. Besides, as shown in Fig. 5(b), the device has maintained
a PCE value of �90% aer 1000 cycles of bending at a 90�
25978 | J. Mater. Chem. A, 2021, 9, 25974–25981
bending angle. We also investigated the water vapor permeation
of the APCN LSCs in comparison with PDMS, a siloxane-based
resin previously used for exible LSCs.34,35 The APCN matrix
has a water vapor permeation 27% higher (at 35 �C) than PDMS
(Fig. S3†). Moreover, by tailoring the volume ratio and/or
hydrophilicity of the hydrophilic polymer phase in the APCNs,
the networks' permeability can be further modied.25,36 Besides,
APCNs can be covalently bound to textiles by plasma activation
of the textile surface and proceeding with the polymerization
steps as shown in Fig. S2.†24 In summary, the combination of
APCN LSCs and FDSSCs provides a truly wearable solution for
a device that could be directly applied along with other wearable
electronics.
Multiple FDSSC device

Finally, the device with multiple FDSSCs has been demon-
strated as a proof of concept of the integrated device and an
example of the device optimization. Firstly, to discover the best
arrangement of each ber geometry with regard to the LSCs
(Table S9†) and the bers' packing density (Table S10†), instead
of conducting copious experiments, ray-tracing simulation has
been performed for efficient screening of ber placement. The
ray-tracing screening process for optimization is shown in the
ESI (3).† Aer the screening, with ve FDSSCs and one LSC of 2
� 1.5 cm2, the conguration 4 in Table S10† of two FDSSCs
placed at the side and three to the top of the LSCs shows the
highest enhancement of photon harvesting ability and thus is
used for an experimental build-up device. In Fig. 5(c), the
voltage and power output dependence on the number of
FDSSCs in series is shown. Both the device voltage and power
output increase linearly, with FDSSCs in series and increasing
the numbers from le to right (Table S10,† conguration 4).
With increased number of FDSSCs under a certain LSC area, all
the FDSSCs could simultaneously benet from the waveguided
and re-emitted light. Furthermore, the power of the device
before the LSC attachment is 0.76 mW and goes up to 0.89 mW
aer the attachment, with a maintained voltage of 4.0 V. The
0.13 mW power output enhancement, under a small harvesting
area of 3 cm2, is a huge leap of the device's electric prole. It
further enables the device to power up more wearable elec-
tronics per area, e.g., a ber memristor operates at 0.3 V and 100
pW,37 a ber LED requires 0.05 mW per 3 cm,38 ber sensors
working at 1 V for various chemicals,39,40 ber transistors
function between 0.4 and 0.6 V,41 and the electricity can also be
stored in ber batteries.42 This multi-FDSSC and LSC integrated
device with an optimized conguration and packing density,
shown in Fig. 5(d), demonstrates the potential of good inte-
gration from the perspective of wearability, power output, and
scale-up ability, for future electronic wearables.
Experimental section
Fiber dye-sensitized solar cells

The ber solar cells' photoanode bers were composed of tita-
nium wires modied with titanium dioxide nanotube arrays
prepared via an anodic oxidation method. TiO2 nanotube arrays
This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of the optical-electro efficiencies of FDSSCs and planar PVs with LSCs

Geometry LSCs Luminophores G C hopt (%) Notes

FDSSCs-side Flexible and wearable Dye 20 1.39 6.95 This work
FDSSCs-mid 20 1.57 7.85 This work
Planar PVs-side Rigid Dye 6.25 0.11 1.8 Adv. Energy Mater., 2015, 5, 1500818

QD 10 0.61 6.1 Adv. Energy Mater., 2016, 6, 1501913
32 0.87 2.7 Nat. Energy, 2016, 1, 16157
11.5 0.33 2.85 Nat. Photonics, 2017, 11, 177
48 1.7 3.5 Nat. Photonics, 2018, 12, 105

Perovskite 12.5 0.18 1.44 Nat. Energy, 2019, 4, 197.

