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Abstract:

Osmotic power that can be converted into electricity in membrane-based processes, is a sustainable
energy source. This concept is, however, limited to salinity differences between seawater and river
water, while the efficiency is often restrained by inadequate membrane selectivity. We propose by
confining the transport of ions within the <1 nm sized ion channels, high membrane selectivity can
be acquired, thereby improving osmotic power generation and extending the concept to other
solutions, e.g. industrial wastewater. This is demonstrated with an intrinsically ultramicroporous
sulfonated polyxanthene-based (SPX) membrane. The SPX membrane with negatively charged sub-
1-nm channels shows charge-governed ion transport and strong size effect, which combine to
contribute high selectivity. Osmotic power generator with the SPX membrane delivers an efficiency
of 38.5% from mixing river water with seawater. The strong size effect also enables power
generation from solutions with equimolar concentrations, a conceptually new energy extraction
system. Combining concentration and thermal gradients yields a power output of 1.2 W m2, along
with an exceptional efficiency of 48.7%. The results highlight the potential of the proposed
membrane in energy-harvesting devices and open unexplored avenues towards diversified forms of

osmotic electricity generation.



Experimental section

Materials.

Anodic aluminum oxide (AAO) membrane was purchased from Hefei Puyuan Nanotechnology Co.,
Ltd. (Hefei, P.R. China). Sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) (SPPO) was
manufactured by Hefei ChemJoy® Polymer Materials Co., Ltd (Anhui, P.R. China). Other chemicals

were of analytical grade, purchased from domestic chemical suppliers, and used as received.

Synthesis of Sulfonated Polymers.

The SPX polymer was synthesized through superacid catalyzed polymerizations using
commercially available monomer 4,4’-dihydroxybiphenyl according to a reported procedure.! The
resulting polymers with high molecular weight are readily soluble in polar organic solvents for

casting mechanically robust membranes.
Fabrication of SPX membrane.

The SPX polymer was dissolved in dimethyl sulfoxide (DMSO). The resultant polymer solutions
were poured into glass Petri dishes and placed on a heating plate at 60 °C over a few days until the
solvent completely evaporated. The resulting free-standing membrane was then peeled off from the
glass Petri dish and vacuum dried overnight. The thickness of free-standing SPX membrane samples
was controlled at about 30 pum. The degree of sulfonation or the sulfonic moiety content, that is, ion
exchange capacity (IEC, mmol g'') as determined by titration can be tuned by controlling the
reaction time or the amount of chlorosulfonic acid used. The IEC value of SPX membrane used in
this work was controlled at ~ 0.95 mmol g'!. The SPX membrane with a relatively higher IEC of
0.95 mmol g'! show significantly improved a proton conductivity of 180 mS cm! at 80 °C and
demonstrates a bulk water uptake of around 30 wt% at all operating temperatures.! The SPX
membrane has ultramicroporous pores in the size of 5 to 9 A calculated from CO, sorption isotherms
based on density functional theory (DFT) calculations.! The positron annihilation lifetime
spectroscopy (PALS) also suggests a subnanometer-sized pore distribution (Fig. S1). Other
characterization information related to SPX polymer and the resultant membrane can be found in

our previous work.!
Characterizations.

The water contact angle of the SPX membrane was recorded using a static contact angle
measurement on SL200B (Solon Tech Co., Ltd, China) at ambient temperature. A deionized water
droplet with a volume of about 5 pL was dropped onto the membrane with a micro-syringe. The
image of the droplet was recorded and water contact angle was measured from the recorded image.
The zeta potential of the SPX membrane was measured on SurPASS 3 (Anton Paar, Austria) with
1 mM KCl as the electrolyte solution. The pH value was adjusted with 0.05 M HCl or 0.05 M NaOH
solutions. The cross-section morphology of the membrane was observed with a scanning electron
microscope (SU 8220, Hitachi, Japan) at an acceleration voltage of 15 kV. Prior to testing, the
samples were first immersed in 0.5 M NaCl solution for 24 h and then washed with deionized water
to remove the residual salts. Energy-dispersive X-ray spectroscopy was employed to map the
element distribution on the cross-section of the membrane. The positron annihilation lifetime

