nature communications

Article

https://doi.org/10.1038/s41467-024-48613-6

Polyoxometalate-based plasmonic electron
sponge membrane for nanofluidic osmotic
energy conversion

Received: 27 September 2023

Accepted: 2 May 2024

Published online: 17 May 2024

M Check for updates

Chengcheng Zhu', Li Xu', Yazi Liu?, Jiang Liu®3, Jin Wang', Hanjun Sun®",
Ya-Qian Lan®"3 | & Chen Wang®'

Nanofluidic membranes have demonstrated great potential in harvesting
osmotic energy. However, the output power densities are usually hampered by
insufficient membrane permselectivity. Herein, we design a polyoxometalates
(POMs)-based nanofluidic plasmonic electron sponge membrane (PESM) for
highly efficient osmotic energy conversion. Under light irradiation, hot elec-
trons are generated on Au NPs surface and then transferred and stored in
POMs electron sponges, while hot holes are consumed by water. The stored
hot electrons in POMs increase the charge density and hydrophilicity of PESM,
resulting in significantly improved permselectivity for high-performance
osmotic energy conversion. In addition, the unique ionic current rectification
(ICR) property of the prepared nanofluidic PESM inhibits ion concentration
polarization effectively, which could further improve its permselectivity.
Under light with 500-fold NaCl gradient, the maximum output power density
of the prepared PESM reaches 70.4 W m™2, which is further enhanced even to
102.1 W m by changing the ligand to PsWs,. This work highlights the crucial
roles of plasmonic electron sponge for tailoring the surface charge, mod-
ulating ion transport dynamics, and improving the performance of nanofluidic

osmotic energy conversion.

The vast osmotic energy derived from the salinity gradient between
seawater and river water is an enormously potential blue-energy
source, which can be extracted by reverse electrodialysis (RED) that
selectively transports ions between electrodes through a permse-
lective membrane'™. As the core component in RED, the permse-
lective membrane plays a fundamental role in nanofluidic osmotic
energy harvesting*. Currently, nanomaterials such as metal organic
frameworks (MOFs)®, covalent organic frameworks (COFs)’%, transi-
tion metal carbide (MXene)’, graphene oxide'®, black phosphorus
(BP)" have been utilized as permselective membranes for RED. The
well-controlled mass transport endowed by these membranes have
remarkably promoted the advancing of osmotic energy
harvesting*'>. However, the output power densities are still generally

lower than 20 W m™, mainly due to the insufficient permselectivity
that increases the loss of Gibbs free energy as Joule heating**™*. Up
to now, several researches have successfully improved the ion
selectivity to some extent via tailoring the surface charge like
incorporating charged nanomaterials™'¢, grafting functional
groups™®, or modifying the phase structure'’, However, the current
enhancement is far from satisfactory, and the complex preparation
process also restricts their applications profoundly. Pursuing effi-
cient strategies to enhance the surface charge of nanofluidic mem-
branes and realize high-performance osmotic conversion are
urgently needed.

Polyoxometalates (POMs), also known as electron sponges, can
undergo reversible, fast, and stepwise multiple electron-transfer
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process without changing their structures”??, Dependent on their
structures and compositions, POMs have exhibited remarkable prop-
erties in diverse applications including energy storage®, catalysis'***,
sensing” and medicine?. Especially, owing to the excellent electron
storage and transfer capabilities, POMs can be leveraged to engineer
the charge density while maintaining stable structure. However, to the
best of our knowledge, POMs have never been applied to develop
permselective membranes for osmotic energy harvesting, probably
because that most POMs have good water solubility and are difficult to
be isolated or recycled from the solutions”. In addition, it is also very
challenging to target functional materials that could contribute elec-
trons steadily and continuously. Fortunately, POMs can be stably
bound to the surface of various metal nanoparticles by electrostatic
and steric hindrance effects with the method of ligand exchange
strategy®. Plasmonic nanoparticles like Au, Ag, Cu, with unique local
surface plasmon resonance (LSPR) effect, can provide abundant hot
electrons under light irradiation®*°. When incorporating plasmonic
NPs with POMs, it is highly expected that continuous hot electrons
could generate on plasmonic NPs and then transfer to POMs with
electrons storage capacity under light irradiation. This process can
significantly enhance the negative surface charge with hot holes sca-
venged by water’, providing a significantly effective strategy to
enhance the permselectivity for high-performance osmotic energy
conversion.
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Fig. 1| Polyoxometalate-based plasmonic electron sponge membrane (PESM)
for nanofluidic osmotic energy conversion. A Schematic illustration of the fab-
rication process of anodic aluminum oxide (AAO) and nanofluidic PESM. B The
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Herein, we developed a POMs-based plasmonic electron sponge
membrane (PESM) as permselective membrane for osmotic energy
conversion (Fig. 1). First, a nanofilm of Au@POMSs NPs was prepared by
virtue of a self-assembly technique at liquid-liquid interface, which
were subsequently transferred onto anodic aluminum oxide (AAO)
surface, forming Au@POMs/AAO nanofluidic membrane (PESM).
Specifically, Au NPs were used as electron donors, H3PW,040 (deno-
ted as PWp, hereafter) as electron acceptors, and AAO is the substrate
supporting Au@POMs nanofilm. Under light irradiation, continuous
hot electrons generate and transfer from Au NPs to PWy, while hot
holes are scavenged by water. Accordingly, the as-prepared PESM
offers higher charges density and lower energy barrier for ion pene-
tration, leading to enhanced interfacial transport efficiency and
boosted osmotic energy conversion. In addition, the inherent struc-
tural and charge asymmetries between Au@POMs and AAO render the
as-synthesized PESM stable ionic current rectification (ICR) property,
which caninhibit ion concentration polarization effectively and further
improve ions selectivity and permeability*> . As a result, under light
irradiation conditions, the maximum output power density with 500-
fold NaCl gradient of the prepared PESMs could reach 70.4 W m™. By
using P,W;g and PsW3q ligands, the power density was improved to
79.6 Wm~2and 102.1 W m?, respectively. It revealed that by varying the
type of polyoxometallates, our approach can be generalized to syn-
thesize ordered hybrid nanostructures with diverse compositions and
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Fig. 2 | Fabrication and characterization of the PESM. A The TEM image of
Au@POMs. B, C HRTEM images of Au@POMs. D The HAADF-STEM image of
Au@POMs and corresponding energy-dispersive x-ray (EDX) elemental mappings
of Au, P and W. (scale bar is 20 nm). E UV-Vis absorption spectra of POMs, Au and
Au@POMs. F FT-IR spectra of POMs and Au@POMs. G Raman spectrum of the
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Au@POMs in aqueous solution. H The schematic illustration of PESM. I The SEM
image of the top of PESM. J SEM image of the top of PESM and EDX elemental
mappings. K The SEM image of the bottom of PESM. L, M, N SEM image of the cross-
section of PESM. O Contact angle of AAO and PESM. Source data are provided as a
Source Data file.