Fig. 5 Device flexibility and multiple FDSSC–LSC demonstration. PCE
changes of the FDSSC–LSC device (a) at various bending angles and (b)
over various bending cycles at 90� bending angle. (c) Voltage and
power profile of the device with increasing number of FDSSCs on the
same LSC. For identification of fiber number, we refer the reader to
Table S9,† configuration 4. (d) Photograph of the FDSSC–LSC inte-
grated device on a textile.
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with diameters of approximately 100 mm acted as the electron
transport layers and dye-absorber layers, and the length of TiO2

nanotubes can be tuned by altering the anodization time. In
this work, approx. 30 mm length was used. The counter elec-
trodes were prepared frommulti-walled carbon nanotube (CNT)
bers made in our previous work.43 The CNT ber was twined
around the Ti/TiO2 wire aer soaking in a dye solution (N719 or
Y123). The ber solar cell was set into a transparent tube with
an inner diameter of 600 mm and an outer diameter of 1000 mm.
The I�/I3

� based electrolyte was matched with the N719-
absorbed photoanodes, and the Co2+/Co3+ based electrolyte
was matched with the Y123-absorbed photoanodes. Images of
TiO2 nanotube structures, Fig. S1(a),† and CNT morphologies,
Fig. S1(b),† can be found in the ESI (1).†
Amphiphilic polymer conetworks

The detailed APCN synthetic procedure is presented in the ESI
(1)† and in our previous studies.22,23,36,44 Herein, only the prin-
ciple synthesis strategy of dye doped APCNs is described. Firstly,
trimethylsilyl hydroxyethyl acrylate (TMS-HEA),
methacryloxypropyl-terminated, and poly(dimethylsiloxane)
(MA-PDMS-MA) were mixed and sonicated, followed by UV
This journal is © The Royal Society of Chemistry 2021
curing with a spacer to dene the thickness. The hydrophobic
TMS masking group on HEA allows miscibility with the hydro-
phobic PDMS during curing. Aer UV curing, free-standing
hydrophobic networks (pre-APCNs) are formed. Later, the
TMS masking group was cleaved off under acidic conditions,
which leads to phase-separation due to the propelling forces
triggered by the hydrophobicity difference of cross-linked pol-
y(HEA) and PDMS, forming APCNs. Aer the APCNs are formed,
in the last step, the hydrophobic coumarin 6 (C6) is loaded via
swelling of the PDMS phase in toluene solution. The synthesis
scheme is shown in Fig. S2.†

Conclusions

With a judicious modication of the luminous environment,
the PCE of FDSSCs can be considerably enhanced, i.e., up to
84%. The enhancements are attributed to the enlarged photon
harvesting area, appropriate spectral responsiveness matching,
and recycling of the lost photons. From the ray-tracing simu-
lations, the digitally visualized photons show that the presence
of LSCs can effectively re-emit photons to the face-down parts of
FDSSCs, fully utilizing the advantage of rod-shaped FDSSCs.
This renders a remarkable device concentration factor of 1.57
and optical efficiency of 7.85%, much higher than the reported
planar PVs–LSCs. Furthermore, with a exible and wearable
polymer matrix, i.e., APCNs, the addition of LSCs can maintain
the bendability of FDSSCs. The proof-of-concept model
demonstrates a power output of up to 0.89 mW at 3 cm2 size.
This is the rst proposed prototype of the combination of
FDSSCs and LSCs for wearable energy harvesting, from nano-
scale electronic and photonic component design to light
management and device integration. In this study, the inte-
gration of FDSSCs and LSCs is thoroughly investigated, to give
future wearable electronics design an insightful perspective and
an efficacious way of harvesting solar energy. In the future
application, more work on detailed engineering could be
carried out for optimizing the number of FDSSCs per LSCs and
the suitable attachment geometries for specic connections
with other electronic wearables, e.g., ber sensors, ber diodes,
or ber batteries.
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