

Anomalous Thermo-osmotic Conversion Performance of Ionic Covalent-Organic-Framework Membranes in Response to Charge Variations

Weipeng Xian,1 Xiuhui Zuo,1 Changjia Zhu,2 Qing Guo,1 Qing-Wei Meng,1 Xincheng Zhu,1 Sai Wang,1 Shengqian Ma,2 Qi Sun1,*

1Zhejiang Provincial Key Laboratory of Advanced Chemical Engineering Manufacture Technology, College of Chemical and Biological Engineering, Zhejiang University, Hangzhou, 310027, China.
2Department of Chemistry, University of North Texas, 1508 W Mulberry St Denton, TX 76201, United States.

*Email: sunqichs@zju.edu.cn (QS)


Experimental Details

Fabrication of COF-EBxBDy/PAN
[image: C:\Users\qisun\Desktop\Picture4-2.png]
COF-EB/PAN. The COF active layers were formed via interface polymerization on the surface of asymmetric polyacrylonitrile (PAN) ultrafiltration membrane. The PAN support was vertically placed in the middle of a homemade diffusion cell, resulting in each volume of 7 cm3. A p-toluenesulfonic acid (TsOH, 31.5 mg, 0.165 mmol) aqueous solution (7 mL) of ethidium bromide (EB, 32.7 mg, 0.083 mmol), and the dichloromethane (7 mL) of Tp (11.6 mg, 0.055 mmol) were separately introduced into the two sides of the diffusion cell. The reaction mixture was kept at 35 °C for 4 d. 
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COF-EB1BD2/PAN. A TsOH (31.5 mg, 0.165 mmol) aqueous solution (7 mL) of the mixture of benzidine (BD, 10.1 mg, 0.055 mmol) and EB (11.0 mg, 0.028 mmol), and the dichloromethane (7 mL) of Tp (11.6 mg, 0.055 mmol) were separately introduced into the two sides of the diffusion cell. The reaction mixture was kept at 35 °C for 4 d. 

COF-EB1BD3/PAN. A TsOH (31.5 mg, 0.165 mmol) aqueous solution (7 mL) of the mixture of benzidine (BD, 11.4 mg, 0.062 mmol) and EB (8.3 mg, 0.021 mmol), and the dichloromethane (7 mL) of Tp (11.6 mg, 0.055 mmol) were separately introduced into the two sides of the diffusion cell. The reaction mixture was kept at 35 °C for 4 d. 
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COF-EB1BD5/PAN. A TsOH (31.5 mg, 0.165 mmol) aqueous solution (7 mL) of the mixture of benzidine (BD, 12.7 mg, 0.069 mmol) and EB (5.5 mg, 0.014 mmol), and the dichloromethane (7 mL) of Tp (11.6 mg, 0.055 mmol) were separately introduced into the two sides of the diffusion cell. The reaction mixture was kept at 35 °C for 4 d. 
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COF-BD/PAN. A TsOH (31.5 mg, 0.165 mmol) aqueous solution (7 mL) of benzidine (BD, 15.3 mg, 0.083 mmol), and the dichloromethane (7 mL) of Tp (11.6 mg, 0.055 mmol) were separately introduced into the two sides of the diffusion cell. The reaction mixture was kept at 35 °C for 4 d. 

The resulting membranes were rinsed with methanol to remove any residual monomers and the catalyst. Finally, the membrane was rinsed with HCl aqueous solution (0.01 M) and H2O for 24 h in sequence before testing or air-dried for physicochemical characterization.

Transmembrane conductance measurement
The ionic current was recorded by a CHI660E (CH Instruments). A pair of Ag/AgCl electrodes was used to apply a transmembrane potential. The membrane was mounted between the two chambers (4 cm3) of a homemade conductivity cell with a pore diameter of 1 mm. Both chambers were filled with an equal mole of KCl solution with the concentration ranging from 0.001 mM to 3 M. A scanning triangle voltage signal from -1 V to 1 V with a step voltage of 0.01 V and a period of 1 s was applied to record the I–V curves. The conductance values were derived from the slops of the resulting I–V curves.

