Chinese Chemical Letters 34 (2023) 107785

Contents lists available at ScienceDirect CCL "‘

ters (ravEam

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Thermally responsive ionic transport system reinforced by aligned ®)
functional carbon nanotubes backbone I

Lejian Yu?, Miao Wang®*, Xipeng Li?, Xu Hou&¢d+

aState Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China
b The Higher Educational Key Laboratory for Biomedical Engineering of Fujian Province, Research Center of Biomedical Engineering of Xiamen, Department
of Biomaterials, College of Materials, Xiamen University, Xiamen 361005, China

¢ Research Institute for Biomimetics and Soft Matter, Fujian Provincial Key Laboratory for Soft Functional Materials Research, Jiujiang Research Institute,
College of Physical Science and Technology, Xiamen University, Xiamen 361005, China

d Innovation Laboratory for Sciences and Technologies of Energy Materials of Fujian Province (IKKEM), Xiamen 361005, China

ARTICLE INFO

ABSTRACT

Article history:

Received 1 July 2022

Revised 21 July 2022

Accepted 24 August 2022
Available online 27 August 2022

Keywords:

Carbon nanotubes arrays
lon transport system
Interstitial channels
Thermo-controlled
Osmotic energy

lon transport plays an important role in energy conversion, biosensors, and a variety of biological pro-
cesses. Carbon nanotubes, especially for the carbon nanotubes arrays with controlled vertically aligned
structures, have displayed great potential as a promising material for regulating ion transport behaviors
in the applications of the nanofluidic devices and osmotic energy conversion. Herein, we demonstrate the
thermo-controlled ion transport system through the vertically aligned multiwall carbon nanotubes arrays
membrane modified by the thermo-responsive hydrogel in a simple and reliable way. The functional car-
bon nanotubes backbone with the inherent surface charge and interstitial channels structure renders the
system improved ion transport behaviors and well controlled switching property by thermo. Based on
the integrated properties, the energy output from osmotic power in this system could be regulated by
the reversible temperature switches. Moreover, it can realize a higher osmotic energy conversion prop-
erty regulated by the thermos, which may extend the practical application in the future. The system that
combines intelligent response with controlled ion transport behaviors and potential osmotic energy uti-
lizations presents a valuable paradigm for the use of carbon nanotubes and hydrogel composite materials

and provides a promising way for applications of nanofluidic devices.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ion transport in biological channels is the foundation of vari-
ous physiological functions in life processes, and there has been
considerable progress in developing artificial ion channels since its
beginning [1-3]. lon transport in the confined channels, is distin-
guished from the bulk and exhibits unique effects, which could be
applied to various fields, including sensors [4], nanofluidic iontron-
ics [5], aqueous battery [6], desalination [7], and osmotic energy
conversion [8,9], etc. In terms of the ion transport behaviors, it
can be regulated through a chemical modification of channels with
corresponding responsive molecules [10], including the stimuli of
magnet [11], temperature [12], voltage [13], pH [14], stress [15], etc.
Among various stimulus-responsive functions, the temperature-
responsive ion channels modified by the poly (N-isopropyl acry-
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lamide) (denote it as PNIPAAm) hydrogel or molecular brushes are
one of the most discussed.

Carbon nanotubes (CNTs) are considered as one of the excel-
lent thermal interface materials [16,17] with the one-dimensional
graphitic nanochannel structure [18], outstanding thermal and
electrical conductivity [16], and desirable mechanical stability [18],
which are of particular interest as the backbone materials for fabri-
cating membranes [19,20]. The vertically aligned carbon nanotubes
arrays (CNTA) consist of the amounts of CNTs standing perpendic-
ular to a substrate [21], and the CNTA-based membrane has been
considered as a promising material for efficient ion transport ow-
ing to its high aspect ratio and almost defect-free structure [22,23].
Utilization of CNTs as ion channels is being extensively studied be-
cause of many applications are developed in bioengineering fields
[24,25], energy harvesting [26] and chemical separation [23].

