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ARTICLE INFO ABSTRACT

Keywords: Nanofluidic reverse electrodialysis systems based on track-etched nanochannels are promising devices for new
Concentration polarization eco-friendly ways of sustainable energy generation. In recent years, several works have been focused on the
Nanofluidics

influence of parameters such as pH, ionic strength, and chemical nature of the electrolyte on the device per-
formance. However, despite the relevance of the geometry on the channel properties, the influence of the
nanochannel shape on the performance of energy conversion remains almost unexplored. In this work, we
present an experimental study — complemented with Poisson-Nernst-Planck simulations — that describes how the
shape of the nanochannels strongly affects the energy conversion performance of single bullet-shaped nano-
channels created on PET foils by the ion-track-etching method. To test optimal parameters for energy conversion
and selectivity, the performance was investigated by varying the channel effective diameter as well as the pH and
the electrolyte gradient. With a maximum output power of 80 pW, this system reveals the best value reported for
a bare single track-etched nanochannel. Therefore, this work experimentally demonstrates that it is possible to
obtain high power output by means of a careful choice of channel geometry and etching conditions, in addition to
other experimental parameters such as pH and electrolyte gradient. We believe that these results offer a
promising framework to explore new design concepts in nanofluidic osmotic power generators.

Ion transport
Osmotic power generation
Blue energy

energy [8]. This conversion is obtained from the generation of an elec-
trochemical potential by the action of an ion-selective membrane

1. Introduction

The increase of energy demand, as well as the concern for the high
environmental impact of the use of fossil fuels, encouraged the study and
the development of new ways for eco-friendly energy generation. The
search for new alternatives for energy harvesting systems with low
environmental impact is a great ongoing effort [1-3]. The development
of a system that generates energy from mixing water with different
salinity content (e.g. seawater and river water) has attracted consider-
able attention because of its great attributes such as having a low
environmental impact, low cost and accessibility [4,5]. As an example,
reverse electrodialysis (RED) is a method that allows pursuing these
goals [6,7]. RED consists in the transformation of Gibbs free energy of
mixing, obtained when mixing freshwater and saltwater, into electrical
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disposed between two reservoirs with different electrolyte concentra-
tions (activities) [9-11]. The key factor of any RED device is the mem-
brane performance in terms of resistance and ion-selectivity; that is why
new strategies and materials for enhancing the membrane selectivity
become a relevant issue in clean energy production [12].

Nowadays, great improvement is being achieved in the development
of renewable energy sources by the use of nanotechnology [13-15].
Bottom-up strategies with size and shape-controlled building blocks can
enhance the performance of solar-cells, RED systems, batteries, among
others [12,16-19]. Regarding reverse electrodialysis, the great advances
in nanofabrication have outlined the design of solid-state nanochannels
(SSN) as an easy and effective way for the generation of salinity gradient
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energy [20-23]. In recent years, several salinity-gradient power gener-
ation systems based on SSN from different materials, such as alumina,
silicon-based, copolymer blocks and polymer membranes such as poly-
imide (PI), polycarbonate and poly(ethylene terephthalate) (PET), have
been introduced [24-33].

Nanochannels created by the ion-track-etching method have gained
special attention since they have demonstrated a great potential for
harvesting energy via RED [20,24,29-31,34]. Pioneering works by Siwy
et al. and Cervera et al. showed that the exposition of a track-etched
nanochannel to a concentration gradient generates a junction poten-
tial and a zero-volt current [11,35]. This principle was taken by Guo
et al. with the aim of designing an ion-selective membrane for reverse
electrodialysis based on track-etched nanochannels. These researchers
studied the energy-conversion performance of PI conical channels
varying both the pH and the size of the channel and demonstrated a
power up to 26 pW for the optimized nanochannels dimensions.
Assuming a linear scaling up to high pore densities, their result would
yield an improvement of three orders of magnitude compared to com-
mercial RED membranes [34]. However, recent experiments show that
scaling up to high pore densities does not follow a linear relation and the
resulting energy production is lower than that expected [36,37]. How-
ever, with the aim of shedding light on which are the factors that can
substantially improve the performance, the study in single-pore systems
is still an appropriate platform.

