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Integrating Light Diffusion and Conversion Layers for Highly
Efficient Multicolored Fiber-Dye-Sensitized Solar Cells

Jiatian Song, Yu Gu, Zhengmeng Lin, Jiuzhou Liu, Xinyue Kang, Xiaocheng Gong,
Peiyu Liu, Yiqing Yang, Hongyu Jiang, Jiaqi Wang, Siwei Cao, Zhengfeng Zhu,*
and Huisheng Peng*

Fiber solar cells as promising wearable power supplies have attracted
increasing attentions recently, while further breakthrough on their power
conversion efficiency (PCE) and realization of multicolored appearances
remain urgent needs particularly in real-world applications. Here, a fiber-dye-
sensitized solar cell (FDSSC) integrated with a light diffusion layer composed
of alumina/polyurethane film on the outmost encapsulating tube and
a light conversion layer made from phosphors/TiO2/poly(vinylidene fluoride-
co-hexafluoropropylene) film on the inner counter electrode is designed. The
incident light is diffused to more surfaces of fiber electrodes, then converted
on counter electrode and reflected to neighboring photoanode, so the FDSSC
efficiently takes advantage of the fiber shape for remarkably enhanced light har-
vesting, producing a record PCE of 13.11%. These efficient FDSSCs also realize
color-tunable appearances, improving their designability and compatibility
with textiles. They are further integrated with fiber batteries as power systems,
providing a power solution for wearables and emerging smart textiles.

1. Introduction

In recent years, the prosperities of wearable technologies in many
important fields like information interaction, health monitor-
ing, and personal health management have boosted the devel-
opments of the Internet of Things, promoting intelligent life for
humans in the future.[1–3] Both current wearables and emerging
smart electronic textiles, which are integrating more functions
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and consuming more electrical power, are
raising pressing needs for wearable power
supplies, with a special focus on effectivities
and sustainability.[4–6] To this end, flexible
and lightweight fiber solar cells that can be
woven into textiles, as efficient real-time en-
ergy harvesting devices in the light environ-
ment, have been widely explored to address
this challenging power issue.[7–12] However,
despite extensive efforts in terms of mate-
rial innovations in fiber electrodes,[13,14] de-
vice structural designs,[15,16] and optimiza-
tions of interfaces between active layers,[17]

the natural difficulties in fabricating high-
quality films and establishing stable in-
terfaces on curved fibers have resulted in
fiber solar cells exhibiting comparatively
low power conversion efficiencies (PCEs).
This limitation has restricted their fur-
ther development and practical applica-
tions in wearables.[12,18–20] An alternative

strategy to overcome this bottleneck problem is maximizing the
utilization of active layers encompassing fiber electrodes to en-
hance light harvesting. Fiber solar cells, owing to their unique
shape, have the advantage of absorbing incident light from all di-
rections (360°), in contrast to their planar counterparts. Despite
the urgent demand, the nondiffusing linear propagation of inci-
dent light makes it highly challenging for realization. Therefore,
the efficient control of optical field distribution around fiber solar
cell is crucial, even though a feasible method is currently unavail-
able.

Moreover, fiber solar cells woven into textiles are always ex-
posed to the surroundings for light harvesting, and thus the com-
patibilities of their colors and appearances with textiles also need
to be considered for real wearable applications. However, the col-
ored appearances of the outmost encapsulation usually show se-
vere conflict with the requirement for its high transmittance, and
the direct use of colorful semitransparent encapsulating tubes
would bring about serious performance degradations of fiber so-
lar cells. That is, further realizing highly efficient multicolored
fiber solar cells is doubly difficult, but extremely urgent in prac-
tical applications.