morphologies, with far reaching implications for the rational design of
nanofluidic membranes.

Results

Fabrication and characterization of PESM

PESM was constructed by a simple interfacial self-assembly strategy
(Fig. 1) with details illustrated in Experimental Section of SI. First, Au
NPs were synthesized via the classical seed-mediated growth
method®. The transmission electron microscopy (TEM) images
showe..d that the diameter of the Au NPs is approximately 35nm
(Supplementary Fig. 1). The X-ray photoelectron spectroscopy (XPS) of
pure POMs indicated that the binding energy peaks around 36 eV and
38.2 eV are ascribed to W 4f7,, and W 4f5/, for W (VI) in its high oxi-
dation state, respectively (Supplementary Fig. 2). Under UV irradiation
by isopropyl alcohol, the XPS spectra showed that the binding energies
of W 4f5,, and W 4f;,, in Au@PWy, are both negatively shifted by
approximately 0.22 eV from the oxidized states to reduced states. Tne
results prove the change of the binding energies of W 4f5,, and W 4f,
was caused by the reduction of W in the Au@POMs instead of elec-
trostatic binding of POMs and AuNPs*. The Au@POMs was then syn-
thesized by mixing reduced POMs with citrate-stabilized Au NPs in

H,0, as demonstrated by TEM. Owing to the excellent contrast of W
element in the TEM imaging, a ring-like POMs surrounding the Au NPs
could be observed (Fig. 2A and Supplementary Fig. 3). Analysis of the
Au@POMs by high-resolution transmission electron microscopy
(HRTEM) images indicated that the spacing between two adjacent
lattice planes is about 0.235 nm, which agrees well with the spacing of
(111) planes of cubic Au (Fig. 2B, C). In addition, the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
image (Fig. 2D) clearly demonstrated that the Au@POMSs NPs exhibit a
typical core-shell structure. The energy-dispersive x-ray (EDX) ele-
mental mappings further displayed that the element Au is distributed
only in the core and the elements P and W of POMs are homogenously
distributed throughout the whole NP, revealing the Au NP core is
surrounded with a uniform POMs shell.

The Au NPs presented a strong UV-Vis absorption peak centered
at 528 nm (Fig. 2E), which is induced by the surface plasmon excitation
of Au. Due to electronic interactions between Au and POMs, approxi-
mately 3 nm red shift was observed in Au@POMs compared with Au
NPs. Fourier-transform infrared (FT-IR) spectroscopy proved grafting
of POMs as indicated by the appearance of vgm(W=04) and
Vasym(W-Op-W) stretching bands (Fig. 2F). Raman spectra displayed
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the fingerprint of the POMs at ca. 1027.5, 912.2, and 809.4 cm™, which
could be assigned to Veym(P-0), Vsym(W=04), and Vsym(W-0p-W)
vibrations, respectively (Fig. 2G). Furthermore, the zeta-potential
measurements indicated that the Au@POMs exhibited more negative
value (-41.3 mV) than those of Au NPs (-32.0 mV), indicating higher
surface charge density of Au@POMs (Supplementary Fig. 4).

Scanning electron microscopy (SEM) was used to characterize the
morphology of AAO membrane (Supplementary Figs. 5 and 6). The
fabricated AAO is composed of regular nanochannels with diameter
around ~75nm. Large-area uniform monolayer Au@POMs nanofilm
was obtained by self-assembly of Au@POMs NPs at a liquid-liquid
interface. And the monolayer of Au@POMs film transferred on a sili-
con wafer substrate was characterized by SEM. As shown in Supple-
mentary Fig. 7, well-ordered Au@POMs nanoparticles are arranged
into a relatively dense monolayer structure with little stacking occur-
ring. The obtained Au@POMSs was then transferred to the top surface
of AAO, forming the PESM (Fig. 2H). The morphology of the as-
prepared PESM was characterized by SEM images (Fig. 2I-N). It can be
observed that the closely-packed Au@POMs NPs fully covered on top
of AAO membrane while no Au@POMs on the bottom surface of AAO.
The EDX elemental mappings (Fig. 2J) also showed that Au, P and W
elements uniformly distributed on the top part of PESM. SEM images of
the cross-section of PESM revealed Au@POMs layer attached onto the
top of the AAO membrane (Fig. 2L-N), and the PESM is more hydro-
philic than pure AAO (Fig. 20). In addition, the thickness of PESM could
be regulated by repeatedly transferring of Au@POMs layer. Some
defects were found in the Au@POMs layer with 70 nm-thickness by
transfer once (Supplementary Fig. 8). However, when the Au@POMs
layer was transferred twice or more times, no obvious defects could be
observed any more. Also, the Current-Voltage (/-V) curves display as
typical ICR characteristics (Supplementary Figs. 9 and 10), indicating
excellent ion selectivity originating from the nanogaps with less than
10 nm among Au@POMs NPs. Considering that larger thickness would
lead to weaken ion permeability, the PESM with ~115 nm of Au@POMs
layer was adopted in the following experiments (Supplementary
Figs. 11 and 12). The photograph in Supplementary Fig. 13 indicated
that the PESM could be fabricated on a large scale, and the maximum
size of PESM depends on the size of the substrate. In this work, the
membrane area of PESM is about 6 cm?. Additionally, the prepared film
was characterized by SEM at different scales. As shown in Supple-
mentary Fig. 14, SEM images at various magnification fields of view
exhibited a homogeneous and flat membrane structure.