Studies on single-pore systems are extremely helpful in revealing
critical channel parameters that may affect the performance of nano-
fluidic reverse electrodialysis (nRED) devices [11,38-42]. For example,
Cao et al. carried out a systematic investigation of the electrolyte ions
and the charge selectivity using conical nanochannels. They found that
the performance is directly related to the ion diffusion number. For
cation-selective nanochannels, KF as electrolyte showed the best per-
formance, whereas for anion-selective nanochannels the best results
were obtained with LiCl [43]. Tseng et al. studied the influence of size
and gradient concentration in the output power generated by nRED.
They concluded that a reduction of both the radius and the length of the
pore, together with an increase of the gradient concentration, maximizes
the power output [41]. However, a significant decrease of the channel
length below 400 nm is detrimental [44,45]. Several theoretical works
based on Poisson-Nernst-Planck (PNP) simulations investigated the
impact of the shape of the nanochannel [38,40]. In this regard, the
design of nanochannel with asymmetric geometries leads to an incre-
ment in the power due to the decrease in the channel resistance [23,46].
Moreover, Ramirez et al. simulated conical, trumpet- and the
bullet-shaped nanochannels and found that the nanochannel shape is of
crucial importance as it determines both the transmembrane current and
the ion selectivity of the device [47]. For channels with the same
diameter, it was calculated that bullet-shaped nanochannels provide a
substantial improvement in power output. However, to our knowledge,
experimental studies on the power generation performance of
bullet-shaped nanochannels have not been reported so far.

Here, we present the results of a comprehensive experimental study
on the energy conversion performance of bullet-shaped nanochannels in
PET foils created by the ion-track-etching method. Bullet-shaped nano-
channels are parallel channels that significantly tapper close to the
channel exit forming a very small pore mouth. This special geometry is
obtained by asymmetric surfactant-assisted etching [48]. In this exper-
imental study, we tested the power, efficiency and selectivity of the
nRED system by varying the effective nanochannel diameter, as well as
the pH and imposed concentration gradient of the electrolyte. With a
maximum output power of 80 pW, this configuration widely exceeds the
results obtained for conical channel geometries. The power generated by
the present system is the highest reported for a single unmodified
track-etched nanochannel. This work encourages the wuse of
bullet-shaped nanochannels as an interesting alternative for functional
systems with application in macro-scale energy conversion.
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2. Experimental section

Nanochannel synthesis: PET foils (12 pm thick) were irradiated with
a single swift heavy ion Au (2.2 GeV). Along its trajectory, each ion
produces a damaged trail (track) across the foil. The track has a typical
width of several nm and consists of severely damaged material [49]. Due
to the high chemical reactivity, chemical etching converts tracks into
open channels. The etching agent and etching condition determine the
channel geometry. By the etching time, the final channel diameter can
be adjusted [50,51]. As etchant, we used 6 M NaOH at a temperature of
~60 °C and the etching time was varied between 5 and 9 min.
Bullet-shaped geometry of the nanochannels was obtained by adding a
surfactant (Dowfax 2al 0.05%) to the etchant on one side of the mem-
brane (tip side) [48,52]. After stopping the etching process, the mem-
brane was carefully rinsed in mQ water.

Conductivity measurements: the iontronic measurements were per-
formed in a four-electrode configuration using a potentiostat (Gamry
Reference 600) [53]. For the energy conversion experiments, three cycles
of i-V curves with short limits of transmembrane voltage (from —50 mV
to 150 mV) and a low scan rate (&5 mV s'!) were performed. For the
standard conductimetric measurements, the transmembrane potential
window was varied between +1V with a potential sweep of 100 mV s™.

The i-V curves for the analysis of energy harvesting were carried out
in asymmetric conditions of electrolyte. In all cases, the half-cell in the
base side was filled with KCl 1 M whereas the half-cell in the tip side was
filled with solutions in the range 10° — 0.1 M. Unless otherwise
explained, the measurements were carried out at pH~10.

