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A B S T R A C T

In this work, we investigated the possibility of using a commercial tape entirely made of continuous carbon 
nanotubes (CNTs) for blue energy harvesting application. The tape was used to build the electrodes of a device 
harvesting energy from salinity gradient based on the capacitive mixing (CapMix) technique. The tape was used 
as it is or functionalized to enhance its storage properties and to obtain an asymmetric device. The electrodes 
underwent a full set of electrochemical characterizations to test the impact of the functionalization. Thanks to 
high electrical conductivity, remarkable specific capacitance and good chemical stability, the tape acted both as 
active material and current collector, eliminating the need for metallic current collectors, reducing the mass of 
the system and avoiding possible corrosion of the metals due to close contact with saline solutions. This approach 
provided a simple and easily scalable device able to produce electrical power from the mixing of two solutions at 
different salinities. The achieved power output stands at 75 μW m− 2 in artificial seawater/freshwater and 1.2 
mW m− 2 in artificial Mediterranean brine/seawater. These results contribute to the broader understanding of 
energy harvesting from salinity gradients, extending the technological application of CNT tape across the 
renewable energy field.

1. Introduction

The demand for energy is continuously increasing worldwide. The 
world population growth, the increasing number of facilities and the 
electrified mobility put a challenge to researchers to provide new ma
terials and technologies to produce energy in a more efficient and 
economical way. The growth of developing countries goes in parallel 
with an increasing demand for energy. Developing countries currently 
use more than half of the world’s energy, with their demand for energy 
virtually doubled in the last two decades and expected to keep 
increasing [1]. In order to fulfill this necessity, new energy sources must 
be found, since traditional ones (oil, natural gas, coal, etc …) are not 
sustainable for the habitat of our planet: climate change is the global 
reminder for choosing the green path. Energy production must come 
from renewable sources like solar, wind and biomass, but also new so
lutions are under investigation. An example is the so called ’Blue En
ergy’, which refers to all types of techniques that are able to harvest 
energy from the sea and the water in general. A particular example is the 

Salinity Gradient Energy (or Salinity Gradient Power), a free energy 
which is dissipated in the form of heat when mixing two solutions with 
different salinity. In nature, this commonly happens when a river flows 
into the sea and results in a dissipation of free energy. In order to harvest 
this energy, it is necessary to control the mixing of the two solutions 
(seawater and freshwater), converting this free mixing energy into 
another form of energy that can be exploited for human activities. This is 
a completely green energy source, since it is renewable and does not 
produce any carbon byproducts. Another advantage is that the power 
production from salinity gradients is continuous (while solar and wind, 
for example, suffer from production discontinuity). For these reasons, in 
the last decades, efforts have been spent trying to harvest energy from 
salinity gradients and different techniques have been investigated, the 
most important being pressure-retarded osmosis [2], reverse electrodi
alysis [3], and capacitive mixing [4]. The reason is that, considering all 
the rivers on Earth, the amount of power at stake is of the order of 1 TW, 
making this source very promising [5].

This Salinity Gradient Energy can be harvested using different 
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techniques, able to convert this energy into mechanical or electrical 
energy. The most famous techniques are Pressure Retarded Osmosis 
(PRO), Reverse Electrodialysis (RED) and Capacitive Mixing (CapMix). 
The working principle of the PRO is based on the presence of semi
permeable membranes which allow the passage of water from fresh
water to seawater, generating an osmotic pressure that is used to 
pressurize the seawater and move a turbine, converting the mixing en
ergy in mechanical energy and then in electrical energy. The RED 
instead exploits ion exchange membranes to control the movement of 
ions from the seawater to the freshwater. Alternating the fluxes of 
freshwater and seawater in a stack of ion exchange membranes, it is 
possible to create a net ion current to generate electrical energy. The 
working principle of CapMix hinges on supercapacitor technology. The 
cell, composed of two porous electrodes, is designed in such a way that 
an electrolyte solution can be flushed between them. In CapMix, the 
controlled mixing of two solutions is used to harvest energy converting it 
in electric power in an external circuit.