In this work, we have designed a fiber-dye-sensitized solar
cell (FDSSC) integrated with a light diffusion layer on the out-
most encapsulating tube and a light conversion layer on the inner
counter electrode (Figure 1a). The light diffusion layer composed
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Figure 1. Schematic diagram of FDSSC integrated with light diffusion and conversion layers. a) Diagram illustrating the device structure of FDSSC with
a light diffusion layer on the outmost encapsulating tube and a light conversion layer on the inner counter electrode. b) Sketch map of the structure of
light diffusion layer composed of PU matrix dispersed with Al2O3 particles. The incident light would experience strong refractions and scatterings, and
then diffused to more surfaces of fiber electrodes. c) Diagram showing the structure of light conversion layer made from the incorporation of UV/NIR
phosphors and TiO2 nanoparticles into P(VDF-HFP) film. UV and NIR parts of incident light reaching the light conversion layer would be converted
by the phosphors to visible wavelengths, and then the whole light was strongly refracted and scattered by the incorporated particles, and eventually
propagated out of the layer with reflection.

of a polyurethane (PU) film dispersed with alumina (Al2O3) par-
ticles showed a dual characteristic of high average transmittance
at 88% and high average haze at 82% within the wavelength
range of 300–1200 nm, which also gave the FDSSC a white ap-
pearance. The light conversion layer, formed by a poly(vinylidene
fluoride-co-hexafluoropropylene) [P(VDF-HFP)] film containing
ultraviolet (UV)/near-infrared (NIR) excited phosphors and TiO2
nanoparticles, was able to convert UV and NIR light into wave-
lengths that overlap with the absorption spectrum of active N719
dye. Impressively, this layer exhibited a high reflectivity of over
90%. Therefore, the incident light across Al2O3/PU film was dif-
fused to a larger surface area of the fiber electrode. Meanwhile,
light reaching the phosphor/P(VDF-HFP) layer would be con-
verted and subsequently be reflected to the neighboring photoan-
ode (Figure 1b,c). The resultant FDSSCs made optimal use of

their fiber shape to harvest more incident light, resulting in a re-
markable increase of photocurrent and producing a record PCE
of 13.11%. These FDSSCs can also realize multicolored appear-
ances by introducing few pigments in light diffusion layer and
maintain high PCEs, greatly improving their designability and
compatibility in real applications. They were further integrated
with fiber batteries into textiles as next-generation power sys-
tems.

2. Results and Discussion

Figure 2a schematically illustrates the fabrication process of
FDSSCs with light diffusion and conversion layers. Briefly, a high
catalytic conducting fiber was coated with a slurry containing
the as-prepared phosphor/P(VDF-HFP) slurry with dip-coating.
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Figure 2. Preparation and structure of the designed FDSSC with light diffusion and conversion layers. a) Diagram illustrating the preparation flow of the
FDSSC. After the phosphor/P(VDF-HFP) slurry was dip-coated on a conducting fiber with high catalytic property, it underwent a nonsolvent exchange
process in water and the subsequent drying to achieve a fiber counter electrode. The counter electrode was then twisted with a fiber photoanode
encapsulated into a transparent tube, which was further coated with an Al2O3/PU slurry and dried, followed by injection of an electrolyte to produce
the FDSSC. b) Photograph of the fabricated FDSSC. c) Amplified photograph of the FDSSC, in which the encapsulating tube covered with Al2O3/PU
film as light diffusion layer, displaying a uniform and smooth white appearance. d) Cross-sectional scanning electron microscopy (SEM) image of
the encapsulating tube covered with Al2O3/PU film, showing a compact interface. e) SEM image of inner conducting fiber in the counter electrode
consisting of aligned CNT sheet closely attached to a Ti wire. f) SEM image of phosphor/P(VDF-HFP) film on Ti/CNT fiber. g,h) Magnified SEM images
of phosphor/P(VDF-HFP) film with a porous structure, where phosphors were embedded in P(VDF-HFP), at low and high magnifications, respectively.

Subsequently, the fiber underwent a nonsolvent exchange pro-
cess in water,[21,22] followed by air drying to yield a hybrid fiber
counter electrode featuring a porous light conversion layer. The
above counter electrode, along with a fiber photoanode made
from aligned TiO2 nanotubes synthesized on a Ti wire by an-
odization (Figure S1, Supporting Information), was encapsu-

lated into a transparent tube. This tube was dip-coated with an
Al2O3/PU slurry and went through a subsequent drying to create
a light diffusion layer. After being injected with the electrolyte, the
final FDSSC (Figure 2b and Figure S2 (Supporting Information))
exhibited a uniform and smooth white appearance, effectively
shading the inner fiber electrodes and electrolyte. This outcome
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highlighted the remarkable light diffusion effect of the Al2O3/PU
film tightly attached to the encapsulating tube (Figure 2c,d).

