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Two-dimensional (2D) nanofluidic membranes are competitive can-
didates for osmotic energy harvesting and have been greatly devel-
oped. However, the use of diverse inherent characteristics of 2D
nanosheets, such as electronic or optoelectronic properties, to
achieve intelligent ion transport, still lacks sufficient exploration.
Here, a cellulose nanofiber/molybdenum oxide (CNF/MoO3) het-
erogeneous hanofluidic membrane with high performance solar-
osmotic energy conversion is reported, and how surface plasmon
resonances (SPR) regulate selective cation transport is revealed. The
SPR of amorphous MoOs; endows the heterogeneous nanofluidic
membranes with tunable surface charge and good photothermal
conversion. Through DFT calculations and finite element modeling,
the regulation of electronic and optoelectronic properties on the
surface of materials by SPR and the influence of surface charge
density and temperature gradient on ion transport in nanofluidic
membranes are demonstrated. By mixing 0.01/0.5 M NaCl solutions
using SPR and photothermal effects, the power density can achieve
a remarkable value of ~13.24 W m™2, outperforming state-of-
the-art 2D-based nanofluidic membranes. This work first reveals
the regulation and mechanism of SPR on ion transport in nano-
fluidic membranes and systematically studies photon—electron—ion
interactions in nanofluidic membranes, which could also provide a
new viewpoint for promoting osmotic energy conversion.
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New concepts

The energy crisis has become a critical issue for human society due
to the ever-increasing energy demand. 2D nanofluidic membranes as
competitive candidates have received widespread attention. However,
further basic research and the use of diverse inherent characteristics of
2D nanosheets, such as electronic or optoelectronic properties, to achieve
intelligent ion transport, still lack sufficient exploration. Our work first
reveals the regulation and mechanism of SPR on ion transport in
nanofluidic membranes and explores the potential of solar-osmotic
energy conversion based on CNF/MoO; heterogeneous nanofluidic
membranes. Experimental details and theoretical calculations indicate
that the higher surface charge and temperature of the nanofluidic
membranes tuned by SPR and photothermal effects help to improve
ion selectivity and accelerate cation diffusion, achieving high-
performance solar-osmotic energy conversion. This work demonstrates
a systematic study of photon-electron-ion interactions in nanofluidic
membranes and provides an ideal viewpoint for promoting osmotic
energy conversion.

Introduction

Access to sustainable, abundant, and inexpensive energy sources
has been extensively explored because of the continuous exploita-
tion and consumption of fossil energy."”” In nature, water and
solar are not only vital to life but also represent the largest carriers
of energy on earth.** Osmotic energy, stored as an ionic gradient
between seawater and fresh water, has been identified as a
promising source of renewable energy and attracted significant
attention.>® Nanofluidic membranes with tailored ion trans-
port dynamics has been promoted as a novel candidate to
efficiently harvest renewable osmotic energy and relevant
research has emerged in the past few decades.””® In particular,
nanofluidic membranes constructed from 2D materials have
led to advances in their application in osmotic energy due to
their high surface charge, precisely controlled layer spacing,
and excellent processability.">™" Although 2D nanofluidic
membranes have received wide attention, further basic research
and the use of diverse inherent characteristics of 2D nanosheets,
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such as electronic or optoelectronic properties, to achieve intelli-
gent ion transport still lack adequate exploration. Besides, the
conversion of osmotic energy coupled with other energy sources
has also attracted widespread attention.'>'? Solar energy as one of
the most abundant energy sources on earth has been extensively
developed based on photoelectronic and photothermal effects
and realized the potential application in nanofluidic devices
and miniature osmotic energy conversion systems.'*® Based
on the photoelectric effect, the light-induced separation of elec-
trons and holes in the membrane resulted in a transmembrane
potential difference, which could be utilized for the construction
of artificial light-driven ion pumps, ionic photoelectric conver-
sion, and enhanced osmotic energy generation."”*° Furthermore,
the introduction of the photothermal effect can directly lead to the
generation of a localized heat or temperature gradient, resulting
in ion active transport and thermally enhanced osmotic energy
harvesting.”’>> With the discovery of a series of novel light
regulated ion transport behaviors in nanofluidic membranes,
improving the basic understanding of ion transport mechanisms
remains an extremely challenging task. Therefore, both the con-
struction of nanostructures with inherent electronic/optoelectro-
nic properties and the development of novel photo-regulated ion
transport mechanisms are urgently needed, especially for practi-
cal applications such as solar-osmotic energy conversion systems.

As a new kind of materials, 2D amorphous materials not
only exhibit unique structural merits of short-range structural
ordering and isotropic amorphous characteristics, but also are
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endowed with exposed atoms and the confinement of electrons.>>**
SC-CO, has shown great potential in the fabrication of 2D
amorphous materials, which can exhibit both vapor- and
liquid-like behaviors, including near-zero surface tension, low
viscosity, high diffusion coefficients, excellent wetting of sur-
faces, and strong solvating power.”>>” 2D amorphous MoO;
nanosheets with tunable SPR could be obtained using SC-
C0,.%® Their electronic properties can be tuned to make them
suitable for developing a variety of future electronic and optical
devices. SPR, which is the strong interaction between light and
nanomaterials, could result in elevated electromagnetic fields
and a higher free electron concentration.”*~' However, how the
SPR changes the surface properties of nanofluidic membranes to
regulate ion transport for osmotic energy conversion is still
unknown, but might open a new avenue for synergetic energy
harvesting.