To harvest energy through the CapMix, a cycle made of four steps is 
required. In the first step, in open circuit condition, the space between 
the electrodes is filled with a highly concentrated solution. In the second 
step, an external power source provides electrical energy to charge the 
electrodes up to a fixed voltage. In the third step, the external power 
source is disconnected and the solution is replaced with a less concen
trated solution. In this step, the injection of low salinity water is causing 
an expansion of the electrical double layer previously formed on the 
surface of the electrodes. This expansion, located in the diffuse part of 
the electrical double layer, is responsible for a voltage rise of the cell. In 
the final step, the device is discharged on a load to harvest the energy 
obtained from the spontaneous voltage rise and the process is repeated.

Firstly proposed by Brogioli in 2009 [6], this technique was further 
studied in the past decade to improve its performance, obtaining results 
which proved the potential of this technique, boosting the output power 
by correctly tuning the experimental parameters [7] or by modifying the 
surface chemistry of the active materials [8,9]. Over the years, three 
different working principles have been investigated so far for this 
technique, namely, Capacitive Double Layer Expansion [10], Capacitive 
Donnan Potential [11] and Mixing Entropy Battery [12], respectively 
based on the variation upon salinity change of the electric double layer 
capacity, on the variation of the Donnan potential of ion exchange 
membranes, and on the variation of the electrochemical energy of 
intercalated ions.

CapMix was initially thought to harvest energy where two natural 
gradients are present, i.e. where rivers meet the ocean, but that’s not the 
only possibility. Human activity is responsible for the production of 
brines, which are solutions with a salt concentration higher than 
seawater. Those solutions are usually a waste product that requires 
dedicated management. They can come from salterns or desalination 
plants and undergo a strict discharge regulation because they are 
dangerous for the aquatic environment. However, their high salt content 
can become a resource. Indeed, their chemical energy can be converted 
to electricity when mixing them with a lower salinity source, like 
seawater. This process of mixing is already commonly employed 
industrially, without recovering this energy, that is wasted as heat. In 
this context, the CapMix technology is attracting the interest of the 
scientific community, with reports on membrane-free devices [13], 
membrane-based devices [14] and hybrid combinations [15].

While the feasibility of energy production from salinity gradients has 
already been demonstrated [16], the CapMix technology is not yet ready 
for real-world operation. One of the main reasons is that electrode ma
terials lack the necessary, yet challenging, combination of physico
chemical properties. As deeply discussed by Lobato et al. [17], these 
materials must have a large ion-accessible specific surface area for high 
electrosorption capacity, combined with high ion mobility and excellent 
electrochemical stability. Crucially, they require high electronic con
ductivity to minimize energy losses. Also, the pore size of these materials 
is a crucial parameter, as discussed by Nasir et al. [18]. Finally, the 

electrode materials must be scalable and cost-effective. For this reason, 
most of the electrodes reported are carbon-based, as recently docu
mented by Han et al. [19], describing the use of chemically modified 
activated carbons for energy extraction from salinity gradients.

Carbon nanotubes (CNTs)-based nanomaterials are widely used for 
the development of energy harvesting devices [20]. They are commonly 
used as current collectors integrated in triboelectric [21] or piezoelectric 
[22] materials, or in thermoelectric [23] and photermal devices [24]. 
The CNTs find application in the field of energy harvesting thanks to the 
possibility of exploiting different phenomena to harvest energy using 
CNTs themselves as active material [25]. Like all the sp2 hybridized 
carbon materials, the CNTs form weak interactions with water [26,27], 
polar organic solvents [28], and with ions present in solution [29]. The 
functionalization of CNTs is also widely studied to improve their 
wettability, exploiting chemical treatments in acids to both induce a 
certain degree of functionalization and increase the porosity of the 
surface [30,31]. Despite that, few promising works can be found in 
literature reporting the use of CNTs as active material for CapMix ap
plications in salty water [32]. In most cases CNTs are used as additives 
rather than active materials [33].

