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Figure 1 (Color online) Structure and characterization of the CNGF film. (a) Schematic of the free-standing CNGF carbon film. (b) Optical photo-
graph of the carbon film. (c) SEM image of the carbon film in top view. (d) Magnified SEM image. (¢) SEM image of the cross-sectional view. (f)
Dependence of tensile property and area resistances on the mass ratio of GMF to CNP. (g) Bending test of the free-standing film
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Figure 2 (Color online) Electricity generation performance of the CNGF film. (a) Long lasting open-circuit voltage of a chosen device with carbon

film. The inset is the experiment setup. (b) The current-voltage curves of the device at original dry state and working state. (c) Measured open-circuit
voltage when the device is periodically sealed and unsealed by a beaker. (d) Open-circuit voltage variation when the devices under periodic blowing

with the wind velocity of 0.15 m/s
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Figure 3 (Color online) Scaling up of the device. (a) Dependance of open-circuit voltage and short-circuit currenton the widths of the device with a

fixed height of 4.5 cm and thickness of 130 um. (b) Short-circuit current variation of a rolled-up device after being fully infiltrated. Inset shows the
photo of the device
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Figure 4 (Color online) Demonstraion of MB electrodegradation with two rolled-up devices as power souce. (a) Load voltage and current across the
cathode and anode. Inset shows the schematic of the experimental setup. (b) Absorption spectra of the MB solution at different processing time (with

time intervals of 6 h). The left inset shows the degradation percentage versus the electrodegradation time. The right insets are the optical images of MB
solution before and after 30 h electrodegradation
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Evaporation induced electricity generation in freestanding and
flexible carbon-based hybrid film

Tianpeng Ding', Kang Liu', Jia Li', Peihua Yang, Qian Chen, Guobin Xue & Jun Zhou"

Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan 430074, China
T These authors contribute equally to this work.
* Corresponding author, E-mail: jun.zhou@mail.hust.edu.cn

Energy harvesting from ambient environment attracts widespread interest for its great potential in green and sustainable
development. Very recently, evaporation, a ubiquitous process existing in nature was demonstrated as a reliable process,
which can convert low-grade thermal energy in environment into electricity. Evaporation-driven water flow within a
piece of carbon black sheet or printed porous carbon film could generate sustainable direct-current electricity with
open-circuit voltage (V,.) up to 1 V, and with lifetime over hundreds of hours. However, both the flame-deposited carbon
black sheets and all-printed porous carbon films need to be deposited or printed on rigid substrates (e.g., silica glass and
AL O; plate) in the previous work, which has deceased the effective evaporation area and occupied excessive space, thus
limiting the application of this new energy harvesting strategy as a practical power source.

In this work, we present the fabrication of a flexible and freestanding carbon nanoparticles/glass fiber hybrid film
(CNGF) for electricity generation via evaporation-driven water flow within it. The CNGF hybrid film has a structure of
reinforced concrete, thus exhibits good flexibility and mechanical properties. The carbon film with the size of 1 cmx4.5
cmx0.13 mm and glassfiber/carbon nanoparticle mass ratio of 0.6, has a max tensile stress of 4.9 MPa. The electrical
resistance of the carbon film keeps nearly unchanged after 10000 bends at a max bending angle of 90°, indicating its ex-
cellent flexibility.

Without the limit of rigid substrates, the double-side evaporation enables higher water flow rate through the film. The
freestanding carbon film thus has higher electrical power output than the carbon films reported before. A device with the
size of 1 cmx4.5 cmx0.13 mm generates an open-circuit voltage of ~1 V and current of ~ 0.86 LA under ambient condi-
tion. The hybrid carbon film can also be easily scaled-up. We demonstrated a carbon film with the maximum width of 40
cm, which has an output current of ~28 WA. Furthermore, the excellent flexibility allows the film to be rolled up to save
space, even with a high power output.

To demonstrate the application of carbon film, we successfully degraded methylene blue (MB) by using our device as
power source. Given the simple fabrication, robust mechanical property, high electricity output, such a freestanding and
flexible carbon-based hybrid film shows great potential in environmental energies harvesting for green and sustainable
development.

evaporation, capillary flow, energy harvesting, flexible, hybrid-carbon film

doi: 10.1360/N972018-00675
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