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Supporting Note 1. Potential Calibration

The osmotic energy conversion performance of the Na-MTM composite membranes is evaluated
in an H-type electrochemical cell by scanning the /- curves with a KCI concentration gradient
across the composite membrane. The equivalent circuit of the system is shown in Figure S10. Vg,
Ecqox> Vos, and R embrane T€Present the measured open-circuit voltage, the redox potential resulting
from the unequal potential drop at the electrode-solution interface, the osmotic potential contributed
by the ion-selective membrane, and the internal resistance of the membrane, respectively. The
measured Ve actually are composed of E,.40x and Vg . Therefore, it can be obtained the following
equation:

Vos = Voc - Eredox

In this work, the Na-MTM composite membranes were mounted in the electrochemical cell with
both sides of the membrane in contact with the salt solution. The testing membrane area was the
same as in the previous report 2, approximately 0.03 mm?. The value of E,.4,, Was also measured
using the above method except that there is no membrane in the electrochemical cell. Table S2 shows

the corresponding values of Ve, Eredgox> and Vos.
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Figure S1. AFM image and height profile of Na-MTM powders. Scale bar, 2.0 um; z scale, —150.0

to 150.0 nm.
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Figure S2. FTIR spectra of Na-MTM powders, Exolit OP 550, and Na-MTM/Exolit OP 550
composite membranes at CH», CHs, and P=O. The peaks of CH>, CH3, and P=0O from Exolit OP 550
newly detected on the Na-MTM/Exolit OP 550 composite membrane confirms that Exolit OP 550

was attached to the surface of Na-MTM nanosheets.



0.5 h, 8.0 ym 2 h, 14.0 ym

K SE(UL) 02/24/2022 i € 5 3 2 SU8220 5.0kV 9.4mm x2.00k SE(UL)

SU8220 5.0kV 9.2mm 2022 16:13 Our 5 : 20.0um

Figure S3. SEM cross-sectional images of the Na-MTM composite membranes with different

thicknesses prepared by adjusting the filtration time.
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Figure S4. UV-visible transmittances of Na-MTM composite membranes with different thicknesses

prepared by adjusting the filtration time.
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Figure S5. Appearance of the Na-MTM composite membrane immersed in HCI (37%), KOH (5M),

and NaOH (5M) solutions.
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Figure S6. Schematic of the homemade nanofluid device for ion transport in Na-MTM/Exolit OP
550 composite membranes. The cropped rectangular strip of the membrane was encapsulated in the
grooved polydimethylsiloxane elastomer. Both sides of the membrane need to be trimmed before

testing to ensure that all nanochannels are open.
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Figure S7. I-V curves of Na-MTM/Exolit OP 550 composite membranes after 4 times of washing

recorded in neutral KCI electrolyte with different concentrations.
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Figure S8. Conductivity measurement of Na-MTM/Exolit OP 550 composite membranes with
different washing times as a function of KCI concentration declines non-linearly with the bulk value,

indicating a charge-governed ion transport. For the sake of clarity, the corresponding error bars were

not added to the data points.
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Figure S9. Supernatant , surface {, and ¢ of the Na-MTM/Exolit OP 550 composite membranes

with different washing times.



Relative Intensity

Figure S10. Small-angle XRD patterns show the (001) peak shift of Na-MTM/Exolit OP 550
composite membrane before and after complete hydration with different washing times. The
interlayer spacing can be calculated according to Bragg equation. The nanochannel size can be

obtained by subtracting the theoretical thickness (~1 nm) of monolayer MTM from the calculated

interlayer spacing.
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Figure S11. I-V curves of the Na-MTM/Exolit OP 550/STFA composite membranes recorded in
different KCI concentration gradients. The relevant values obtained from the /-J curves are listed in

Table S2.
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Figure S12. Equivalent circuit diagram of the membrane-based power source.
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Figure S13. Small-angle XRD patterns show the locally enlarged (001) peak shift for different Na-

MTM composite membranes (a) before and (b) after complete hydration.



Output power density (W m?)
w
n

0 T L] L] T T T
5.0 9.3 19.0 26.7 458 66.5

Thickness (pm)

Figure S14. Maximum output power density of the Na-MTM/Exolit OP 550/STFA composite
membranes with different washing thicknesses in 0.5M NaCl/0.01 M NaCl. Thicker membranes
increase the resistance to ion transport, but at the same time increase the ion selectivity. Therefore,
the change of the maximum output power with the thickness results from the joint action of the two

factors. The prepared 9.3 um membrane has the maximum value.
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Figure S15. Maximum output power density of the Na-MTM/Exolit OP 550/STFA composite

membrane with different solution pH values in 0.5 M NaCl/0.01 M NaCl.
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Figure S16. Output power density of Na-MTM/Exolit OP 550/STFA composite membrane depend

on the external load resistance in 0.05 M NaCl/0.01 M NaCl and 5 M NaCl/0.01 M NaCl.
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Figure S17. Long-term stability, current density and output power density of the Na-MTM/Exolit OP

550/STFA composite membrane for osmotic energy conversion in a 14-day test.
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Figure S18. Current density and output power density of (a) Na-MTM/Exolit OP 550 and (b) Na-
MTM/Exolit OP 550/SA composite membranes depend on the external load resistance in 0.5 M
NaCl/0.01 M NacCl. The osmotic current density exhibits a rubbery plateau, followed by a continuous
decrease with increasing Ry . The output power density calculated by the equation P; = F* x R can
be up to (a) 2.03 and (b) 3.32 Wm™ in 0.5 M NaCl/0.01 M NaCl when the R; is comparable to the

internal resistance of the membrane.
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Figure S19. 'H time-domain nuclear magnetic resonance spectra of SA modified Na-MTM

composite membrane with ultrapure water as the probe molecule.



