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ABSTRACT

The osmotic energy between riverine water and seawater can be converted into electricity by reverse electro-
dialysis (RED). However, the facile fabrication of advanced RED membranes with high energy conversion effi-
ciencies, large areas, and excellent mechanical properties remains a challenge. Carbon nanotubes (CNTs) exhibit
excellent conductivity and provide suitable channels for ion transport but cannot form membranes indepen-
dently, which limits the related applications in osmotic energy conversion. Herein, a new organic-inorganic
composite membrane is prepared by combining hydroxyl-terminated polybutadiene as a matrix and carbon
nanotubes as transport nanochannels. The nanotubes are pre-subjected to plasma treatment to increase the
surface charge density and transport capacity of the nanochannels, improving the ion selectivity and energy
conversion efficiency. Under actual seawater/river water conditions, the developed membrane delivers a power
density of ~5.1 W/m? and shows good mechanical strength (219 MPa). Our work provides a facile solution to the
problem posed by the inability of ideal nanochannels to form membranes independently and paves the way for
the application of RED membranes in osmotic energy conversion.
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Fig. 1. Preparation process and characterizations of the CNTs@HTPB composite membrane. (a) Preparation process of CNTs@HTPB composite membrane. (b, c)
Surface and cross-sectional SEM images of the CNTs@HTPB composite membrane, respectively. (d) Pore size distribution of the CNTs@HTPB composite membrane
derived from BET. (e) FTIR spectrum of the CNTs@HTPB composite membrane. (f) Tensile strength curves of the CNTs@HTPB composite membrane, the stress
constant is 1000.0 Pa/N, the strain constant is 1000.0 m~!, and the zero reference position is 28.683 mm. (g) TGA and relevant DTG curves of the CNTs@HTPB
composite membrane. Heating speed is 10 °C/min, stop temperature is 600 °C, and burning in argon gas.

1. Introduction

Osmotic energy is produced by the difference in salinity between
different aqueous media (e.g., seawater and freshwater) [1-6] and can
be converted into electrical energy through reverse electrodialysis
(RED) [7-9], which relies on high-performance ion-selective mem-
branes as the core component [10]. Furthermore, nano-ion channels are
the key to ion-selective membranes, the rational design of nano-ion
channels with high ion-selectivity is a prerequisite for achieving effi-
cient osmotic energy conversion [11]. Given that traditional membranes
are of limited applicability because of their low output power density
and high internal resistance [12-15], it’s very urgent to develop those
membranes featuring the advantages of high power density, ease of
preparation, low resistance, and high mechanical strength. In this re-
gard, bionic nanofluidic membranes inspired by biological nanofluidic
channels have recently received widespread attention [16-20]. Such
channels, wherein ions exhibit transport properties different from those
in solution, can be prepared for energy conversion by imitating the
power generation principle of electric eels [18,21]. The ion-transport
performance of nanofluidic channels is related to their surface charge
density, which, in turn, is positively correlated with ion selectivity
[19,22]. However, despite the progress made in this field, the devel-
opment of new ion-selective membranes offering the benefits of high
mechanical strength, high power density, and convenient large-scale
preparation remains challenging.

Carbon materials are widely used for nanofluidic channel
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construction because of their low cost and ease of production [23-26].
Jin et al. developed a g-C3N4/CNF membrane for osmotic energy con-
version [27], with the power density of 0.25 W/m?. Graphene, as a star
material with layered structure [28-30], has been used to form ion-
transport channels through layer stacking. However, its application is
limited by low surface charge densities and the difficulty of large-scale
preparation [31]. To improve the osmotic energy conversion effi-
ciency, we herein focused on carbon nanotubes (CNTs) [32-35], which
feature delocalised n-bonds formed from the p-electrons of sp>hybri-
dised carbon atoms and thus exhibit better mechanical properties (e.g.,
higher modulus) than graphene oxide [36]. Furthermore, CNTs offer the
advantages of high electrical conductivity, mechanical strength, and
specific surface area while featuring a high density of oxygenated sur-
face functional groups, thus exhibiting high ion capacity and containing
rich channel surface charges. CNTs hold great promise for energy stor-
age and conversion, catalysis, adsorption, and separation applications
[37,38]. The pore size and surface chemical structure of CNTs have been
the subject of extensive research, which has promoted their rapid
development and resulted in great application prospects [39]. However,
the application of CNTs is limited by their inability to form membranes
independently.