Evaluation of transference number
For investigating the ion transport property of COF-EBxBDy/PAN, the ion current was recorded by CHI660E. To ignore the contribution of the redox potential of Ag/AgCl electrodes as a result of the inequable potential drop at the electrode-electrolyte interface, the conductivity cell with the pierced membrane separating three chambers was used (4 cm3), where the low concentration solution reservoirs were separated from a high concentration solution reservoir by the COF membrane and PAN, respectively (the effective testing area is 0.008 mm2). The voltage was scanned with a step of 0.01 V s−1. The ion transference number  of COF-EBxBDy/PAN was evaluated by determining the transmembrane diffusion potential (). Herein, given that the redox potential of Ag/AgCl electrodes was eliminated during testing,  is equal to .

The ion transference number  can be calculated with the following equation:

where  are the activities of ions in high concentration solution and low concentration solution, open circuit potential, Faraday constant, gas constant, and absolute temperature, respectively.                           
Evaluation of thermoelectric response of COF-EBxBDy/PAN 
The thermoelectric response was recorded by a homemade setup (Figure 5b, inset, main text). A micro-ceramic heater (Zhuhai Huiyou Electronics, China) was employed to regulate the temperature of solutions. A direct current power (HSPY-60-5, Hanshengpuyuan, China) was connected to the heating rod to control the heating rate and temperature range. A pair of temperature microsensors (PT100, Tenghui Wenkong Instruments, China) was immersed in two solutions to measure the real-time temperature, which was recorded by a temperature sensor (THMA temperature recorder, Tenghui Wenkong Instruments, China). The measurement accuracy and working range of the temperature sensor are ± 0.1 K and −173.15−473.15 K, respectively. The transmembrane potential was synchronously collected by the CHI660E electrochemical workstation using two Ag/AgCl electrodes. The time resolutions of temperature recorder and transmembrane potential are both 1 s. For investigating the thermoelectric response property of the COF-EBxBDy/PAN membrane, a conductivity cell with the pierced membrane separating two chambers was used and both of the chambers were filled with 1 mM KCl solutions. A temperature gradient was induced by a brief heating of the chamber facing the COF active layer. The voltage variation relative to the initial state can be expressed as:



Osmotic energy harvesting
A pair of cation-selective membrane (Nafion®212) and anion-selective membrane (COF-EBxBDy/PAN) is mounted in a three-compartment conductive cell to harvest osmotic energy. The volume of each chamber is 4 cm3 with a pore diameter of 0.1 mm. The high salinity solution (0.5 M NaCl) is placed in the middle chamber and the low salinity solution (0.01 M NaCl) is set at the side chambers. Ag/AgCl electrodes were used to apply a transmembrane potential and measure the resulting current. The X-intercepts of the I–V plots represent the open-circuit voltage () and the Y-intercepts of I–V plots present the short-circuit current (). The maximum output power can be calculated using 

where , , and  are the maximum power, maximum power density, and the effective working area of the COF membrane, respectively.
                                  
Evaluation of the thermo-osmotic power production
The thermo-osmotic power production of COF-EBxBDy/PAN was evaluated using a homemade setup. A micro-ceramic heater (Zhuhai Huiyou Electronics, China) was employed to regulate the temperature of solutions. A direct current power (HSPY-60-5, Hanshengpuyuan, China) was connected to the heating rod to control the heating rate and temperature range. A pair of temperature microsensors (PT100, Tenghui Wenkong Instruments, China) was immersed in two solutions to measure the real-time temperature, which was recorded by a temperature sensor (THMA temperature recorder, Tenghui Wenkong Instruments, China). The transmembrane potential was synchronously collected by the CHI660E electrochemical workstation using a pair of Ag/AgCl electrodes. A conductivity cell with the pierced membrane separating three fluidic chambers was used, where the chambers filled with 0.01 M NaCl solution were separated from the chamber filled with 0.5 M NaCl solution by the COF membrane and Nafion®212, respectively, with the COF active layer facing the low concentration side. The volume of each chamber is 4 cm3 with a pore diameter of 0.1 mm. A temperature gradient was induced by a brief heating of the 0.01 M NaCl solution. The voltage variation relative to the initial state is dependent on both temperature and activity gradient, which can be calculated using the following equation:

where  are the temperatures of high concentration and low concentration solutions. When the temperature of low concentration solution was changed (the temperature of solution in high concentration solution remained unchanged), the voltage variation relative to the initial state can be expressed as:

The maximum output power density can be calculated using equations 5 and 6.