CNTs offer distinct advantages over other carbon-based electrode 
materials. Compared to activated carbon, which is cost-effective and has 
a high surface area, CNTs typically provide superior electrical conduc
tivity and a more readily accessible surface area due to their tubular 
structure and defined porosity [34]. Also, activated carbons require the 
presence of a current collector, while CNTs can act both as active ma
terial and current collector. When compared to graphene and its de
rivatives, CNTs can exhibit comparable or higher electrical conductivity, 
especially on large surface area in which graphene-based materials show 
defectiveness, discontinuity and restacking of sheets, which limits ion 
accessibility and reduces specific capacitance [35]. Finally, CNTs have 
excellent mechanical strength and flexibility, surpassing many 
polymer-based electrodes which can be limited by poorer chemical and 
thermal stability. Also, the alignment and controllable structure of CNTs 
allow for enhanced ion diffusion and better rate capability.

In this work, a tape made of CNT yarn has been investigated for the 
first time as a possible CapMix electrode for energy recovery from salt 
gradients. Several chemical and electrochemical functionalizations are 
proposed and compared to improve the material performance for this 
application.

2. Material and methods

2.1. CNT electrode preparation

CNT tape (Galvorn, width 1 cm, thickness 20 μm, linear density 0.27 
g m− 1, conductivity 5 MS m− 1, from Dexmat) was used as electrode for 
CapMix application. The CNT tape was cut to the desired length and an 
electric contact was made with a titanium grid, surrounded by an ad
hesive polyimide tape around the contact point. This electrode was used 
as it was or treated to activate the CNT surface and tune its properties. 
Chemical and electrochemical activations were performed to tune the 
surface functional groups and improve the surface area and the specific 
capacitance. A first activation process was developed starting from the 
one used by Serrapede et al. on a CNT-based material produced in form 
of yarn [36]. The CNT tape was immersed for 2 h in a 1 M potassium 
hydroxide (KOH, 90 % purity, Merck) solution at 60 ◦C and then washed 
with deionized water (Direct-Q 3 UV, Merck Millipore). Successively, an 
electrochemical activation followed, in which the CNT tape was sub
jected to a potential cycling, linearly sweeping the potential applied 
back and forth from − 0.06 V to +1.84 V vs Ag/AgCl at a speed of 10 mV 
s− 1 in a 4 M nitric acid (HNO3, 70 %, Merck) solution for 2 times. This 
activation allows to break the carbon-carbon bonds of the nanotubes 
present in the CNT tape and to defect the lattice, increasing the porosity 
while contemporarily adding functional groups to the surface. The 
number of activation cycles is crucial and it was chosen to maximize the 
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capacitive behavior while simultaneously limiting the loss in conduc
tivity of the material. While electrochemical activations can break the 
carbon bonds of graphitic lattices and allow to monitor the health of the 
electrode during activation, chemical activations allow materials to be 
activated with reduced electrical energy consumption and are more 
easily scalable. Pristine CNT tape is hydrophobic and is more easily 
wetted by organic solvents. A second kind of activation process was 
performed immersing the CNT tape for 2 h in a 3 % v/v solution of HNO3 
in ethanol (>99 % purity, anhydrous, Merck), washing with deionized 
water at the end. This mixture of ethanol and nitric acid, commonly 
known as “Nital”, is a chemical reagent used in steel polishing to high
light the different iron-carbon phases within it. This reagent was chosen 
to provide a faster and easier, yet milder activation of the CNT tape. To 
distinguish the different materials, from now on, the pristine CNT tape is 
simply called CNT, the result of the first activation is called CNT_KOH 
and, analogously, CNT_EtOH is the result of the second activation.

2.2. NaCl solution preparation

The sodium chloride (NaCl, anhydrous, ≥99 % purity, Merck) was 
dissolved in deionized water to obtain solutions of 600 mM and 10 mM 
for artificial seawater and freshwater, respectively. For electrochemical 
characterizations, a 1 M solution was prepared.

2.3. Brine preparation

The brine was prepared mimicking the composition of the Mediter
ranean seawater. This composition was obtained combing the data re
ported in different studies [37–41]. NaCl, magnesium chloride (MgCl2, 
anhydrous, ≥98 % purity, Merck), sodium sulfate (Na2SO4, anhydrous, 
≥99 % purity, Merck), potassium sulfate (K2SO4, ≥99 % purity, Merck), 
calcium chloride (CaCl2, dihydrate, ≥99 % purity, Merck), sodium bi
carbonate (NaHCO3, ≥99.7 % purity, Merck), sodium bromide (NaBr, 
≥99 % purity, Merck), strontium bromide (SrBr2, hexahydrate, ≥99 % 
purity, Merck), boric acid (H3BO3, ≥99.5 % purity, Merck), sodium ni
trate (NaNO3, ≥99 % purity, Merck), sodium fluoride (NaF, ≥99 % 
purity, Merck) and lithium chloride (LiCl, ≥99 % purity, Merck) were 
dissolved in deionized water to obtain a brine with a salinity 5 times 
higher than seawater (Table 1). A diluted brine was obtained adding 
deionized H2O to the brine in a 1:4 dilution ratio, to obtain an artificial 
seawater useful for CapMix experiments.

