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ARTICLE INFO ABSTRACT

Keywords: Solar-to-thermal conversion is a direct and efficient way to —convert renewable and green sunlight to manageable
biomass-derived nanocomposites thermal energy for diverse applications from steam production, energy harvest to personal thermal management.
multifunctional

However, developing biomass-derived functional materials with eco-friendly, low-cost, and extensible features
remains a challenge. Here, a cost-effective, scalable, biodegradable, and multifunctional nanocomposite was
designed for solar-to-thermal applications. Through balancing the photothermal and water-absorbing capacities,
the designed solar evaporator can demonstrate an efficient evaporation rate of 1.23 kg m~2 h™! under 1 sun.
Meanwhile, solar irradiation can further boost the directional water flow process, resulting in a remarkable
improvement of generated voltage from the initial 410-515 mV under 1 sun. Thus, the as-prepared nano-
composites displayed an excellent comprehensive performance, which was superior to the majority of the pre-
viously reported non-biomass and other biomass materials. Furthermore, a wearable personal thermal
management device was designed to simultaneously realize the electrical response of solar intensity and fast
heating. As a proof of concept, a thermal managing house system enabled by solar energy was implemented to
achieve an effective and eco-friendly temperature control without excessive energy consumption.

solar-to-thermal conversion
thermal management

1. Introduction

The rapid depletion of fossil fuel, shortage of purified water re-
sources, and environmental pollution/global warming have threatened
sustainable development worldwide [1-3]. To address the above-
mentioned challenges, renewable, clean, and mechanical energy sources
can be alternatives to realize water/energy harvest [4,5]. As an inex-
haustible and green source, solar energy and its related technologies
have been exhaustively developed to achieve photovoltaic panels [6],
thermoelectric pieces [7], solar evaporators [8-10], thermal manage-
ment devices [11,12], etc. Among them, solar-to-thermal technology is
considered as a direct, efficient, and promising candidate to absorb input

sunlight and further convert it to thermal energy for interfacial water
evaporation [13], thermal management [14], thermoelectric production
[15,16], etc. The solar energy management strategy significantly de-
pends on the modified/synthesized materials from structural design [17,
18] and terminal applications [19,20]. A myriad of solar-to-thermal
materials have been developed, including the plasmonic film [21], the
hierarchically nanostructured gel based on polyvinyl alcohol and poly-
pyrrole [22], the sponge-like light-absorbing hydrogel [23], organic
carbon-based nanomaterials [24,25], and natural-derived sources [26].
However, the raw materials of photothermal layers still face the prob-
lems of cost, pollution potential, and scalability. Therefore, developing
eco-friendly, low-cost, scalable, and accessible ways to achieve steam
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production, energy harvest, and integration is of great importance.

Biomass resources and their derivatives, available, renewable,
biocompatible, and biodegradable features are widely used to exploit a
series of solar-to-thermal materials. For example, Wu et. al. prepared the
aromatic monomers by breaking the C-O or C-C bonds to achieve pho-
tocatalytic conversion of lignin and lignin-derived aromatics [27]. Gao
et. al. fabricated the hybrid hydrogel evaporators by introducing the
konjac glucomannan with metal-organic framework nanoparticles into
the polyvinyl alcohol networks [28]. Wang et. al. built a versatile
coating that can achieve solar-enabled energy management at room
temperature [29]. However, due to the limited geometrical size,
expensive/complicated post-treatment, difficulties in scale-up or exist-
ing non-biodegradable components, it is highly desired to develop
eco-friendly, scalable, and biodegradable biomass-derived functional
materials from environmental and economic perspectives for maximum
energy utilization.