Ion selectivity and permeability of PESM

In order to comprehend the nature of transmembrane ion transport,
PESM was sandwiched into a self-made electrochemical cell with two
Ag/AgCl electrodes adopted to record the ionic current (Fig. 3A and
Supplementary Fig. 15). The typical ionic current rectification (ICR)
property occurs for the present PESM, which was caused by ions
depletion or accumulation under varied potential bias. In this work,
PESM was negatively charged under pH=7 (Supplementary Fig. 4).
When the electric field was applied directing from Au@POMs (top
side) to AAO (bottom side), cations (K*) would be driven from the top
to bottom while anions (CI) flows from bottom to top. Due to the
presence of cation-selective Au@POMs layer, it is impossible for CI to
pass through the Au@POMs layer freely. As a result, plenty of CI
accumulated inside AAO nanochannels. To maintain electroneutrality,
the concentration of K" in the nanochannels would also increase
accordingly, leading to higher ion conductance, which was marked as
“on” state (Fig. 3B left). In comparison, when the electric field was
applied from the bottom to top, the anions (CI) were driven from top
to bottom, which would be directly excluded by PESM. K* would be
driven from bottom to top, and then flowed through Au@POMs layer
smoothly due to the cation-selectivity of PESM. Thus, the concentra-
tion of ions within AAO nanochannels was nearly depleted. Under the

above condition, the PESM presented so-called “off” state (Fig. 3B
right). Obviously, owing to asymmetry structure and surface charge
distribution, PESM displayed better rectification effect as well as larger
current responses compared to AAO and Au/AAO (Fig. 3C), rendering
excellent ion selectivity and stable ion permeability (Supplementary
Figs. 16 and 17)*".

Furthermore, the ICR property was considerably influenced by
pH. The ICR ratio (/3v//-1v) calculated from Supplementary Fig. 14
showed the improved ICR ratio with pH increase (Fig. 3D). To explain
the pH-dependent ICR property, the Zeta potential of the PESM were
measured as well (Fig. 3D). With increased pH value, the negatively
charged Au@POMs nanofilm would gain further negativity, which
push more cations through PESM. On the contrary, when pH got lower
than 4, the surface charge changed from negative to positive due to
the protonation of POMs, leading to a reversed ICR phenomenon (red
curve in Supplementary Fig. 18).

To deeply understand the ion transport behaviors of the present
PESM, the effect of ion concentration and valence on the ICR effect was
systematically investigated (Supplementary Figs. 19-22 and Fig. 3E).
Owing to the raised ion strength, the ion current increases with elec-
trolyte concentration. Interestingly, the ICR ratio increased first, then
decreased while the electrolyte concentration become larger (Fig. 3E).
It has been demonstrated that the thickness of the electric double layer
(EDL) is the main factor influencing the magnitude of ICR**™*°, With the
decline of electrolyte concentration, the thickness of EDL increases.
The EDL completely overlapped in Au@POMs layer when KCI con-
centration was less than 0.1 mM, leading to an increased ICR ratio from
0.001mM (15.03) to 0.1mM (30.20). In contrast, when KCI con-
centration was more than 0.1mM, the incomplete overlap of EDL
resulted in the reduction of the ICR ratio from 0.1mM (30.20) to
100 mM (9.44). When the charge on PESM surface was balanced by the
counter-ions in EDL, the ICR ratio reached its maximum value (ICR
ratio=30.20). Meanwhile, the ion current also increases with ion
valence due to the higher charge density (Supplementary
Figs. 20 and 21). The change of ICR ratio is similar to that of KCl, except
that the maximum ratio was observed at 0.01 mM (Fig. 3E). Since Ba*
carries charges as twice of the K, the shielding effect will be stronger.
Consequently, the ICR ratio reached the maximum value at a lower
electrolyte concentration (0.01 mM, ICR ratio=36.33). The ion trans-
port behavior of MgCl, was similar to that of BaCl, owing to the same
charges (Supplementary Fig. 23). Similarly, the maximum ICR ratio for
K>SO, is observed at 0.01 mM, with an ICR ratio of 32.7.