Herein, we demonstrated an efficient solar-osmotic energy
conversion system assisted by SPR and photothermal effects
based on heterogeneous CNF/MoO; nanofluidic membranes
(Fig. 1). By mixing artificial river water (0.01 M NacCl) and
seawater (0.5 M NaCl), the maximum power density of this
composite system could achieve a value of approximately
7.86 W m™ 2. Upon light illumination, hydrogen-doped amor-
phous MoO; nanosheets exhibit tunable SPR and lead to a
higher free electron concentration, which can increase the
surface charge of the nanofluidic membranes to promote
cation transmembrane transport. Using SPR, the output power
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Fig. 1 Schematic representation of the heterogeneous CNF/MoO3 nanofluidic membranes with tunable surface plasmon resonances for solar-osmotic
energy conversion. The heterogeneous nanofluidic membranes were fabricated by a two-step vacuum-assisted filtration with MoO3z nanosheets and
cellulose nanofibers (CNF). The Na* can be driven to pass through the nanofluidic membranes by a chemical potential gradient, and a cation current is
formed. More importantly, active tuning of the surface plasmon resonances in 2D MoOz could be simply realized by irradiating the suspension of 2D
nanosheets with solar energy, which results in higher surface free electron concentrations and better photothermal conversion. The higher surface
charge tuned by the surface plasmon resonances improves the selectivity and gradient-driven transmembrane ion diffusion. Additionally, owing to the
better photothermal conversion, light-induced heat could facilitate ion migration. The tunable surface plasmon resonances and photothermal
conversion synergistically endow the system with enhanced ion selectivity and flux, enabling high-performance energy conversion.
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density could be enhanced to about 9.07 W m ™2, Additionally,
benefitting from the photothermal effects, the power density
was further improved to 13.24 W m™>. The achievable high
power output performance could be ascribed to the higher
surface charge and temperature of the nanofluidic membranes
tuned by the SPR and photothermal effect of MoO;. Both
experiments and theoretical calculations help us to understand
the mechanism of how SPR and temperature gradients domi-
nate the selective ion transport process. Our work demonstrates
the regulation of diverse inherent characteristics of 2D nano-
sheets to achieve intelligent ion transport, showing their
promise for solar-osmotic energy conversion.

Results and discussion
Amorphous two-dimensional MoO;