Rectification factor (fiec): in order to quantify the ionic current
rectification (ICR) efficiency, the fr. was introduced. This parameter
was calculated as follow,

_ vy
fmim it I(1 V)>I(—1 V) "
.fm:% it I(—1 V)>I(1 V)
3. Results

3.1. Ionic current rectification

The etching procedure leads to the formation of carboxyl groups at
the channel surface and is responsible for the resulting negative surface
charges, which induce ionic transport selectivity at neutral and basic pH
conditions [47,54,55]. On the other hand, the asymmetric etching
condition produces the bullet-like shape of the nanochannel, which has
a paramount relevance on the disruption of the electrical potential
symmetry yielding ionic current rectification (ICR) or ionic diodes [56].
Fig. 1A shows the response of asymmetric bullet-shaped nanochannels
of various diameters at moderate ionic strength and alkaline pH (KCI =
0.1 M and pH = 10). The bullet-shaped geometry was confirmed by SEM
images (Fig. S1). The charged surface exposed to the electrolytic solu-
tion results in an enrichment of counter-ions in the vicinity of the surface
to maintain electroneutrality. This region is commonly called electrical
double layer (EDL) and its thickness, which generally is in the nano-
metric range, is characterized by the Debye length (Ap). In a nano-
channel with negatively charged groups, the Debye length has a
comparable size as the tip diameter if the salt concentration is low
enough. Ergo, the surface electric potential causes in the tip region the
exclusion of anions (ions with the same sign of surface charge) and
enrichment of cations (ions with the opposite sign of the surface charge)
[57,58]. At this condition, the current is regulated by the surface charges
(surface-governed) and is largely explained by cation transport. The
asymmetric ionic transport (diode-like behavior) is characterized by the
rectification factor (see Experimental section). Rectification factors for
single nanochannels of different sizes are presented in Fig. 1B as a
function of the ionic strength. The surface control of the ionic transport
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Fig. 1. (A) i-V curves for single bullet-shaped nanochannels of different diameters. The measurements were carried out in 0.1 M KCl and pH = 10. (B) Rectification
factor vs. concentration of KCI at pH = 10. (C) Conductance of bullet-shaped nanochannels vs. concentration of KCI at pH = 10. In the low concentration range the
conductance is dominated by surface charge, yielding a plateau. The legend indicates the effective diameters, Deg, of the different channels.

explains the plateau in terms of conductance for low concentrations of
KCl (low ionic strength) in Fig. 1B. It is important to remark that the EDL
has an important influence on ionic transport, but it is not required the
overlapping for triggering a surface-governed (or rectifier) behavior
[59-61]. On the other hand, for salt concentration above around 1000
mM, the Debye length shrinks, and consequently, the effect of surface
charges on ion transport decreases due to efficient screening. Accord-
ingly, the iontronic output is determined for the electrolyte concentra-
tion and the geometry of the nanochannel. This condition is similar to
the bulk behavior which explains the linear increment of the conduc-
tance for KCl concentrations above 100 mM in Fig. 1C [54,62]. This loss
of superficial control at 1000 mM leads to the decrease of the rectifi-
cation efficiency shown in Fig. 1B [58].

3.2. Effective size of nanochannels

To characterize the size of our bullet-shaped nanochannels, the
following mathematical description is given [60].

D(x)=D — (D —dy,)exp(—x/ h) @)

where x is the axis of the channel of length L, D the base diameter, dy;,
the tip diameter and h a parameter that accounts for the bullet-like shape
(Fig. S2).

The tip (dyp) and base (D) diameters and the shape parameter L/h can
be deduced from the iontronic response of the nanochannels using PNP-
based models [58,63]. Details of the procedure are presented in the SI
file, the values of the channels tested in this study are presented in
Table 1.