The 2,2,6,6-tetramethylpiperidine-1-oxyl-oxidized cellulosic NFs
(TEMPO-CNFs) and melanin are widely used and abundant biomass
materials [30-34]. For the critical photothermal component, the
biomass-derived melanin is featured with featureless broadband absor-
bance ranging from UV to NIR region [35] and nonradiative dissipation
of 99.9% of the captured UV and visible radiation [36], enabling a good
candidate for high-efficient solar capture and conversion. Therefore, the
alternative introduction of melanin can remarkably strengthen the
solar-to-thermal performance. Here, we present a scalable, low-cost, and
biodegradable photothermal hybrid derived from the biomass-based
nanostructured nanocomposites (BBNC) of TEMPO-CNFs and melanin
that coated on cellulose paper. The solar-to-thermal conversion and
water-absorbing abilities of the BBNC can be adjusted by controlling the
TEMPO-CNFs and melanin. The resulted photothermal BBNC can func-
tion as an efficient solar evaporator to achieve a water evaporation rate
of 1.23 kg m2 h™! under 1 sun. Furthermore, under the
evaporation-driven directional water flow, the BBNC evaporator can
generate continuous electricity with voltage from the initial 410-515
mV under 1 sun. Thus, the BBNC displayed an excellent comprehensive
performance, which was superior to the majority of the previously re-
ported non-biomass and other biomass materials. Meanwhile, a wear-
able personal thermal management device was designed to
simultaneously realize the electrical response of solar intensity and fast
heating. As a proof of concept, a demo prototype was designed to ach-
ieve a solar-enabled thermal management for greenhouse system. Su-
perior to the conventional solar-to-thermal conversion materials, the
reported photothermal nanocomposites derived from biomass raw ma-
terials represent eco-friendly, biodegradable and accessible features,
which can be readily extended and function as highly adaptable func-
tional coatings for multifunctional solar energy management. The
well-designed structure and integrated devices enable high-efficient
utilization of the solar energy to enhanced clean water, electricity and
heat harvest in a simple and effective way, demonstrating significant
potentials in wide solar-to-thermal applications.

2. Experimental section
2.1. Preparation of the biomass-based nanocomposite (BBNC)

BBNC was fabricated with the suspensions of melanin and TEMPO-
CNFs. The mass ratio of TEMPO-CNFs suspension (~3 mg/mL) and
melanin was 6:1, 5:1, 4:1, 3:1, and 2:1. Then, the suspensions with
different mass ratios were stirred for 0.5 h and ultrasound in a water
bath for ~1 h. Subsequently, the TEMPO-CNFs-Melanin suspension so-
lution was evenly coated on the cellulose paper (6.5 x 3 cm) to obtain a
coating and dried at 60 °C to get the BBNC.
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2.2. Preparation of the water evaporation-induced power generation
device

The platinum wire electrode was fixed on one end of the BBNC with
silver paste and then encapsulated with hydrophobic PDMS. After dry-
ing in the oven at 50 °C, the water evaporation-induced power genera-
tion device was obtained. The electrode integrated BBNC with a well-
designed tail (1.5 x0.5 cm) was inserted into the DI water for the
directional flow process. When solar energy was applied, water evapo-
ration was prominently enhanced to accelerate water flow velocity
across the BBNC surface efficiently. The tail part of the water
evaporation-induced power generation device that plays a role in water
transport was inserted into the PET petri dish.

2.3. BBNC and TEMPO-CNFs film photothermal water evaporation
experiment

The BBNC (1 x1 cm) and TEMPO-CNFs film (1 x1 cm) were placed
on the top of the foam (2 x2 cm) and floated in a beaker filled with
water. A water-absorbing tail (1.5 x0.3 cm) was designed. The solar
simulator was adjusted the illuminated solar intensity ranging from 0.5
to 2 sun for water evaporation. The analytical balance was placed on the
bottom and recorded mass loss date every five minutes through the
analytical scale and calculating mass change (Kg m™2).

2.4. The calculation of water evaporation rate (Calculate the water
evaporation rate of 1 sun as an example)

The water evaporation performance experiments were conducted
using a solar simulator outputting a simulated solar flux of 1 kW/m?2.
The solar flux was measured using a solar power meter. The temperature
was measured using an infrared thermal imager. The mass change of
water was measured using a laboratory balance with 0.1 mg resolution
while the steam generation was in a steady state.

2.5. BBNC water evaporation-induced power generation

Firstly, the water evaporation-induced power generation device was
floated in the water. Secondly, a water-absorbing tail (1.5 x0.3 cm) was
designed to ensure water transmission and charge dissociation. Thirdly,
the Pt electrodes inserted in the water and encapsulated with silver paste
on the BBNC were connected to the electrochemical workstation,
respectively. Finally, the voltage-time and current-time curves of the
electrochemical workstation were used to record the voltage and current
changes, respectively.