Following that, the light-enhanced current of PESM was investi-
gated. The light source used in the experiments is 532 nm from Oxla-
sers and the light intensity is 200 mW cm™. As revealed by Fig. 3F, the
ion current at +1V dramatically increased from 11.75pA to 25.61 A
upon light irradiation, which was caused by the photo-induced
reduction of the internal resistance of the nanomembrane (Supple-
mentary Fig. 24)°. To better evidence this light-induced current
change, the current-time curve was recorded under +1V (red curve)
and -1V (black curve) (Fig. 3G). It was clear that the ion current rapidly
raised once the light was switched “on” and then reached saturated
state within 1 min, indicating the excellent stability and reproducibility
of light-switching property of the PESM under different potential. The
detailed mechanism and the electron sponge function of PESM will be
explained in the following part in detail. Combined with the increased
hydrophilicity under irradiation (Supplementary Fig. 25), the con-
ductance of PESM boosted significantly (Fig. 3H), exhibiting the con-
siderably enhanced permeability of PESM under irradiation®.

Osmotic energy conversion of PESM

To investigate the performance of osmotic energy conversion, the
PESM was placed in an electrochemical cell with the measuring area of
~0.03 mm?>. Electrolytes of two different concentrations were added
into both sides of PESM to confirm the cation selectivity (Fig. 4A). The
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Fig. 3| The ion selectivity and permeability of PESM. A Schematical illustration of
PESM for electrochemical measurement. The blue part of the membrane represents
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B lllustration of the mechanism for ICR. C I-V curves of AAO, Au/AAO and PESM in
1MKCl solution (pH = 7) The orange arrow represents the transport direction of K*.
The green arrow represents the transport direction of CI. D ICR ratio and zeta
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monovalent electrolyte solution (KCI solution) and divalent electrolyte solutions
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(K5S0O, and BaCl, solution). F I-V curves of PESM in 1M KCI solutions with and
without light irradiation. G Light-switching property of PESM in 1M KCI solution.
H lon conductance of Au/AAO and PESM with light on and off. The equations of
analytical fits are as follows. Au: y =-8.12365x + 0.96674 (R*>=0.99). Au@POMs-
OFF: y =-7.84625x + 0.96121 (R?= 0.99). Au@POMs-ON: y = -7.57091x + 0.98039
(R*=0.99). Error bars represent standard deviation of three different measure-
ments. Source data are provided as a Source Data file.

concentration of KCI electrolyte on the Au@POMs side was 100 mM
while AAO side is 0.001 mM. Considering the enormous difference
between the concentrations of two solutions, the low-concentration
(Cy) solution (0.001 mM) at AAO side can hardly contribute to the ion
current. Therefore, the ion current is basically contributed by the ion
transport from the high-concentration (C,;) Au@POM:s side to the low-
concentration AAO side. When anode was placed at the Au@POMs
side, ion current is dominantly contributed by K" ions. In the same way,
CI ions mainly contribute to the ion current when anode was placed at
the AAO side. Obviously, PESM possesses cation selectivity because
the K'- current was much higher than the CI- current (Fig. 4A). Then the
performance of osmotic energy conversion was studied by collecting
the I-V curves under a series of concentration gradients. The short-
circuit current (/sc) and open-circuit voltage (Voc) can be clearly
determined from the intercepts of /-V curves on the current and vol-
tage axis. In fact, the tested Voc is made up of the diffusion potential
(Egifr) and the redox potential (Ereqox). Among them, Egie is generated
by the salinity gradient across the nanomembrane, while Eeqox is
generated by the decrease of nonequal potential at the interface

between Ag/AgCl electrodes and solution. Ege can be evaluated by
subtracting the E,q0x from the tested open-circuit potential Voc which
followed the Nernst equation (Supplementary Table 1). To seek the
optimal direction of ion transport, /-V curves were measured under the
gradient of two different salt concentrations (Fig. 4B). When the con-
centration on AAO side was 1M (Cy) and Au@POMs side was 1 mM (C,)
KCI respectively, the internal resistance of the nanomembrane was
only 8 KQ (red line). Lower resistance ensures improved permeability.
Thus, high concentration solution was placed on the AAO side in the
following experiments. The black and red curves in Fig. 4C evidenced
that both Egier and L. increased with the KCI concentration. The max-
imum values of Iy and Eg;er were about 48.4 pA and 123 mV under Cpign/
Ciow=3000. The corresponding cationic transfer number of PESM
under a series of KCI concentration gradients was recorded in Sup-
plementary Table 2. The cationic transfer number was 0.83 under
Chigh/Ciow =1000, which demonstrated PESM carries great cation
selectivity in a wide range of concentration.

The output performance of the PESM osmotic energy harvesting
system was estimated by connecting it with an external resistor.
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centrations. 100 mM KClI solution is placed on Au@POMs side and 0.001 mM KCI
on AAO side. The black curve represents the current contributed by CI and the red
curve represents the current contributed by K'. B I-V curves of the PESM under two
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potential under a series of KCI concentration gradients. Error bars represent
standard deviation of three different measurements. D Current density of PESM
with light irradiation under a series of NaCl concentration gradients. E Power
density of PESM with light irradiation under a series of NaCl concentration gra-
dients. F Illustration of the ion transport mechanism of PESM with and without light
irradiation for osmotic energy conversion. The orange arrow represents the
transport direction of Na*. The green arrow represents the transport direction of
CI'. Source data are provided as a Source Data file.

Compared with AAO (1.159 W m™) and Au/AAO (4.89 W m™), the self-
assembled PESM could generate the highest power density of
10.27 Wm™ with external resistance of 20 KQ under 50-fold NaCl,
exceeding the commercial criterion of SWm™ (Supplementary
Figs. 26 and 27). To investigate the effect of concentration gradient on
salinity gradient energy conversion, the performance of osmotic
energy under different concentrations was evaluated keeping C; at
0.01 M. Owing to the high driving force, both the current density and
the power density increased when concentration gradients raised
(Supplementary Fig. 27). The output power density could reach up to
32.55W m2 under 500-fold NaCl, exhibiting a huge potential of the
PESM for osmotic energy conversion.