spectroscopy (PALS) was performed at room temperature on a fast-fast coincidence system with a



time resolution of 200 ps in FWHM.? Membranes were cut into ~10x10 mm and stacked to a total
thickness of ~2 mm. The 2?Na positron source, enveloped by two 7.5 um Kapton foils, was
sandwiched between the two membrane stacks. For accuracy, each sample was measured twice

under vacuum. The PALS data was analyzed using the CONTIN program.3

Osmotic power generation experiments.

The ionic transport properties and the energy conversion performance of the SPX membrane were
measured by using a Keithley 6487 source meter (Keithley, USA) in a diffusion cell. The membrane
was fixed between a lab-made two-compartment diffusion cell and the effective membrane area was
about 0.2 mm?. A pair of agarose potassium chloride Ag/AgCl salt bridge electrodes were placed
on both sides and used to apply a voltage bias across the membrane. The energy extraction
performance was evaluated by connecting the cell to an adjustable resistance box (Zhengyangxing,
Shenzhen, China). For a given resistance (R), the output power density can be calculated as P = I?
x R, where 1 is the corresponding current. The compartments of the diffusion cell were filled with
chloride salt solutions, sea water or river water. The concentration of natural sea water and river
water was checked by an inductively coupled plasma optical emission spectrometry (ICP-OES,
Thermo Scientific iCAP 7400, USA) spectrometer. Other chloride salt solutions were prepared with
deionized water. The pH values of electrolyte solutions (KCl or NaCl) were adjusted with the
corresponding acid or base (HCI/KOH/NaOH).

Electrode calibration

According to the equivalent circuit diagram of the power generation system (Fig. S6a), the osmotic
potential across membranes can be described as follows:
VoczEredox+Ediff (])

Voc, Eredor, and Egy represent the measured potential, the redox potential generated by the
unequal chloride concentration at the electrode-solution interface, and the diffusion potential
contributed by the ion-selective membrane, respectively.

In this work, the generation of E,.4,, was avoided by connecting the electrode to the cell with
agarose salt bridges (5% agarose, 2 M KCI).* This correction can also be made by subtracting the
calculated redox potential (Fig. S7b). The theoretical redox potential values were calculated using
the Nernst equation.® Results obtained with either method agree well with each other.

Ion mobility measurement

The drift-diffusion experiments were performed to investigate the ion selectivity of the SPX
membrane. The two compartments were filled with a series of chloride solutions with fixed
concentrations. At a concentration gradient of 10-fold (10 mM/1 mM), I-V curves become shifted
along the voltage axis and the corresponding £ /17 can be estimated from the zero-current

potential E,;; by the Henderson equation.$
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Where z, and z_ are the valence of cations and anions, respectively, T is temperature, F is the
Faraday constant, R is the universal gas constant, and A is the ratio of concentration in two
compartments (A =10).

The ion conductivity (9) was calculated from the slope of the I-V curves as follows :

A
0'_
G= L 3)
Where G is conductance, A and L are the effective membrane area and thickness of the
membrane, respectively.

Conductivity (9) can be described with the equation below:’

azF(chu“L +c_pu)

“4)
Where €+ and ©- are the concentration of cations and anions, respectively. Combining the
above equation with the found # " /u ~, the values of & T and 4™ for different salts can be deduced.

Energy conversion efficiency

For a given concentration gradient, the cation transference number (t +) can be described by
the following equation:?
1 Ey
2°RT (YcuCy
—In
zF \yqC,
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Where V and crepresent activity coefficient and concentration of ions; R, 7, F, and z refer to
the universal gas constant, absolute temperature, Faraday constant, and charge number, respectively.
The energy conversion efficiency is defined as the ratio of the output electrical energy to the
input energy (Gibbs free energy of mixing) and has the maximum value of 50%. For a cation-

selective system, the maximum power generation efficiency can be calculated as:?