The conducting fiber used in the hybrid fiber counter elec-
trode featured a core–sheath structure. This structure was cre-
ated by wrapping an aligned carbon nanotube (CNT) sheet syn-
thesized through floating catalyst chemical vapor deposition on
a Ti wire (Figure 2e and Figure S3 (Supporting Information)).
The resulting design achieved a combination of high conductiv-
ity and high catalytic property.[23,24] For further construction of
a robust and uniform light conversion layer on Ti/CNT fiber,
we introduced P(VDF-HFP) into the phosphor slurry to pre-
pare an organic–inorganic composite film,[25] as pure phosphor
film exhibited extremely poor mechanical properties (Figure S4,
Supporting Information). Suitable viscosity of phosphor/P(VDF-
HFP) slurry is critical for preparing high-quality film on fibers
with dip-coating method, as low-viscosity slurry cannot overcome
the surface tension, resulting in bead-like aggregations (Figure
S5, Supporting Information). While increasing the polymer con-
tent in the phosphor/P(VDF-HFP) slurry enhanced its viscos-
ity, and this improvement also had a drawback. High viscosity
may lead to excessive adherence of slurry to fiber surfaces, caus-
ing irregular aggregations. Hence, we designed pinhole scrap-
ers tailored to the desired fiber diameters to eliminate the excess
slurry (Figure S6, Supporting Information), successfully produc-
ing uniform phosphor/P(VDF-HFP) layers with precisely con-
trolled thicknesses on fibers (Figure 2f). The obtained film also
had high flexibility and mechanical strength, showing no cracks
even under bending at a curvature radius of 1.6 mm (Figure S7,
Supporting Information).

After the phosphor/P(VDF-HFP) slurry was dip-coated on
fiber, a nonsolvent-induced phase separation process would pro-
duce great amounts of pores with sizes of hundreds of nanome-
ters in light conversion layer, establishing a stable and contin-
uous channel for the rapid diffusion of ions in the electrolyte
(Figure 2g,h and Figures S8 and S9 (Supporting Information)).
Although the porous structure inherently had led to a high film
reflectance, we also incorporated TiO2 nanoparticles with sizes
of 200–400 nm into the bottom of porous P(VDF-HFP) matrix to
further enhance the reflection of light conversion layer (Figures
S10 and S11, Supporting Information), as the high refractive in-
dex contrast between TiO2 and P(VDF-HFP) can cause stronger
light scatterings.[26–28]

We investigated optical properties of both light diffusion and
conversion layers, as they played great roles in the photovoltaic
performance of FDSSCs. In light diffusion layer, we used highly
transparent PU with high wear resistance, flexibility, and sta-
bility as polymer matrix,[29–31] incorporated with Al2O3 as light
diffusion particle, as they have a proper difference in refrac-
tive index. Too small difference in refractive index would not ef-
fectively scatter the incident light for diffusion, while too large
difference would easily cause backscattering.[32–34] Appropriate
sizes and contents of Al2O3 particles are critical to light diffu-
sion layer for high light transmittance and high haze.[34,35] We
used Al2O3 particles with sizes of 1–3 μm because of their strong
forward Mie scatterings at UV–visible–NIR wavelengths for effi-
cient light diffusion,[36–38] and a high haze across the wavelength
range of 300–1200 nm was achieved (Figure 3a). The increase
in Al2O3 contents effectively improved the haze of Al2O3/PU
film, and then more incident light was diffused to wider sur-

face areas of fiber electrodes, generating more photocurrents for
higher photovoltaic performance of FDSSC (Figure S12, Sup-
porting Information). However, excessive Al2O3 particles may
severely decrease the film transmittance, leading to the dete-
rioration of photovoltaic performance. The optimal content of
Al2O3 in PU film was ≈10 wt%, resulting in both high average
transmittance of 88% and average haze of 82%. Compared to
the traditional FDSSC without light diffusion, which showed a
PCE of 9.84% with short-circuit current (JSC), open-circuit volt-
age (VOC), and fill factor (FF) of 17.730 mA cm−2, 0.735 V, and
0.755, respectively, the FDSSC with the optimal light diffusion
layer achieved a higher JSC of 19.215 mA cm−2, producing a PCE
of 10.71% (Table S2, Supporting Information). Furthermore, the
light diffusion layer showed both high flexibility and mechanical
strength (Figure S13, Supporting Information), fully meeting the
demands for weaving applications.