2.6. Solar enhanced electrical generation of BBNC photothermal water
evaporation experiment

The biomass photothermal device floated in a beaker with the tail
immersed into water. The electrode of BBNC connected the electro-
chemical workstation, which recorded the voltage data through the
voltage-time curve. After the voltage remains stable, the solar simulator
is used to adjust different solar intensities (0.2 sun, 0.4 sun, 0.6 sun, 0.8
sun, and 1 sun) to irradiate the surface of the biomass photothermal
device and record the voltage change through the electrochemical
workstation. Ensure that the voltage remains stable before each increase
in solar intensity.

2.7. Synthesis of TEMPO-CNFs

TEMPO-CNFs were stripped from softwood pulp according to a
typical TEMPO oxidation strategy [37,38]. Dry kraft pulp (10 g) was
subjected to oxidation in a mixed solution (1 L) of TEMPO (0.04 g), NaBr
(1 g), and NaClO (80-240 mmol) under alkaline conditions (pH ~10) for
7 h fiercely stirring. After 3-5 times washing procedures with distilled
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water on the Buchner funnel, the resulting flocs were homogenized in a
pressure microfluidizer of 60 MPa and pH ~ 7.0 for 3 times. The viscous
product was then centrifuged at 8000 rpm to remove the aggregates and
stored at 4 °C.

2.8. BBNC and TEMPO-CNFs film degradation experiment

The BBNC and TEMPO-CNFs film were soaked in natural soil
leachate to assess the degradation kinetics. After a predetermined time,
the samples were washed with ethanol and dried at 60 °C to weigh the
mass remaining. This process was similar to biodegradation like crab
chitin fully bio-based electric devices [39] and TEMPO-CNFs aerogel
moisture power generation device [40].

2.9. Characterization

Transmission electron microscopy (TEM, Japan) and field emission
scanning electron microscopy (FESEM, Japan) images were performed
on JEOL-2100-HR (JEOL, Japan) and Hitachi-S4800 (Hitachi, Japan),
respectively. The contact angle was measured using a contact angle
Germany).
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(UV-vis-NIR) spectrophotometer (PerkinElmer, Lambda 950, USA) was
used to test the transmittance and reflection of the BBNC. The IR camera
(FLIR E8, Germany) was employed to realize a real-time recording of the
surface temperature and IR images of the BBNC (Melanin/TEMPO-
CNFs/Cellulose paper) samples. Voltage and current were recorded by
an electrochemical workstation (CHI660E, China). The solar simulator
(PL-X300DF, China) was used to adjust the solar intensity. A universal
tensile testing machine (Zwick, Z1.0, Germany) was used to characterize
the mechanical properties of the films. The analytical scale (JJ224BC,
China) was used to read the film weight and water mass loss. The tem-
perature and humidity were simultaneously recorded by a Temperature
& Humidity recorder (Cos-03, China).

3. Results and discussion
3.1. Preparation scheme and characterization of the BBNC

The preparation process of the BBNC is shown in Fig. 1a. TEMPO-
CNFs with negative charges was prepared through the typical

TEMPO/NaClO/NaBr solution modification method [37,38,41].
Melanin is widely available from squids (Fig. 1a). The diameters of
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Fig. 1. Preparation and application of the biomass-derived nanostructured nanocomposites. (a) Biomass materials TEMPO-CNFs (top) and melanin (bottom) are
derived from wood and squids, respectively. (b) Typical TEM image of negatively charged TEMPO-CNFs (top) and melanin nanoparticles (bottom). (c) Particle size
statistics of negatively charged TEMPO-CNFs (top) and melanin nanoparticles (bottom). (d) Typical SEM image of the biomass-based nanocomposite (top: surface,
bottom: cross-section). (e) Preparation and application schematic diagram of the biomass-based nanocomposite for solar-enabled multifunctional en-