2.4. Cell design

The cell used for CapMix measurement was a homemade cell, 
composed of two planar half-cells. The material of the cell was poly 
(methyl methacrylate). This material was chosen because of its trans
parency, good rigidity, low cost, chemical compatibility with salinity 
solutions and ease of milling. The CAD file of the cell was generated with 
SolidWorks and then provided to the CNC milling machine (MDX-50, 
Roland).

The top of the cell (Fig. 1a) was 40 mm long and 30 mm wide, while 
its height was 5 mm. There were four holes at the angles that had a 
diameter of 3.5 mm and were intended to host the screws that hold the 
two parts together. Three other holes with the same diameter were 
destined to be the inlets and the outlet. Two more openings (1 cm long 
and 1 mm wide) were created to let the two electrodes enter the device: 
they were separated by a distance of 1 cm, allowing for an electrode area 
of 1 cm2. A channel connected the inlets with the outlet and had a depth 
of 1 mm. A barrier (0.5 mm high and 0.5 mm wide) was created around 
the channel to improve the adhesion with the bottom part and avoid any 
liquid dispersion. The bottom of the cell (Fig. 1b) was 40 mm long and 
30 mm wide, while its height was 3 mm. There were four holes (3.5 mm 
diameter) in the same spots of the top half for the screws. A channel (2.5 
mm wide) with the same shape as the barrier of the top half-cell was 

Table 1 
Simulated brine composition.

SALT QUANTITY CONCENTRATION

NaCl 123.2 g 2.1 M
MgCl2 25.2 g 265 mM
Na2SO4 16.25 g 114 mM
K2SO4 4.35 g 25 mM
CaCl2 1.26 g 11.4 mM
NaHCO3 1.0 g 12 mM
NaBr 353 mg 3.4 mM
SrBr2 135 mg 0.5 mM
H3BO3 128 mg 2 mM
NaNO3 26 mg 0.3 mM
NaF 11 mg 0.25 mM
LiCl 5.3 mg 0.1 mM

Fig. 1. a) Top view of the CapMix cell. Scale of 1.5:1. b) Bottom view of the 
CapMix cell. Scale of 1.5:1. c) Mounted cell with electrodes.
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created. Inside this channel, polydimethylsiloxane was used as trans
parent, soft and inert sealing. When the cell was closed, the barrier came 
in contact with it, avoiding any leakage of the solution.

2.5. Characterization techniques

Electron microscopy characterization was carried out with a Field- 
Emission Scanning Electron Microscope (FESEM Supra 40, manufac
tured by Zeiss) equipped with a Si(Li) detector (Oxford Instruments) for 
Energy-Dispersive X-ray (EDX) spectroscopy.

The electrochemical measurements were performed with a VMP3 
potentiostat provided by Bio-Logic. This instrument offers a potential 
range of ±10 V, a maximum current of 400 mA, with a resolution of 50 
μV and 760 pA. The accuracy is declared to be <0.1 % of the full-scale 
range. The electrometer has an input impedance greater than 1 TΩ, a 
capacitance of less than 20 pF, and a bias current lower than 5 pA.

Specific surface area was measured at 77 K by N2 sorption poros
imetry using ASAP2020 Plus, Micromeritics. Before the analysis, the 
sample was heated to 150 ◦C under vacuum for 110 min, with a ramp 
rate of 10 ◦C min− 1 to remove adsorbed moisture and any residual 
organic contaminants.

