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Abstract
Using a syringe pump setup, the authors conducted water flow experiments through porous
reduced graphene oxide (tGO). A variety of anions and cations were added to the water
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USA study effect of: (1) ion concentration in water, (2) type of anion used, (3) type of cation
used, and (4) effect of flow rate. The test data indicates that water flow through tGO net-
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ers that are ready to be coupled to moving ions present in the flowing fluid. The proposed
rGO material could enable harvesting of the ubiquitous, abundant, and renewable mechan-

ical energy of moving water directly to electrical energy. Unlike traditional schemes, the
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graphene material directly converts the flow energy into electrical energy without the need
for moving parts. Such graphene coatings could potentially replace conventional batter-
ies (which are environmentally hazardous) in low-power, low-voltage, and long service-life
applications. Once scaled up, this concept offers a potentially transformative approach to

1 | INTRODUCTION

It has been neatly two decades since Nobel Physics Laureates
Andre Geim and Konstantin Novoselov first reported [1] using
sticky tape to extract atomically thin layers of graphene from
bulk graphite. Graphene, a single layer of carbon atoms bonded
in a hexagonal lattice, is simultaneously the thinnest, strongest,
and stiffest material found in nature, as well as being an excellent
conductor of heat and electricity [2]. The extraordinary propet-
ties of graphene that have been reported in the literature [3-7]
include its Young’s modulus (~1100 GPa), fracture strength
(125 GPa), thermal conductivity (~5000 W m™'K™"), mobility
of charge carriers (200,000 cm? V™! s71), and specific surface
area (2630 m? g 1) to name a few. Other interesting proper-
ties of graphene and 3D graphene networks have been reported
including as photocatalysts [8, 9] and solar energy conversion
applications [10].

The Nobel Physics prize to Geim and Novoselov has gen-
erated enormous interest within the scientific community to
investigate the use of graphene for engineering applications.
We discovered a potentially very exciting property of graphene,

energy harvesting, as opposed to incremental advances in current technologies.

namely its ability to harvest electricity from flowing water [11].
When water flows over the graphene skin, ions present in water
adsorb on to the graphene surface. Friction between the bulk
flow and the adsorbed layer of ions causes the ions to acquire a
net drift velocity (via stick-slip motion) in the flow direction on
the graphene surface. Because of the sub-nm scale extreme thin-
ness of the graphene sheets, the adsorbed surface ions exhibit
a strong electrostatic coupling with the free charges that are
present in the graphene sheets. The net result of this is that
the free charge carriers in graphene are dragged along with the
adsorbed surface ions in the flow direction resulting in an elec-
tric current and induced voltage generation in the fluid flow
direction [11, 12].

Besides our work, many groups have reported similar obser-
vations of mV-level flow-induced voltage generation resulting
from fluid-flow over graphene [13—15]. However, the majority
of prior work to date has focused on water flow over individual
graphene sheets deposited on insulating substrates. While such
experiments are useful in terms of demonstrating the proof-of-
concept and understanding the underlying mechanism, they are
not practical for commercial applications due to the fragility of
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the individual (monolayer) graphene sheet and the complexity
associated with establishing high-quality electrical contacts with
monolayer graphene. In this work, we explore a macroscopic
and 3D reduced graphene oxide (tGO) network structure that
is comprised of individual graphene sheets and show that water
flow though this network can be used to successfully extract
energy from the fluid flow. Such macroscopic and robust tGO
materials can be manufactured [16, 17] in a scalable and cost-
effective manner by top-down exfoliation of bulk graphite and
show promise for practical applications.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis of graphene oxide (GO)
suspensions

GO powder (procured from ACS Materials) was dispersed in
deionized (DI) water by ultrasonication with a concentration of
~3 mg/mL in ~20 mL batches. The dispersion was centrifuged
at ~14,000 rpm to remove multilayer species. The recovered
supernatant is a solution of single-layer GO and is stable against
precipitation for several months.

2.2 | Fabrication of free-standing GO films
Free-standing GO films were prepared by vacuum filtration
of aqueous GO suspension through an Anodisc membrane
filter (47 mm in diameter, 0.2 mm pore size; Whatman), fol-
lowed by overnight drying in a vacuum desiccator. The resulting
membrane was readily peeled off the filter paper, to yield a
flexible free-standing film of GO. The as-prepared samples of
free-standing GO were cut by a razor blade into rectangular
strips of approximately 3.5 cm? area for testing without further
modification.

2.3 | Reduction of GO to tGO films

Reduction of GO is an important processing step for this study.
For this, ~25 mL of hydrazine hydrate (Sigma Aldrich) was
placed in an open ~50 mL beaker in a vacuum desiccator. The
freestanding film and GO drop-casted on quartz substrate was
reduced for ~30 h by exposure to hydrazine vapours under vac-
uum at room temperature to yield rGO films. Each piece was
individually reduced, and upon removal from the desiccator, was
characterized as is.