ergy management.
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TEMPO-CNFs and melanin nanoparticles were ~8 nm and ~200 nm,
respectively (Fig. 1b and c). The TEMPO-CNFs-Melanin nanocomposites
(TCC) were prepared by mixing TEMPO-CNFs and melanin’s biomass
materials [42-44]. The BBNC was obtained by homogeneously coating
the TEMPO-CNFs-melanin nanocomposites on the cellulose paper
(Fig. Sla and S1b). The detailed process flow diagram and device
structure diagram is shown in Fig. Slc. SEM image clearly illustrated
that hydrogen bonding embedded the melanin nanoparticles in
TEMPO-CNFs (Fig. 1d). Furthermore, the resulting BBNC can take full
advantage of solar energy to realize multifunctional energy manage-
ment of solar-enhanced interfacial water evaporation and induced
electrical generation. Besides, it can be effectively employed as a
wearable thermal management device to monitor solar intensity actively
and harvest thermal energy. As a proof of concept, a demo of the
solar-enabled temperature control system can be achieved in a house
without energy consumption. In addition, due to TEMPO-CNFs and
melanin’s biomass features, the BBNC was endowed with biodegradable
characteristics, demonstrating significant potentials in developing
environmentally friendly materials for multifunctional solar-enabled
energy transformation and harvest applications (Fig. 1e).

3.2. Physical and chemical properties of the BBNC
The tensile strength of BBNC was investigated. As shown in Fig. 2a,
the tensile strength of the TCC was ~25 MPa, which was higher than

that of the melanin film (~5 MPa) and TEMPO-CNFs film (~12 MPa).
The good physical performance of the TCC was attributed to the multiple
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hydrogen bond interactions between TEMPO-CNFs and melanin.
Moreover, the tensile strength of BBNC can reach up to 50 MPa, which
was higher than the TCC. The enhanced mechanical strength perfor-
mance may result from strong combination of cellulose paper and TCC.
FTIR was further carried out to evidence the interactions between
TEMPO-CNFs and melanin. A strong stretching vibration peak at
1400 cm ™! existed in Fig. S2a. Moreover, there appeared red shift of the
stretching vibration peak at 1400 cm™! in the BBNC, which resulted
from the hydrogen bond association between melanin and TEMPO-
CNFs. In addition, From the Fig. S2b, a wide-stretching vibration ab-
sorption peak of hydrogen bond association product (carboxyl dimer O-
H) at 2800-3000 cm ! can be found. Furthermore, as displayed in
Fig. S3, we used the thickness tester (CHY-CA, China) to test the film
thickness of TEMPO-CNF, melanin, the composite coating and the
resulted BBNC, respectively. And the composite coating layer showed a
typical thickness of ~15 um, which could be readily integrated onto
targeted cellulose paper with the resulted BBNC thickness of ~150 pym.
In addition, the BBNC endowed excellent flexibility and mechanical
stability to be easily cut to diverse shapes for considerable solar-to-
thermal conversion capability (Fig. 2b). Meanwhile, the wettability of
the BBNC was also crucial for further applications of water evaporation
and electrical generation. The contact angle measurement illustrated the
water droplet could be fully absorbed into the BBNC within 8 s (Fig. 2c).

The biodegradability of the BBNC was further studied. The degra-
dation process was carried out as following steps. Firstly, the soil
leachate penetrated the film and increased film volume and swelling.
Secondly, the film oozed out its substance to fully contact the
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Fig. 2. Physical and chemical properties of the BBNC. (a) The stress-strain curves of BBNC, TCC, TEMPO-CNFs and melanin films, respectively. (b) IR images and
optical picture of BBNC cut into different shapes. (c) Contact angle of BBNC. (d) The weight loss and (e) optical image of TEMPO-CNFs film and BBNC degradation in

soil for different periods.
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microorganisms (bacteria and mildew) in the soil leachate. Thirdly,
under the action of microbial activity, the enzyme entered the active site
of the polymer and penetrated the point of action of the polymer to
break the polymer molecular skeleton into small segments. Lastly, the
molecular weight gradually decreased and became a monomer that was
swallowed by microorganisms. It was wholly metabolized into carbon
dioxide and water to complete the degradation process [45]. As shown
in Fig. 2d and e, the BBNC can be fully degraded in natural soil leachate
within 30 days, indicating its excellent biodegradability.

3.3. The water evaporation-induced power generation of the BNNC and
optimization

The water evaporation-induced power generation performance of
the BNNC was further studied by loading charges and controlling
capillary pores to enable adequate directional water flow for electrical
generation. The mechanism of the water evaporation-induced power
generation device of BBNC was shown in Fig. S4. When water molecules
were contacted with the BBNC, the overlapped electric double layer
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(EDL) spontaneously formed at the solid (TEMPO-CNFs)-liquid (DI
Water) interface with a size comparable to the Debye length [46]
(Fig. 3a). In our study, TEMPO-CNFs in the BBNC contained sufficient
dissociable polar groups (-COOH and -COONa) that the zeta potential
was ~—48.3 mV at pH= 7 (Fig. S5). This process results in a flowing
current and a streaming potential [40,47]. Furthermore, the voltage
remained relatively stable under ambient conditions in our tests
(T = 25 °C, RH~51%).