2.6. Electrochemical methods

Apart from the CapMix cycles, all the electrochemical characteriza
tions and activations were performed in a 3-electrode configuration, 
with the aim of characterizing key parameters of the electrode materials 
that will directly influence their CapMix performance (like specific 
capacitance, internal resistance, etc.). The reference was an Ag/AgCl 3 
M KCl electrode. The working electrode was produced as previously 
explained, while the counter electrode was prepared by mixing 85 % wt. 
activated carbon (YP-50F, MTI Corporation), 5 % wt. carbon black 
(Timical C65, Imerys) and 10 % wt. polytetrafluoroethylene (60 % wt. 
dispersion in H2O, Merck) in ethanol. The slurry was dried until it got 
the consistency of a dough and then flattened over a titanium grid, 
resulting in a dense and thick layer. The layer was cut in the desired 
shape and dried at 60 ◦C overnight. This preparation resulted in a 1 mm 
thick stand-alone electrode.

Before any electrochemical characterization, the cell was rested at 
open circuit conditions for about 2 h in a NaCl 1 M solution. The 
potentiostatic impedance spectroscopy was performed by applying a 
sinusoidal signal with an amplitude of 10 mV and a frequency ranging 
from 1 MHz to 10 mHz. Cyclic voltammetries were performed at a scan 
rate of 5 mV s− 1, between 0 V vs open circuit potential (OCP) and +0.5/- 
0.5 V vs OCP, with steps of 100 mV. Anodic and cathodic scans were 
performed on different electrodes, in order to decouple the measure
ments. During each step, the cyclic voltammetry was repeated at least 50 
times. Galvanostatic charge-discharge technique was used to investigate 
the stability of the CNT tape. All these measurements were performed in 
a NaCl 1 M solution.

For each material under investigation, the voltage rise as function of 
the applied potential was evaluated. The adopted procedure included 5 
min of constant voltage (from 0 V vs OCP up the maximum of the po
tential window, with steps of 100 mV) in concentrated solution, then 
some minutes in open circuit conditions, during which the concentrated 
solution was replaced by the diluted one. In this second step the voltage 
rise was measured. When the potential had reached a plateau, the 
freshwater was removed, and the seawater was poured in. The mea
surement was then repeated a total of 5 times to ensure reproducibility 
and check stability.

The CapMix was performed following the standard 4-steps CapMix 
cycle. The first step in which the cell was charged in high salinity so
lution, a second step in which the device was left in open circuit con
dition while the solution was switched to low salinity, then a discharge 
step and finally another open circuit step in which the solution was 
switched back to high salinity. A gear pump (Analog Gear Pump, 

Masterflex) guaranteed a constant and homogeneous water flux, 
providing a fast and smooth change of the whole volume of solution 
inside the CapMix cell. The charge and discharge steps were performed 
following a constant current method. The device was left 1 h in open 
circuit condition in high salinity solution. After this time, the open cir
cuit voltage (OCV) was set as operating voltage at which the device was 
set to work, i.e. while cycling, the cell was always charged and dis
charged up to that OCV value. The harvested energy was evaluated as 
the difference between the energy recovered during the discharge step 
and the energy spent to charge the device during the charge step, both 
evaluated as the integral over time of the instant electrical power. The 
power output was evaluated as the energy harvested in one cycle 
divided by the total time duration of the same cycle. The energy 
extraction efficiency was evaluated as the ratio of the extracted energy 
in one cycle and the theoretical maximum energy that can be extracted 
from the mixing of the two solutions.

3. Results and discussion

3.1. Material characterization

Electron microscopy was employed to study the morphology of the 
CNT samples, in order to check if the morphology of the CNT tape was 
affected by the treatments. Fig. 2 reports a comparison of the active 
materials tested. The structure of the CNT is shown in Fig. 2a, where it is 
possible to appreciate a quite flat and ordered surface, with most of the 
bundles of nanotubes sticking together. Fig. 2b shows how the surface of 
the CNT_KOH is drastically changed, with the bundles spread open and 
more wavy. Interestingly, from the morphological point of view, the 
treatment seems to affect only the cohesion of the nanotubes along their 
length, thus spreading them from their original packed structure, 
without damaging them on the perpendicular direction. In Fig. 2c it is 
possible to observe the CNT_EtOH sample, having a morphology less 
ordered than CNT, but not as much as CNT_KOH.