1
~(2t
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Molecular simulations

The chain packing model was generated through a 21-step molecular dynamics compression
and relaxation procedure® with Gromacs!®!3 and then visualized with Materials Studio. In the
amorphous cell, 6 polymer chains with 20 repeating units were constructed. The swelling effect was
considered using the method developed by Colina and coworkers.!* We generated the swollen
model at a swelling degree of 8.3%' by expanding the periodic box length to 108.3%. Partial charges
were obtained from Gaussian16 calculations at the B3LYP/6-31G(d) level,'> and other force field
parameters were obtained from OPLS AA force fields. The cutoff radii for vdW and Coulomb
interactions were both 10 A. Particle-mesh Ewald summation method was applied to the long
Coulomb interactions. Velocity-rescale and Berendsen algorithm were used to control the
temperature and pressure, respectively. A time step of 1.0 fs was used for all the MD simulations.
The probe-occupiable volume of different hydrated ions and interconnectivity analysis with a 2.4 A
probe diameter were performed with the software Zeo++.16:17
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Figure S1. Pore size distribution of the SPX membrane derived from positron annihilation
lifetime spectroscopy. Two pore sizes occur at 5 and 8.5 A and demonstrates the membrane has
<1 nm interconnected channels.

SPX-swollen

Figure S2. Three-dimensional view of a simulated amorphous cell of SPX membrane (in the dry
state, a) and SPX membrane (in the wet state, b). Interconnected (green) and isolated (red) voids of
the SPX membrane (in the dry state, ¢) and SPX membrane (in wet state, d) illustrated with a probe
of 2.4 A.
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Figure S3. a) Photograph of a SPX membrane sample. scale bar: 1 cm. b) Water contact angle of
the SPX membrane. ¢) Zeta potential values of the SPX membrane under varied pH conditions. The
inset shows the negatively charged sulfonated functional groups appended on the polymer
backbone. d) Cross-sectional SEM image and the corresponding EDX mapping on element
distribution of the SPX membrane after immersed in 1 M NaCl solution (scale bar, 5 um). e) The

element concentration on the cross-section of the SPX membrane.
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Figure S4. I-V curves recorded for the SPX-based osmotic power generation device in neutral KCl
solutions with the concentration range from 10* M to 0.5 M. Both compartments of the diffusion
cell have the same concentration in this case.
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Figure S5. a) [-V curves recorded for the SPX-based osmotic power generation device in various
chloride salt solutions under a 10-fold concentration gradient (10 mM/1 mM). b) Cation/proton

mobility measured in chloride solutions plotted against the hydrated cation diameter (D H),
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Figure S6. Simulated free volume elements of the SPX matrix with probes having similar size to
the selected hydrated cations.
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Figure S7. a) The equivalent circuit diagram of the power generator where VUC, E redox, Eqigy , and

ch represent the measured potential, the redox potential, the diffusion potential contributed by the
ion-selective membrane, and the inner resistance of the device, respectively. b) I-V curves recorded

for the SPX-based osmotic power generation device under a 50-fold concentration gradient
(0.5 M/0.01 M) with Ag/AgCl electrodes directly connected to or connected via salt bridges to the
chambers. Both measurements are in good agreement after correction for the theoretical Nernst
potential.
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Figure S8. a, b) [-V curves recorded for the SPX-based osmotic power generation device under
various concentration gradients. ¢) The measured open-circuit voltage and short-circuit current
under various concentration gradients (the low-salinity solution was fixed at 1 mM NaCl). The
dashed line corresponds to the theoretical open-circuit voltage calculated from the Nernst Equation,
assuming ideal cation selectivity (£,=1).> d) The open-circuit voltage values are much higher than
those from representative osmotic energy conversion systems and close to values calculated from
the Nernst equation assuming ideal cation selectivity. e) Energy conversion efficiency and cation
transference number under various concentration gradients. f) Schematics explaining the correlation
between channel diameter and ion selectivity. The channels exclude all co-ions when the electric
double layers overlap (top panel). With a large channel diameter, the insufficient electric double