When considering the effect of the geometry and size on the salinity
gradient-based power generation performance of the nanochannels, it is
more useful to use a single effective parameter characterizing the
conductance response. Thus, we computed the effective diameter, D,
as the diameter of a cylindrical nanochannel having the same conduc-
tance as the bullet-shaped channels at high ionic strength. These di-
ameters were estimated for each nanochannel from the i-V curve
measurements in a condition that ensures bulk-like behavior (and ne-
glects nanoconfinement effects), i. e. high ionic strength (1 M KCI) [50],
as follows [64].

4L
Dy =1\/— 3

Table 1
Nanochannels size characterization.
diip (nm) D (nm) L/h Defr (nm)
10 1000 5 190
14 900 8 250
14 1000 8 340
30 1200 4 380
12 1900 9 450

where R is the resistance obtained from the i-V curve at low trans-
membrane potentials (linear region), k is the specific conductance of 1 M
KCl at 25 °C (0.11 Q'em™) and L is the channel length, which can be
approximated by the thickness of the unetched foil (12 pm).

The effective diameter correlates with the bullet geometry parame-
ters according to (see ESI for details)

1/2
Dy ~ {d,,pD ﬂ “4)

Fig. 2 shows the correlation between the effective diameters deter-
mined from the experimental results of the nanochannels conductance at
high salt concentration and the estimation by eq. (4) from the bullet-
shaped geometry parameters determined using the PNP formalism
(Table 1). It is important to note that the PNP parameters were deter-
mined from the i-V curves at 0.1 M KCl (diode-like, non-ohmic
behavior), whereas the D values were obtained from the conduc-
tance of the nanochannels at higher ionic concentration (1 M KCl), at
which confinement effects can be neglected. Finally, this correlation
reinforces the utilization of Deg as a single parameter characterizing the
size of the nanochannels.

3.3. Salt gradient-based energy conversion

As mentioned earlier, it has been demonstrated that the ion selec-
tivity achieved in track-etched nanochannels provides a promising route
for the development of a system that turns Gibbs free energy of mixing
into electrical energy [8,34]. The experimental procedure is based on
the exposition of ion-selective nanochannels to gradient concentrations.
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Fig. 2. Relation between bullet geometry parameters and effective diameters
obtained by i-V curves.
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In this condition, the Gibbs free energy forces the diffusion of ions from
the solution with high activity to the solution with low activity. Since the
channel surface has a defined charge, the counter-ion flux is favored in
relation to the flux of co-ions, yielding net charge transport [9,10].
Concomitantly, a junction potential (diffusion potential -Eg) and a
zero-volt current (ip) are generated [11]. The iontronic output mea-
surement in the presence of a gradient concentration yields a i-V curve as
displaced from the origin (0; 0) in Fig. 3, right [35]. This fact is char-
acterized by the following equation [27,38,65].

V=E;; + IR 5)

Egif can be approximated as the reversal potential (Vi) in the
absence of redox processes on the electrode surface (this fact will be
discussed later). V., is defined as the potential in which the current is
zero (Fig. 3, right).

From Egyff, (or Vre), it is possible to deduce the system selectivity
with the cation and anion transference number [9,10],

1 F Eu
_1! o if 6
“=2 N T RT n(an /an) ©)
rL=1—1, @)

where ay and q;, denote the respective activities in the reservoir filled
with solutions of high (H) and low (L) activities (see Fig. 3, left). F, T, and
R are the Faraday constant, the temperature (room temperature) and the
gas constant, respectively. It is important to clarify that transference
numbers were calculated using activity values instead of concentrations
employing reported activity coefficients at each condition [66].
Experimentally the measurements consisted of recording i-V curves
in the presence of an electrolyte gradient for bullet-shaped nano-
channels of different diameters due to different etching times. The half-
cell compartment on the base side of the channel was filled witha 1 M
KCl (Cp) solution, whereas the KCI concentration of the reservoir on the
tip side was varied between 1 and 100 mM (Cp). The disposition of the
most concentrated KCl in the base side produces an improvement in the
performance of the energy conversion system [11]. Moreover, KCl salt
enhances the energy conversion performance of cation-selective systems
compared to NaCl and LiCl [43]. Our experimental set-up involved a
four-electrode array formed by two Pt electrodes ~working and counter
electrode- and two Ag/AgCl electrodes -reference and working sense-
connected to a potentiostat. As the Ag/AgCl electrodes were immersed
in saturated KCl bridges, it was possible to neglect drop potentials and
junction potentials on electrode/solution interfaces [10,34,42]. It is thus
suitable to approximate Vrey, to Egyy. Finally, the complete analysis was
carried out at pH = 10 because we have experimentally demonstrated
that alkaline conditions increase the surface charge of PET channel and
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this fact triggered an enhancement of the performance (Figs. S4 and S5)
[34,67]. Moreover, it has been recently reported that the increment of
pH above 10 produces a reduction in the effective concentration
gradient yielding a drop in the output power [68].

