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Abstract
By forcing an electrolyte solution to flow across a nanoporous electrode, a significant output
voltage was measured. In contradiction to the classic streaming-potential theory, the output
voltage was independent of the flow rate and the electrode distance. The discharge time was
longer by orders of magnitude than the retention time. If the external resistance was relatively
small, the voltage would eventually vanish. These unique phenomena can be attributed to the
amplification effect of the large nanopore surface area on the mechanical disturbance of
surface capacity.

1. Introduction

While liquid electrification at solid surfaces, such as stream-
current generation of oil transported in a pipeline, is a well
known phenomenon [1], its application in energy conversion
has not received the necessary attention until recently when
the processing techniques of nanoporous materials were
relatively well developed [2–4]. Conventionally, nanoporous
materials were used in the areas of chemical engineering and
biomedical science for catalysis, absorption and adsorption,
separation and purification, etc [5,6]. Conductive nanoporous
materials include nanoporous carbons and carbon nanotubes,
semiconductors, as well as metals and alloys [7]. They are
often synthesized by templating techniques. By removing a
continuous template phase through combustion or extraction,
the empty space can be left in the network phase as
nanopores [8, 9]. Other techniques, such as hydrothermal
treatment and pressurized sintering, are also commonly
utilized [10, 11].

As an electrolyte solution contacts a solid surface, a
layered structure of solvated ions can be formed. The inner
layer, which is often referred to as the Stern layer, is of the
highest ion density and the lowest ion mobility; in the outer
layer, which is known as the Gouy–Chapman layer, the ion
structure is less ordered and the ion mobility is higher. As the
liquid flows along the solid surface, a shear plane is formed,
resulting in a zeta (ζ ) potential [12]. The stream current caused
by the net charges in the diffusive layer of a continuous flow in
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a circular channel can be assessed as I = πdσ0v0 [13], where
d is the channel size, σ0 is the effective charge density and v0

is the flow velocity. Consequently, a potential difference, φ∗,
is developed:

φ∗ = 4σ0v0l0/d · ξ, (1)

where l0 is the channel length and ξ is the liquid conductivity.
This electrokinetic phenomenon has been well appreciated
in electropolishing, microflow control, biological research,
etc [14], and has been studied intensively (e.g. [15–21]). Once
the flow stops, the equilibrium in the inner and outer layers
can be reestablished within a few microseconds [22]. Recently,
stream currents were observed in silicon nanochannels [23,24].
However, the total electric energy would be rapidly consumed
as the ion structure reached the steady state. One way to solve
this problem is to increase the conductivity of the nanochannel
surface, e.g. by using a nanoporous electrode. It is envisioned
that as the liquid electrification takes place over the large
nanopore surface, significant electric energy can be generated.
Such a system can extract useful electricity from ambient
mechanical motions, which are otherwise wasted or harmful.

2. Experimental

In the current study, a Chand–Eisenmann nanoporous monel
was investigated. Monel is a stainless copper–nickel
alloy [25]. The nanoporous structure was achieved by sintering
pressurized monel nanoparticles. The nanopore diameter was
around 460 nm. The as-received material was in cylinder
form, with a diameter of 9.5 mm and a length of 19.1 mm.
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Figure 1. Schematic of the experimental setup.

(This figure is in colour only in the electronic version)

Figure 2. A typical measurement result of the output voltage. The
external resistance is 1 M�.

The total pore surface area of each cylinder was 6.7 m2. The
mechanoelectric energy conversion system was formed by
firmly clamping a nanoporous monel cylinder (the electrode)
in a polyethylene pipe, as shown in figure 1. A counter
electrode was placed 10–50 mm away from the monel cylinder.
A continuous flow of 20 wt% aqueous solution of sodium
chloride was forced through the electrode using a MasterFlex
L/S 7518-10 digital drive. The monel cylinder and the
counter electrode were connected by nichrome wires through
a 1 M� resistor, R0, across which the potential difference was
measured by a National Instruments 6936E Data Acquisition
(DA) board. The nanoporous monel cylinder was connected
to the cathode of the DA board, and the counter electrode was
connected to the anode.

Figure 2 shows a typical measurement result of the output
voltage, φ, which, as will be discussed shortly, is different from
φ∗ in equation (1). Initially, the flow rate, Q, was zero. At
time t0, the digital drive was turned on and the flow rate was
increased to the set point, and maintained at this level for 100 s.
Then, the flow rate was increased gradually by 1 ml min−1 in
each step. The step width was 100 s. Finally, the digital drive
was shut down and the flow rate was abruptly decreased to
zero. Similar measurements were performed for systems of

Figure 3. The output voltage as a function of the electrode distance
and the flow rate.

different electrode distances, l, at various flow rates. The φ–Q

and φ–l relationships are shown in figure 3.

3. Results and discussion

According to figure 2, as the electrolyte solution starts to flow,
a significant output voltage is generated. After the pump is
turned on, the value of φ rapidly rises from 0 to about 68 mV,
and is stabilized at this level as the flow continues. As the
flow rate changes, there is no detectable variation in output
voltage. After the flow stops, it takes more than 300 s. for φ to
decrease to 0. The measured voltage is positive, indicating that
the potential of the electrode is higher than that of the counter
electrode. Note that the output voltage is not caused by a redox
reaction. If it were related to electrochemical reactions, it
should be detectable when the flow stops or when the electrode
is solid.