Table S1. The pH of Na-MTM powder suspension, Exolit OP 550 solution, and Na-MTM/Exolit OP

550 suspensions with different washing times.

) Na-MTM/Exolit OP 550 suspensions
Exolit OP 550 Na-MTM powder with different washing times

solution suspension

0 1 2 4 8

pH 2.20 8.04 1.87 3.06 3.84 4.32 4.89




Table S2. The corresponding values of Voc, Eredgoxs Voss £+, and 5

max”

Cu/CL (M/M) 103/10* 5.0x103/104 10%/107* 25x10%10%  107/10*
Eredox 63 90 115 146 175
Voc 110 154 191 236 279
Vos 47 64 76 90 104
t 0.902 0.824 0.829 0.828 0.809
. 323 21.0 21.6 215 19.1




Table S3. Suspension ¢, surface ¢, and o of the Na-MTM composite membranes.

Sample Na-MTM/Exolit OP 550 Na-MTM/Exolit OP 550/SA  Na-MTM/Exolit OP 550/STFA
Suspension { (mV) -33.8+0.2 -41.1+0.3 -35.5+0.2
Surface {(mV) -37.7+0.4 -43.6+0.6 -42.1+0.3

o (mC/m?) 2.96+0.03 3.5340.04 3.3840.02




Table S4. Comparison of state-of-the-art two-dimensional nanofluidic membranes for osmotic

energy harvesting. in 0.5 M NaCl/0.01 M NacCl.

Power density ~ Testing area  Thickness  Internal resistance

Sample (W/m?) (mm?) (um) kQ) Ref.
ANF/BN 0.40 3.14 1.0 10.0 3
PVMs 4.10 0.03 2.1 ~13.0 4
SNF/GO 5.07 0.03 5.0 17.0 5
ANF/MTM 3.36 0.03 3.0 17.0 6
CNF/MoS; 5.20 0.03 4.0 21.0 7
CNF/GO 4.19 0.03 9.0 24.0 8
BP/GO 2.50 0.03 8.0 25.0 9
ANF/GO 5.06 0.03 2.2 28.0 10
ANF/Mxene 3.70 0.03 4.5 29.0 2
BP/H,0/0, 1.60 0.03 8.0 - 9
BP/(GO/BP); 3.40 0.03 8.0 ~30.0 9
Mxene 1.44 0.03 2.2 ~35.0 2
GO 1.00 0.03 5.0 ~50.0 5
MXene/BN 2.30 0.03 10.0 60.0 11
BP 0.50 0.03 8.0 220.0 9
MTM 3.68 0.03 15.2 - 12

Na-MTM/Exolit OP 550 2.03 0.03 9.3 26.5 This work

Na-MTM/Exolit OP 550/STFA 4.10 0.03 9.3 19.2 This work




Table S5. The material cost composition of 1 kg composite membranes.

Price Mass Total
Material Composition Ref.
P ($/kg) 63) )
BP BP 179280000.0 | 1000.0 | 179280000.0 9
BP 179280000.0 860.0
BP/GO or BP/(GO/BP)3 154180852.3 9
Graphite powder 373.5 140.0
MoS, 597600.0 920.0
CNF/MoS: 549887.6 7
CNF 1195.0 80.0
GO Few-layer GO 119520.0 1000.0 119520.0 5
Few-layer GO 119520.0 333.0
CNF/GO 40597.2 8
CNF 1195.0 667.0
Few-layer GO 119520.0 213.0
ANF/GO 25847.5 10
ANF 495.2 787.0
Few-layer GO 119520.0 213.0
SNF/GO 25495.4 5
SNF 47.8 787.0
Mxene Ti;AlC, 1080.0 1000.0 1080.0 2
Ti;AlC, 1080.0 888.9
ANF/Mxene 1015.0 2
ANF 495.2 111.1
TiAlC, 1080.0 560.0
MXene/BN 616.4 11
h-BN 26.3 440.0
MTM MTM 565.6 1000.0 565.6 12
PVMs PVMs 292.0 1000.0 292.0 4
MMT 128.5 888.9
ANF/MMT 169.2 6
ANF 495.2 111.1
Na-MTM 1.5 762.7
Na-MTM/Exolit OP . .
550/STFA Exolit OP 550 12.9 84.7 76.2 This work
STFA 485.3 152.5




Table S6. Comparison of state-of-the-art organic framework membranes for osmotic energy

harvesting.

Sample Power deglsity Testing 2area Concentration gradient  Internal resistance Ref
(W/m?) (mm®) ™M) k)

ZnTPP-COF 14.90 0.25 0.5: 0.01 NaCl 22 13
UiO-66-NH@ANM 2.96 0.03 0.5: 0.01 NaCl ~10.5 14
COF 5.90 0.03 0.5: 0.01 NaCl 19.4 15
MOF 7.00 0.03 0.5: 0.01 NaCl ~23.0 16
2DPI 65.20 11.8*10°¢ 0.5: 0.01 NaCl 2000.0 17
COF@ANM 27.80 0.03 5:0.01 NaCl 7.9 18

ZIF-8/PSS@ANM 23.40 0.03 2: 0 LiCl-methanol 11.5 19
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