The electrochemical characterizations were implemented in order to 
evaluate the potentialities of these materials for CapMix application, 
investigating some key parameters such as capacitance, operative 
voltage windows and equivalent series resistance.

Electrochemical impedance spectroscopy was initially performed, 
followed by cyclic voltammetry. For all the samples (Fig. 3a), it is 
possible to observe a typical capacitive behavior. No appreciable charge 
transfer can be observed. While CNT and CNT_EtOH have similar 
behavior, the CNT_KOH is more resistive. The internal resistance is 
affected by three main contributions: the solution conductivity (negli
gible in 1 M NaCl), the quality of the contacts and the electrical re
sistivity of the materials. The length of the electrodes and the way they 
were contacted are the same. Since the pristine CNT was the least 
wettable and exhibited a low internal resistance, the higher resistance of 
the CNT_KOH can be reasonably addressed to the functionalization 
process, adding defects and oxygen groups that lower the electronic 
conductivity.

The cyclic voltammetry curves of CNT, CNT_EtOH and CNT_KOH are 
shown in Fig. 3b, c and 3d, respectively. The CNT has higher specific 
capacitance in the cathodic window (Fig. 3e) with a coulombic effi
ciency always above 90 % (Fig. 3f). The CNT_EtOH shows an opposite 
behavior, having a higher specific capacitance in the anodic window, 
while keeping the coulombic efficiency always higher than 95 %. The 
CNT_KOH shows the lowest specific capacitance in the cathodic win
dow, while having the lowest coulombic efficiency at any voltage win
dow. Moreover, in the anodic window, the coulombic efficiency 
drastically drops, starting from 0.4 V, whereas the specific capacitance 
increases exponentially, with the cyclic voltammetry clearly showing 
signs of irreversible redox reactions happening. The results of the 
CNT_KOH activation are comparable with the ones reported by Serra
pede et al. [36]: The overall potential window decreases in width, due to 
the formation of surface functional groups that catalyze water splitting 
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at lower potentials. At the same time, pseudocapacitive peaks are 
observed, which however occur in the anodic window of the material. 
This behavior is associated with the neutral pH at which measurements 
are performed. The protonation of oxygen-based functional groups of 
graphitic lattices shifts to more anodic potentials at neutral pH, as is 
known in the case of carbon fibers [42] and more generally in the case of 
surface functional groups of carbonaceous materials [43].

The capacitance retention of the CNT (Fig. 3g) was evaluated using a 
current density of 2 μA cm− 2. As can be clearly observed, this material 
proved to be highly stable over ten thousand cycles. The specific surface 
area of the CNT was determined by nitrogen sorption porosimetry. The 
N2 adsorption-desorption isotherm (Fig. 3h) displays a typical H3 type 
hysteresis loop according to IUPAC classification. This type of loop can 
originate from non-rigid clusters of plate-like particles, or from macro
pores that are only partially filled with pores condensate [44]. A wide 
distribution of pore size is typical of this kind of hysteresis. The limited 

nitrogen uptake at very low relative pressure confirms that micropo
rosity is not a major contributor to the total surface area. The gradual 
increase of the adsorption branch in the 0-2 – 0.8 p/p◦ range suggests a 
broad distribution of mesopore widths. This interpretation is consistent 
with the Non-Local Density Functional Theory analysis (Fig. 3h inset). 
The cumulative pore volume increases steadily about 3–50 nm, high
lighting the contribution of a wide spectrum of mesopores to the overall 
porosity. A plateau is reached near 60 nm, indicating that pores wider 
than this value are not significantly present. The specific surface area 
obtained from the single point adsorption method at 0.95 p/p◦ is 48.72 
m2 g− 1, in agreement with the BET surface area (49.01 ± 0.45 m2 g− 1).

In order to select the optimal coupling between electrodes, the 
voltage rise was considered as a key parameter. Fig. 4 reports the voltage 
gain of the different electrodes as function of the applied voltage and the 
spontaneous potential, in NaCl and brine solutions.