Amorphous MoO; was obtained using SC-CO, (Fig. 2a and
Note S1, ESIf).”® The oxygen incorporation in MoS, was
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achieved during the annealing process, in which oxygen atoms
can replace sulfur atoms, and the regular atomic arrangement
is destroyed. The adsorption strength of small molecules on the
amorphous surface is stronger than that on the crystal surface.
Compared to organic solvents, SC-CO, has a smaller molecular
size, and when it reaches the supercritical state, it has the
properties of both vapor and liquid, which makes it easy to
penetrate into the lamellar material and generate expansion or
swelling to achieve intercalation, modification, and exfoliation.
Thanks to the low surface tension, low viscosity, and high
diffusion features, CO, molecules can easily enter the inter-
mediate layer of MoO; and the adsorption of CO, molecules
can lead to stabilization of amorphous MoO;. In addition, the
stronger interaction between CO, and amorphous MoO; may allow
diffusive atomic disordering to achieve strain engineering.>>*
The morphology of the samples was characterized by transmission
electron microscopy (TEM) as shown in Fig. 2b. Both ultrasoni-
cated and SC-CO, treated samples showed sheet-like morphology
as can be seen from the low-magnification TEM images. To further
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Fig. 2 Characterizations of CNF/MoOz membranes. (a) Schematic illustration of the amorphous MoO3 nanosheets prepared using SC-CO,. (b) HRTEM
image and the corresponding SAED pattern of the ultrasonicated and SC-CO, treated samples. (c) UV/Vis-NIR absorption spectra of supernatant
solutions. Inset: Photograph of left: ultrasonicated MoOz nanosheets and right: SC-CO, treated MoOz nanosheets. (d) Raman spectra. (e) UV/Vis-NIR
absorbance spectra of the SC-CO, treated MoOs3 suspensions before and after irradiation at different xenon lamp irradiation durations with a power of
1.3 W cm™2. (f) Zeta potential of MoOs3 nanosheets at different solar light irradiation durations. When increasing the irradiation duration, the zeta potential
of the MoOs(sc) nanosheets becomes more negative. (g) Elemental mapping analyses of the CNF/MoOziscy membrane.
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verify the crystal structure of the prepared samples, the lattice
arrangement could be clearly seen in the high-resolution TEM
(HRTEM) images. Fig. 2b-iii shows the obvious lattice structure of
the 2D MoO; nanosheets after sonication, while the HRTEM image
of the SC-CO, treated sample indicated strong disordered atomic
arrangement and even the short-range sequence of the nanostruc-
ture could not be clearly observed (Fig. 2b-iv). The corresponding
selected area electron diffraction (SAED) pattern (Fig. 2b-i inset) of
the ultrasonicated sample clearly distinguishes diffraction spots,
suggesting the existence of small nanodomains with short-range
ordering. However, after SC-CO, treatment, some of the lattice
fringes appear disordered because of the CO, intercalation. This
disorder is confirmed by the SAED pattern of the polycrystalline
ring (Fig. 2b-ii inset), demonstrating the amorphous properties of
the prepared samples. The optical properties of ultrasonicated and
SC-CO, treated samples were investigated by UV/Vis-NIR absor-
bance spectroscopy (Fig. 2c). The absorption peaks at 612 and
672 nm of the ultrasonicated nanosheets are related to the direct
excitonic transitions of MoS, nanosheets at the K-point in the
Brillouin zone,*® while no absorption peak could be found for the
SC-CO, treated nanosheets. Additionally, Raman spectra acquired
for the two samples confirmed the phase inversion of MoO; under
SC-CO, treatment (Fig. 2d). Compared with the sample under
SC-CO, treatment, the ultrasonicated sample showed more char-
acteristic peaks, including unoxidized MoS, peaks at 367 cm™ ' and
396 cm ™', crystalline phase h-MoOj; peaks at 699 cm ™, 893 cm™*
and 980 cm~ ' and amorphous phase o-MoOj; peaks at 663 cm™
and 811 cm™". However, there were only a-MoQ; characteristic
peaks at 663 cm™ ", 819 cm ™' and 992 cm ™' in the SC-CO, treated
sample. It can be concluded that metastable h-MoO; can be
converted to stable amorphous a-MoO; under SC-CO, treatment.
From the XRD patterns (Fig. S2, ESIT), the SC-CO, treated sample
showed only a weak line shape in the range of 20 to 30°, indicating
the poor crystallinity. Meanwhile, for the ultrasonicated sample, it
was worthy noting that the diffraction peaks at 19.4° and 25.8°
correspond to the (200) plane of h-MoO; and the (040) plane of
a-MoO3, respectively, suggesting a crystal structure. X-ray photo-
electron spectroscopy (XPS) was further performed to assess the
surface chemical composition and chemical state of the as-
prepared MoO; nanosheets (Fig. S3, ESIt). Under the irradiation
of a xenon lamp with a power of 1.3 W ¢cm ™2, the color of the
solution continuously deepened with a longer illumination time
(Fig. S4, ESIt), and the corresponding UV/Vis-NIR absorption
spectrum in Fig. 2e shows dual optical absorption bands centered
at 806 and 1059 nm, respectively. These absorption bands gradu-
ally increased and underwent a slight red shift from 806 to 812 nm
and from 1059 to 1065 nm, indicating that the SPR effect was
enhanced with a longer irradiation time. In contrast, the absorp-
tion peak of the CNF solution did not change as the light
irradiation time increased (Fig. S5, ESIT).

1

Characterization of heterogeneous nanofluidic membranes

The heterogeneous nanofluidic membranes were fabricated via
a two-step vacuum-assisted filtration with SC-CO, treated MoO;
nanosheets (MoOjgsc)) and cellulose nanofibers (CNF) (Fig. S1
and Note S2, ESIt). The as-prepared nanofluidic membranes
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are free-standing and transparent (Fig. S6, ESIt). The XPS
spectrum provided the compositional evidence of heteroge-
neous nanofluidic membranes with the high peak intensity
of O 1s at 531.9 eV, C 1s at 284.9 eV, and Mo 3d at 233.9 eV
(Fig. S7, ESIt). The zeta potential of amorphous MoOj;
nanosheets at different solar light irradiation durations is
shown in Fig. 2f. Longer irradiation durations increased the
degree of H' intercalation and caused higher substoichiometric
levels (Note S3, ESIF),>>*® resulting in higher free electron
concentrations and increasing the zeta potential from
—21.6 mV to —38.6 mV within 0 to 12 min of the light
irradiation. The prepared CNF/MoOj3() membranes were ana-
lyzed using scanning electron microscopy (SEM). The SEM
characterization of the cross section exhibited a heterogeneous
nanofluidic membrane with a ~8 pm thickness. Elemental
mapping analyses of the CNF/Mo0Ojzsc) membrane demon-
strated that the elements C and O were distributed in the entire
membrane, whereas Mo was distributed only on one side
of the heterogeneous nanofluidic membrane (Fig. 2g and
Fig. S8, ESIY).