As anticipated in Fig. 3, the i-V curve measured under a concentra-
tion gradient is characterized by a non-zero potential (V) at zero
transmembrane current and a non-zero current (ip) at zero trans-
membrane potential. The magnitude of these values is very sensitive to
changes in the channel dimensions (Fig. 4A) [39]. A decrease in the
effective channel diameter produces an increase in V., and a decrease in
ip. Low inner space directly affects the ion flux which has a negative
impact on i,. On the other hand, the diminution of the effective channel
size promotes the surface charge effect on the ionic transport which
produces a more efficient exclusion of co-ions (nanoconfinement effect).
This fact generates an enhancement in the junction potential that is
translated into an increment of V.

The dependence of the cation transference number on the effective
size of the channels is shown in Fig. 4B. The transference number is
commonly used as a measure of selectivity. For an ideal cation-selective
system (carried out with KCl), t; tends towards 1 whereas for a non-
selective system t, gets closer to 0.5. The cation-selectivity of the sys-
tem increases with decreasing effective channel size due to the maxi-
mization of the relation between the EDL length and the channel size. In
this condition, the increment of the electric potential perceived by the
mobile ions yields an ion current with a predominant contribution of K*.
Fig. 4A and B show the dependence of V;.,, i, and t, as a function of the
nanochannel effective diameters. These values were determined at a
1000-fold concentration gradient because this gradient condition pre-
sented the optimal results (Fig. S6).

To further analyze the ionic selectivity, the influence of gradient
concentration on t, for the different channels was studied (Fig. 5). For
this aim, the solution on the base side was 1 M KCl whereas the solution
on the tip side was varied from 10 M to 0.1 M. The impact of the
concentration gradient on the selectivity shows the same trend as the
effective diameter. Increasing the ion concentration on the tip side of the
nanochannel produces a drop in the EDL thickness and, therefore, in the
electric surface potential perceived by the mobile ions. This fact leads to
a decrease in the selectivity that is observed as a reduction of t,,
consistent with a diminution of log (Cy/Cp).

Output power (P) is a central parameter in blue energy devices and is
obtained from the product of the current and the voltage. The maximum
output power (Py,qy) is usually used as an indicator when evaluating the
system performance. Taking into account that the power generation
presents a maximum when V = Eg;¢/2, the maximum power transferable
to an external source can be computed as follow [28],

1000 T T T
Reversal potential (V,,,) /
0
i S
Qo S
- 2
= -1000F 5 1
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@ =
£ g
3 g [ 4
O 2000 E
-3000( v .

0 25 50 75 100
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Fig. 3. Left: Scheme of the cell used for the i-V measurements. Right: i-V curve of a single nanochannel under to the application of a 100-fold KCl gradient. The

chemical input, the iontronic output, and the equivalent circuit are also depicted.
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In the following, we evaluate the performance of the nanochannel as
an energy harvesting system based on the i-V curves. Fig. 6 shows the i-V
and Power-Voltage (P-V) curves for different nanochannel sizes in the
presence of a 1000-fold concentration gradient. In all cases, the i-V
curves were linear in the exhibited transmembrane potential region

(Fig. 6A). However, for larger potential windows, e. g. —1to 1V, the i-V
curves showed a non-ohmic behavior (Fig. S7). Curves recorded under
asymmetric electrolyte conditions presented a lower rectification effi-
ciency than those recorded under symmetrical salt concentrations. The
phenomenon is explained by the opposite direction of the ion diffusion
generated by the gradient and the preferential direction of ion transport
induced by the bullet-shaped geometry. This fact has been studied by
other authors and is addressed in more detail in the ESI [69].