Hydrogel is of inherent three-dimensional channel structure,
meanwhile possessing facile fabrication, excellent electrical con-
ductivity and various environmental responsiveness [27], which
enhances the ions shuttling, leading to a high conductance
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Fig. 1. The scheme of the thermo-controlled CPCM membrane system with the
changeable effective channels size. The as-prepared CPCM membrane is respon-
sive to the thermal stimulus and exhibits reversible switching behavior triggered by
the structural transition of the modified PNIPAAm hydrogel between swollen state
(the light blue area, below the LCST) and collapsed state (the light red area, above
the LCST). This system can be integrated with the remarkable thermal conductance
property (the luminous red area), which show the difference of the ionic perme-
ability. The d; and d, are the CPCM membrane effective channels size in low and
high temperature, respectively. The yellow arrow represents the ion current. The
blue balls and yellow balls denote the anion and cation, respectively.

[14] and have been explored in constructing the flexible electronic
devices [28]. For instance, in nature, in order to defend against
foreign aggression, the electric eels can generate a high instanta-
neous voltage from ion gradients, contributed by the unique hy-
drogel electric organs with excellent ion selectivity and low inter-
nal resistance [29].

Based on the above-mentioned unique properties of CNTA and
hydrogel, thus, the introduction of hydrogel in CNTA backbone
with controlled vertically aligned structures may offer a new ori-
entation for composite membranes fabrication. The multifunctional
and smart hydrogels with excellent responsiveness to ambient en-
vironments [30,31] can efficiently regulate the ion transport be-
haviors, and it can be well applied in the various fields, such as
wearable electronic [32,33], etc. However, the property of the CNTA
composite hydrogel in ion transport system has been rarely ex-
plored. Therefore, integrating hydrogels with the unique membrane
structure to construct ionic transport system may contribute to the
deeper understanding of efficient ion transport for application in
artificial systems.

In this work, we demonstrate the construction of thermo-
controlled CPCM (CNTA and PNIPAAm composite membrane, de-
note it as CPCM) membrane system with the changeable effective
channels size for realizing an efficient ion transport behavior. The
membrane system is constructed by the vertically aligned CNTA,
which is embedded with the thermo-sensitive hydrogel. CNTA in
this system can provide a high thermal conductivity to facilitate
thermal responsiveness, which is reinforced by aligned functional
CNTA backbone. Based on the temperature-controlled ion transport
behaviors and the improved interfacial ion transport efficiency, the
CPCM membrane system presents the promising application in os-
motic power harvesting with a controllable and enhanced energy
output triggered by the temperature switch. The design concept
proposed in this work could be considered as a primal platform
of researching the hydrogel functionality of ion channels for ionic
transport behaviors regulation, and it may provide new avenues
for controllable energy utilization from vast ocean resources in the
future.
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As revealed in Fig. 1, we have developed the thermo-controlled
CPCM membrane system with the changeable effective channels
size. The interstitial channels of CPCM membrane among the in-
dividual CNTs are embedded with the PNIPAAm hydrogel, which
becomes a thermo-controlled ion transport system after graft poly-
merization. It is generally believed that PNIPAAm hydrogel [34,35]
maintains a swollen state and exhibits a thermally responsive tran-
sition into a collapsed state below and above the lower critical
solution temperature (LCST), respectively. Raising the temperature
promotes apparent changes in the conformational state and me-
chanical property of the PNIPAAm hydrogel (Fig. S1 in Support-
ing information). In this case, there is an obvious increase of the
effective channels size (d,) in the CPCM membrane, which is ev-
idenced as a larger increase in ionic current (right side of the
scheme). While for reducing the temperature, an obvious decrease
of the effective channel size (d;) appears (left side of the scheme).
This reversible system takes the advantage that it provides simul-
taneously thermally controllable ionic transport properties, and the
improved interfacial ion transport efficiency owing to the intro-
duction of PNIPAAm hydrogel and CNTA backbone structure. Also,
CNTA, as a thermal interface material with high thermal conductiv-
ity, offers the inherent interstitial channels to contribute to thermal
conduction of this thermally responsive ionic transport system.