In light conversion layer, we added UV excited phos-
phor (BaMgAl10O17:Mn2+, Eu2+) and NIR excited phosphor
(NaYF4:Yb3+, Er3+), which were rare earth phosphors with high
luminescent quantum efficiency and chemical stability (Figures
S14–S17, Supporting Information).[39–41] They can efficiently
convert UV light at wavelengths of 300–420 nm and NIR light
at wavelengths of 900–1200 nm into visible light (Figure 3b,c
and Figure S18 (Supporting Information)). Meanwhile, this layer
also exhibited high reflectivity of average value over 90% at wave-
lengths of 350–800 nm, which precisely aligned with the absorp-
tion spectrum of N719 dye (Figure 3d). Therefore, the incident
light reaching the light conversion layer would be converted,
and then reflected to the neighboring photoanode loaded with
N719 dye, realizing more light absorption and also extending
the utilization of solar spectrum. By optimizing the concentra-
tion of UV/NIR excited phosphors and thickness of the corre-
sponding layer, the highest luminescence intensity was achieved
with incorporation of 30 wt% UV excited phosphors and 35 wt%
NIR excited phosphors into 50 μm P(VDF-HFP) film (Figures
S19 and S20, Supporting Information). Fewer phosphors would
not be sufficient for high emission intensity, while excessive
phosphor contents in films would cause serious fluorescence
quenching.[42–44]

We further simulated the optical field distribution in the
FDSSC to illustrate mechanism of the optical enhancement
(Figure 3e–g). The optical simulation was conducted with a slight
revision of the standard Monte Carlo simulation for photon
transport,[45] and the simulation details can be observed in the
experimental procedure. Figure 3e gives the simulated struc-
tures and the layers with different functions assigned to different
boundary conditions in the simulation. Figure 3f corresponds to
the FDSSC without light diffusion or conversion layers, showing
a collimated incoming light and perfect photon absorptions on
both electrodes. It is obvious that light harvesting by photoanode
is very limited for the collimated light, as portion of light is fully
absorbed by counter electrode or directly passes through the de-
vice, leading to a waste of energy from incident light. Figure 3g
includes an encapsulating shell that diffuses the incoming light
and a counter electrode that reflects the light diffusively. An effi-
cient control of optical field was achieved with light being concen-
trated in the vicinity of both electrodes, and no light leakage had
been observed. The optical filed around photoanode is obviously
enhanced, so a more efficient harvest of light is anticipated.
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Figure 3. Properties of the designed FDSSC with light diffusion and conversion layers. a) Transmittance and haze spectra of the light diffusion layer. b,c)
Fluorescence excitation and emission spectra of the light conversion layer. d) Absorbance spectrum of N719 dye and reflectance spectrum of the light
conversion layer. e) Schematic cross-sectional diagram of the designed FDSSC. f,g) Simulated optical field of the incident light in the FDSSC without and
with diffusion/conversion layers, respectively. The counter electrode and photoanode are on the left and right, respectively. The incident light experienced
strong diffusion and reflection, and optical field neighboring photoanode was reconstructed, effectively improving the utilization of incident light. h)
J–V curves of FDSSCs with and without diffusion/conversion layers. The PCE of FDSSC without diffusion/conversion layers was 9.84%, with a JSC of
17.730 mA cm−2, a VOC of 0.735 V, and a FF of 0.755. The PCE of FDSSC with diffusion/conversion layers was 13.11%, with a JSC of 24.433 mA cm−2,
a VOC of 0.755 V, and a FF of 0.710. i) PCE of the resulting FDSSC in comparison to those of the typical FDSSCs in previous reports. j) PCE statistics of
30 FDSSCs.