In order to understand the influence of external factors on the
harvesting osmotic energy, the output performance of AuNPs size,
temperature and pH was investigated. The PESM fabricated by 15 nm
AuNPs exhibits high ion transport resistance and weak ionic perme-
ability due to its small nanospace in the Au@POMs layer. In contrast,
PESM by 50 nm AuNPs offers a higher ion transport flux while a lower

ion selectivity and rectification. Considering the balance between the
selectivity and permeability, AuNPs of 35 nm was chosen, which has the
best performance of osmotic energy conversion (Supplementary
Fig. 28). The conductance and short-circuit current of PESM increased
with the rising temperature due to the low viscosity of the liquid and
enhanced ionic mobility, indicating an enhanced ion transport beha-
vior (Supplementary Figs. 29 and 30). On this account, the power
density of PESM remained increasing with temperature (Supplemen-
tary Fig. 31). However, while the temperature reached -328K, the
conductance and short-circuit current reduced instead, which might
be ascribed to the generated bubbles on the Au@POMs side blocking
the ions transport, resulting in reduction of the power density from
22.17Wm™ at 328K to 18.46 Wm™ at 333 K. Noteworthy, the open-
circuit voltage of PESM exhibited a slightly increasing trend with
temperature (Supplementary Fig. 32), indicating that ion selectivity
would not be weaken when temperature ascended. Meanwhile, pH also
has a significant impact on the ion transport of the nanochannel. The
conductance of the PESM also increased with pH (Supplementary
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Fig. 33) because of the increased surface negative charge density of
Au@POMs. As a result, the open-circuit voltage, short-circuit current
and output power density increased with pH (Supplementary
Figs. 34-36) and the maximal power density could achieve 15.90 W m™
(pH=10). To sum up, the present PESM can achieve excellent ion
transport and energy conversion performance over a wide range of
temperature and pH values.

Consideration the importance of irradiation on the osmotic
energy conversion, a series of salinity gradient energy conversion of
PESM under irradiation was investigated. First, the light intensity has
an effect on the energy conversion performance of PESM. The current
and power density of PESM increased with the light intensity (Sup-
plementary Figs. 37 and 38). The light intensity was set as 200 mW cm™
in the following experiments. As demonstrated in Supplementary
Figs. 39-41, the ion current changes and osmotic energy conversion
performance of Au/AAO and PESM were also higher than that of pure
AAO membranes. The enhanced performance of Au/AAO could be
ascribed to the photothermal effect of Au NPs*>*>, which supported by
the IR camera images. As shown in Supplementary Figs. 42 and 43,
upon 532 nm laser light irradiation (~200 mW cm™), the temperature
of the Au/AAOQ increased from 25 to 66 °C. Similarly, the temperature
of the PESM increased from 26 to 67 °C. It revealed that the photo-
thermal effect of Au/AAO was comparable to that of PESM. While
compared with the weak enhancement of Au/AAO, a sharp rise was
discerned over PESM for both ion current and output power density
under light irradiation. These results indicated that the photothermal
effect of PESM contributed only a small part to the enhanced energy
conversion performance under irradiation. The experimentally
observed light enhancement phenomenon can be ascribed to photo-
electric effects. The mechanism of photoelectric effects will be dis-
cussed in the next section. The output power density with light
irradiation surprisedly achieved a peak value of 15.68 W m™ under 50-
fold NaCl, which was 52.7% higher than that without light irradiation
(Fig. 4D, E). In addition, the output power density of PESM reached up
to 44.25W m™ at a 400-fold KCI gradient and 70.4 W m™ at a 500-fold
NaCl gradient under irradiation (Supplementary Figs. 44-46), indi-
cating the outstanding light-enhanced energy conversion perfor-
mance of PESM. Under different temperature and pH conditions, the
ion current and power density of the PESM were also significantly
improved with light on (Supplementary Figs. 47-50). Under light
irradiation, continuous hot electrons generate and transfer from Au
NPs to PW;, while hot holes are scavenged by water. Accordingly, the
as-prepared PESM offers higher charges density and lower energy
barrier for ion penetration, which benefit the interfacial transport
efficiency (Fig. 4F). Therefore, PESM can generate higher transmem-
brane ionic current by irradiation, resulting in boosted power gen-
eration efficiency. To investigate the long-term stability, the PESM
membrane was immersed in 10 mM NaCl all the time during 30 days.
As displayed in Supplementary Figs. 51 and 52, it still exhibited stable
energy harvesting performance after 30 days. Additionally, no visible
defects could be observed at the PESM membrane after 30-day usage
(Supplementary Figs. 53 and 54), demonstrating high potentail for
practical applications. In order to evaluate the practical application
value of PESM, the power density under natural seawater (from the sea
area near Qingdao) and river water was investigated (Supplementary
Fig. 55). Results show that the power density under natural seawater
and river water (14.8 Wm™) was close to that under 50-fold NaCl
(10 mM/500 mM, 15.68 W m™), far exceeding the standard of com-
mercial membrane (SW m™).

Mechanism of energy conversion over PESM

To investigate the mechanism of enhanced energy conversion per-
formance under irradiation, the LSPR-induced interaction between Au
NPs and POMs was explored. It is well known that a mass of hot carriers
could be generated by LSPR excitation**. The band structure of the

used POMs was estimated by performing cyclic voltammetry
measurement”. The onset reduction potential appeared at —0.805V
(vs. Ag/AgCl) (Supplementary Fig. 56), which corresponds to the low-
est unoccupied molecular orbital (LUMO). The converted LUMO
energy level was calculated as —3.905 eV (vs. the vacuum level), more
negative than that of hot electrons of Au NPs (£, pot=-3.49 eV)*.
Accordingly, hot electrons will tend to transfer from Au NPs to POMs-
while hot holes will be consumed by water®, resulting in electron
accumulation in the POMs and charge density enhancement (Fig. 5A).
The band gap of POMs measured by UV-Vis diffuse reflectance
spectrum?® was displayed to be 3.3 eV (Supplementary Figs. 57 and 58)
and the highest occupied molecular orbital (HOMO) of POMs was
=7.205 eV (vs. the vacuum level).