The observed phenomena are different from the
predictions of the classic streaming-potential theory. First,
the measured voltage is quite independent of the flow rate,
which is more clearly shown in figure 3. As the flow rate
increases, the variation in φ is small and random. This is
contradictory to equation (1) that predicts a strong correlation
between φ∗ and v0. Second, φ is insensitive to the electrode
distance, l. As shown in equation (1), in an ordinary electrolyte
flow, as the two electrodes are moved farther away from each
other, the potential difference between them should increase
linearly. Third, l is not an analogue to l0. In a conventional
electrokinetics setup, the potential difference is measured
inside the flow channel. In the current study, because the pore
surface is conductive, φ is measured between the electrode
and the counter electrode outside the nanopores. Finally, as
the flow stops, the decay of output voltage is slow, with the
characteristic time close to that of diffusional transport. If
the output voltage were directly caused by the ζ -potential, the
discharge time should be comparable to the retention time.
At room temperature, the retention time is usually at the
microsecond level [26]. Furthermore, due to the relatively
high electrolyte concentration, the Debye distance is around
a few nanometres [27], which is quite small compared with
the nanopore size, and thus the stream current should be
dominated by the neutral bulk liquid phase. Note that these
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Figure 4. The output voltage as a function of time. The external
resistance R0 = 100 � and the reference voltage φm = 19.6 mV.

observations are not dependent on the external resistance. As
R0 is changed in a broad range from 100 � to 1 M�, while
the output potential can become time dependent, as will be
discussed shortly, the above characteristics can always be
observed. The measurement results of φ is also independent
of the flow direction.

Figure 4 shows the output voltage as a function of time
when the external resistance, R0, was largely reduced to 100 �.
In an ordinary stream-current system, if the resistance between
the two electrodes is relatively small, a new equilibrium is
established and the potential difference should be zero, since
there is no return path. In the nanoporous system, however,
a significant transient voltage is detected. At point A, the
flow started and the voltage rapidly increased to the peak
value of φm = 19.6 mV. As the flow continued, the voltage
decreased gradually. At time B, the electrode and the counter
electrode were disconnected, grounded for 5 min, and then
reconnected. It can be seen that the energy conversion capacity
was fully recovered. The flow rate was constant during the
entire experiment. It is clear that, as the liquid flows, the
equilibrium of ion structure at the solid–liquid interface is
disrupted. The difference between figures 2 and 4 is caused
by the change in resistance. The output potential difference
can be stated as φ = �φ − φ0, where �φ is the difference
between the potential differences across solid–liquid surfaces
at the electrode and the counter electrode, andφ0 is the potential
difference in the liquid phase. Initially, when the liquid is at
rest, both �φ and φ0 are zero, so is φ. When the liquid starts
to flow, the ion distributions at the surfaces of the electrode
and the counter electrode become different, which can be
attributed to the confinement effect of pore walls as well as
the difference in effective flow rate in nanopores and in the
bulk liquid phase [28–30]. Consequently, �φ is developed.
When R0 is large, the current between the electrode and the
counter electrode is negligible, and the difference in charge
density can be maintained constant. In the liquid phase, φ0

is actually dominated by the stream-current effect along the
polyethylene pipe, which is negligible, primarily because the
Debye length is much smaller than the pipe diameter. Hence,
the output voltage is associated with the surface polarization
effect, independent of the electrode distance and having a long
characteristic discharge time.

When R0 is relatively small, the excess surface charges
would move from the low-potential end to the high-potential
one, forming a transient current. The total charge associated
with the current is around 15 mC, and the electric energy is
about 0.2 mJ. Since the total surface area of the nanoporous
electrode is 6.7 m2, the density of the excess counter charges
(electrons) is 2.2 mC m−2, or 1.4 × 1016 e m−2. In the 20 wt%
sodium chloride solution, the average cation density is 2.04 ×
1027 e m−3, and in a surface layer a few nanometres thick the
cation density is 1019–1020 e m−2. That is, as the liquid flows,
the variation in surface ion density is around 0.01–0.1%. This
change is insensitive to the flow rate, probably because that
for the thin interface layer even the lowest flow rate, which is
about 700 µm s−1, is still large and thus the disturbance effect
has been saturated. Once the transient current vanishes, the
energy conversion capacity of the system is lost. However,
as shown in figure 4, during the grounding process, the
system configuration rapidly returns to its initial state and the
accumulated excess charges could form the transient current
again, indicating that the transient current is directly related to
the motion of counter charges (electrons) in the solid phase,
rather than the ion motion in the liquid phase.

4. Concluding remarks

Clearly, the above discussion provides only a qualitative
framework for understanding the experimental data. More
detailed study needs to be carried out to analyse the effects
of electrolyte concentration, pH value, etc. Nevertheless,
it has been validated that semi-continuous mechanoelectric
energy conversion can be achieved by maintaining a flow
across a nanoporous electrode. Contradictory to the classic
electrokinetic theory, the potential difference is insensitive to
the flow rate and the electrode distance, and the discharging
process is quite slow. If the external resistance is relatively
small, the output voltage would vanish as the new equilibrium
is established.
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