With synergistic effects of light diffusion and conversion layers
for reconstruction of the inner optical field, the FDSSC efficiently
took advantage of the fiber shape to harvest light from various
directions and also extended the utilization of solar spectrum,
resulting in a significantly enhanced photocurrent (Figure S21,
Supporting Information). The FDSSCs barely using UV or NIR
excited phosphors both realized high photovoltaic performances
with PCEs of 12.76% and 12.92%, respectively (Figure S22, Sup-
porting Information). Finally, the FDSSC with integrated utiliza-
tion of additional UV and NIR light achieved a record PCE of
13.11%, with JSC, VOC, and FF of 24.433 mA cm−2, 0.755 V, and
0.710, respectively (Figure 3h,i and Figure S23 (Supporting Infor-
mation)). Owing to the porous structure of light conversion layer

that established stable channels for rapid ion diffusions, the re-
sulting FDSSC only exhibited slightly lower FF. By contrast, the
dense light conversion layer seriously hindered the migration of
ions and caused much higher diffusion impedance, which greatly
degenerated the photovoltaic performance of FDSSC, showing a
low PCE of 9.43% (Figure S24, Supporting Information).

The PCEs from 30 FDSSCs showed a narrow distribution,
demonstrating high repeatability and stable photovoltaic perfor-
mance of the resulting FDSSCs, which would effectively meet
the future demands on large-scale applications (Figure 3j). More-
over, our FDSSCs exhibited high mechanical stabilities with PCE
variations below 10% under various deformations of bending,
twisting, or pressing for 1000 cycles (Figure S25a, Supporting

Adv. Mater. 2024, 36, 2312590 © 2024 Wiley-VCH GmbH2312590 (5 of 9)
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Figure 4. Properties of photovoltaic textiles based on multicolored FDSSCs. a) Photograph of photovoltaic textiles showing a uniform white appearance.
b) Magnified photograph of the white photovoltaic textile in (a), in which white FDSSCs were woven together. c) Photograph of FDSSCs with multicolored
appearances. d) The corresponding J–V curves of FDSSCs with light diffusion layers showing different colors. e) PCE values of FDSSCs with light diffusion
layers showing different colors. Error bars, standard deviations of the results from five samples. f,g) Photographs of colorful photovoltaic textile composed
of color-tunable FDSSCs. h) Theoretically estimated power outputs of various photovoltaic textiles, in which the effective areas accounted for 30%.

Information). These FDSSCs could also operate effectively across
a wide temperature range, from −40 to 40 °C, adapting to dif-
ferent environments (Figure S25b, Supporting Information). In
addition, after they were placed under outdoor solar exposure in
argon condition for 15 days, their performance variations were
less than 20% (Figure S26, Supporting Information). And we
further explored the PCE dependency of FDSSCs on incident
light direction (Figure S27, Supporting Information). The PCEs
of FDSSCs had been maintained by over 90% under the inci-
dent light from different directions, which is important for prac-
tical applications. Moreover, we also measured photovoltaic per-
formances of FDSSCs under outdoor sunlight to investigate their
applications in real environments (Figure S28, Supporting Infor-
mation). The FDSSC without light diffusion and conversion lay-

ers exhibited a maximal power density of 7.63 mW cm−2 under
solar illuminance of 68 500 lx, while the maximum power den-
sity of FDSSC with light diffusion and conversion layers was up
to 10.39 mW cm−2, showing a remarkable improvement of over
35%.

Inspiringly, the resulting efficient FDSSCs displayed uniform
color and appearance, perfectly blended in the textiles, showing
high compatibility for wearing applications (Figure 4a,b). Mean-
while, we can also introduce colored pigments in light diffusion
layer to realize multicolored FDSSCs in addition to the white ap-
pearance (Figure 4c and Figure S29 (Supporting Information)),
meeting more extensive wearable demands. Owing to the strong
light diffusion of Al2O3/PU film, few pigments were needed to
make FDSSCs display obvious visual colors. The pigments had