To provide direct evidence supporting the above-proposed
mechanism, X-ray photoelectron spectroscopy (XPS) experiment was
performed. The In-situ XPS spectra indicated that the binding energies
of both Au 4f5/, and Au 4f;/, in Au@POMs were positively shifted by
approximately 0.3eV under irradiation (Fig. 5B). Meanwhile, the
binding energies of W 4fs,, and W 4f7/, in Au@POMs were negatively
shifted by approximately 0.2 and 0.3 eV, respectively (Fig. 5C). These
results clearly confirmed the electron transfer from Au NPs to POMs
under light irradiation. It also indicated the reduction of W in the
Au@POMs”. In addition, the Au NPs appeared as green spheres in dark
field and the LSPR scattering peak of a single particle locates at 588 nm
(Fig. 5D). After combined with POMs, the red shift of the scattering
peak to 594 nm indicated the decreased electron density on the sur-
face of Au NPs, owing to the injection of hot electrons from Au NPs to
POMs. Following that, the open-circuit photovoltage testing was fur-
ther conducted (Fig. 5E). The potential of the Au@POMs (~-7 mV)
displayed a more negative shift than Au NPs (-—2 mV) under irradia-
tion, which was attributed to the promoted electron transfer and
accumulation between Au NPs and POMs*. Furthermore, the Mott-
Schottky plots (Supplementary Fig. 59) and Electrochemical impe-
dance spectroscopy (EIS) plots (Fig. 5F) also confirmed electron
transfer between Au NPs and POMs, indicating that the plasmon
excited “hot electrons” caused a higher charge transport efficiency due
to lower resistance of electron transfer*’*%,

To verify the importance of POMs electron sponge in the osmotic
energy harvesting performance, additional POMs including P,Wys and
PsW3q with varied electrons storage capacities was tested following the
same experiment (Fig. 6A). UV-Vis absorption spectra, XPS spectra and
TEM images showed the successful synthesis of Au@POMs using P,W;g
and PsW3o (Supplementary Figs. 60-63). The typical ICR property
occurred for all membranes prepared by Keggin-type PW;,, Wells-
Dawson-type P,W;g and Preyssler-type PsWsq (Fig. 6B). The rsults in
Supplementary Figs. 64 and 65 revealed that PESM based on P,W;g and
PsWsq displayed more distinct rectification effect and higher current
responses as compared to PWy,. To further elucidate this phenom-
enon, we further evaluated the loading capacity and analyzed the
molecular orbitals of different POMs with that of AuNPs. First, the level
of electrons storage capacity of PWy,, P,Wig and PsW;q layer were
determined based on the energy-dispersive X-ray spectroscopy ana-
lysis of Au@POMs, and the detailed calculation process was provided
in Supplementary Table 4*. It indicated that the potential charge
density of Au@P,W;g and Au@PsW3, was theoretically higher than
Au@PWp,. Moreover, owing to the decreased energy difference
between the energy level of hot electrons of Au NPs (E¢, ot =-3.49 eV)
and the LUMO level of the POM cluster (Supplementary Figs. 66-70),
the as-prepaVis-red PESM based on P,W;g and PsW3, can offer higher
charge density and more asymmetry surface charge distribution. Thus,
the enhanced ion transport behaviors over P,W;g and PsW3q were
attributed to the increased electrons storage capacity and charge
asymmetry of PESM. Afterwards, the osmotic energy harvesting using
varied PESMs was investigated. Results showed that the PESM of PsW3o
could generate the power density of 30.11 W m™ under 50-fold NaCl
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Fig. 5 | Mechanism of the plasmon-enhanced osmotic energy conversion per-
formance over PESM. A Schematic and energy level diagram illuminating hot-
electron injection from Au NPs to POMs. B The Au 4 f XPS spectra of Au@POMs
with and without light irradiation. C The W 4 f XPS spectra of Au@POMs with and
without light irradiation. D Dark-field scattering spectroscopy of single Au and

Au@POMs NP (the intensities are normalized). The inset is dark-field image of a
single particle of Au@POMs deposited on an ITO slide. E Chronopotentiometry of
the Vo from Au and Au@POMs under light irradiation. F Nyquist plots of
Au@POMs NPs with light on and off collected at open-circuit potential. Source data
are provided as a Source Data file.

and 102.1 W m™ under 500-fold NaCl with light irradiation (Fig. 6C, D
and Supplementary Figs. 71 and 72), far exceeding that by PW;,. The
output performance of PESM surpassed most of previously reported
nanomembranes with analogues operating under similar concentra-
tion gradients (50-fold) (Fig. 6E and Supplementary
Table 3)42101213184150-57 1t js worthy to note that molybdenum (Mo)-
based POMs have better performance since they are easier to be
reduced (Supplementary Fig. 73). However, considering the cost and
easy availability of W-based POMs, we chose PWj, as the study model in
the present work, which provides a generalized approach to boost the
performance of osmotic energy harvesting using POMs and plasmonic
materials.

