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Abstract: Electricity generation from flowing water has been
developed for over a century and plays a critical role in our
lives. Generally, heavy and complex facilities are required for
electricity generation, while using these technologies for
applications that require a small size and high flexibility is
difficult. Here, we developed a fluidic nanogenerator fiber
from an aligned carbon nanotube sheet to generate electricity
from any flowing water source in the environment as well as in
the human body. The power conversion efficiency reached
23.3%. The fluidic nanogenerator fiber was flexible and
stretchable, and the high performance was well-maintained
after deformation over 1000000 cycles. The fiber also offered
unique and promising advantages, such as the ability to be
woven into fabrics for large-scale applications.

Owing to the increasingly severe energy crisis, harvesting
energy from the environment has become a dominant energy
source.' Flowing water is one of the most accessible forms
of energy in nature, as water is available in streams, rivers,
lakes and oceans in the environment as well as in tissue fluids
and blood in our bodies.”®! Power generation from flowing
processes can proceed stably and continuously, unlike other
energy sources such as wind energy, which is dramatically
affected by the weather, and solar energy, which is available
only during the day.”'?! Thus, over the past century, people
have built water wheels and large dams to harvest the
enormous mechanical energy from flowing processes. How-
ever, heavy and complex facilities are required to harness
flowing processes, which may be unavailable for various
working conditions requiring a small size and high flexibility.

Herein, a fiber-shaped fluidic nanogenerator (FFNG) that
is lightweight, flexible and stretchable was fabricated from an
aligned multi-walled carbon nanotube (MWCNT) sheet. The
MWCNT sheet was designed as both the active and electrode
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material because of its excellent electronic and mechanical
properties. The FFNG efficiently worked within various
forms of flowing water in the environment and in the
human body, and the generated electricity was controllable
by varying the ion species, concentration, temperature and
flowing velocity of the fluid. The fiber shape also offered
unique and promising advantages. For instance, the FFNG
could be woven into textiles to enhance the harvested energy
for large-scale applications.

The aligned MWCNT sheet was drawn from a spinnable
MWCNT array and continuously wrapped onto a polymer
fiber (Figure 1a,b). The FFNG was also prepared by twisting
the MWCNT sheet into a MWCNT fiber. The aligned
MWCNT sheets and fibers showed high electrical conductiv-
ities of 10-10°Scm™' and tensile strengths of 10*
10° MPa.l'*1 Here, the MWCNT/polymer fiber was taken
as a proof of concept. The MWCNTs were compactly covered
on the polymer substrate with a highly aligned structure
(Figure 1¢). With a typical thickness of 18 nm for a single
layer of the MWCNT sheet, a total thickness of approx-
imately 260 nm was typically obtained by repeating the
wrapping process.'® The diameter of the resulting fiber was
readily controlled by the polymer substrate. For the conven-
ience of this discussion, a diameter of 800 um was studied
unless otherwise specified. The resistance of the FFNG was
0.94kQcm ™! in dry state according to the I-V curve (see
Figures S1 and S2 in the Supporting Information).

A NaCl solution, as one of the most common electrolytes
both in sea water and biological fluids, was first adopted as
a candidate to systematically study the electric signal
generation of the FFNG. The FFNG was fixed at the center
of a tube with two copper wires attached to the ends
(Figure 1d). When a NaCl solution was injected into the
tube from one end and flowed through the FFNG surface at
a velocity of 1.2cms™', an output voltage was rapidly
generated as the solution contacted the FFNG. Along with
an increasing flow distance (i.e., immersed length of the
FFNG in NaCl), the output voltage gradually increased
towards a peak value and then returned to the original voltage
upon backflow at the same velocity (Figure 2a). If the NaCl
solution was injected into the tube from the other end, the
direction of the output voltage would be reversed. However,
the output voltage of the FFNG was rather low in the flowing
solution when the whole device was immersed, since the
contact length between the FFNG and the solution no longer
increased (Figure S3). With an increasing flow velocity from
2.6 to 195 cms™ of a 0.6m NaCl solution, the output voltage
increased from 42 to 121 mV (Figure 2b). At a velocity of
12.9 cms™!, the voltage was further enhanced by increasing
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and 78 to 119.5 mV were observed for the
FFNGs without and with OMC, respec-
tively (Figure S10).