2.4 | Characterization of GO and rGO films

Figure 1a shows the diffraction pattern of the free-standing
GO film that exhibits a narrow peak at 28 = 10.54° that cor-
responds to diffraction reflection from the (002) planes with
the interlayer spacing of 8.25 A. After the GO reduction, the
(002) XRD-pattern diffraction peak has shifted to higher angles

(Figure 1b) due to the decrease in the rGO interlayer spacing,
which proves the reduction of oxygen-containing groups. The
interlayer spacing of rGO has been determined to be 3.41 A,
which is consistent with the literature [18-20]. In case of GO,
the small peak obsetved at approximately 20.1° indicates that a
fraction of the GO is not fully interconnected with the oxygen
atoms [21, 22]. In case of rGO, as the GO is reduced the distinct
peak in GO reduces and becomes broader due to partial break-
down of long-range order of GO. Also, the peak position has
slightly shifted towards a higher angle showing decrease in the
lattice spacing. The weak peaks between 10° and 24° denote the
coexistence of tGO and GO or partial reduction of GO [23].
The weak peak observed in the rGO spectra at approximately
6.5° can be due to the wet GO content in the sample. Since
hydrazine hydrate vapours are used to reduce the GO sample, it
is likely that the water vapour from the solution is absorbed in
the sample. The tGO after reduction is not further processed by
heating and so we believe that this peak indicates a small amount
of wet GO in the sample [24].

Figures 2a and 2b show the survey XPS spectra of GO and
rGO films respectively. High content of the oxygen-containing
functional groups and low calculated C/O ratio (2.2) indicate
that the GO is highly oxidized. After the reduction, the inten-
sity of the Cls peak related to the oxidized groups decreases
significantly, which is accompanied by a significant rise in the
C/O ratio determined to be 4.524.

The thickness of the GO and +GO films was obtained from
scanning electron microscopy (SEM) imaging of the fractured
edge as shown in Figures 3a and 3b. The material thickness
depends primarily on the concentration of the GO suspension
that was used during the deposition. In our study, the GO con-
centration is ~3 mg/ml., and in our case, the thickness of the
GO and rGO films was observed to be ~116 and ~135 um,
respectively. The porous network structure of the rGO mate-
rial is evident in the high-resolution SEM image provided in the
inset of Figure 3b.

2.5 | Device fabrication and setup for flow
transport experiments

For water transport experiments, the free-standing rGO films
were placed on a clean glass substrate and silver electrodes
were used as contact materials as shown in Figure 4a. Such a
method of contacting the nanomaterial surface has been exten-
sively used in the literature [25-32]. The fluid flow is along the
longitudinal direction of the rGO film as indicated in Figure 4b.
The rGO device is mounted at an angle so that the fluid can
flow over it. The rate of fluid flow is accurately controlled by
using a syringe pump (Figure 4b). The device was connected
to a digital multi-meter to record the voltage generated during
fluid flow. Voltage responses were measured in real time using a
BenchVue data acquisition application. Note that the tip of the
syringe pump is positioned such that the liquid does not con-
tact the silver electrode and hence only contacts the rGO film.
Thus, the generated voltages ate not a result of electrochemical
interaction between the contacts and water.
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FIGURE 1 X-ray diffraction (XRD) patterns of free-standing (a) GO film, (b) reduced GO (rGO) film. Interlayer separation values for rGO are noticeably
lower than the GO interlayer distance, which confirms reduction of interlayer water and oxygen-containing groups. GO, graphene oxide; rGO, reduced graphene

oxide.
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FIGURE 2  X-ray photoelectron spectroscopy (XPS) spectra of free-standing (a) GO film, (b) reduced GO film. There is substantial increase in carbon to
oxygen ratio from GO to rGO, which confirms successful reduction. GO, graphene oxide; rGO, reduced graphene oxide.

(a)

FIGURE 3  Scanning electron microscopy (SEM) of free-standing: (a) GO film (b) rtGO film. Insets show zoom-in view of the porous network structure of

these films. GO, graphene oxide; rGO, reduced graphene oxide.
2.6 | Effect ofion concentration

Water transport experiments with DI water yielded no appre-
ciable voltage signal, which indicates that the presence of ions
in the water is a necessary condition for the energy harvesting
to take place. Tests were performed with different concen-

trations of potassium hydroxide (KOH) added to the water
which results in Kt cations and OH™ anions in the water.
Flow-induced voltages in the tGO film are shown in Figure 5
for two different KOH concentrations namely 0.1 M and 0.5 M.
The flow rate is held fixed at ~1 mL/Min in these tests. From
the figure, we conclude the following:
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FIGURE 4  Schematic for (a) tGO device (inset: image of the sample); (b) setup for water flow experiments (inset: image of the setup). GO, graphene oxide;

GO, reduced graphene oxide.

300

——0.1M KOH
——0.5M KOH
Flow Velocity: 1mL/min

250

Voltage (mV)

0 10 20 30 40 50 60
Time (min)

FIGURE 5 Effect of ion concentration on the energy-harvesting effect of
tGO. rGO, reduced graphene oxide.