As shown in Fig. 4A, the increase in the effective pore diameter
produces a diminution in V., and an increment in the transmembrane
current. This behavior has a direct impact on the P-V curves (Fig. 6B).

On the other hand, the nRED performance is very sensitive to the
concentration gradient imposed (Fig. S6) [34]. In the gradient range
employed, decreasing of C;, produced both an increase in the V,, and i,.
For this reason, the maximum power estimated from eq. (8) increases as
Cpu/Cy, increases (Fig. 7A). Thus, enhancement in the maximum power
output is possible via the maximization of the applied gradient. Fig. 7B
presents the power and efficiency obtained for the different sizes
applying a 1000-fold gradient. As it is shown in Fig. 4A, larger pore
diameters produce higher iy, but at the expense of a loss of selectivity
(lower Vy,). This trend forced us to find the best condition at which the
ionic flux could be maximized without appreciable loss of selectivity.
The largest power generation is obtained for a channel of Deg = 380 nm
with Ppge ~80 pW (Fig. 7B). This value widely exceeds the power
generation values reported for similar bare PET channels without this
bullet-shaped channel opening (Table 2). As an example, at pH = 7 with
the application of 1000-fold gradient the Py, values reported for cy-
lindrical and conical PET channels do not exceed 10 pW [30,70],
whereas for the present bullet-shaped nanochannel Pq, ~45 pW is
obtained at the same experimental condition. Moreover, this value can
be even maximized to 80 pW by increasing the pH to 10. These results

(A) 0 (B) T T T T T
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-1000 -
< = )
- 2
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5 -2000 o 40 1
= 3
3 g
© 3000 P 20 |
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Fig. 6. (A) i-V curves and (B) P-V curves for the different channels with a gradient concentration of 1000-fold and pH = 10.
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Table 2
Comparison between energy conversion devices based on PET membranes with
different channel geometries and surface functionalization.

Material ~ Description Prmax/ Reference
pW

PET Conical channel modified with poly-Lysine 120 [31]

PET Conical channel modified with chitosan and 25 [30]
poly(acrylic acid)

PET Conical bare channel (PET) 5.2 [30]

PET Conical and cylindrical channel modified with 20 [70]
cationic hydrogel

PET Bare cylindrical channel 0.2 [76]

PET Unmodified bullet-shaped channel 80 This work

are in agreement with those obtained in previous works by PNP simu-
lations, where better performance is obtained for bullet-shaped nano-
channels in comparison with other geometries [38,40]. According to
PNP simulations, the reason for higher power values would be the ge-
ometry of the bullet-shaped nanochannels, with larger channel volumes
compared with other geometries [47,71]. Beyond the improvement in
the selectivity obtained with conical-shaped nanochannels, the possi-
bility of higher ionic current values can play a decisive role. For a
bullet-shaped geometry, obviously the product of the current and the
reversal potential becomes larger and thus beneficial for power gener-
ation. This fact is similar to the effect of geometry on the rectification
efficiency where the larger currents exhibited in bullet-shaped channels
are crucial too [47]. However, for the bullet-shaped nanochannels
analyzed in this work no direct correlation is observed between the
rectification efficiency and the maximum power obtained, suggesting a
more complex relationship (Fig. S8). This is not surprising as for a given
geometry, the maximum power generation as a function of the effective
nanochannel diameters results from the compromise between two
opposite effects: the increment of the ion-selective effects for lower di-
ameters (yielding higher cation transfer numbers and V., values) and
the increment of the ionic current for higher diameters (yielding higher
conductance and ionic currents). Of course, being the results of complex
interplay, the optimum power becomes dependent on the experimental
conditions. This compromise situation requires adjusting either the
experimental conditions for a given nanochannel diameter or the
effective size for a given operation condition to obtain the maximum
power.