As expected, the electric output was
enhanced by increasing the FFNG length.
The output voltage linearly rose from 7.7 to
85.8 mV upon lengthening the FFNG from
2 to 20 cm (Figure S11). A similar trend
was observed for the OMC-incorporated
FFNG. An output voltage of 650 mV and
a current of 67 pA were produced by a 30-
cm-long OMC-incorporated FFNG (Fig-
ure S12). Furthermore, the output electric-
ity was further improved and well con-
trolled by connecting the FFNGs in series
and parallel (Figure S13). Output voltage

Electricity output

Figure 1. Structure characterization and measurement illustration of the FFNG. a) Photo-
graph of a continuous FFNG based on MWCNTs with a diameter of 0.8 mm in a roll.

b,c) Side-view scanning electron microscopy (SEM) images of the FFNG at low and high
magnifications, respectively. d) Schematic illustration of the experimental setup of measuring

the electricity output in flowing water.

the NaCl concentration, achieving a maximal value of
151.5 mV at a concentration of 4m (Figure 2¢). The FFNG
output current response to flowing water was also studied,
and similar trends of the voltage versus concentration were
observed.

We further discovered that the flow-induced electric
output could be greatly enhanced by introducing ordered
mesoporous carbon (OMC) (Figure S4). As described in the
Experimental Section, OMC particles were incorporated into
the interlayer among the MWCNT sheets to obtain an OMC-
incorporated FFNG (Figure S5). A highly uniform and
ordered mesoporous structure (pore sizes of 3-5nm) was
shown, resulting in a high specific surface area (>900 m*g ')
(Figure S6). The output voltage and current of the OMC-
incorporated FFNG could be sustained for over 1 h, showing
a stable electricity generation (Figures S7 and S8). The output
voltage was efficiently improved, reaching a maximal value of
341 mV with an increased OMC content from 0 to 5.1 pgem™
(Figure 2d). This achieved maximal value was two times
higher than that of the OMC-free FFNG. The output voltage
remained almost unchanged when the OMC content
exceeded 10.2 pgem™. Similar to the OMC-free FFNG, the
electric output generated by the OMC-incorporated FFNG
was also efficiently improved by either increasing the NaCl
concentration or the flow velocity (Figure S9). A maximal
electric output with a voltage of 0.3V and a current of
0.06 mA was achieved. The output current is two or three
orders of magnitude higher than that of typical piezoelectric
and triboelectric nanogenerators with similar dimensions.!'!!
Additionally, an enhanced output voltage was generated at
a higher operating temperature. For instance, as the operating
temperature was increased from 10 to 90°C, approximately
linear increases of the output voltages from 2.8 to 22.5 mV
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of 200V and current of 25 mA may be
produced from a thousand FFNG units in
series and in parallel, respectively (Fig-
ure S14). The dependences of the output
voltage and current on the load were
studied by connecting the OMC-incorpo-
rated FFNG to an external resistor. A
maximal power density of 39.5mWg™!
occurred at 3 kQ (Figure S15). The power
curve of the FFNG in a saturated NaCl solution flowing from
one end to the other was obtained by the output voltage and
current at an external resistor of 3 kQ, and the power
conversion efficiency was calculated as 23.3% accordingly
(Experimental Section and Figure S16).

In general, the electricity was derived from the relative
movement between the FENG and the solution. Herein, the
occurrence of electricity generation was predictable by
moving the FFNG in a quiet fluid. For instance, a peak
output voltage of 120 mV was generated by dipping the
OMC-incorporated FFNG into a saturated NaCl solution.
The output voltage generation was highly flexible and stable
and showed no obvious decrease over 1000000 bending cycles
(Figure 2¢). Stable performance of the FFNG was also
achieved after other more complex deformations, such as
twisting. Moreover, the contact angle between the FFNG and
the fluid had little effect on the output voltage, displaying the
capability of harvesting electric energy from fluids at various
directions in nature (Figure S17).