More importantly, the concentration of TEMPO-CNFs also played a
significant role in the power generation performance of the BBNC. As
shown in Fig. 3b, when the concentration of TEMPO-CNFs was 3 mg/
mlL, the voltage (V) and current (I) values of the BBNC reached the
maximum at 410 mV and 150 nA, respectively. In this case, the
maximum output power was 63 nW (Fig. S6). When the concentration of
TEMPO-CNFs increased from 1 to 3 mg/mL, the carboxyl content
remarkably increased. Therefore, the dissociation charges, V and I of the
BBNC increased (Figs. S7 and S8). Moreover, when the concentration of
the TEMPO-CNFs was above 3 mg/mL, the TEMPO-CNFs solution had
an undesirable higher viscosity, resulting in the inhomogeneous coating
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Fig. 3. Water evaporation-induced power generation mechanism and shapes optimization of the device of BBNC. (a) Schematic diagram of the voltage caused by the
directional movement of free ions in the hydrated charged nanochannel and the difference in ion concentration. (b) Effect of TEMPO-CNFs concentration on V and I.
(c—d) Effect of length and width of the biomass-based nanocomposite on V and I. (e) V and I of energy conversion devices in series and parallel (f-g) Effect of
electrolyte concentration on V and I. Device length: 5 cm; width: 3 cm; Thickness: ~150 um.
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on the paper surface and reduced water evaporation-induced power
generation performance of the BBNC (Fig. 3b and Fig. S9).

Apart from this, the voltage and current value can also be tuned by
changing the aspect ratio of the BBNC (Fig. S10). As shown in Fig. 3c and
d, the optimal length-width ratio of BBNC was 5 cm and 3 cm. In this
case, the maximum voltage and the current value can be achieved at
~410 mV and ~150 nA, respectively. Furthermore, the coating thick-
ness also impacted power generation performance. We control the
coating thickness to explore the effect of thickness on the performance.
According to Fig. S11a, the two-layers coating of BBNC was optimal with
a voltage as high as ~0.48 V. In this case, we further achieved an
optimal power value of 87 nW with a voltage of ~0.48 V and current of
~180 nA (Fig. S11b).” In addition, the BBNC could be further connected
in series or parallel style for a higher value of voltage or current (Fig. 3e
and Fig. S12).

The species of liquid electrolytes were also controlled to explore the
electrical performance of the integrated BBNC. The integrated device
was transferred to simulated "seawater" (3.5 wt% NacCl solution) when
the water voltage remained stable. Due to the increase of electrolyte
concentration, the generated voltage reduced from ~0.41 to ~0.34 V
(Fig. 3f). However, the current can experience a similar increasing trend
with the increase of the NaCl solution electrolyte concentration from 3.5
to 8.5 wt% (Fig. 3g and S13). To further evidence the universality of this
strategy, a series of other biomass-derived materials (e.g., carboxy-
methylcellulose sodium, sodium alginate, chitosan and tannic acid)
were acquired to mix with melanin for photothermal coating. The result
showed that all the achieved biomass-based coatings demonstrated
favorable power generation performance (Fig. S14).

3.4. Proportion optimization of BBNC

The effect of the mass ratios of TEMPO-CNFs and melanin on the
topography of the BBNC was surveyed. As shown in Fig. S15, the color of
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BBNC presented a gradually decreased tendency when the mass ratios of
TEMPO-CNFs and melanin increased from 2:1, 3:1, 4:1, 5:1, 6:1, to 1:0.
Moreover, there was a remarkable micromorphology difference of BBNC
with the increased mass ratios of TEMPO-CNFs and melanin. As shown
in Fig. 4a, the microstructures of the BBNC surface demonstrated a
transition from rough to smooth morphology. Furthermore, the effect of
the mass ratio of melanin to TEMPO-CNFs on the evaporation and
electrical production performance of the BBNC was explored to acquire
an optimal mass ratio of BBNC. When the relative proportion of melanin
was 2:1 and 3:1, the solar absorption and photothermal evaporation
rates showed a higher value (Fig. 4b and c). However, the excessive
melanin nanoparticles could gather on the cellulose nanofibers, which
can severely prevent the effective transportation of water molecules and
ions across cellulose nanofibers’ surface, thus bringing a declined power
generation (Fig. 4a and c).