Herein, we directly utilize the CNTA as the original materials,
which are subsequently polymerized in situ with the PNIPAAm
hydrogel to construct the CPCM membrane system, the scheme
of fabrication process is provided in Fig. S2 (Supporting informa-
tion). The optical photographs about macroscopic morphology of
the CPCM membrane and CNTA on the left of Fig. 2a show that
both their sizes are about 1.5 cm x 1.5 cm. The surface of the CPCM
membrane is matte, and the surface of the CNTA is opaque. It is
obvious that the FESEM image of microscopic morphology reveals
the highly aligned “forest-like” features of CNTA and CPCM mem-
brane, which produces abundant interspace in the form of chan-
nels for ionic transportation. Furthermore, we can find that the in-
terspace in the form of channels is wrapped with the porous PNI-
PAAm hydrogel after polymeric modification in CPCM membrane,
for CNTA, we only find amounts of CNTs (right corner of Fig. 2a).
Meanwhile, the internal channel of individual CNTs are not mainly
the passageway for ionic transportation due to the closed ends of
them (Fig. S3 in Supporting information) and they are less than
the size of the gap. As shown in Fig. 2b, statistical analysis indi-
cates that the mean size of the interstitial channels of CPCM mem-
brane after polymeric modification is about 200-300 nm. Fig. 2c
shows the FTIR spectra of the pristine CNTA (black line), pure hy-
drogel (blue line) and CPCM membrane (red line), respectively. The
FTIR spectra demonstrate that the characteristic vibration peaks at-
tributed to CNTs (2000~2200 cm~') and PNIPAAm hydrogel with
the C-N stretching vibration (~1500 cm~!), C=0 stretching vibra-
tion (~1650 cm~1) and O-H, N-H stretching vibration characteristic
peaks (3000~3700 cm~1) are existed in the CPCM membrane after
PNIPAAm hydrogel polymeric modification. Furthermore, the en-
ergy dispersive X-ray spectroscopy (EDS) mapping analysis exhibit
that the elements of C, O, N are distributed in the CPCM mem-
brane from top view and side view (Fig. S4 in Supporting informa-
tion), indicating that the hydrogel functionalization with CNTA in
this system is available.

The measurement equipment on the transmembrane
temperature-controlled ionic transportation behaviors is settled in
a two-electrode system. As displayed in Fig. 3a, the homemade
device consists of the thermometers two quadrate polymethyl
methacrylate (PMMA) containers with a corresponding inlet and
an outlet (Fig. S5 in Supporting information). It is noteworthy
that this device is improved by circulator bath connected with
the heating-cooling cycle water device in both sides. Furthermore,
to ensure the permeability of ions, micro holes are punched in
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Fig. 2. Structural and chemical characterizations. (a) Optical images and FESEM images at high magnifications of CPCM membrane and CNTA, respectively. (b) Statistic
channels size distribution of the gap between CNTs for CPCCM membrane analyzed from the numerous FESEM images. The inset manifests the FESEM images at high magni-
fications, indicating the interspace among the CPCM membrane, scale bar: 100 nm. (c) FTIR spectra of the CNTA, PNIPAAm hydrogel and the CPCM membrane.

a
Electrode
Thermometer | I Thermometer
) y Lo -
o Wu— f— o
—, L=
Circulator bath . Circulator bath
CPCM
c Ligm\
ilnlet
- Light window 1\ || |
\‘ ST vl \”\
UutletT
8, \ *\1
= |
\4\.— AR .|

Microchannels

=

Current (nA)

oo

Current (nA)

10004
® Q ® ®
800
600
® ® ® ®
[‘00 \Jl ‘fl \)l ‘fl el "\l e‘ ‘;l
25 O s Mg g B8 08 g
Cycle index
600
487
4004 %2
29 W
00
pr——
3004
— 00
2004 @
%2
29
|'lu
Light off Light on Light off Light on
Cycle index