Hydroxyl-terminated polybutadiene (HTPB), a liquid pre-polymer
developed in the 1960s, can be made into an elastomer with a three-
dimensional network structure through chain extension and cross-
linking curing reactions [40]. The cured product is an ideal membrane
matrix as its excellent mechanical properties, particularly hydrolysis
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resistance, acid and alkali resistance, wear resistance, low-temperature
resistance, and good electrical insulation performance. Therefore, the
hybridisation of CNTs with HTPB seems to be an effective route to high-
performance RED membranes. Herein, we develop a simple and uni-
versal method that is suitable for the large-scale fabrication of composite
membranes with high mechanical strength and output power density
and can solve the problems posed by the inability of some precursor
nanochannels to independently form membranes. Specifically, HTPB
(matrix) and plasma-treated CNTs (ion-transport channels) are cross-
linked at a controlled HTPB:CNT ratio to afford a CNT@HTPB com-
posite membrane with high mechanical strength (219 MPa), conduc-
tivity, and cation selectivity. The end groups of HTPB chains and the
carboxyl groups of CNTs can be ionised to charge the composite mem-
brane and thus form the basis of its ion selectivity and energy conversion
performance. In a simulated seawater/river water environment, the
developed membrane exhibits an excellent energy conversion perfor-
mance, delivering a power density of ~4.2 W/m? that can be increased
to 23.3 W/m? using a 500:1. The simplicity and upscalability of the
membrane preparation process provide a basis for industrial applica-
tions and the fabrication of membranes intended for permeation energy
conversion and ion screening.

2. Chemicals and materials

Hydroxyl-terminated polybutadiene (Mn = 3088-4600, Purity: > 99
%) was purchased from Energy Chemical. Trimethylol propane tris(3-
mercaptopropionate) (Mw = 398.56, Purity: > 85 %) was purchased
from Energy Chemical. The -COOH Functionalized and Multi-walled
carbon nanotubes (OD: 5-15 nm, Length: 10-30 pm, Purity: > 99 wt
%) were purchased from Time Nano. The Rhodamine 6G (Purity: > 95
%) and the fluorescein sodium salt (Purity: > 70 %) were purchased
from Energy Chemical. Azobisisobutyronitrile (AIBN, Purity: > 99 wt%)
was purchased from Chemical Book. Dichloromethane (Purity: > 99.5
%), NaCl, KCl, LiCl, CaCl,, MgCl,, HCI, and NaOH were all analytical
grade and purchased from Sinopharm Chemical Reagent, China. These
reagents were directly used without any purification.

2.1. Preparation of the CNTs@HTPB composite membrane

We use HTPB as the matrix, plasma treated carbon nanotubes for
nanofluidic channels to prepare the composite membrane (Fig. 1(a)). In
the preparation process, firstly, the hydroxyl-terminated polybutadiene
was dissolved in dichloromethane (DCM), then, the trimethylol propane
tris(3-mercaptopropionate), the plasma treated carbon nanotubes were
mixed with azodiisobutyronitrile (AIBN) for ultrasonic treatment, then
heating the solution to cross-link HTPB into network, finally, the
CNTs@HTPB membrane was obtained by extrusion.

2.2. Characterization

The morphology of the CNTs@HTPB membrane was observed by a
JSM-7800F scanning electron microscope (SEM, JEOL, Tokyo). The
contact angle was measured through an optical contact angle measuring
instrument (Theta, Biolin). The zeta potentials were measured using a
solid surface zeta potential analyser (Anton Parr SurPass). The ionic
permeabilities of rhodamine 6G and fluorescein sodium salt were
measured by a fluorescence spectrophotometer (Horiba X). Positively
charged rhodamine 6G (Rh(+)) and negatively charged fluorescein so-
dium (Rh(-)) were used as the cation- and anion-selective probes
respectively. The feed solution (1 x 1075 M fluorescent solution) and
draw solution (deionized water) were separated with the CNTs@HTPB
membrane in the electrochemical cell. The charged fluorescent dyes, Rh
(+) or Rh(-), migrated following the concentration gradient. The con-
centration of the fluorescent dyes on the draw solution side was moni-
tored by fluorescence spectroscopy. The electrical measurements were
recorded with a Keithley6487 semiconductor pico-ammeter. the
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CNTs@HTPB membrane was mounted between two cell conductance
units filled with the test solution. A pair of self-made Ag/AgCl electrodes
were placed on both sides of the conductivity cell to detect the trans-
membrane potential. For energy conversion, an external resistor was
connected to an electrochemical cell. As the resistance changed, the
current was recorded with the pico-ammeter. For the I-V test, with the
pico ammeter scanning function, the scanning interval was —0.2 V to
0.2 Vor —2Vto 2V, and the step voltage was 0.01 V or 0.1 V, to obtain
the I-V curves of the membrane.