Ion transport and high-performance osmotic energy conversion

The transmembrane ionic transport properties of the nanoflui-
dic membranes were investigated using a symmetrical two-
compartment electrochemical cell. The ionic current increases
linearly with the applied voltage and the CNF/Mo0Oj;(sc.112)
membrane shows the highest ionic current (Fig. 3a). The ion
conductivity curve of all membranes deviates from the linear
bulk behavior and gradually stabilizes when the concentrations
are below 0.1 M (Fig. 3b). The deviation from the bulk behavior
(dashed line) at low concentrations (< 0.1 M) indicates that the
ionic transport across the membrane is controlled by the sur-
face charge.>’° It is worth noting that, compared with other
membranes, CNF/MoOjsc.r.12) shows the highest transmem-
brane conductance. The conductance G for all salt concentra-

tions can be calculated as follows:***!
wh w
G = (ug+ + MCI*)CNAC)F + 2.“1(-‘753 1)

where y; is the mobility, ¢; is the ion concentration, N, is the
Avogadro constant, e is the electron charge, o is the effective
surface charge density, and &, w, and d are the height, the
width, and the length of the channels, respectively. The excel-
lent ion transport and cation selectivity of the composite
membrane paved the way for osmotic energy conversion. Here,
we use a homemade device to determine the ability of the
nanofluidic membranes in harvesting osmotic energy (Fig. S9,
ESIt). The membranes were placed in an asymmetric electrolyte
(NaCl, Cp, = 0.01 M; Cy = 0.5 M). Driven by a chemical potential
gradient, cations preferentially transport through the negatively
charged nanofluidic membranes from the high-concentration
side to the low-concentration side, generating the open-circuit
voltage (Vo) and short-circuit current (I;.), which can be
obtained from the intercepts of voltage and current axes. The
ion current is recorded under a concentration gradient from
the MoO; (s side fixed at 0.01 M concentration to the CNF side

This journal is © The Royal Society of Chemistry 2024
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lon transport and high-performance osmotic energy conversion. (a) /-V curves of four nanofluidic membranes in a neutral KCl electrolyte with a

concentration of 10~* M. (b) Measurement of the transmembrane ionic conductance of four membranes in KCl electrolyte. The ion conductance
deviates from the volume value (dashed line) when the KCl concentration is less than 0.1 M, indicating that the transmembrane ion transport is controlled
by the surface charge. The CNF/MoOssc-112) membrane showed the highest ion conductance at low concentrations. (c) I-V curves of the CNF/MoOsxsc)
at a 50-fold gradient under two configurations of forward and reverse diffusion directions. (d) Recorded output power density of three membranes as a

function of the load resistances (R) under a 50-fold concentration gradient.

The corresponding maximum output power density of 3.49 W m~2 (CNF),

6.04 W m~2 (CNF/Mo0Os), and 7.86 W m~2 (CNF/MoOsxsc)) can be realized. (e) Calculated density of states (DOS) of crystal MoOs. (f) Calculated DOS of

amorphous MoO, ;.

fixed at 0.5 M concentration (red curve in Fig. 3c) and under a
reversed salinity gradient (blue curve in Fig. 3c). The former has
a larger I, of 25.94 pA and is considered as an advantageous
direction in the following tests. To further evaluate the osmotic
energy conversion capability, the setup was connected to an
external electronic load resistor (R;) to output the harvested
electric power. The current density driven by the chemical
potential gradient decreased with the increase of the external
load (Fig. S10, ESIt). The output power density (P = I* x R./S)
reached its peak when the external resistance was approxi-
mately equal to the internal resistance of the membrane. The
tested membrane area (S) was about 3 x 10* pm® For CNF/
MoO;(s¢c) membranes, the maximum power density could reach
7.86 W m~ 2 for the 50-fold concentration gradient, which was
higher than that of the pure CNF (3.49 W m~*) and CNF/MoO;
(6.04 W m~?) membranes (Fig. 3d). Current density and power
density under the other two concentration gradients were also
tested (Fig. S11-13, ESIf). The CNF/MoOjscy membranes
showed the highest output power density among these nano-
fluidic membranes at all concentration gradients, which ben-
efits from the higher surface charge density of MoOj;(sq
described earlier. To further elucidate the physical mechanisms
of amorphous MoO; assisting in enhancing ion transport and
osmotic energy conversion, density functional theory (DFT)

This journal is © The Royal Society of Chemistry 2024

simulations were conducted (Note S5, ESIt).*> Owing to quan-
tum confinement effects, the bandgap of the simulated mono-
layer crystalline MoO; is 3.36 eV, marginally larger than that
of bulk MoO;. Time dependent density functional theory
(TD-DFT) simulations of its electronic excitations revealed that
the valence band electrons of crystalline MoO; cannot be
excited by visible light, thereby resulting in its lack of visible
light absorption activity (Fig. S14, ESIf). Concurrently, the
electron ionization potential (IP) and work function (WF) of
crystalline MoOj are as high as 9.58 eV and 7.9 eV, respectively,
meaning it is difficult for crystalline MoO; to become an
electron donor (Fig. 3e). Defect-free amorphous MoO; had been
constructed using the simulated melt-quench scheme to con-
firm the effect of amorphous phase transition.**** The study of
electronic state density revealed that the amorphous phase
transition results in a slight decrease in the bandgap width
from 3.36 eV to 3.33 eV, accompanied by the formation of
strong localized states at the bottom of the conduction band.
This implied that a mere transition to the amorphous phase
does not enhance the absorption activity of MoO; for
visible and near-infrared light, but rather augment its intrinsic
absorption activity in the ultraviolet region. Indeed, SC-CO,
treatment successfully introduced a large number of
defects and dominated the formation of amorphous MoO;_,.