layer overlap leads to poor ion selectivity (bottom panel).
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Figure S9. a) SEM image of porous anodic aluminum oxide (AAO) membrane with a channel
diameter of about 20 nm. b) I-V curves recorded for the AAO membrane-based device under
various concentration gradients. c) The measured open-circuit voltage and short-circuit current of
the AAO membrane-based device under various concentration gradients (the low-salinity solution
was fixed at 1 mM NaCl). d) Comparing the energy conversion efficiency of SPX-based and the
AAO-based osmotic power generation device under various concentration gradients.
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Figure S10. a) [-V curves recorded for the SPX-based osmotic power generation device under three
NaCl concentration gradients. b) Current densities of the SPX-based device as functions of load

resistance and concentration gradients. ¢) The energy conversion efficiency under three NaCl
concentration gradients.
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Figure S11 (a) Structure of the polyxanthene-based polymer (PX) and sulfonated polyxanthene-based
polymer (SPX). (b) I-V curves recorded for PX and SPX membrane in 0.5 M/0.01 M NacCl solutions.
Current densities (¢) and power densities (d) as functions of load resistance measured with 0.5 M/0.01
M NacCl solutions.
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Figure S12. a) [-V curves recorded for various commercial ion-exchange membranes in

0.5 M/0.01 M NaCl solutions. Current densities b) and power densities c) as functions of load

resistance measured with 0.5 M/0.01 M NaCl solutions. d) Compared with commercial ion-

exchange membranes, the output power density of SPX-based osmotic power generation device

reaches a maximum value of 0.62 W m-2.
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Figure S13. I-V curve recorded for the SPX-based osmotic power generation device under natural
river water and seawater (China Bohai Sea water and Huai River water).
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Figure S15. a) [-V curves recorded for the SPX-based osmotic power generator with 0.5 M
NaCl/0.5 M XCl (X = H, K, Na, Li) solutions. b) The measured open-circuit voltage and short-
circuit current with different salt configurations plotted against hydrated proton/cation diameter.
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Figure S16. a) I-V curves recorded for AAO membrabe in 0.5 M HC1/0.5 M XCI (M=H, K, Na,
Li) solutions. b) The measured open-circuit voltage and short-circuit current of AAO membrane
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Figure S17. The energy conversion efficiency of the SPX-based osmotic power generator under
different temperature differences. The temperature refers to the temperature of the solution.
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Table S1. The energy conversion efficiencies under various concentration gradients reported/measured for different osmotic power generator.