2.3. Calculating equations

2.3.1. Ion selectivity of the CNTs@HTPB membrane
The transference number 7. is calculated following the equation (1)
[12,41,42].

To=1/20 — ot €8]

ZF

where 7, is the cation transference number, Udiff refers to the diffusion
potential; R, T, Z, and F, refer to the gas constant, temperature, valence
charge and Faraday constant respectively, A, and c refer to ion activity
coefficient and concentration.

2.3.2. Electrochemical energy conversion efficiency of the CNTs@HTPB
membrane

Energy conversion efficiency is defined as the ratio of the output
energy (electrical energy) to the input energy (Gibbs free energy of
mixing), the efficiency corresponding to the maximum power genera-
tion, Nmay is defined as equation (2) [12,43].

=(21,—1)*/)2 2

r]ma)’
3. Results and discussion
3.1. Characterisation of CNT@HTPB membrane

The synthesis of the CNT@HTPB membrane is illustrated in Fig. 1(a),
with blue and black lines representing HTPB and CNTs, respectively. The
HTPB matrix is formed by chemical cross-linking and combines with
CNTs under the action of intermolecular forces and hydrogen bonds.
Scanning electron microscopy (SEM) imaging showed the presence of
nanofluidic channels (CNTs) independently leaked on the membrane
surface (Fig. 1(b)) and uniformly distributed throughout the membrane
(Fig. 1(c)). BET analysis showed that the membrane pores had sizes of
6-12 nm, in line with pure CNTs (Fig. 1(d). Fourier transform infrared
(FTIR) spectra featured peaks attributable to hydroxyl groups (3020
cm’l), alkene C=C bonds (1500 cm’l), C=0 bonds (1740 cm’l), and
aromatic C—H bonds in benzene rings (Fig. 1(e)). Thus, the CNT@HTPB
membrane featured abundant terminal hydroxyl groups, which provide
cation selectivity. The introduction of CNTs into HTPB increased
membrane strength from ~120 to 219 MPa (Fig. 1(f)), possibly because
of hydrogen bonding between these constituents [13,44]. The thermal
stability of the CNT@HTPB membrane was probed by
thermogravimetry-derivative thermogravimetry [45,46]. Weight loss
occurred in three steps corresponding to the evaporation of absorbed
water and residual organic solvents (100-240 °C), pyrolysis of oxygen-
ated functional groups (240-342 °C), and the decomposition of HTPB
(342-470 °C) (Fig. 1(g)). The decomposition temperature of the com-
posite membrane was about 240 °C. Thus, the CNT@HTPB membrane
was thermally stable below 240 °C, which is important for its
applications.
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Fig. 2. Ion-transport properties of the CNT@HTPB membrane. (a) Ion-transport measurement diagram. (b) Ionic conductivity of the CNT@HTPB membrane as a
function of KCI concentration. (c¢) Concentration of fluorescent dyes permeating through the membrane as a function of time. (d) Forward- and reverse-diffusion I-V
curves of the CNT@HTPB membrane measured at a concentration gradient of 50x (low-concentration side: [KCI] = 0.01 M). Arrows point to the corresponding
experimental diagrams. (e) Open-circuit voltage and short-circuit current of the CNT@HTPB membrane as functions of the concentration gradient. (f) Open-circuit
potential and diffusion potential generated by the CNT@HTPB membrane. The illustration schematically depicts the potential composition of the experimental
device. (g) Diffusion potential and diffusion current of the CNT@HTPB membrane as functions of the concentration gradient ([KCl] = 0.00001 M at low-
concentration-side). (h) Ion mobility of the CNT@HTPB membrane as a function of the concentration gradient.