Mater. Horiz., 2024, 11, 3375-3385 | 3379
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Therefore, the amorphous MoO, ; generated through simula-
tions was further studied. Electronic studies indicated that the
presence of oxygen defects in amorphous MoO, ; led to the
emergence of numerous defect states within the original band-
gap, thereby significantly reducing its bandgap to 0.71 eV.
Further simulations of electronic excitations revealed that this
evolution in the electronic structure substantially enhanced the
light absorption activity of amorphous MoO, ; in the visible
and near-infrared regions. Importantly, the Fermi level of
amorphous MoO, ; exhibited a significant shift to the right
compared to crystalline MoOs;, indicating a higher internal
electron concentration.**** Simultaneously, the IP and WF of
amorphous MoO, ; decreased to 6.27 eV and 5.91 eV, respec-
tively, signifying a marked enhancement in its electron depar-
ture capability (Fig. 3f). In summary, the DFT calculations
revealed that the SC-CO,-driven amorphous defect engineering
of MoO; significantly augments its electron concentration and
electron delocalization, as well as its light absorption activity in
the visible and near-infrared regions (Fig. S15, ESIt). This
unveils the electronic mechanism of SPR of amorphous
MoOs;, as well as its enhanced ion transport and osmotic energy
conversion capabilities.

Surface plasmon resonances promoted osmotic energy
conversion

SPRs are the collective oscillations of surface free electrons
confined to the nanoscale by light-induced excitations, which
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enables extremely large electric field enhancements around the
nanomaterials (Fig. 4a).*>*° The SPRs of amorphous MoOysc)
nanosheets have been tested. Upon light excitation of the
amorphous MoOjsc) nanosheets, tunable SPRs in the visible
and near-IR regions were achieved by light-driven H" intercala-
tion (Note S3, ESIf). When the MoO; nanosheets were irra-
diated with light, excitons and holes were generated (Note S3,
eqn (1), ESIT). Then, the protons can be obtained from the
reaction of the adsorbed water with the holes (Note S3, eqn (2),
ESIT). The resulting protons can diffuse into the tunnels and
cavities of the MoO; lattice, while the oxygen radicals may
combine with each other to produce O, gas and escape. The
photogenerated excitons react with MoO; and protons (Note S3,
eqn (3), ESI{).>?¢

As a result, there were more free electrons on the surface of
MoO;, which promoted transmembrane cation transport and
further improved osmotic energy conversion performance.
To further explore the influence of SPRs on ion transport and
osmotic energy conversion, the current density and power
density of CNF/MoOj;ic) and CNF/MoOj;sc.r12) membranes
were compared (Fig. 4b and c). The current density driven by
the chemical potential gradient decreases as the external load
(Ry) increases, and the output power density reaches its peak
(Pmax) with an intermediate load resistance. The power density
of the CNF/M0O3(sc112) membrane could reach ~9.07 W m~?,
which is significantly higher than that of the CNF/MoO;sc)
system, which was 7.86 W m™>. The higher surface charge
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Fig. 4 Surface plasmon resonances promoted osmotic energy conversion. (a) Schematic representation of surface plasmon resonance enhanced
surface free electron concentration. (b) and (c) Osmotic energy conversion behaviors of the CNF/MoOsziscy and CNF/MoOszisc-112) composite
membranes. (d) Comparison of the V. and /5. of the four kinds of nanofluidic membranes under different concentration gradients. (e) Calibrated
diffusion potential (Eqif) and transmembrane ion transference number (t;) of the membranes under a series of NaCl salinity gradients. The low
concentration side is set to 0.01 M. (f) and (g) The maximum output power density and the corresponding current density of the four nanofluidic
membranes under 5-fold, 50-fold, and 500-fold concentration gradients, respectively. Both the maximum power density and the corresponding current
density increased with the increase of the concentration gradients, and the CNF/MoOssc-112) membrane had the largest power density and current
density. (h) The working stability of the CNF/MoOzsc-12) composite membrane-based energy conversion device.
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benefiting from the SPRs is favorable for the high-performance
energy conversion process. Defect-free amorphous MoO; had
been constructed using DFT simulations to confirm the effect
of the SPR-dominated increase in the concentration of oxygen
defects. Electronic studies revealed that the amorphous phase
transition results in a slight decrease in the bandgap width of
MoO; from 3.36 eV in the crystalline phase to 3.33 eV in the
amorphous phase, accompanied by the formation of a strong
localized state at the bottom of the conduction band. These
findings starkly contrast with the electronic and spectroscopic
simulation outcomes for the abovementioned amorphous
MoO, ;, further elucidating the mechanism by which SPR
amplifies the concentration of oxygen defects to improve ion
transport and osmotic energy conversion (Fig. S16, ESIT). To
further evaluate the energy conversion capability of the mem-
branes, we further tested the power generation by collecting I-V
curves under a series of concentration gradients. The corres-
ponding I, and V,. values increase gradually (Fig. 4d).
Obviously, the CNF/MoOj;(sc112) membrane has the highest
Voe and I, under different concentration gradients. Moreover,
the diffusion potential (Eg4i) could be calculated by the elec-
trode calibration process (Fig. S17, Note S4 and Table S1, ESI¥)
that deducts the contribution of redox potential (Ereqox) due to
the unequal electrode reaction in different solutions. Egi can
be described as follows:

Eagier = Voe — Eredox (2)

It is worth noting that the ion selectivity of nanofluidic
membranes is the origin of Egy The cation transference
number (¢,;) can be calculated from Eg4; and it equals 1 for
ideal selectivity and 0.5 for nonselective membranes:*' ™

1 Egitr

==X | ——
) RT 1 [ Phigh
ZF low

+1 (3)

Here, R, T, F and Z refer to the gas constant, temperature,
Faraday constant, and charge number, respectively. anign and
10w are the activities of NaCl on the high concentration and low
concentration sides, respectively. Overall, we have listed
the Egir and the calculated transmembrane ¢, values of the
four membranes in Fig. 4e. Compared with others, the CNF/
MoO;(sc1.12) membrane has the highest Eqi¢ and ¢, regardless
of the concentration gradients, which could be ascribed to the
SPRs of M0Oj3, which can create more surface free electrons and
eventually promote the ion selectivity and transport. Moreover,
the CNF/M0O;(sc.L12) membranes exhibited ultrahigh charge
selectivity, as indicated by their ¢, reaching up to 0.98. As the
membrane is cation-selective, the better the ion selectivity, the
more remarkable the charge separation that will occur, result-
ing in a higher power output (Fig. 4f and g). Additionally, the
maximum output power density and Eg;r show no obvious
attenuation even after 1 week, indicating the excellent long-
term stability of these composite nanofluidic membranes and
their promising application potential in osmotic energy con-
version (Fig. 4h).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Communication

Photo-enhanced osmotic energy conversion system

Light was introduced into our system as an ideal external
physical field due to its remote maneuverability and sustain-
ability. However, considering the poor light stability of Ag/AgCl
electrodes, a light-proof shield was used to prevent the Ag/AgCl
electrodes from being exposed to light. When light irradiation
is applied on the low concentration side (MoOj; side), the
temperature of the irradiation area increases due to the good
photothermal effect of MoO3, and a temperature difference is
formed. Thus, the photothermal-induced temperature gradient
could be used to drive ion transport across the nanofluidic
membranes, achieving photo-enhanced ion transport and
osmotic energy conversion (Fig. 5a). Under asymmetric light
irradiation, the output power density of the CNF/M0O3(sc.112)
membrane increased from 8.19 to 13.24 W m™ 2, achieving an
increase of approximately 61.5%. Benefiting from the higher
surface charge concentration and excellent photothermal
effect, the output power density of CNF/Mo0Oj(sc.112) increases
by a larger amount after illumination compared to the other
membranes (Fig. 5b). The photo-enhanced osmotic energy
conversion performance of CNF/MoOj;(sc..12) membranes was
also higher than that of the other membranes (Fig. 5¢ and Fig.
S18, ESIT), which could be ascribed to the higher light absorp-
tion and the better photothermal conversion behaviors (Fig.
S19 and 20, ESIt). Moreover, the magnitude of the light-
enhanced power density increases with light intensity (Fig. 5d
and Fig. S21, ESIt). The observed photo-enhancement phenom-
enon can be attributed to the photothermal effect and cation-
exciton interaction. Due to the photothermal effect of MoOj3,
light irradiation onto the MoO; side could significantly
increase the temperature, which could amplify the thermo-
phoretic mobility of ions, thereby decreasing the ion transport
resistance and eliminating ion concentration polarization (ICP)
to some extent.>">®

Simultaneously, the contribution of the photogenerated
excitons was unveiled through the analysis of natural transition
orbitals (NTOs) based on TD-DFT calculations. Electronic struc-
ture investigations indicated that the adsorption of Na“ can
form localized Na empty orbitals at the bottom of the conduc-
tion band in amorphous MoO, ;. This implied that the elec-
trons in the defect states can transfer to these empty orbitals
(Fig. 5e). Concurrently, the spatial analysis of excited state
electrons confirmed that the photoexcited state electrons in
amorphous MoO, , can localize around Na*, and the exciton-
hole coupling can further enhance the adsorption of Na* on the
surface of the amorphous MoO; material (Fig. 5f and Fig. S22,
ESIY). Thus, light irradiation increases the adsorption of Na* on
the amorphous MoO, ; surface for improved selectivity, which
promotes ion transport and eventually the osmotic energy
conversion. The synergy of the cation-exciton interaction and
photothermal effects enhances cation selectivity and ion trans-
port in the nanofluidic membranes. It should be noted that our
work realized high-performance osmotic energy conversion
among the membrane-based nanofluidic membranes in the
same testing area (Fig. S23, ESIT). Finite-element simulations
based on the Poisson-Nernst-Planck (PNP) theory are also
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illumination.