Energy conversion efficiency (%) Power density

(Wm?)
Material Thickness Channel size Ref.
10-fold  50-fold  100-fold  500-fold  1000-fold 0> M/O.OTM 0.5 MO.01M
NaCl NaCl
SPX membrane 30 um 0.5-0.7 nm 36.3 37.1 37.8 355 24.8 38.5 1.23 This work
UiO-66NH2 @ANM 750 nm 0.6-0.7 nm 33.0 21.1 17.5 11.9 10.1 - 2.96 18
Ti3C2Tx MXene 2.7 um 0.64 nm 8.7 - 18.6 - 18.4 - - 19
GO/SNF/GO 5 um 0.75 nm 14.6 - 14.3 - 12.4 17.2 5.07 20
TOBC/GO-30 3 mm 0.79 nm 48.0 38.0 35.0 25.0 24.0 38.0 0.53 21
V-GO 350 pm 0.86 nm 8.7 18.7 31.8 23.8 27.4 34.6 10.60 2
N-MXM 8.5 um 0.68 nm 39.1 - 41.8 - 42.7 - - 2
P-MXM 8.5 um 1.07 nm 14.9 - 26.2 - 31.5 - - 23
MXMs 8.5 um - - - - - - 44.2 4.60 23
n-GOMs 10 um 1.01 nm 2.6 - 11.4 - 25.5 - - 2
p-GOMs 10 pm 0.93 nm 3.9 - 13.0 - 18.6 - - 24
GOM pairs 10 pm - - - - - - 36.6 0.77 24
HGN membranes 10 nm 1 nm 33.7 - 37.2 - 23.5 - - 2
MXene membranes 15 um 1.26 nm 0.4 - 0.3 - - 45.6 0.53 26
SPEEK/SPSF
heterogeneou.s. 4.3 um 1.3 nm - - - - - 40 7 2
membrane containing
MOF
GO/CNFs 9 um 1.32 nm 7.8 - 18.4 - 25.1 - 4.19 28
SPEEK membrane 30 um 2.7 nm 16.7 - 6.6 - 5.5 - 5.80 »
CMWs 75 um 3.5 nm 35.6 - 36.3 - 343 - 2.78 30
Nanoporous carbon- o 5 1y 3.6+ 1.8nm 8.8 - 7.3 - 5.6 - 67.00 3
based membranes
P-ABC 5 um 4.48 nm 31.3 28.0 28.0 21.4 22.9 - - 32
N-ABC 5 um 2.53 nm 18.3 23.4 24.3 20.5 20.5 - - 32
BC pairs 5 um - - - - - - 32 0.23 2
PSS/MOF/AAO 85 um 5 nm 33.1 - 29.7 - 234 29.7 2.87 3
MXene/nanofiber 45 um 5-10 nm 2.1 9.0 11.9 17.7 18.2 20.0 3.70 4
composite membrane
fonic Diode 64.2 um 6.7 nm 26.5 - 2.4 ; 12.9 373 3.46 3s
Membrane
Hydrogel Membrane 24 ym 7 nm 6.2 14.5 14.5 - 11.0 - 5.38 36
Silk Fibroin 100 nm 7.5 nm 19.2 - 18.6 - 16.8 43 4.06 37
Membrane
MS/AAO 120 nm 8.3 nm 40.7 - 2.0 - 1.0 - 4.50 38
ANF/gel ANFs: 5-10 nm
heterogeneous 210 pm - - - - - 19.2 3.90 £k
membrane nanofiber: 12 nm
Janus Membranes 500 nm M-1:10 nm 17.5 - 16.8 - 9.0 243 2.10 40
M-2:17 nm
Janus 3D porous PES-Py:8.5 nm "
membrane I pm PAEK-HS:17.05 nm ) ) ) i ) 337 2.66
Silk-based hybrid 65 um 20 nm 30.1 - 25.0 - 12.0 17.2 243 42
membranes
M-MoS, Composite ) 300 nm - - - . - 32.0 5.20 s
membrane
Hydrogel hybrid 25 um . . . . . . 1450 4.08 4
membrane
ABNj3, membrane 1 um - 7.7 - 7.1 - 4.3 17.3 5.90 )
Polymeric carbon
nitride membrane 250 nm - 114 - 14.8 10.1 10.4 - - 46

(UFSCNM)
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Table S2. Characteristic parameters of the SPX polymer models.

Species Density Largest free sphere Largest included Free volume
p (g cm?) Dr (A) sphere Dy (A) (3.64 A probe — N, cm? kg™!)
SPX 1.25 242 7.79 6.8
SPX-swollen 0.99 4.05 12.07 90.6

Table S3. Performance obtained with the SPX membrane and different commercial ion-exchange
membranes. The osmotic energy conversion experimental was conducted at a 50-fold concentration gradient,

with 0.5 M NaCl/0.01 M NacCl.

Open-circuit voltage  Short-circuit current Energy conversion  Power density
Membrane t+ )
(mV) (HA) efficiency (W m?2)
SPX 82.20 10.30 0.94 38.8% 0.62
Nafion 78.17 10.27 0.92 35.6% 0.69
SPPO 51.50 5.79 0.78 15.3% 0.31
AAO 12.70 1.72 0.57 0.93% 0.03
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