For osmotic energy conversion, fouling remains a significant
challenge in the application of membrane technology in real water
conditions. The present PESM, which uses PWy, as a demonstration,
has intrinsic properties such as hydrophilicity, negative charge, rigid
smooth surface characteristics and high photo-responsivity. These
properties hold great potential for effective antifouling and photo-
induced germicidal. As demonstration, Gram-positive bacterium (i.e.,
S. aureus) and Gram-negative bacterium (i.e., E. coli) were selected as
models and tested by static adhesion tests**. The inhibition rates of the
PESM reached over 99%, significantly outperforming pure AAO mem-
brane (Fig. 7A and Supplementary Figs. 74 and 75). Importantly, even
after biofouling testing, the PESM maintained the power density of
~16 W m2 with a 50-fold NaCl gradient (Fig. 7B). Furthermore, the as-
prepared PESM also exhibited an excellent photo-induced germicidal
capability approaching ~100% after 300 s of irradiation, which excee-
ded the performance of commercial polyvinylidene fluoride (PVDF)
membranes (Fig. 7C, D and Supplementary Fig. 76). In contrast, the
antimicrobial efficiency of PVDF was only 59% and 65% under the same
condition, well below the photoinduced germicidal capacity of the
present PESM in our work.

Discussions

In summary, we developed a concept PESM as high-performance
osmotic energy conversion device, which is composed of POMs, Au
NPs and AAO. Under light irradiation, hot electrons will be gener-
ated on Au NPs surface and then be transferred and stored in POMs
electron sponges, while hot holes consumed by water. The stored
hot electrons in POMs increased the charge density and hydro-
philicity of PESM, resulted in significantly improved permselec-
tivity for high-performance osmotic energy conversion. In
addition, the unique ICR property of nanofluidic PESM inhibit ion
concentration polarization effectively, which could further
improve the permselectivity. As demonstration, the as-prepared
PESM was applied to osmotic energy harvesting, the maximum
output power density of the prepared PESMs could reach
70.4 W m2 with PW;,, 79.6 W m™2 with P,W;s, and 102.1 W m™? with
PsWsq, respectively. This work uncovers the critical roles of plas-
monic electron sponge for tuning the surface charge, regulatingion
transport dynamics, promising to be a forerunner in improving the
performance of nanofluidic osmotic energy conversion for the
alleviation of the energy crisis.

Methods

Materials and reagents

Phosphotungstic acid hydrate (PWy,), Sodium tungstate dihydrate
(Na,WO0,4-2H,0) were purchased from Macklin. The aluminum foil
with 99.999% purity and 0.1 mm thickness came from General
Research Institute for Nonferrous Metals (Beijing, China). Potas-
sium hydroxide (KOH), hydrochloric acid (HCI), isopropanol,
sodium chloride (NaCl), barium chloride (BaCl,), barium chloride
(K,S04), phosphoric acid (H3P0O,), Tin (IT) chloride (SnCl,), hydro-
gen peroxide (30% H,0,), ethanol, Chloroauric acid (HAuCl,) were
from Sinopharm Chemical Reagent Co., Ltd. Potassium chloride
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respectively. Concentration gradient is 10 mM/5000 mM NaCl. D Power density of
PESM based on Keggin-type PWy,, Wells-Dawson-type P,W;g and Preyssler-type
PsW30 with and without light irradiation, respectively. Concentration gradient is
10 mM/5000 mM NacCl. Error bars represent standard deviation of three different
measurements. E Comparison of the output power density with previously repor-
ted devices. Concentration gradient is 50-fold. Source data are provided as a
Source Data file.

(KCI), acetone, oxalic acid dehydrate and chromium trioxide (CrOs)
were from Shanghai Ling Feng Chemical Reagent Co., Ltd. The
resistivity of deionized water was 18.2 MQ cm™. The light source
used in the experiments is 532 nm from Oxlasers and the light
intensity is 50-500 mW cm™.

Instrumentation

The morphology of the top and cross-section of PESM was character-
ized using a scanning electron microscopy (SEM, S-4800, Hitachi,
Japan). The morphology of AuNPs and Au@POM were characterized
by transmission electron microscopy (TEM, JEM- 2100, Japan). X-ray

diffraction (XRD, SmartLab, Ragaku, Japan) pattern was carried out in
the 20 range of 5° to 90° at room temperature. Zeta potentials were
measured by using Malvern Zetasizer Ultra. UV-vis absorption spectra
were recorded on an UV-visible spectrophotometer (UV-650 Mapada,
Shanghai, China). The water staticcontact angle was measured by a
contact angle system (Kruss-DSA25B, Germany). XPS spectra was
performed by Kratos AXIS SUPRA (Shimadzu, Japan). The binding
energy was calibrated by means of the C 1s peak energy of 284.1eV.
The electrochemical experiments were performed using a CHI660E
(Chenhua, China) workstation. Two Ag/AgCl electrodes were used as
the anode and cathode.
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colonies obtained after the photo-induced germicidal test (E. coli). D The ster-
ilization rate of PVDF, AAO and PESM. Error bars represent standard deviation of
three different measurements. Source data are provided as a Source Data file.

Synthesis of AAO*>’

A two-step anodization method was used to synthesise the AAO
membrane®. Initially, the aluminum foil (Al) was cleaned with organic
solvent and alkali, followed by rinsing with H,O. In the first anodizing
step, a voltage of 50 V was applied for half an hour using electrolyte. To
remove any irregular oxide layer formed during this step, the first
anodized Al was treated with a mixed solution consisting of 6 wt%
H3PO, and 1.8 wt% H,CrO,. The second anodization was then carried
out for 4 h under the same conditions as the first. The Al substrate was
stripped usingSnCl, solution.The AAO membrane was placed in 1.8 wt
% H3PO,4 solution for 40 min to remove the barrier layer. The fabricated
AAO was then immersed into boiled hydrogen peroxide (30% H,0,) to
generate numerous -OH groups. Finally, it was soaked in H,O overnight
and thoroughly dried.