Fig. 3. Thermo-controlled behaviors of CPCM membrane system. (a) Schematic of the homemade experimental setup for measuring the temperature-controlled ion transport
behaviors, it contains the CPCM membrane, a two-electrode system, the circulator bath system, and the thermometers. (b) Cyclability of CPCM membrane for ion transport
through alternately temperature of 20°C and 50°C at +1V in 0.1 mmol/L KCl solution. (c) Schematic structure of the homemade photothermal-regulated microfluidic device,
the diameter of light window is 6 mm, and the width of microchannels of the device is 2mm. (d) Current evolutions at +1V and the corresponding infrared thermal images

for the light stimuli applied on the CPCCM membrane.

both containers on the sides facing the membrane test area.
As shown in Fig. 3b, the ionic current switching between the
low temperature (20 °C) and high temperature (50 °C) states
could be reversibly repeated for several cycles. By changing the
temperature, the switching response current changes from 500
nA to ~950 nA at +1V, indicating the CPCM membrane system
can be controlled through the thermo change. Besides that, ion
transport efficiency of CPCM membrane can be enhanced under
high temperature owing to the excellent thermal conductivity
and the increase of the effective channels size in hydrogel func-
tionalized CPCM membrane (Fig. S6 in Supporting information).
This result implies that the CPCM membrane still remains its
deformability (Fig. S7 in Supporting information), even after cyclic
varied temperature, and the hydrogel layer in the channels wall of
CPCM membrane plays a crucial role in modulating the switching

current, which is conducive to facilitating the interfacial ion trans-
port (Fig. S8 in Supporting information). In the meanwhile, the
corresponding infrared thermal curve for CPCM membrane also
indicates its exceptional thermal enhancement property owing
to the structural characteristics of CNTA backbone, and it offers
the fast thermally responsive ionic transport behaviors reinforced
by the CNTA backbone (Fig. S9 in Supporting information). The
electrolyte concentration (Fig. S10a in Supporting information),
electric potential (Fig. S10b in Supporting information), and ion
species with the different valence (Fig. S11 in Supporting in-
formation) also have an influence on the transmembrane ionic
transportation. As the concentration decreases, the measured ionic
conductance gradually deviates from the bulk value (red line)
at 0.1 mol/L (Fig. S12 in Supporting information), indicating that
the transmembrane ionic transport process is also related to the
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Fig. 4. Thermo-controlled CPCM membrane system for enhanced osmotic energy output. (a) The scheme of the thermo-controlled ion transport behaviors for the enhanced
osmotic energy output system based on CPCM membrane, the gradual yellow areas represent the concentration gradient. (b) The output voltage with the concentration
gradients at different temperatures of 20 °C and 50 °C. (c) The output current with the concentration gradients at different temperatures of 20 °C and 50 °C. (d) The
difference value curves of the obtained output voltage and output current from (b) and (c) versus the concentration gradients.

surface charge. Meanwhile, the measured Zeta potentials of the
CPCM membrane at various concentrations suggest a negatively
charged surface (Fig. S13 in Supporting information).

As previous studies have shown, CNTA exhibits an outstanding
thermally conductance [36,37] on account of its unique structure
and properties, which is a potent candidate for the photothermal
material since it generates significant amounts of heat upon exci-
tation with the light. Inspired by that, a homemade photothermal-
regulated microfluidic device is designed. As exhibited in Fig. 3c,
the CPCM membrane is assembled between the two silicone slices
and two separate chambers with designed channels (Fig. S14 in
Supporting information), and the light window on the top of the
device is reserved for light regulation. Top and bottom chambers
with designed channels could be injected with the solution via in-
dividual inlet/outlet. To further probe the entire light-controlled
ion transport behaviors, we measure the current evolutions at
+1V of the 0.1 mmol/L KCl solution through the CPCM mem-
brane system under the switches of light irradiation cycles (Fig.
3d). The light-controlled ion transport behavior exhibits good cur-
rent switching performance with systematically varied light on/off.
Meanwhile, this behavior is monitored by the real-time temper-
ature of the CPCM membrane using the infrared thermal images
(the inset in Fig. 3d). This can be attributed to the photothermal
property of CPCM membrane system under the light, in which the
effective channel size changes with the structural transformation of
the PNIPAAm hydrogel, revealing that the ionic transportation be-
havior can also be tuned in virtue of light (Fig. S15 in Supporting
information).