3.2. Ion-transport properties of CNT@HTPB membrane

The ion-transport properties of the CNT@HTPB membrane were
tested using KCl as a representative electrolyte because of the very
similar bulk mobilities of K" and Cl™ ions. The membrane (testing area ~
0.0314 mm?) was sandwiched in a double-chamber electrolytic cell, and
voltage was applied using a pair of Ag/AgCl electrodes (Fig. 2(a)) to
measure ionic conductance at different KCl concentrations (Fig. 2(b)). At
[KCl] < 0.009 M, the ionic conductance was subject to deviation, as it
was no longer determined by the electrolyte concentration but was
rather influenced by the effects of electric double layers (EDLs) on the
membrane [47,48]. In the high-concentration region, the EDL thickness
(Ap) was smaller than the average channel size, leading to bulk ion
diffusion. In the low-concentration region, Ap was close to the channel
diameter, resulting in EDL overlap. Under this condition, ion transport
was controlled by surface charge. To examine the ion selectivity of the
CNTs@HTPB membrane, we selected two fluorescent dyes with
different charges, namely the positively charged rhodamine 6G and the
negatively charged fluorescein sodium (red and blue lines in Fig. 2(c),
respectively). The transmittance of rhodamine 6G substantially excee-
ded that of fluorescein sodium under the same conditions, which indi-
cated that the CNT@HTPB membrane featured high cation selectivity, in
line with the abundant carboxyl groups in the membrane channels.
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The I-V curve of the CNT@HTPB membrane was recorded under
forward and reverse voltage scanning from —0.2 to 0.2 V. The forward
and reverse I-V curves were symmetrical about the origin, indicating
that the nanofluidic channels on the CNT@HTPB membrane were also
symmetrical (Fig. 2(d)). U, consists of two parts, namely the oxida-
tion-reduction potential (Uredox) generated by the unequal potential at
the electrode-solution interface at different electrolyte concentrations
and the diffusion potential (Ugif) contributed by the membrane [12,49].
Under a concentration gradient, the ions spontaneously diffuse through
the CNT@HTPB membrane towards the low-concentration side. The
diffusion current (Igifr) is generated by the separation of cations and
anions in the EDL on the inner walls of the nanofluidic channels, which
can be explained using Poisson and Nernst-Planck equations [50]. The
open-circuit voltage U,. (potential at zero current) and short-circuit
current I (current at zero external voltage) were measured for
different concentration gradients (0.001 M KCl on the low-concentration
side) and shown to be positively correlated with the latter parameter
(Fig. 2(e)). With an increase in the salinity gradient between the two
sides of the membrane, the ion transmembrane thrust increased, and the
cations in the solution on the high-concentration side were more easily
transferred to the low-concentration side.

To study the actual diffusion voltage of the CNT@HTPB membrane,
we measured Ugier and Igiee (Fig. 2(f)). In this figure, the red line
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Fig. 3. Osmotic energy conversion performance of the CNT@HTPB membrane-based power generator. (a) Equivalent circuit diagram used to quantify the efficiency
of osmotic energy conversion. Red and green spheres indicate cations and anions, respectively. (b) Current density and (c) power density as functions of the HTPB:
CNT ratio. (d) Current density and (e) power density as functions of the concentration of CNTs in DCM at a fixed HTPB:CNT ratio of 20:1. (f) Current (blue) and power
(red) densities of the CNT@HTPB membrane observed for actual seawater/river water, the seawater comes from the Wheat Island area in the southern district of

Qingdao City, China, and the river water comes from the tap water of Qingdao, China. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

represents the I-V curve produced under the action of ion diffusion and line, the x-axis intercept corresponds to the open-circuit potential
electrode oxidation-reduction, while the blue line represents the curve (80.97 mV), and the y-axis intercept corresponds to the short-circuit
produced under the action of ion diffusion only. In the case of the red current (5.61 pA). In the case of the blue line, the x-axis intercept
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corresponds to the diffusion potential (53.57 mV), and the y-axis
intercept corresponds to the diffusion current (3.34 pA). Next, we
examined changes in the diffusion potential and diffusion current of the
CNT@HTPB membrane under different concentration gradients. The
concentration of KCI on the low-concentration side was fixed, and that
on the high-concentration side was varied. With the increasing con-
centration gradient, the electromotive force of diffusion increased from
39.5 to 89.97 mV, and the diffusion current density increased from 0.25
to 39.3 A/m? (Fig. 2(g)). The cationic mobility of the CNT@HTPB
membrane was determined (Eq. (1)) under different concentration
gradients produced at a fixed KCI concentration of 0.00001 M at the low-
concentration side and varied KCl concentration at the high-
concentration side and was shown to be negatively correlated with
this gradient (Fig. 2(h)). At Chigh/Ciow = 1000, 7, was still close to 0.8, i.
e., the CNT@HTPB membrane retained high cationic mobility
[41,48,51].