Recently, stretchable energy harvesting devices have
attracted increasing attention because of their promising
applications in portable and wearable electronics. A stretch-
able FFNG was fabricated from an elastic fiber substrate (see
the Experimental Section). The electrical resistance of the
FFNG remained almost unchanged under stretching (Fig-
ure S18). An electric output was produced by stretching the
elastic FFNG half-immersed in saline water (Figure S19a),
and a stable peak output voltage of 33 mV was generated
under a stretching frequency of 0.67 Hz (Figure S19b). For
the elastic OMC-incorporated FFNG, similar electricity
generation behavior was observed, and the peak output
voltage was enhanced after the incorporation of OMC
(Figure S20). The electricity generation resulted from the
relative movement between the MWCNT and the fluid during
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Figure 2. Electricity produced by the FFNG with flowing saline water at the surface.

utilized to harvest triboelectric energy, leading to
a relatively low harvesting performance. Impor-

a) Output voltage of a reciprocating flow of a saturated NaCl solution at 1.2 cms™". tantly, flowing energy can be used during both day

b) Dependence of the output voltage on the velocity of a flowing 0.6 M NaCl
solution. c) Dependences of the output voltage and current on the concentration of
a NaCl solution (flowing velocity was 12.9 cms™'). d) Dependence of the output
voltage on the OMC content of an OMC-incorporated FFNG in a saturated NaCl
solution (the flowing velocity was 20 cms™'). e) Output voltage generated by
repeatedly dipping an OMC-incorporated FFNG into a NaCl solution with an
increasing number of bending cycles. The inserted graphs show the output voltages
of the FFNG after 200000, 600000 and 1000000 bending cycles in the NaCl

solution. The FFNG length in (a—e) is 10 cm.

the stretching process, where the amount of MWCNT
immersed in the solution decreased and increased during
the stretching and relaxing process, respectively. The peak
output voltage was enhanced by increasing the stretching
frequency from 0.17 to 1.33 Hz, that is, the relative speed
between the MWCNT and the fluid was increased from 2.7 to
21.3 cms™" (Figure S21 and S22). The voltage baseline rose
along with the increase in the stretching frequency, possibly
because the baseline needed more time to release charge at
higher stretching frequencies, which will be discussed below.
Interestingly, the peak output voltage of the FFNG was also
efficiently and linearly improved from 17.8 to 58.6 mV by
increasing the immersion depth from 2.5 to 7.5cm (Fig-
ure S23). This phenomenon may be used to monitor water
level variations without an external power supply.
Regarding harvesting energy from biological fluids,
adapting generators for miniature stream-like channels exist-
ing in the human body is essential and challenging, as these
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and night time and is not affected by weather. To
systematically estimate the harvesting perfor-
mance of the FFNG, a comparison with various
miniature fiber-shaped generators, including dye-
sensitized solar cells (DSSCs),'**= perovskite
solar cells (PSCs),?%21:3+3 guantum-dot-sensi-
tized solar cells (QDSSCs),*" organic solar
cells (OSCs),[**l inorganic solar cells (ISCs)!**+!
and nanogenerators (NGs) that harvest electro-
static and triboelectric energy,”?*!! was further
conducted (Figure 3). The FFNG showed the highest power
conversion efficiency of 23.3%. Furthermore, the FFNG is
highly flexible and stable, and can bear millions of deforma-
tion cycles in water.

Unlike previous work where two electrodes were com-
pletely immersed in the solution,***! only one electrode of
the FFNG contacted the solution, and the output voltage
went down immediately when the two electrodes were both
immersed. It cannot be explained by previously proposed
mechanism, since the curved shape of the output voltage was
different and showed better repeatability for the FFNG. An
electric double layer (EDL) model is summarized for the
working mechanism of the FFNG. When the FFNG comes
into contact with the solution, an EDL forms between the
surface of the immersed MWCNT and the solution (Fig-
ure 4a). The zeta potential of the MWCNT in deionized water
was measured as —12.5 mV, indicating a negative surface of
the MWCNT (Figure S26). A stern layer was formed by the

Angew. Chem. Int. Ed. 2017, 56, 1204012945
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Figure 3. Power conversion efficiencies and flexibilities of the FFNG
and other fiber-shaped generators, including dye-sensitized solar cells
(DSSCs),'* 22 perovskite solar cells (PSCs),?*?"***2 quantum-dot-
sensitized solar cells (QDSSCs),**! organic solar cells (OSCs),**")
inorganic solar cells (ISCs)?*** and nanogenerators (NGs) that
harvest electrostatic and triboelectric energy.” 1.
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cations adsorbed onto the MWCNT because of the negative
zeta potential. However, the anions in the diffusion layer were
retarded in migration to counteract the net charge of the stern
layer;“**"! therefore, the electrons were drawn from the
MWCNT to balance the excess charge, thus inducing
a potential difference. As the contact length between the
FFNG and the solution rapidly increased, further unbalanced
charge accumulated at the front half (Figure S27), and
a higher potential difference was thus generated. When the
contact length of the FFNG with the solution ceased to rise,
the ions in the solution gradually balanced the excess charge
and the voltage decreased. It is worth noting that the output
voltage and current did not return to zero after the solution
stopped flowing. Sealing the electrodes decreased the output
voltage of the FFNG. It could probably be attributed to the
galvanic nature of metal-carbon nanomaterial junction which
also contributed to the electricity generation.*! Furthermore,
as the interspace of the MWCNT was small, the voltage
output contribution of the capillary force-driving water flow
among the MWCNTs had been also taken into consider-
ation.*>"! However, owing to the hydrophobic property of
the MWCNT, water cannot go into the interspace of the
MWCNTs efficiently.'"! The streaming potential by pressure-
driving water flow is hard to be induced on hydrophobic
surface.”) Therefore, the effect of the
capillary force-driving water flow might
be neglected in the flowing -electricity
generation.