Fig. 4a shows the potential rise in NaCl solution as function of the 
applied potential. The three materials have a very similar behavior, with 
CNT_KOH having a higher potential rise for any applied potential, 
reaching up to 64 mV. Looking at their potential rise at their sponta
neous potential (Fig. 4b), it is interesting to note that the couple 
CNT_KOH (positive electrode) and CNT_EtOH (negative electrode) can 
be a good choice in a NaCl environment, providing a voltage rise of 
roughly 30 mV with a voltage difference of only 100 mV. The materials 

Fig. 2. SEM images of the active materials: a) CNT b) CNT_KOH c) CNT_EtOH.

Fig. 3. Electrochemical characterizations. a) Impedance spectroscopy. b) Cy
clic voltammetry of CNT. c) Cyclic voltammetry of CNT_EtOH. d) Cyclic vol
tammetry of CNT_KOH. e) Specific capacitance. f) Coulombic efficiency. g) 
Capacitance retention of CNT. h) Investigation of CNT porosity. Main: BET 
results. Inset: NLDFT analysis.
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show a completely different behavior of their potential rise in brine 
solution (Fig. 4c). The CNT and CNT_EtOH have specular behavior with 
respect to the potential applied, however none of them can provide a 
potential rise higher than 15 mV. On the contrary, the CNT_KOH can 
outclass their performance, reaching up to 50 mV, but only in a small 

portion of the curve. This effect is linked to the electrochemical func
tionalization, affecting the number and the chemistry of the active sites 
on the surface of the CNT_KOH. This translates into a different formation 
of the electrical double layer and a different response to the chemical 
environment, positively affecting the voltage rise in presence of high 

Fig. 4. Voltage gain of different electrodes as function of the: a) electrode potential (NaCl) b) spontaneous potential (NaCl) c) electrode potential (brine) d) 
spontaneous potential (brine).

Fig. 5. CapMix results. a) Cycles performed with seawater and freshwater, using CNT_KOH and CNT_EtOH as electrodes. b) Mean energy density per cycle mixing 
seawater and freshwater. c) Cycles performed with brine and seawater, using CNT_KOH and CNT as electrodes. d) Mean energy density per cycle mixing brine 
and seawater.
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salinity and competing ions. Considering the spontaneous potential of 
these materials in brine solution (Fig. 4d), it turns out that CNT has no 
potential rise at its spontaneous potential, requiring an applied positive 
potential to show just a poor potential rise. On the contrary, the 
CNT_EtOH keeps a constant low potential rise around 13 mV at its 
spontaneous potential and also up to a potential applied of ±300 mV. 
Instead, the spontaneous potential of the CNT_KOH falls in a region of 
the curve where the material shows a remarkable potential rise. For this 
reason, the couple CNT_KOH (positive electrode) and CNT (negative 
electrode) can be a good choice in a brine environment, providing a 
voltage rise of roughly 35 mV with a voltage difference of 250 mV.

3.2. Capacitive mixing

The experiments were performed using a water flux of 0.1 ml s− 1 for 
all the solutions. The operating voltage was set according to the elec
trochemical characterizations, i.e. 100 mV for seawater/freshwater and 
250 mV for brine/seawater. The electrodes were CNT_KOH and 
CNT_EtOH for the first set of solutions, CNT_KOH and CNT for the sec
ond set. The current density for both charge and discharge steps was 2 
μA cm− 2 in the first case and was 30 μA cm− 2 in the latter.

Fig. 5a shows that the device can work properly at the set voltage, 
with each cycle in artificial seawater/freshwater lasting ~80 s. The 
amount of harvested energy per cycle is 6 ± 1 mJ m− 2 (Fig. 5b). The 
power output is 75 ± 12 μW m− 2. The energy extraction efficiency is 
approximately 0.3 %. The cycles performed in brine/seawater, instead, 
were much faster, requiring only ~40 s (Fig. 5c). The amount of har
vested energy per cycle is 46 ± 3 mJ m− 2 (Fig. 5b). The power output is 
1.2 ± 0.1 mW m− 2. The energy extraction efficiency is around 5 %.

By moving from the seawater/freshwater configuration to the brine/ 
seawater, the energy density, the power density and the energy extrac
tion efficiency increase, as expected. This is the result of the super
position of many complex phenomena like the chemical energy of the 
solutions and the electrochemical properties of the materials, but, from 
an electrical point of view, it can be directly addressed to the higher 
voltage at which the device operates, which provides higher energy 
density, and the shorter duration of the cycles, which results in higher 
output power density.