Stability evaluation
A pair of a cation-selective membrane (Nafion®212) and anion-selective membrane (COF-EB1BD2/PAN) is mounted in a three-compartment conductive cell to harvest osmotic energy. The high salinity solution (0.5 M NaCl) is placed on the middle reservoir, and the low salinity solution (0.01 M NaCl) is set at the side reservoirs, with the COF active layer facing the low concentration side using the setup for the evaluation of thermo-osmotic power production. The electrolyte solutions were replenished with fresh solutions at each cycle. The temperature gradient of 40 K was induced by a brief heating of the 0.01 M NaCl solution. I–V plots of the RED device were recorded every 24 h. The initial and power density are 167.7 mV, 35.7 μA, and 191 W m-2, which are maintained at 163.7 mV, 34.8 μA, and 181 W m-2 after 14 d, respectively.  

Numerical simulations
The numerical simulation was performed based on coupled Poisson and Nernst-Planck equations by setting appropriate boundary parameters using a commercial finite-element software package COMSOL (version 5.2). The Nernst-Planck equation (9) defines the flux of each ion species, which describes the transport character of charged nanochannels. The ion concentration induced electrical potential can be described by Poisson equation (10). When the system reaches a stationary regime, the ion flux should conform to the steady-state continuity equation (11).



Where , , , and  are the ionic flux, ion concentration, charge number of each ionic species, and diﬀusion coeﬃcient. and  represent the electrical potential and the dielectric constant of medium. , , and  are the absolute temperature, Faraday constant, and universal gas constant, respectively. The diﬀusion coeﬃcients for cations and anions are 1.334×10−5 and 2.032×10−5 cm2 s−1 (NaCl was used as the electrolyte).
For simplification, a 1.5-nm-width and 200-nm-length rectangle nanochannel was used to simulate the channels inside the COF-EBxBDy/PAN. To decrease the effect of entrance/exit mass transfer resistances on the overall ionic transport, two electrolyte reservoirs are introduced. The external potential is applied on the boundary , and  offered the reference potential. The boundary conditions for the electrical potential and ion flux are shown as below:


The physical quantity σ represents the surface charge density of the channel walls. The ionic current can be calculated by

Temperature gradient, as an external driving force, drives the motion of solute. To describe the cause for thermal potential inside a nanochannel, the numerical model has to consider both mass and heat transfers. To facilitate the calculation, the diffusion coefficients of Na+ and Cl− were fixed during heating. Therefore, we introduce the Nernst-Plank equation into the model to describe ion transport and concentration profiles under a temperature gradient,

where  is the velocity induced by thermo-osmosis and thermoelectric effect, which can be formulated as follow,

where  is the zeta potential;  is the viscosity of solvent; is the bulk electric potential.
For the power generation calculations, a concentration gradient (/ = 0.5 M/0.01 M) is employed and no external potential is applied. The corresponding diffusion current can be attained by:
                            




Supplementary Table 1 | Zeta potentials for the COF-EBxBDy/PAN membranes collected at pH=6.5.
	Membrane
	Zeta potential (mV)[a]

	COF-BD/PAN
	10.9

	COF-EB1BD5/PAN
	13.0

	COF-EB1BD3/PAN
	18.2

	COF-EB1BD2/PAN
	20.7

	COF-EB/PAN
	25.8


[a]The zeta potentials for these membranes were calculated using Z(COF-EBxBDy/PAN)Z(PAN), whereby Z(COF-EBxBDy/PAN) is the zeta potential of the composite COF-EBxBDy/PAN membranes, and Z(PAN) is the zeta potential of PAN (-51.1 mV), respectively.  