employed to provide deep insights into the synergistic effect of
the photo-induced temperature and surface charge increase in
the nanofluidic membranes (Fig. 5¢ and h and Note S6,
ESIT).>"**°7 For simplicity, considering the structural charac-
teristics of the composite nanofluidic membranes, a simplified
2D nanochannel with a length of 1000 nm, a width of 200 nm,
and a height of 5 nm was used to simulate ion transport
performance (Fig. S24, ESIT). To simplify the model, the surface
charge and temperature are set within reasonable ranges
according to the given experimental results and relevant reports
(Fig. 5g). By introducing increased surface charge and thermal
effects, three models with different cofactors were simulated to
investigate the energy conversion performance and current
density distribution (Fig. 5g¢ and h). The current density of
model 2 (Ggurface = 0.015 C m~2, AT = 0 K) was higher than that

3382 | Mater. Horiz., 2024, 11, 3375-3385

of model 1 (Ggurace = 0.01 C m~>, AT = 0 K), indicating that the
increase of surface charge enhances ion selectivity and thus
promotes energy conversion. The current density of model 3
(Gsurface = 0.015 C m™ %, AT = 30 K) was higher than that of model
2, indicating that the increase of ion migration caused by an
additional temperature gradient could also improve the energy
conversion. At the same time, model 3 had the highest current
density among all models, suggesting the significant roles of
temperature and charge density in accelerating ion diffusion.
Therefore, the PNP simulation supported the experimental
measurements and provided visual current density distribu-
tions for analysis. The cycle power density measurement
showed no obvious attenuation, indicating the long-term
stability and promising application potential of the system
(Fig. 5i).

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4mh00286e

Published on 24 abril 2024. Downloaded on 28/08/2024 19:14:55.

Materials Horizons

Conclusions

In summary, we designed an efficient solar-osmotic energy
conversion system assisted by SPR and photothermal effects
based on heterogeneous CNF/MoO; nanofluidic membranes.
By mixing 0.01/0.5 M NaCl solutions, the maximum power
density reached 7.86 W m 2. We have shown that SPR can
regulate selective cation transport and substantially boost
osmotic energy conversion (~9.07 W m?). By DFT simulations,
we confirmed the regulation of electronic and optoelectronic
properties on the surface of MoO; by SPR. In combination with
PNP simulations, we showed that the higher surface charge and
temperature of the nanofluidic membranes tuned by SPR and
photothermal effects help to improve ion selectivity and accelerate
cation diffusion. Benefiting from the introduction of SPR and
photothermal effects, the output power density can achieve a
remarkable value of ~13.24 W m™ 2. This work introduced a novel
strategy for ion transport regulation through changing the surface
properties of nanofluidic membranes based on SPR. We also
envision that this design not only brightens prospects in osmotic
energy conversion, but also opens the exploration of advanced
materials with multiple intelligent response couplings for ion
gathering, desalination, and energy storage.

Experimental section
Materials

MoS, powder was provided by Sigma-Aldrich (Fluka, product
number: 69860). Ethanol of analytical grade was purchased
from Sinopharm Chemical Reagent Co., Ltd. (China). CO,
with a purity of 99.99% was purchased from the Zhengzhou
Yuanzheng Technology Development Co., Ltd. TEMPO oxidized
CNF gel (1.22 wt%) was purchased from Tianjin Woodelfbio
Cellulose Co., Ltd. Nylon filter film (N66, an average pore size of
50 nm) was purchased from Haining Yibo Filter Equipment
Factory. All the chemicals including sodium chloride (NaCl)
and potassium chloride (KCl) were analytically pure.

Preparation of amorphous MoO; nanosheets

The typical process is as follows: MoS, (100 mg) was dispersed
in an aqueous solution (10 mL) with 45% ethanol volume
fraction and ultrasonically treated for 4 h to form a uniform
solution. It was then dried in a constant temperature oven at
60 °C. MoO; was prepared by annealing the pre-treated MoS,
at 350 °C for 90 min. The resulting MoO; was dispersed in a
45% ethanol/water mixture (10 mL) followed by ultrasound
treatment for 60 minutes to achieve good dispersion. The
dispersion was then quickly transferred to a SC-CO, unit, which
consisted primarily of a stainless-steel autoclave with a heating
jacket and a temperature controller. The autoclave was heated
to 80 °C and CO, was filled into the reactor to the required
pressure (20 MPa). After a 3 h reaction, CO, was released slowly.
The dispersion was then centrifuged at 6000 rpm for 15 min,
the aggregates were removed at room temperature, and the
supernatant was collected.
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Preparation of heterogeneous nanofluidic membranes

