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Creation of thermofluidic energy harvesting elements to surpass the solid-state
thermoelectric energy conversion
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Throughout this project, we have developed an accurate method for measuring
flow in nanochannels with depths ranging from tens to hundreds of nanometers. We have further
elucidated the reciprocal relations between capillary filling and surface charge in graphene-coated
nanochannels. We have also established efficient methods for filling various liquids into individual

carbon nanotubes. These achievements pave the way for a complete understanding of the
multi-physical phenomena involving flow, electric and thermal effects in nanoconfined spaces, as
well as the creation of an electricity generator utilizing thermofluids.
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It had been reported in several high-impact papers that liquid flow and evaporation in carbon-
based porous materials could generate a high voltage up to about 1 V, which can find wide
applications including energy harvesting and sensors. (Nature Nanotech. 12, 2017; Nature
Nanotech. 13, 2018; Joule 4, 2020; Nano Energy 77, 2020; etc.) However, the mechanisms of this
direct electricity generation have not been fully unveiled yet, due to the complexity of this multi-
physical phenomenon involving flow, electric and thermal effects. Based on this background, this
research project aimed to unveil the mechanism of the electricity generation from liquid flow and

evaporation by nanochannel experiments instead of using porous materials.
2. WHED AW

This research project aims to decouple the multi-physical phenomena of the electricity
generation from liquid flow and evaporation in the nanosized space confined by carbon-based
materials. By fully understanding the mechanisms behind, the final goal of this project is to create
“thermofluid-based electricity generators” that can beat the solid-state thermoelectric conversion
devices based on the Seebeck effect.

3. WDk

We fabricated graphene nanochannels with tens to hundreds of nanometers in depth for the
study of flow, evaporation, and electrification in nanoconfined space. The graphene nanochannels
were fabricated on Si0»/Si wafers using electron-beam lithography and wet-etching, followed by
graphene transfer from the copper substrate and anodic bonding of the glass cover. As shown in
Fig. 1, by recording the liquid meniscus movement changing with time driven by the capillary
force, we can experimentally elucidate the slip flow and evaporation under nanoconfinement.
Further, we connected graphene to electric instruments including power supply and high-precision

voltage meters, and studied the interplay between flow, evaporation, and graphene surface charge.
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Fig. 1 The experimental system for the flow, evaporation, and electrification measurements in graphene
nanochannels. (a) top view, (b) side view, and (c) high-speed-camera images of the capillary filling in a 45-
nm-deep and S5-um-wide graphene nanochannel changing with time. (d) a photo of the graphene

nanochannel device connected with electric instruments set under the high-speed camera.



Besides the graphene nanochannel experiments, we also filled various liquids into carbon
nanotubes, and used carbon nanotubes as the nanochannel for the study of flow, thermal, and
electrification phenomena.

4. WFIERR

First, we have successfully measured the water slip length in graphene nanochannels with high
accuracy. We developed a rigorous three-dimensional capillary flow model to measure the slip
length, which considers the slip boundary conditions, a nonuniform velocity profile in both the
width and depth directions, as well as the dynamic contact angle. By comparing the observed flow
rates in two graphene nanochannels with the 3D flow model, we extracted the slip length of water
on graphene to be 40+4 nm and 33+3 nm, respectively. Moreover, we used our 3D model to
reevaluate the limited slip length data on graphene reported in the literature that neglected the 3D
effect, and found that the existing experimental data of the water slip length on graphene
approximately fall in the range of 30 to 50 nm, in agreement with some important MD simulation
results. This work has been published in Carbon 189 (2022) 162-172.

Second, we systematically studied the slip flow in graphene nanochannels changing with
surface electric charging. We found that the slip length of water and salt solutions on graphene
decreases with increasing surface charge density, which can be well explained by recently

developed theories.

Third, we studied the electric potential generated across the graphene nanochannel due to flow
and evaporation. A voltage of several millivolts was generated from the spontaneous capillary
flow of pure water in the graphene nanochannels. We used a heater to control the stage
temperature for the evaporation experiments. We elucidated how the liquid flow and evaporation

rates contribute to electricity generation at various confinements and temperatures.
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Fig. 2 Transmission electron microscopy (TEM) images of various salt solutions filled in carbon nanotubes.
(a) and (b), TEM images of NaCl solutions filled in carbon nanotubes; (c) and (d), TEM images of KCI

solutions filled in carbon nanotubes; (e) and (f), TEM images of LiCl solutions filled in carbon nanotubes.

Last, we have developed efficient methods to fill various kinds of liquids into individual carbon

nanotubes. Especially, as shown in Fig. 2, we have successfully filled various salt solutions into



individual carbon nanotubes, which are ready for in-depth investigation of interfacial

electrification effects.

In summary, during this project, we have developed an accurate method for the flow
measurement in nanochannels with depths of tens to hundreds of nanometers, elucidated the
reciprocal relations between the capillary filling and surface charge in graphene-coated
nanochannels, and established efficient methods to fill various liquids into individual carbon

nanotubes.
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