Supplementary Table 2 | The content of bromine species in the free-standing COF-EBxBDy/PAN membranes.
	Membrane
	Theoretical values (mmol g−1)
	Elemental analysis (mmol g−1)

	COF-BD
	--
	--

	COF-EB1BD5
	0.026
	0.017

	COF-EB1BD3
	0.049
	0.031

	COF-EB1BD2
	0.066
	0.042

	COF-EB
	0.250
	0.250







Supplementary Table 3 | The charge density in the COF-EBxBDy/PAN membranes calculated according to the results of elemental analysis.
	Membrane
	Charge density (C m−2)

	COF-BD
	0

	COF-EB1BD5
	0.02

	COF-EB1BD3
	0.03

	COF-EB1BD2
	0.04

	COF-EB
	0.12





Supplementary Table 4 | Osmotic/thermo-osmotic energy harvesting performance of representative RED systems in the literature. 
	Materials
	Charge density
(C m−2)
	System
	Power density
(W m−2)
	Testing area
(mm2)
	Resistance (kΩ)
	ΔT (K)

	2D materials
	
	
	
	
	
	

	Ti3C2Tx MXene membranes[1]
	
	0.5 M/0.01 M NaCl
	4.6
	0.2
	5
	

	MXene/Kevlar nanofiber composite[2]
	0.02
	0.5 M/0.01 M NaCl
	4.1
	0.03
	30
	

	Ti3C2Tx MXene[3]
	
	1 M/0.001 M KC
	20.85
	0.0163
	14
	

	Ti3C2Tx MXene/BN (MXBN) membrane[4]
	
	0.5 M/0.01 M
	0.8(6.2[a])
	7.07 cm2
	60
	60

	Graphene oxide membrane[5]
	0.15
	0.5 M/0.01 M NaCl
	0.77
	0.2
	10
	

	Vertically transported graphene oxide[6]
	
	0.5 M/0.01 M NaCl
	10.6
	0.00355
	100
	

	Graphene reverse electrodialysis device[7]
	0.02
	1 M/0.001 M NaCl
	8
	1.5 μm2
	130000
	

	GO/Silk nanofiber membrane[8]
	
	0.5 M/0.01 M NaCl
	5.07 (9[a])
	0.03
	35
	40

	2D/3D-GO/polymer[9]
	
	0.5 M/0.01 M NaCl
	0.76
	
	300
	

	Polymeric-C3N4[10]
	
	0.1 M/0.1 mM KCl
	0.21
	1.5
	8.9
	

	Nanocomposite membranes (BN)[11]
	
	0.5 M/0.01 M NaCl
	5.9
	0.03
	
	

	BN nanopore membrane[12]
	0.0323
	1000 mM/1 mM KCl
	0.17
	0.1
	
	

	Single transmembrane BN nanotube[13]
	0.1
	1 M/0.1 mM KCl
	4000
	10000 nm2
	54348
	

	Inorganic materials
	
	
	
	
	
	

	Silk-based AAO hybrid membranes[14]
	
	0.5 M/0.01 M NaCl
	2.86
	0.03
	23
	

	AAO ionic diode membrane[15]
	0.06
	0.5 M/0.01 M NaCl
	3.46
	0.03
	10
	

	Heterogeneous BCP/AAO[16]
	
	0.5 M/0.01 M NaCl
	2.94
	0.03
	46
	

	CMWs/AAO membrane[17]
	
	0.5 M/0.01 M NaCl
	2.78
	0.03
	10
	

	Silica/AAO heterostructure membranes[18]
	
	0.5 M/0.01 M NaCl
	4.5
	0.03
	10
	

	AAO nanochannels[19]
	
	0.1 mM/0.1 mM KCl[a]
	25.5
	
	50
	30

	Solar thermoelectric nanofluidic[20]
	-0.0052
	
	4.5×10-5[a]
	
	
	35

	Ultrasmall silica nanochannels[21]
	
	0.5 M/0.01 M NaCl
	1.0 (1.404[a])
	0.0327
	20
	10

	Silica nanochannels[22]
	0.002
	1 M/0.1 mM KCl
	7.7
	
	
	