Moreover, from the Fig. S16, we can further understand that the
proportion of CNF reduction will lead to a decrease in the water ab-
sorption and water absorption rate of BBNC. The low content of TEMPO-
CNFs could bring out the reduced dissociation charges, which could also
minimize the electrical production performance of the BBNC. As to the
low content of the melanin, such as 5:1 and 6:1 in the BBNC, the
evaporation ability of the BBNC reduced and the generated power
performance-enhanced (Figs. 4c and S17-S19). Therefore, the most
suitable proportion of the TEMPO-CNFs and melanin was 4:1 through
the consideration of solar thermal evaporation and electrical production
performance. In this condonation, the maximum power production
performance of the BBNC was the voltage of ~410 mV and the current of
~150 nA. In addition, the maximum water evaporation rate of the BBNC
was ~1.23kgm 2h 1,

3.5. Photothermal performance of the BBNC

The evaporation performance of BBNC was further investigated. The
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Fig. 4. Melanin proportion optimization and characterization of the BBNC. (a-b) SEM images and absorption of the BBNC at different proportions of TEMPO-CNFs
and melanin. (c) Voltage and evaporation rate of the BBNC at different proportions of TEMPO-CNFs and melanin.
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absorbance of BBNC (mass ratio: TEMPO-CNFs/melanin=4:1) in the
visible light band was 97% (Fig. 4b). Therefore, the BBNC can absorb
solar energy and increase its surface temperature under sufficient sun-
light. A simulated solar (1 kW/m?) was applied to characterize the solar-
to-thermal conversion capability of the BBNC. The BBNC showed a
remarkable temperature elevation measured by IR camera (Fig. 5a).
Owing to the introduction of melanin, the maximum temperature of
BBNC can reach up to 42 °C after 6 min. In contrast, the temperature of
the TEMPO-CNFs film and pure water can only attain ~29 °C and
~23.5 °C, respectively (Figs. 5b and S20). The increasing temperature of
BBNC can promote rapid water evaporation to achieve photothermal
evaporation [28,48,49]. The BBNC with a water-absorbing tail was
designed, as shown in Fig. 5c. The illuminated solar intensity was
adjusted from 0.5 to 2 sun for water evaporation. It can be found that the
evaporation rates of BBNC were proportional was the solar power
(Fig. 5d and e). Under the irradiation of the 1 sun and 2 suns, the
maximum evaporation rates of the BBNC were 1.23kgm 2 h™! and
2.01 kgm™2 h7!, respectively (Fig. 5e). In addition, as shown in
Fig. S21, we prepared BBNC tails with different sizes and tested the
corresponding photothermal evaporation performance under one sun.
We can find that the photothermal evaporation rate of the BBNCs with
different tail sizes shows a similar value of ~1.2 kg m~2 h™!, demon-
strating that the sizes of tails cannot remarkably affect the final photo-
thermal evaporation performance. The reason may result from the
completely immersed forms of the tails, which can contribute little to the
effective evaporative areas.

3.6. Solar enhanced electrical generation performance

Since solar intensity can remarkably enhance water evaporation, the
performance of electrical generation enabled by evaporation-induced
water flow is expected to be elevated with the introduction of solar
energy. The mechanism of the solar enhanced gradient power