Finally, the enhanced performance of bullet-shaped nanochannels
can be a key issue for the scaling-up to multi-pore membranes.

The energy conversion efficiency (1) is another important parameter
in blue energy devices that accounts for the energy obtained compared
to the energy entry. In mathematical terms, it is defined as the quotient
between the electric energy generated and the energy entered to the
system in terms of Gibbs free energy of mixing [72],

v

~J,RT In(ay /az) ©)

n

where Js is the solute flux. For Py, condition, the percentage of energy
conversion efficiency is defined as nuqw estimated by the following
equation [28],

2ty = 1)

2
100 (10)

Mmaxw = P

The energy conversion efficiency f 7mqw for the different effective
channel diameters is shown in Fig. 7B. jmaxw can be improved either by
decreasing the nanochannel diameter or reducing the low concentration
Cy, (Fig. S9).

The comparison with previous results obtained for single-channel
membranes shows that experimentally the bullet-shaped geometry has
a better performance than previous works with bare PET track-etched
channels in terms of Ppg, (Table 2). These results suggest that bullet-
shaped nanochannels constitute promising candidates for the scaling
to high-density pore membranes. It is important to mention that the
scaling-up is not a trivial task and the linear estimation from single-
channel to multi-channel systems leads to great uncertainties [36,73].
On the other hand, it also is important to remark that the present results
were obtained with bare (unmodified) nanochannels. Even better per-
formances either in terms of power or efficiency can be expected by
appropriate surface functionalization methods [24,31,74,75].

By comparing with other nano/microfluidic systems, we can
conclude that the nanofluidic system generated by ion-track-etching
methods in polymer foils has great potential for the development of
energy harvesting systems (Table 3). The power obtained exceeds
several values reported previously for other materials. Based on the data
presented here and in consonance with previous works, the ion-track-
etching method constitutes a promising way for the development of
high-power nRED systems that could provide a simple path for the
design of low-cost power sources for microsystems.

4. Conclusions

The performance of PET membranes with a single bullet-shaped
nanochannel was tested as an energy harvesting system under a vari-
ety of experimental conditions. The effect on performance was partic-
ularly investigated for various gradient concentrations and nanochannel
diameters. In optimized conditions, a maximum output power of ~80
pW was obtained. This result widely exceeds the values reported pre-
viously for PET channels with conical and cylindrical geometries. The
comparison in terms of maximum power for nRED systems based in
inorganic materials demonstrates the high performance of tailored
bullet-shaped track-etched channels. The flexibility of the ion-track
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Table 3
Comparison of “blue energy” devices based on different materials and
techniques.

Material Description Prax/ Reference
pw

Polyimide Track-etched Bare conical channel 45 [43]

Polyimide Track-etched Bare conical channel 26 [34]

Silica Silica nanochannels fabricated by glass- 0.16 [28]
silicon anodic bonding

Silica Silica nanochannel fabricated by electron 11 [45]
beam lithography

Graphene Single-layer graphene supported on PET foil ~ 41 [77]

MoS, MoS; nanochannel generated by electron ~18 [78]
irradiation under TEM or atomic scale ECR
technique

Boron In-situ SEM insertion of a nanotube in SiN 20 [79]

nitride membrane
PET Unmodified bare bullet-shaped channel 80 This work

created by the ion-track-etching method

etching technique provides a great chance for the development of ion-
selective membranes. The specific dependence of selectivity and
power generation on channel size and shape as well as on the concen-
tration gradient emphasizes the importance of carefully selecting
adequate device design variables. Thus, the combination of channels
with optimum geometrical parameters (shape, size, curvature, length,
etc.) and appropriate experimental conditions (pH, concentration
gradient, type of salt, etc.) is of paramount relevance facing to devel-
opment of energy conversion systems with outstanding performance.

Besides the promising performance illustrated on bare nanochannels,
it is important to note that the results can be further improved by means
of surface modification techniques. The synergism between suitable
modification and optimized geometry will be crucial for maximizing the
performance of nRED systems.
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