1. The flow-induced voltage in the tGO is strongly affected
by the ion concentration, with a higher voltage generated at
0.5 M (~150 mV) when compared to 0.1 M (~120 mV).

2. The energy-harvesting effect is not a transient effect, since
the power generation continued for over 60 min as indicated
in the experiments.

2.7 | Effect of anion

In Figure 5, we report the effect of different OH™ anion con-
centrations on the energy-harvesting effect. We also decided to
vary the type of anion. For this, we compared the performance
of OH™ and CI™ anions at the same concentration and with
the same cation (K™). To study this, flow transport experiments
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FIGURE 6 Effect of type of anion used on the energy-harvesting effect
of tGO. rGO, reduced graphene oxide.

were conducted with KOH and potassium chloride (KCI) con-
taining solutions at the same concentration of 0.5 M and at
a fixed flow rate of ~1 mL/min. The test results are shown
in Figure 6 and indicate that the anion has a strong effect on
the voltage generation in the tGO film, with the OH™ anion
performing much better than the CI™ anion. These results indi-
cate that the type of anion used has a powerful effect on the
energy-harvesting performance.

2.8 | Effect of cation

Next, we studied whether the cation also plays a significant role
in terms of harvesting energy from fluid flow. For this, we com-
pared NaCl and KCl salts in the DI water. In this way, the anion

od ‘T *vT0T ‘SOEETS0T

no1//:sdpy woiy papeoy




PANCHAL and KORATKAR

50f6

100

—— 0.5M NaCl

90 0.5M KClI
80 Flow Velocity: 1mL/min

Voltage (mV)
8 8 8 8 8 3

-
o
| -

o

T T T T T T T T T
10 20 30 40 50 60
Time (min)

o

FIGURE 7  Effect of type of cation used on the energy-harvesting effect
of rGO. rGO, reduced graphene oxide.
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FIGURE 8  Effect of flow rate on the energy-harvesting effect of rGO
films. rGO, reduced graphene oxide.

is the same (CI7) and only the cation (i.e. Na+ and K%) is being
varied. The flow velocity was fixed at ~1 mL/min and ion con-
centration was also fixed at ~0.5 M in these tests. The results
(Figure 7) indicate that the type of cation has a weak effect on
the energy-harvesting performance of the tGO film.

2.9 | Effect of flow rate

Finally, we studied the impact of flow rate on the energy har-
vesting effect. For this, we used KT as the cations and OH™
as the anions at a concentration of ~0.5 M. The experiments
were performed at two different flow rates, namely ~0.1 and
~1 mL/min. The results indicate (Figure 8) that the increased
flow rate improves the voltage generation effect.

TABLE 1  Comparison of our result with the literature for rGO-type films.

State-of-the-art flow-induced energy-harvesting ~ Open-circuit

results with rGO-type films voltage Ref.
Block copolymer-modified reduced graphene oxide ~ ~19 mV [33]
Reduced graphene oxide paper-pencil device ~280 mV [34]
Reduced graphene oxide film ~1mV [35]
This study ~150 mV

GO, reduced graphene oxide.

3 | SUMMARY

In this letter, we report water flow experiments through porous
tGO networks. The rGO materials are mechanically stable and
can be manufactured by scalable top-down exfoliation meth-
ods. Based on our test results, we draw the following main
conclusions:

* We find that the flow-induced voltage in the tGO is strongly
affected by the ion concentration, with a higher voltage
generated at higher ion concentrations.

* The energy-harvesting effect is not a transient (i.e. tempo-
rary) effect, since the power generation continued for over
60 min as indicated in the experiments.

* Odur results indicate that the type of anion used has a powerful
effect on the energy-harvesting performance. For example,
OH™ anions perform much better than CI™.

* We find that the type of cation used has a weak effect on the
energy-harvesting performance of the rGO film.

* The stronger effect of anions compared to cations indicates
stronger coupling of anions with free charge carriers in the
rGO material.

* Our results indicate that increased flow rate of the fluid flow
greatly improves the voltage generation effect.

Table 1 compares our results with the literature [33—35] as
it pertains to rGO-type materials. The tGO films tested here
compare favourably with the literature. To conclude, we show
that mechanical (flow) energy can be converted to electrical
energy by flowing water (that contains ions) over rGO surfaces.
The energy-harvesting mechanism uses stick-slip movement of
ions on graphene surfaces to couple with free-charge carriers
in graphene, and drag the charge carriers in the flow direction,
resulting in an induced voltage. Hence, an increase in the fluid
flow rate ot the ion concentration increases the induced volt-
age. The anion has a stronger effect than the cation, presumably
due to stronger coupling of anions with the free-charge carriers
in graphene. Finally, we show that this mechanism is applicable
not only to individual graphene sheets, but to tGO films, thus
allowing energy to be harvested at a practically useful level.
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