3.3. Osmotic energy conversion performance of CNT@HTPB membrane

To investigate the osmotic energy conversion performance of the
CNT@HTPB membrane, we added an external resistance (Ry) to the
membrane-based generator and calculated the output power as P = I°Ry,
where I is the generated current. As the ionic diffusion coefficient of K™
ions is similar to that of Cl™ ions, we aqueous KCl to simulate seawater
and river water. The equivalent circuit diagram used for these electro-
chemical measurements is shown in Fig. 3(a). KCI concentrations at low-
and high-concentration sides were fixed at 0.01 and 0.5 M, respectively.
Several membranes were prepared to examine the effects of membrane
composition and CNT concentration on energy conversion performance.
Initially, the CNT concentration was fixed, and membranes with
different HTPB:CNT ratios were prepared. With an increase in this ratio,
the membrane current density decreased, and the membrane power
density first increased and then decreased, peaking at a HTPB:CNT ratio
of 20:1 (Fig. 3(b) and (c)). Next, the above ratio was fixed at 20:1, and
the concentration of plasma-treated CNTs in DCM was varied. The
highest power density was obtained at CNT concentration of 30 mg/mL
(Fig. 3(d) and (e)). The maximal power density under optimised con-
ditions (HTPB:CNT = 20:1, [CNTs] = 30 mg/mL) and an external
resistance of 10 kQ was 4.2 W/m?> [5,52]. At a low CNT content, the
nanofluidic channels in the HTPB matrix were scarce, and energy con-
version performance was poor. However, at an overly high CNT content,
the nanofluidic channels overlapped with each other, the internal
resistance increased, and the energy-conversion performance deterio-
rated. Similarly, when the concentration of CNTs was overly high, the
agglomeration of CNTs resulted in channel overlap and increased in-
ternal resistance. When the CNT concentration was overly low, the
number of channels per membrane unit area was also low, and energy
conversion performance was poor. Therefore, the CNT@HTPB mem-
brane achieved the highest performance at HTPB:CNT ratio of 20:1 and
a CNT concentration of 30 mg/mL. Finally, the osmotic energy con-
version performance of the optimal CNTs@HTPB membrane was
measured for seawater and river water samples (Fig. 3(f)). The
maximum current and power densities were determined as 137.5 A/m?
and 5.1 W/m?, respectively, indicating high osmotic energy conversion
performance [52,53].

3.4. Test environment and stability of CNT@HTPB membrane

The osmotic energy conversion performance of the CNT@HTPB
membrane was studied in different test environments [21,54,55]. Fig. 4
(a) shows the membrane zeta potential as a function of pH, showing that
this potential equalled —46 mV at pH ~ 7. Thus, the membrane surface
was negatively charged under neutral conditions. With an increase in
pH, the zeta potential became more negative, and the isoelectric point
was observed at pH 3.86. Moreover, cation selectivity and energy con-
version efficiency increased with increasing pH (Fig. 4(b)), and high
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energy conversion performance was retained over a wide pH range.
Subsequently, the power density of the CNT@HTPB membrane was
measured at different salinity gradients ([KCI] = 0.01 M on one side and
0.5, 1.0, or 5.0 M on the other side). As shown in Fig. 4(c), the maximum
power density of 23.3 W/m? was achieved at a salinity gradient of 500
X.

The generation of electricity from seawater and river water requires
the membrane to be soaked in a solution for a long time [8,55], which
indicates the importance of membrane stability. The membrane output
current was measured under the cyclic scanning of voltage (+2 and —2
V) applied on both membrane sides at a cycling interval of 10 min and
[KCI] = 0.1 M (Fig. 4(d)). The current at different polarity voltages
remained stable for 120 min. Over several days, the power density of the
CNT@HTPB membrane slightly decreased but remained high, indicating
great stability (Fig. 4(e)). Finally, the output current and voltage were
measured as functions of time (time interval = 5 min) under simulated
seawater conditions (Fig. 4(f)) and were relatively stable within 120 min
(output voltage = 74 mV, output current = 7.2 pA). This behaviour
shows that the CNT@HTPB membrane exhibits excellent long-term
stability and thus has great practical application prospects for osmotic
energy conversion [12,56].

4. Conclusion

A new type of organic-inorganic composite membrane was prepared
using HTPB as the matrix and carbon nanotubes as nanofluidic channels.
Compared to traditional ion-exchange membranes, the CNT@HTPB
membrane featured a high power density, easy preparation process, and
ultrahigh mechanical strength. Most importantly, our work addresses
the problem posed by the inability of CNTs to independently form
membranes and describes the fabrication of ideal nanofluidic channels
for RED. The developed strategy can be extended to other materials and
paves the way for the development of new types of ion-selective mem-
branes. In future work, the application of the CNT @ HTPB membrane in
different energy conversion systems will be explored.
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