Inspired by the excellent ion transport behaviors of the thermo-
controlled CPCM membrane system, we further develop CPCM
membrane into an energy conversion device, which can be con-
ducive to efficiently capturing osmotic energy from the concen-
tration gradient. Here, KCl is selected on account of the compa-
rable diffusion coefficients of K* cation (~1.96 x 10° m?/s) and CI~
anion (~2.03 x 10° m?2/s), which permits the minimization of the
liquid junction potentials [38]. In Fig. 4a, concentration gradient
across the channels of CPCM membrane is illustrated, containing
two Ag/AgCl electrodes employed to connect the external circuit
for energy output, and the solution with different concentrations
at both ends. The PNIPAAm hydrogel of CPCM membrane under-
goes thermally responsive formation of intermolecular hydrogen-

bonding between PNIPAAm chains and water molecules, and in-
tramolecular hydrogen-bonding between C=0 and N-H groups at
20 °C and 50 °C [32], and the PNIPAAm hydrogel layer can improve
the interfacial ion transport efficiency. In this energy conversion
system, there is an increase of the effective channels size, and the
ionic current increase coming from the conductivity changes due
to temperature variations and improved interfacial ion transport
efficiency, which is beneficial for the osmotic energy output. As the
CPCM membrane is negatively charged in the KCI solution, under
the concentration gradient, a diffusion current is induced due to
the net K* flux across the channels, leading to the diffusion poten-
tial and diffusion current output in the external circuit [39].

To evaluate the osmotic energy conversion performance, the
corresponding open-circuit voltage and short-circuit current mea-
surements under different concentration gradients are conducted.
The KCl concentration on low concentration side is maintained at
0.1 mmol/L, and the relative high concentrations side is varied from
0.1 mmol/L to 1 mol/L. In Fig. 4b, we can find that the output volt-
age is boosted by the high temperature (50 °C) under various con-
centration gradients (Fig. S16 in Supporting information), and the
output current in Fig. 4c also shows an upward tendency in the
same condition (Fig. S17 in Supporting information), showing the
maximum output voltage (~230mV) and output current (~—2.65
pA) at 50 °C under 10% times concentration gradient. Besides that,
it shows a sustained and stable energy output both in low and high
temperature under a series of concentration gradients. Fig. 4d sum-
marizes the difference value of the output voltage and current at
the temperature difference under a series of concentration gradi-
ents. The maximum increment for output voltage and current at
104 times concentration gradient can reach ~45mV and ~—0.7 pA,
respectively. It reveals that the introduction of PNIPAAm functional
hydrogel in this system at high temperature leads to an enhanced
conductivity state, which contributes to facilitate the ion transport
through the channels of CPCM membrane with an enhancement in
the output voltage and current.

In summary, we demonstrate the CPCM membrane system with
the temperature-controlled ion transport behaviors and the im-
proved interfacial ion transport efficiency, which can be applied
in osmotic power harvesting with a controllable and enhanced
energy output. This membrane system is constructed through in
situ polymerization method with temperature-responsive hydrogel
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onto vertically aligned CNTA. By means of the outstanding ther-
mal conductivity and inherent interstitial channels, the thermally
responsive ionic transport system can be reinforced by the CNTA
backbone structure, and the temperature-controlled ion transport
behaviors can be improved under the thermal environment. Mean-
while, the hydrogel is employed on the channels to boost hy-
drophilicity and facilitate the ion transport interfacial efficiency.
Besides that, such a membrane system based on the vertically
aligned CNTA with hydrogel can increase the osmotic energy con-
version with a maximum enhanced output voltage of ~60 mV and
current of ~0.7 pA, which offers a way of the potential applica-
tion on the osmotic power generation through membrane interfa-
cial design. The system exploits the inherent interstitial channels of
CNTA and responsive hydrogel to improve the interfacial properties
of ion channels, providing a basic example which may potentially
spark further efforts for the application of investigating the physi-
cal processes of biological systems, sensing, membrane separation,
drug release and energy conversion, etc.
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