	Ultrathin silica isoporous membrane[23]
	0.015
	0.5 M/0.01 M NaCl
	0.024
	0.25
	220
	

	Nanofluidic crystal silicon[24]
	
	0.1 M/0.1 mM KCl
	2.82
	0.00532
	1300
	

	Silica[25]
	
	300 mM/0.1 mM KCl
	3.9
	55.7 μm2
	14000
	

	Black phosphorus membranes[26]
	0.002
	0.6 M/0.004 M NaCl
	4.7
	0.03
	40
	

	2D metallic MoS2[27]
	
	0.5 M/0.01 M NaCl
	6.7
	0.03
	23
	

	Single-layer MoS2[28]
	0.0469
	1 M/1 mM KCl
	1000000
	100 nm2
	9400
	

	Montmoril-modification lamellae[29]
	
	1 M/1 mM KCl
	0.15 (0.34[a])
	0.785
	10
	30

	Nanokaolinite membranes[30]
	
	0.1 M/0.001 M KCl
	0.18
	0.2
	250
	

	Polymers
	
	
	
	
	
	

	Janus 3D porous membrane[31]
	0.05
	0.5 M/0.01 M NaCl
	2. 66
	
	10
	

	PVA gel electrolytes[32]
	0.005
	100 mM/0.1 mM KCl
	0.624
	0.03
	100
	

	Three-dimensional hydrogel interface[33]
	
	0.5 M/0.01 M NaCl
	5.06
	0.03
	40
	

	TOCNs/PET[34]
	-0.012
	0.5 M/0.01 M NaCl
	0.96
	9
	100
	

	Janus membranes (PSS)[35]
	
	0.5 M/0.01 M NaCl
	2.04
	0.03
	20
	

	Single-ion-selectivenanopores (PET)[36]
	
	1 M/1 mM KCl
	20-2600
	225 nm2
	16000
	

	Paper channel [37]
	
	0.3 M/0.0001 M KCl
	0.00275
	20
	10
	

	Heterogeneous membrane (PET)[38]
	
	0.5 M/0.01 M NaCl
	0.35
	
	150
	

	Hydrogel-based nanofluidics[39]
	
	0.5 M/0.01 M NaCl
	4.08
	0.03
	25
	

	Cyto-compatible asymmetric polypyrrole[40]
	
	0.5 M/0.01 M NaCl
	0.087
	
	5
	

	Poly(ether sulfone) bipolar membrane[41]
	
	0.5 M/0.01 M NaCl
	6.2
	0.03
	10
	

	PES/SPES nanochannel[42]
	
	0.5 M/0.001 M NaCl
	2.48
	
	30
	

	Polyelectrolyte-filled mesopores[43]
	
	500 mM/1 mM KCl
	945
	0.123 μm2
	54000
	

	SPEEK[44]
	0.0423
	0.5 M/0.01 M NaCl
	5.8
	0.03
	20
	

	Nanochannel array membrane (PEI)[45]
	
	0.5 M/0.01 M NaCl
	13.2
	0.008
	10
	

	PCTE membrane[46]
	-0.0065
	10 mM/1 mM KCl
	74.8 nW (177.5[a])
	
	
	25

	PET membrane[47]
	-0.06
	1 M/1 mM KCl
	56.22% enhanced[a]
	
	
	30

	SPEEK/PES blend membrane[48]
	
	0.5 M/0.01 M LiBr
	9.26 (16.50[a])
	0.2
	30(7[a])
	30

	Alternating cells[49]
	
	35.4 g L-1/0.56 g L-1 NaCl
	0.46
	4 cm2
	0.005
	

	Ion exchange membrane pairs[50]
	
	0.5 M/0.01 M NaCl
	0.26
	
	0.082
	

	Ion exchange membrane[51]
	
	30 g/1 g NaCl
	1.2
	
	
	

	Ion exchange membranes[52]
	
	0.6 M/1.5 mM
	3.5
	
	
	

	RED-MED system[53]
	
	4.5 M/0.05 M NaCl
	4 (14[a])
	8.8×104
	132
	80

	Framework materials
	
	
	
	
	
	