The CNF solution (2 mL, 1 mg mL™ ') was first filtered for

45 min to form the membrane, and then the according MoO,

solution 2 mL, 1 mg mL ™', MoO;: ultrasonicated; MoOjsc): SC-

CO, treated; MoOj(sc.12): light irradiation for 12 minutes after

SC-CO, treatment and immediately filtered for another 2 hours

to form the heterogeneous nanofluidic composite membranes.
The intercalation mechanism is as follows:

MoO; — MoOs;* + h* + e~ (4)
1

2h* + H,O — 2H" + 3 0, (5)

MoO,+ xH"+ xe~ — H,Mo00; (6)

Density functional theory (DFT) simulations

Density functional theory (DFT) simulations were performed
using the CP2K software package. The Gaussian plane wave
(GPW) method, which combines the double-zeta-polarized
Gaussian basis set optimized for condensed systems and the
plane-wave basis set (with an energy cutoff of 400 Ry), was
employed to efficiently solve the DFT Kohn-Sham equation.
Additionally, the ion-electron interaction was accounted for
using the GTH norm-conserving pseudopotential. All structures
were thoroughly optimized using the Broyden-Fletcher-Gold-
farb-Shanno (BFGS) minimization algorithm, the geometry
change was converged within 3E—3 bohr, the root mean square
(RMS) of the geometry change was converged within 1.5E—3 bohr,
the force was converged within 4.5E—4 bohr/hartree, and the
RMS of force was converged within 3E—4 bohr/hartree. The
selection of the exchange-correlation functional plays a pivotal
role in determining the precision of the simulation. Conse-
quently, for tasks such as structural optimization and molecu-
lar dynamics simulations, the meta-GGA R2SCAN functional
in conjunction with the DFT-D3 dispersion correction scheme
was employed. This approach is recognized for its ability to
accurately determine the structure of transition metal oxides.
Furthermore, the use of hybrid functionals is essential for
deriving reliable electronic structures of transition metal oxi-
des. As such, the B3LYP functional was utilized to calculate the
electronic state density and electronic excitations. In addition,
the study of excited states was accelerated by the Tamm-Danc-
off approximation. The excited state energy produced by
this method is essentially the same as that obtained from the
time-dependent density functional theory itself, when the same
exchange-correlation functional is used.

In this research, a melt-quenching scheme, underpinned by
molecular dynamics simulations, was used to generate amor-
phous structures. Specifically, the initial crystal structure was
subjected to complete melting at a temperature of 2500 K,
yielding a high-temperature amorphous structure. This struc-
ture was subsequently cooled to 300 K, resulting in a room-
temperature amorphous structure following comprehensive
equilibrium. Throughout the series of molecular dynamics
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simulations, the canonical sampling through velocity-rescaling
(CSVR) thermostat was employed to establish the canonical
ensemble, operating at a time step of 1 fs. The radial distribu-
tion function (RDF) showed that the atomic arrangement of the
final structure has typical short-range ordered and long-range
disordered amorphous characteristics.

Numerical simulations

The thermoelectric conversion phenomenon was theoretically
investigated using the commercial finite-element software
package COMSOL Multiphysics (version 5.4; COMSOL Inc.,
Stockholm, Sweden) based on “electrostatics (Poisson equation)”
and “Nernst-Planck without Electroneutrality” modules. The
coupled governing Poisson-Nernst-Planck (PNP) equations are
shown below.

iFe;
Ji = D <Vci + ZR—,;V(/)) + ciu ()
F
20— = -
Vo = . Zzlcl (8)
V-Ji=0 9)

Here, the physical quantities J;, D;, ¢;, ¢, u, R, F, T, and ¢ refer
to the ionic flux, diffusion coefficient, ion concentration, elec-
trical potential, fluid velocity, universal gas constant, Faraday
constant, absolute temperature, and dielectric constant of the
electrolyte solutions, respectively. Eqn (7) shows the Nernst-
Planck equation which describes the transport properties of a
charged nanochannel. Eqn (8) shows the Poisson equation
which describes the relationship between the electrical potential
and ion concentrations. Besides, the flux should satisfy the time-
independent continuity equation (eqn (9)) when the system
reaches a stationary regime. A simplified negatively charged
(6 = —0.01 C m 2 and —0.015 C m™?) channel with a length of
1000 nm, a width of 200 nm, and a height of 5 nm was chosen as
the simulated model. To carry out the calculations, the “electro-
statics (AC/DC)” and “Nernst-Plank without electroneutrality”
modules were used. In addition, to precisely set the temperature
of the channel, the “heat transfer in fluids” module was coupled
to this model. The model with a temperature difference of 30 K
(room temperature is set to 298 K) was applied. The coupled
equations (eqn (7)-(9)) must be solved for a given geometry using
appropriate boundary conditions.

The boundary condition for the potential ¢ on the channel
wall is

(10)

The ion flux has zero normal components at the boundaries:

—~.J=0 (11)

The parameter ¢ (o is set to —0.01 C m ™2 and —0.015 C m %)
is the surface charge density of the channel walls. Then, the
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ionic current can be calculated by

I= JsF(ijp + Zojn) - —ds (12)
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