Direct comparison of these results to what is present in literature is 
not a simple task, since there are no other works on CapMix with CNT 
tape. In 2014, Liu et al. tested a CNT yarn for CapMix application [32], 
and they scaled up the system a couple of years later [45]. They used a 
CNT yarn of ~500 μm in diameter, composed of 370 fibers and coated 
with ion exchange membranes. In their tests, they obtained a power 
output of 15 μW g− 1 in artificial seawater/freshwater, without flushing 
the water, but rather dipping the cell in the two different solutions. 
Moreover, for their calculations, they did not consider the mass of the 
ion exchange membranes, which are strongly contributing to the per
formance of the device allowing the operation of the cell around 0 V. 
However, at the best of our knowledge, this example is one of the closest 
to our study, at least in terms of materials and solutions. Considering the 
mass density of the CNT tape, our results can be expressed as 2.7 μW g− 1 

in artificial seawater/freshwater. While being slightly lower than what 
obtained by Liu et al., this is still a great result, considering the scal
ability and the simplicity of the system, made of a single element (the 
CNT tape), without costly and resistive ion exchange membranes, which 
are also subjected to fouling. Unfortunately, this example taken from 
literature does not allow us to compare the energy density and the power 
output of the two systems in terms of geometrical area, which is the key 
parameter when considering scalability. Finally, concerning the energy 
harvested from brines, there are no studies reporting the use of CTNs.

Considering a general overview of the CapMix scenario, the research 
is focusing on different materials and configuration (purely capacitive or 
redox materials [46], ion exchange membranes [47], planar or fancy 
geometries and flowing electrodes [48], different salinity gradients [4], 
…). The best performing devices are able to produce a power output of 

the order of tens of mW m− 2 [49], but often with complex setup and 
materials that are not scalable. On a higher level, there are also studies 
reporting the efforts to push this technology to a more mature level, 
injecting the electrical energy produced into an external storage or 
directly to the AC grid [50]. In this scenario, even though higher power 
output can be found, we believe that our results are interesting for the 
simplicity and scalability of the device, together with its interesting 
application to the brine case.

4. Conclusions

This study marks a significant milestone as it introduces, for the first 
time, the utilization of carbon nanotube tape in Capacitive Mixing ex
periments, demonstrating its effectiveness in harvesting energy from 
salinity gradients, using seawater and Mediterranean brine as more 
concentrated solutions. CNTs are commonly used starting from their 
dispersed form, often mixed with other materials to obtain a solid 
disordered matrix suitable for an electrode. In this work, we propose 
their use in the form of a tape totally made of CNTs, thus not requiring 
any binding agent nor current collector to build the electrodes. The 
investigated device comprises two CNT tape electrodes, as they are or 
functionalized, inserted in a homemade microfluidic cell. Comprehen
sive electrochemical characterizations have underscored the advanta
geous impact of the functionalization of CNT. This approach provided a 
simple device whose performance matches the expectation, successfully 
producing electrical power from the mixing of two solutions at different 
salinity. The achieved power output stands at 75 μW m− 2 in artificial 
seawater/freshwater and 1.2 mW m− 2 in artificial Mediterranean brine/ 
seawater. To further enhance the technology, future endeavors will 
concentrate on larger area devices to verify the scalability. At this stage, 
the cost of the device is entirely traceable to CNT, accounting for 99 % of 
the total. At the actual price, the cost of the CNT tape is around 1.3 $ 
cm− 2, compared to the cell and the chemical and electrochemical 
treatments, which together are approximately 0.03 $ cm− 2. Therefore, 
while market availability and price lowering are essential to foresee any 
feasibility in scalability, any kind of treatment to improve the perfor
mance is perfectly justified. The CapMix perspective will also drive 
ongoing research, focusing on refining the overall process and exploring 
novel functionalization as well as ion exchange polymeric coatings. 
Finally, real solutions (both seawater and brine) will be employed to test 
the efficiency of the system in a real-case scenario. These advancements 
will contribute to the broader understanding of energy harvesting from 
salinity gradients and to the application of CNT tape to a wider tech
nological landscape.
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