Synthesis of 35 nm AuNPs®

6 mL of 10 mM HAuCl, was added to 195 mL of ultrapure water, stirred
and then heated at 350 °C. After boiling, 1.5 mL of seed solution (1 nm)
and 3.2mL of 10 mg mL™ trisodium citrate solution were added and
thoroughly mixed. Heating and stirring were continued until the color
of the solution turned red then heating was discontinued. The solution
was stirred at low speed until it reached room temperature.

Synthesis of PESM>%2¢*

PWp (2mL, 2mM) was added to a beaker, mixed with isopropanol
(220 pL), and then irradiated under UV light for 30 min. The con-
centration of reduced PW;, can be controlled by changing the irra-
diation time. The blue-black solution of reduced PWy, and the aqueous
solution of 35 nm Au NPs (8 mL) were mixed by shaking gently by hand
at room temperature. After several minutes of reaction, PESM was
prepared. The prepared Au@POMs solution and n-hexane were added
to the beaker and ethanol was then used to self-assemble the

Au@POMs nanoparticles into a tightly packed film at the water/n-
hexane interface. The PESM was transferred to AAO and heat
fixed for 2 h.

SyntheSiS Of H6P2W18062'13H20 (P2W18)

50.0 g of Na,WO,2H,0 was dissolved in 60.0 mL of twice distilled
water, stirred at room temperature to make it completely dissolved,
then 35.0 mL of concentrated H3PO, was added, heated and stirred, and
the system was milky white for about 20 min. After cooling to room
temperature, a certain amount of concentrated HCI was added for
acidification. The extraction was carried out with equal volume of ether,
and the full shaking was carried out. After standing, the solution was
divided into three layers. That’s the light yellow HgP,W1504,:13H,0.

Synthesis of K14[N3P5W300110]'22H20 (P5W30)

It was synthesized from a modified procedure®. 2 Na,WO42H,0
(29.7 g) and NaCl (3.51 g) were mixed with deionized water in a 125 mL
Teflon-lined autoclave, then 21 mL of 85% H3PO,4 was added as well, the
mixture was stirred under room temperature for 1 h. The autoclave was
placed in an oven heated at 125°C for 20 h. After the autoclave was
cooled down to room temperature, 9 g of KCl was added to the light-
yellow solution and the solution was stirred for 30 min. The produced
light-yellow solid was centrifuged under 4400 x g for 5 min. Recrys-
tallization was carried by dissolving this solid in 30 mL deionized water
(100 °C, heated in an oil bath). White crystals were formed in next few
days (normally within three days) and collected by filtration.

Electrical measurement

The PESM was securely positioned between the two home-made
electrochemical cell halves. Each cell half was then injected with 2 mL
of KCl electrolyte. A pair of highiy sensitive and stable Ag/AgCl elec-
trodes on CHI660E recorded ionic current. The transmembrane
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voltage was adjusted in the range. The effective measurement area for
ion transport was -0.1256 mm> The experiments were carried out at
room temperature.

Energy Conversion Measurement: The current density and power
density curves were obtained by recording the current under different
loaded resistance without external voltage. The generated current was
only originated from the osmotic pressure.

Static adhesion tests of bacteria: Adhesion tests of bacteria were
conducted to evaluate the antimicrobial performances of PESM, AAO
membranes and commercial PVDF membranes. Typical Gram-positive
bacteria S. aureus and Gram-negative bacteria E. coli were used as
model bacteria. The membrane samples with the same diameter of
1cm were placed into tubes with 10 mL nutrient solution containing a
specific concentration of 10° bacterial suspensions and cultivated with
thermostatic oscillation (at 37 + 0.5 °C, 1000 x g) for 24 h. The samples
were removed and washed with 20 mL of deionized water.

Then, the sample was put into a beaker containing 10 mL phos-
phate buffered saline (PBS) for sonication for approximately 3 min. The
wash was gathered and continuously diluted to a specific multiple using
PBS. 50 pL of the diluted solution was uniformly coated on Luria-Bertani
(LB) agar plates and incubated at 37 + 0.5 °C for 24 h. The same condi-
tions were used to incubate the bacterial suspension with commercial
PVDF membrane samples as a blank control. The colony numbers were
counted to calculate the antimicrobial efficiency (E,) as Eq. (1).

E, (%)= w x100 @

Furthermore, the osmotic energy conversion performance of the
composite membrane after bacteria attachment were also measured
to evaluate the influence of the antifouling effect.

Photo-induced sterilization tests of bacteria: The photoinduced
inactivation endowing positive sterilization performance of composite
membranes was also evaluated by the colony-forming units (CFU)
method. The composite membranes were coated with 1 mL bacterial
suspension (1x10” cells mL™), followed by exposure to photo irra-
diation (0.2 W cm™) for 300 s. Bacteria were detached by sonication in
10 mL PBS and the resulting bacterial suspensions were diluted to
multiple concentrations. 50 pL of solutions were plated on LB agar
plates and incubated at 37 + 0.5 °C for 24 h. PVDF membranes under
the same conditions and at the same temperature as the composites
were used as controls. The same conditions without sterilization were
used to incubate the bacterial suspension without membrane samples
as a blank control (No). For each type of surface, the killing efficiency
(Ey) was calculated as the ratio of the number of colonies (Eq. (2)) in the
experimental and blank groups.

E (%)= N"N;ON" x100

2

Data availability

The data that support the conclusions of this study are available from
the corresponding authors upon request. Source data are provided
with this paper.
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