Adv. Mater. 2024, 36, 2312590 © 2024 Wiley-VCH GmbH2312590 (6 of 9)
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Figure 5. Wearable applications of power supply textiles. a) Schematic showing a smart health monitoring system integrated into daily clothing, including
self-charging power supply textile, sensors, and displaying modules, which can collect real-time physiological information from the user at different
motion states, and then upload data for analysis and guide a healthy life. b) Photograph of a clothing integrated with color-tunable FDSSCs, fiber
batteries, and fiber biosensors. c,d) Diagram and the corresponding photograph of FDSSCs containing luminous powders in the light diffusion layer,
which were woven into textiles with designed patterns and could display information at night for warning, respectively. e) Photograph of sweat fiber
sensors composed of K+ working fiber electrodes and Ag/AgCl reference fiber electrode. f) Real-time K+ concentration in sweat measured by the fiber
biosensors. g) Electrocardiogram (ECG) in sweat measured by an ECG sensor. h) Real-time heart rates reflecting physiological status of the user at
different motion states, reminding the user with specific displays.

Adv. Mater. 2024, 36, 2312590 © 2024 Wiley-VCH GmbH2312590 (7 of 9)
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some influence on transmittance at specific visible wavelengths,
but the resulting FDSSCs were able to effectively utilize the
incident light at NIR wavelengths through light conversion layer,
so the colored FDSSCs maintained high photovoltaic perfor-
mances, e.g., showing high PCEs of 12.45% and 12.13% un-
der yellow and green appearances, respectively (Figure 4d,e and
Figure S30 and Table S3 (Supporting Information)). On the con-
trary, the FDSSCs that used colored package tubes without light
diffusion and conversion layers achieved much lower PCEs due
to the very limited light harvesting (Figure S31, Supporting In-
formation).

These efficient multicolored FDSSCs can be woven into tex-
tiles with multifarious design of sizes and types to meet differ-
ent power requirements (Figure 4f–h). They were further inte-
grated with fiber batteries as power supply systems, in which the
FDSSC modules were connected in series and parallel for the de-
sired output voltages and currents to match the charging voltages
and rates of fiber batteries (Figures S32 and S33, Supporting In-
formation). After fiber lithium-ion batteries were charged from
3.0 to 4.4 V by FDSSCs under sunlight, the power supply tex-
tile successfully powered a smart bracelet, providing an effective
power solution for wearables (Figures S34 and S35, Supporting
Information).

Our power supply textiles can also be further integrated with
other functional components like sensors, displays, and mi-
crochips to construct complex systems, promoting the develop-
ments of smart electronic textiles for intelligent life of humans
in the future. Here, we illustrated a conceptual health monitoring
system integrated into daily clothing (Figure 5a and Figures S36
and S37 (Supporting Information)), which was powered by our
FDSSCs and fiber batteries (Figure 5b). It can collect real-time
physiological information like K+ ion concentrations and heart
rates from the user in different motions by the corresponding
sensors (Figure 5e–g). When the user was exercising, the sen-
sors detected relevant physiological information and sent the data
to a signal processing chip,[1,25,46] and then the feedback can be
reflected in the textile display (Figure S38, Supporting Informa-
tion). For instance, the data of real-time K+ concentrations and
heart rates collected by the biosensors can be transmitted to mo-
bile phones or laptops, which benefited the user to monitor their
health states and make the corresponding diagnoses to evaluate
whether it was in a normal range, and if not, the user would
be timely alerted with a specific display (Figure 5h). Moreover,
besides energy harvesting in the daytime for sustainable power
supply, the FDSSCs woven into the textile can also incorporate
luminous particles and then display designed patterns at night
for warning (Figure 5c,d).

3. Conclusion

In summary, we have designed a FDSSC with a light diffusion
layer on the outmost encapsulating tube and a light conversion
layer on the inner counter electrode, realizing reconstruction
of the optical field in neighboring photoanode. The resulting
FDSSC efficiently took advantage of the fiber shape to harvest
light from various directions and also extended the utilization of
solar spectrum, remarkably enhancing photocurrent to produce
a PCE as high as 13.11%. These efficient FDSSCs also realized
multicolored appearances, greatly improving their designability

and compatibility in real applications. They can be further inte-
grated with fiber batteries into textiles as power systems, which
paves the way for supporting the highly desired smart textile sys-
tems in the future.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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