C
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. Water steam
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generation system was illustrated in Figs. S4a and 4b. Under solar
irradiation, the BBNC concentrated solar heating and induced a high
temperature, so the vapour was generated at the surface. The water was
transported to the surface to maintain the sustainable evaporation by
capillary force in the BBNC through a designed tail structure (Fig. S4b)
[50]. Due to the rich carboxyl groups in TEMPO-CNFs, large amounts of
Na* and H" dissociated on nanofiber surface. Therefore, as shown in
Fig. S22, the rapid water evaporation of the BBNC induced a high ion
concentration difference between the tail and top electrode [40], which
can be applied to produce electricity. Also, the increasing solar intensity
can accelerate the water evaporation and ion dissociation on the surface
of the nanofibers, increasing the ion concentration difference and
increasing the voltage. Finally, the generated voltage can gradually
reach a stable value [3]. Since the water evaporation mainly depends on
the heat exchange under the circumstance of fixed wind speed and
evaporative areas, we further explored the effect of photocurrent on the
performance of photothermal water evaporation. Actually, the power
generator is similar to the primary cell. When the cell worked, it could
both output energy and also generate heat inside itself. To further
investigate the abovementioned factors, the corresponding control ex-
periments were conducted. In our system, the conventional solar evap-
orator was conventional in the form of open circuit (Fig. S23a), which
could serve as the control with no photocurrent applied. On the other
hand, as shown in Fig. S23b, for the form of closed circuit of BBNC-based
solar evaporator, two Pt electrodes inserted in the water and encapsu-
lated with silver paste on the BBNC were both connected to the capac-
itor. In this case, a typical photocurrent can be effectively generated and
the BBNC-based evaporator is powered by the capacitor with electro-
thermal energy generated in closed circuit. However, it was observed
that the BBNC-based evaporator in the form of open and closed circuit
represented the typical evaporation rates of ~1.23kgm™2 h™! and
~1.25kgm ™2 h7!, respectively (Fig. S23c). Ideally, the generated
power can be further employed to generate heat and accelerate the
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evaporation rate. However, owing to the relatively low power at the
level of nW, the electrical-thermal conversion can contribute little to the
resulted evaporation performance.

The solar enhanced electrical generation performance of the BBNC
was comprehensively studied. As illustrated in Fig S24, when solar
illumination was applied, the strengthened evaporation rate of the water
and flow velocity (v) can prominently increase the unit flux and flow
rate of hydronium ions. It can be known from the Streaming potential
(Vstr) Smoluchowski equation [51].

% T
RV
R (Y

where 7 is the zeta potential of the charged surface, o is the hydraulic
flow resistance, C is ionic concentration, y is the offset concentration, u is
the effective ionic mobility, and v is the flow velocity. Therefore, this
process will result in a greater streaming current and create a higher
potential [52]. Moreover, the effect of greater streaming current/po-
tential can enhance the power output. Therefore, the introduction of
solar energy can lead to remarkably enhanced streaming potential to
improve the resulted electrical performance of BBNC. Based on this
potential mechanism, the original balance of the power generation can
be transformed to a new one, demonstrating a solar-enhanced power
generation performance. As shown in Fig. 6a, the photovoltage pre-
sented a gradual increase tendency from 410 mV to 515 mV when the
solar intensity increased from 0.2 sun to 1.0 sun. Moreover, the evapo-
ration rate of the BBNC reached to 1.23kgm 2 h™! under 1 sun.
Therefore, the BBNC presented favorable solar-enhanced power gener-
ation and water purification performance under 1.0 sun, which was
comparable to the majority of the previously reported non-biomass and
other biomass materials (Table S1). In addition, the electrolyte con-
centration also plays an important role on the performance of the
generated photocurrent. As shown in Fig. S25, in the absence of elec-
trolyte, there existed streaming potentials. In this case, the photovoltage
and photocurrent are ~0.515V (V1) and ~180 nA (1), respectively,
under one sun (Fig. S26). When the electrolyte is introduced into this
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system, the rapid evaporation of water on the surface of the BBNC will
further create a higher ions concentration (C). The ions power can be
utilized to produce electricity. This process results in a higher streaming
current and lower potential. In this case, the photovoltage and photo-
current are ~0.42 V (V) and ~200 nA (Ip), respectively, under one sun
(Fig. S26).

Furthermore, the BBNC showed long-term stability of the photo-
thermal evaporation rate and water evaporation-induced power gener-
ation performance. As shown in Figs. 6b and Fig. S27a, the voltage value
and light-heat evaporation rate of the BBNC maintained their initial
410 mV and ~1.23 kg m~2 h™! for 24 h, respectively. In addition, the
gradient power generation performance of the BBNC was above 350 mV
even after five days (Fig. S27b). This excellent performance was due to
water transport, and ion dissociation remained constant (e.g., H, Na™
ions) during the continuous evaporation. The stable solar enhanced
electrical generation performance of the BBNC makes it possible for
convenient accumulation and storage of electricity. Based on this, a
commercial capacitor with a capacitance of 45 pF was charged for ~24 h
with the prepared BBNC and further employed as a power supply for
daily electrical appliances. As displayed in Fig. 6b and c, the capacitor
can be power the LEDs with different colors, and the children’s elec-
tronic watches with a rated voltage of 1.5 V.