For the OMC-incorporated FFNG,
owing to the large surface area, the OMC
provides a higher capacity for ion adsorp-
tion, which allows for the generation of
a larger potential difference. To verify this

| hypothesis, we investigated the cyclic vol-

| tammograms of the FFNG with increasing
OMC contents in a three-electrode elec-

| trochemical cell. No cathodic or anodic
— peaks were observed, indicating typical

—®

Low NN

Potential

b c

EDL behavior. The area of the CV curve,
which  represents the  capacitance,
increased with an increasing OMC content
from 0 to 5.1 pgem !, which is consistent
120 with the increasing output voltage of the
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Figure 4. Mechanism of the FFNG. a) Schematic illustration of the mechanism showing the
flow potential in the FFNG. An EDL is formed on the surface of the MWCNT in the fluid. The
anions at the front end of the flowing water could not immediately counteract the net charge
of the stern layer. Then, the charge imbalance between the anions and cations draws
electrons from the MWCNT to balance the excess charges, generating a potential difference
along the FFNG. b) Output voltages by dipping the OMC-incorporated FFNG into NaF,
NaCl, NaBr and Nal solutions with the same concentration of 0.6 M. c) Output voltages by
dipping the OMC-incorporated FFNG into LiCl, NaCl, KCl, RbCl and CsCl solutions with the
same concentration of 0.6 M. The OMC content was 5.1 ugecm™' in (b) and (c).
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FFNG (Figure S28). The capacity for
charge adsorption was susceptible to the
environmental temperature. The areas of
the CV curves, that is, capacitances,
{40 increased at higher operating temperatures
{20 (Figures S29 and S30), thus generating
higher voltages. Additionally, the adsorp-
tion behavior was also affected by the ion
size. Anions with larger radii were not
easily attracted to the stern layer because
of their weaker electronegativity and
larger volumes, thus increasing the output
voltage (Figures 4b and S31a). The varia-
tion of cations with different radii showed
little influence on the output voltage
(Figures 4c and S31Db).

4100
180
160

Voltage (mV)

RbCI CsCl .
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To demonstrate a practical application, the FFNG was
placed in sea water to harvest the flowing energy from natural
movements, such as sea waves (Figure S32). To harvest the
mechanical energy from wind above stagnant water, the
FFNG was also tied to the axis of a fan (Figure S33a). When
the fan was driven by the wind, the FFNG moved up and
down repeatedly. An output voltage of approximately 60 mV
was continuously produced through the relative movement
between the FFNG and the sea (Figure S33b). To demon-
strate an application in the body, one terminal electrode of the
FFNG was attached to a sciatic nerve of a frog. The other end
was connected to the nerve with a switch, and a force sensor
was connected to the gastrocnemius muscle to detect the
contraction through a thread (Figure S34). Under the flow-
induced electric stimulation, a tension force of 5.7 mN was
generated through muscle contraction (Figure S35), and
a continuous generation of tension was obtained with good
reproducibility.

To summarize, we create a new family of FFNGs to
harvest flowing energy from any flowing water in the
environment. With the one-dimensional structure, it can
desirably be implemented in the human body and turn the
flowing of body fluids and blood into electricity. A maximal
power conversion efficiency of 23.3 % can de achieved by the
FFNG, which much surpasses all previously reported fiber-
shaped energy harvesting devices. It also demonstrates both
high stability and durability. For example, the harvesting
performance has been well-maintained even after 1000000
cycles of deformation. This new method may provide a gen-
eral and effective paradigm in the development of highly
efficient and miniaturized power systems.
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