	Polymer/MOF[54]
	0.01
	0.5 M/0.01 M NaCl
	2.87
	0.03
	6.5
	

	COF-TpPa-SO3H[55]
	
	0.5 M/0.01 M NaCl
	5.9
	0.03
	23
	

	MOFs membrane[56]
	
	0.5 M/0.01 M NaCl
	2.96
	0.03
	50
	

	PyPa-SO3H/SANF membranes[57]
	
	0.5 M/0.01 M NaCl
	8.3
	20.74
	5
	

	Biomaterials
	
	
	
	
	
	

	Silk fibroin membrane[58]
	0.008
	5 M/0.01 M NaCl
	21.66
	0.03
	4
	

	Bacterial cellulose membranes[59]
	0.0031
	0.5 M/0.01 M NaCl
	0.23
	1.8
	7
	

	Ionized wood membrane[60]
	0.0031
	0.6 M/0.01 M NaCl
	0.00514
	100
	
	

	This work
	
	
	
	
	
	

	COF-BD/PAN
	0
	0.5 M/0.01 M NaCl
	32 (57[a])
	0.008
	12
	40

	COF-EB1BD5/PAN
	0.02
	0.5 M/0.01 M NaCl
	77 (134[a])
	0.008
	8
	40

	COF-EB1BD3/PAN
	0.03
	0.5 M/0.01 M NaCl
	99 (183[a])
	0.008
	7
	40

	COF-EB1BD2/PAN
	0.04
	0.5 M/0.01 M NaCl
	113 (215[a])
	0.008
	7
	40

	COF-EB/PAN
	0.12
	0.5 M/0.01 M NaCl
	110 (218[a])
	0.008
	7
	40


[a] The values in parentheses refer to the output power density in the presence of a temperature difference.
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Supplementary Figure 1 | Schematic illustration of the set-up used for the fabrication of COF-EBxBDy/PAN via interfacial polymerization. BD and EB were dissolved in TsOH aqueous solution, and Tp was dissolved in dichloromethane.
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Supplementary Figure 2 | Digital photos. (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN.
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Supplementary Figure 3 | Top-view SEM image of the PAN membrane.
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Supplementary Figure 4 | SEM images. (a) top view and (b) cross section-view SEM images of COF-BD/PAN (inset: the thickness of the membrane).
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Supplementary Figure 5 | SEM images. (a) top view and (b) cross section-view SEM images of COF-EB1BD5/PAN (inset: the thickness of the membrane).
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Supplementary Figure 6 | SEM images. (a) top view and (b) cross section-view SEM images of COF-EB1BD3/PAN (inset: the thickness of the membrane).
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Supplementary Figure 7 | SEM images. (a) top view and (b) cross section-view SEM images of COF-EB1BD2/PAN (inset: the thickness of the membrane).
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Supplementary Figure 8 | SEM images. (a) top view and (b) cross section-view SEM images of COF-EB/PAN (inset: the thickness of the membrane).
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Supplementary Figure 9 | The permeation rates of various salts (0.1 M) through the COF-EB1BD2/PAN membrane. 
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Supplementary Figure 10 | Photographs of water droplets on the COF-EBxBDy/PAN membranes. (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN.
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Supplementary Figure 11 | IR spectra.
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Supplementary Figure 12 | Solid-state 13C NMR spectra for the free-standing COF-EB membrane (* the carbon atom from methanol).
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Supplementary Figure 13 | Calculated and experimental PXRD patterns of the free-standing COF-EBxBDy membranes. 
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Supplementary Figure 14 |Porosity evaluation. (a) N2 sorption isotherms collected at 77 K of the free-standing COF-EBxBDy membrane and (b) the corresponding pore size distribution based on the NLDFT method. The BET surface area of the free-standing COF-EBxBDy membrane was calculated to be 764, 370, 340, 286, and 124 m2 g−1 for COF-BD, COF-EB1BD5, COF-EB1BD3, COF-EB1BD2, and COF-EB, respectively. The pore size distributions for COF-BD, COF-EB1BD5, COF-EB1BD3, COF-EB1BD2, and COF-EB were centered at 1.8, 1.7, 1.6, 1.6, and 1.4 nm respectively.
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Supplementary Figure 15 | Simulated structures. Graphic view of AA-stacking mode of (a) COF-BD and (b) COF-EB (gray, C; blue, N; red, O; white, H, brown, Br).
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Supplementary Figure 16 | I–V plots for COF-EBxBDy/PAN recorded in KCl solution with concentrations ranging from 1 μM to 3 M.
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Supplementary Figure 17 | Plots of the recorded  and versus KCl concentration difference. (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN.
[bookmark: _GoBack]
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Supplementary Figure 18 | The diffusion currents and output power densities as a function of load resistances for the COF active layer facing 0.5 M NaCl. (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN.
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Supplementary Figure 19 | The diffusion currents and output power densities as a function of load resistances for the COF active layer facing 0.01 M NaCl. (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN.