3.7. Thermal response and thermal management performance

More interestingly, the editable BBNC can function as a wearable
thermal management device, which can effectively capture the solar
light and then convert it to considerable thermal energy. Based on the
bilayer structure of the wearable device, the thermal energy was further
transported to the cellulose paper layer and indirectly heated the skin
(Fig. 7a). Under 1 sun illumination, the surface temperature of the
BBNC-based device experienced a remarkable improvement from 30° to
62°C (Fig. 7b). Note that the thermal management device can interact
with the skin in a contact way, enabling a direct contact between the
pure cellulose paper side and skin surface. As illustrated in Fig. 7a, the
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BBNC was cut into a long strip and further attached to the skin for
wearable paper-based thermal management device. Two copper wires
were fixed at the two electrodes using silver paste for thermal response
test. In detail, the BBNC can effectively absorb the solar input and
further convert it into considerable thermal energy. The generated
thermal energy can be further transported and indirectly heat the skin
via an infrared irradiation way (Fig. S28a). Therefore, the considerable
heat can be effectively acquired in the potential form of by heat con-
duction, convection and heat radiation. Note that conduction loss of
external components in our system is neglected [53,54]. As a result,
although the surface temperature of the BBNC film is ~62 °C, the tem-
perature transmitted to the skin through thermal radiation was only
~37 °C, which would not burn the human skin (Fig. S29). In addition,
the absorbed solar energy can effectively power the outer electrons of
BBNC to break free from the bondage of their nuclei for the formation of
free electrons, resulting in an elevation of conductivity. Fig. 7b clearly
illustrates that the sunlight (1 kW/mz) could affect the original current
prominently from 6.5 ~pA to 7.7 ~pA. Furthermore, a series of solar
intensity (0.2, 0.4, 0.6, 0.8, and 1 sun) was selected to explore the
response capability of BBNC. The result demonstrated that the current
was positively correlated with the applied solar intensity (Fig. 7c). In
addition, even under the irradiation of 1 sun, the current change rate can
reach ~18.2%. Therefore, the BBNC is expected to be a solar detector via
the current change.

Moreover, owing to the prominent solar-to-thermal property of
BBNC, a proof of concept, a house model entirely composed of BBNC
with a solar-enable temperature control system was designed (Fig. 7d).
The BBNC-based house model can effectively receive the solar input and
generate considerable temperature through efficient solar-to-thermal
conversion. Furthermore, the generated thermal energy can be further
transported to the cellulose paper layer, which can indirectly heat the
inner room via infrared radiation (see details mechanism in the

Fig. S28b.). Due to the outstanding solar absorption of the BBNC, the
outdoor temperature of the house increased from 7 °C to 38 °C within
3 mins (Fig. 7e). As displayed in Fig. 7f, the indoor and outdoor tem-
perature was collected (Dec. 31th, 2020, Ningbo in South China: East
longitude ~121°and North latitude ~29°).

4. Conclusion

In summary, a low-cost, scalable, and biodegradable BBNC was
developed for multifunctional solar-enabled energy management by
taking advantage of cellulose nanofibers and melanin hybrids. Due to
the introduction of melanin, the as-prepared BBNC can function as a
solar evaporator to achieve an efficient evaporation rate of 1.23 kg m™2
h™! under 1 sun. Moreover, the BBNC presented an excellent solar
enhanced electrical generation performance under the synergy of
melanin and the TEMPO-CNFs with rich carboxyl groups. Thus, the
BBNC displayed an excellent comprehensive performance under 1.0 sun,
which was superior to the majority of the previously reported non-
biomass and other biomass materials. Therefore, the obtained BBNC
can be used as a wearable thermal management device, integrated with
the electrical response of solar intensity and heating functions.
Benefiting from this, an integrated thermal managing house system and
control the room temperature driven by sunlight in an energy-free way
can be achieved by using the obtained BBNC.
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