[image: C:\Users\qisun\Desktop\Figure s20.jpg] Supplementary Figure 20 | Schematic illustration of 2D model with various channel densities used for calculation under the concentration difference of 0.5 M/0.01 M. (a) 1 channel, (b) 5 channels, (c) 9 channels, (d) 17 channels, and (e) 40 channels.
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Supplementary Figure 21 | Numerical simulation of the impact of charge and channel densities on the Na+ (dashed line) and Cl− (solid line) distribution in the nanochannels. (a) 1 channel, (b) 5 channels, (c) 9 channels, (d) 17 channels, and (e) 40 channels.
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Supplementary Figure 22 | Numerical simulation of the impact of charge and channel densities on the distribution of Cl− ions at the entrance of pore channels facing 0.5 M NaCl. (a) 1 channel, (b) 9 channels, and (c) 40 channels.
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Supplementary Figure 23 | Numerical simulation of the impact of charge and channel densities on the ion current. Ion flux of multipore membranes obviously deviate from the behavior of single-pore counterparts, unveiling the fact that the high power density estimated from the single nanopores could not be simply achieved with multipore membranes as the pore–pore interactions cannot be ignored at high porosity.
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Supplementary Figure 24 | Schematic illustration of the experimental setup used for investigating the thermo-osmotic conversion of COF-EBxBDy/PAN. 
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Supplementary Figure 25 | Equivalent circuit. Simplified model of ion transport across COF-EBxBDy/PAN and Nafion®212 in the presence of temperature and concentration gradient (left) and equivalent circuit of experimental measurement of thermoelectric response under the open-circuit condition (right).
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Supplementary Figure 26 | Evaluation of thermo-osmotic conversion performance of COF-EBxBDy/PAN. Repersentive I–V curves of the thermo-osmotic conversion device coupled with COF-EBxBDy/PAN and Nafion®212 in the presence of asymmetric NaCl (0.5 M/0.01 M) before and after imposing various temperature gradients for (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN, respectively.
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Supplementary Figure 27 | The power was output to an external circuit to supply an electronic load before and after imposing temperature gradients of 20 K and 40 K. (a) COF-BD/PAN, (b) COF-EB1BD5/PAN, (c) COF-EB1BD3/PAN, (d) COF-EB1BD2/PAN, and (e) COF-EB/PAN. 




Supplementary Figure 28 | Numerical simulation results. The impact of temperature gardient and charge density on the Cl−/Na+ ratio at the mouth of the low-concentration side.
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Supplementary Figure 29 | Stability evaluation. (a) Time series of the I−V curves of the thermo-osmotic conversion device constructed by COF-EB1BD2/PAN by mixing 0.01 M and 0.5 M NaCl, and (b) plots of , , and output power density of the osmotic conversion device over time.
.
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Supplementary Figure 30 | Stability evaluation. Time series of the I−V curves of the thermo-osmotic conversion device constructed by a pair of RED stack coupled by COF-EB1BD2/PAN and Nafion®212 by mixing 0.01 M and 0.5 M NaCl with a temperature difference of 40 K.  
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Supplementary Figure 31 | XRD pattern of the free-standing COF-EB1BD2 membrane after being soaked in 0.5 M NaCl for 15 d.
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