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Abstract: Nanofluidic ion transport holds high promise in bio-sensing 

and energy conversion applications. However, smart nanofluidic 

devices with high ion flux and modulable ion transport capabilities 

remain to be realised. Herein, we demonstrate smart nanofluidic 

devices based on oriented two-dimensional covalent organic 

framework (2D COF) membranes with vertically aligned nanochannel 

arrays that achieved a 2–3 orders of magnitude higher ion flux 

compared with that of conventional single-channel nanofluidic devices. 

The surface-charge-governed ion conductance is dominant for 

electrolyte concentration up to 0.01 M. Moreover, owing to the 

customisable pH-responsivity of imine and phenol hydroxyl groups, 

the COF-DT membranes attained an actively modulable ion transport 

with a high pH-gating on/off ratio of ~100. The customisable structure 

and rich chemistry of COF materials will offer a promising platform for 

manufacturing nanofluidic devices with modifiable ion/molecular 

transport features. 

Introduction 

Biological ion channels play a significant role in fundamental 

physiological functions of living organisms, by regulating ion 

transport under environmental stimuli, such as pH, voltage, and 

concentration gradients[1]. To mimic the ingenious structure and 

functions of such ion-transport systems, smart artificial nanofluidic 

systems with drastically different ion transport behaviour from that 

of their bulk equivalents have been developed, and have been 

systematically attracting scientific interest[2-5]. In particular, once 

the dimension of nanochannels falls into a critical scale 

approaching the Debye screening length, the ion conductance is 

predominantly determined by the surface charge within the 

channels rather than that in the bulk, with the highly enriched 

counter-ions enhancing the ion conductance by several orders of 

magnitude[6]. These unique ion transport characteristics render 

nanofluidic systems as promising candidates in a broad range of 

applications, such as DNA sequencing[7-9], ion gating[10-12], and 

electrochemical energy conversion[13, 14]. 

Conventional silica-based materials have enabled the 

fabrication of nanofluidic devices via photolithography, soft 

templating, and chemical etching approaches[12, 15, 16]. Single 

nanotubes have also been utilised as nanofluidic channels [17, 18]. 

Although these one-dimensional (1D) single-channel model 

nanofluidic systems improved our fundamental understanding of 

ion transport behaviour in confined spaces, the required 

semiconductor manufacturing technologies are expensive and 

low throughput, which combined with their limited ion current 

output (commonly in the nanoampere range), severely impede 

their widespread application. Two-dimensional (2D) materials, 

such as graphene oxide (GO)[19, 20], transition metal carbide and 

nitride (MXene)[11, 21], clay[22], and boron nitride[23] have been 

demonstrated as 2D nanofluidic devices with excellent 

characteristics. In their pioneering work, Huang et al. constructed 

nanofluidic channels by restacking exfoliated sheets of layered 

materials (e.g., GO[19], vermiculite[22]) and demonstrated a typical 

surface-charge-governed ion transport system; however, these 

membranes are susceptible to lamellar structure compromise, 

owing to their instability. Meanwhile, MXene and boron nitride 

have been used to build nanofluidic membranes with outstanding 

chemical and thermal stability [11, 23]; however, these 2D materials 

require time-consuming fabrication methods and the resultant 

lamellar membranes frequently suffer from low cross-membrane 

ion flux[4], rendering them impractical for realistic applications, 

including membrane separation and energy conversion. 

Furthermore, although a nanofluidic system capable of the active 

modulation of ion transport modes is particularly attractive, 

voltage-gating ion transport technologies have merely been 

recently demonstrated[24-26]. Consequently, the fabrication of 

nanofluidic devices with both high ion flux and smart ion gating 

capabilities, which can mimic the functionalities of biological ion 

channels, is highly desirable for practical applications; however, 

their realisation remains a challenging task. 

Two-dimensional (2D) covalent organic frameworks (COFs) are 

a class of crystalline porous materials that are chemically 

assembled by organic building blocks based on reticular 

chemistry techniques[27-31]. By virtue of their unique structural 

features, such as permanent porosity and ordered structure, 2D 

COFs have shown great potential in gas storage[32, 33], sensing[34, 

35], molecular/ionic transport[36-43] and energy conversion 
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applications[44]. In regard to nanofluidic ion transport, the modular 

nature of COFs enables the customised construction of ion 

channels with tuneable size and topological structure. Their 

diverse organic units and rich chemistry also allow for the 

modification of their channel surface properties and by extension, 

their response to external stimuli. Furthermore, the oriented 2D 

COF membranes usually have vertically aligned channel arrays 

with pore sizes in the range of 1-5 nm, which is particularly 

attractive for nanofluidic devices, since fabricating nanochannels 

at this width scale is challenging when using conventional 

lithography-based technologies. Furthermore, COF-based 

nanofluidic devices are not restricted by limited nanofluidic 

channels, as opposed to previously reported nanotube-based 

devices[17, 18, 45-47], thus facilitating the realisation of higher ion-flux 

performances. Therefore, we envision that an oriented 2D COF 

membrane may offer a smart responsive platform with enhanced 

ion flux for nanofluidic applications. Additionally, the rich 

chemistry of COF materials offers the possibility to ideally regulate 

the surface-charge density via either pre-designated monomers 

or post-chemically functionalised channel walls; however, the 

effective synthesis of oriented 2D COF membranes has yet to be 

achieved. 

 

Figure 1. (a) Schematic illustration of the fabrication process of the COF-DT membranes. The membranes were grown on a SiO2/Si 

wafer and subsequently transferred to a track-etched polyethylene terephthalate support (right). (b) Solvothermal synthetic reaction of 

the COF-DT membrane from TAPB and DHTA. (c) AFM image of a COF-DT membrane on a mica support and the corresponding 

thickness profile (along the blue line). (d, e) Surface and (f) cross-sectional SEM images of the COF-DT membranes. 

 

Herein, we report the fabrication of large-area, highly crystalline, 

and oriented COF-DT membranes with a pore size of 3.2 nm that 

achieved unprecedentedly massive and vertically-oriented 

nanofluidic channels, capable of yielding 2-3 orders of magnitude 

higher ion currents than those in conventional nanofluidic systems. 

A surface-charge-governed ion conductance was predominantly 

observed for electrolyte concentrations up to 0.01 M, further 

revealing the great potential of our proposed oriented 2D COF 

membranes as nanofluidic devices. More importantly, thanks to 

the rich chemistry of COF-DT membranes, the ion conductance 

within the nanofluidic channels could be actively modulated within 

a two-order of magnitude range with the facile tuning of the pH 

value, demonstrating smart ion-selectivity capabilities. 

Results and Discussion 
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COF-DT was selected as our model platform to study nanofluidic 

transport because the intramolecular hydrogen bonds in COF-DT 

play a significant role in the functionality and stability of COF-DT 

membranes[31, 40, 48-50]. The crystalline and oriented covalent 

organic framework (COF-DT) membranes were synthesised on a 

SiO2/Si substrate in a dilute precursor solution comprising (2, 5-

dihydroxy-1, 4-benzenedicarboxaldehyde (DHTA) and 1, 3, 5-tris 

(4-aminophenyl)-benzene (TAPB) in 1,4-dioxane/mesitylene) 

under mild conditions, allowing for slow nucleation and oriented 

growth. After condensation for 48 h, the SiO2/Si substrate was 

removed to achieve the free-standing COF-DT membranes which 

were then transferred to a track-etched polyethylene 

terephthalate (PET, pore size: ~220 nm) support (Figure 1a, b and 

Figure S1). The thickness of the COF-DT membranes was fine-

tuned from ~70 to 500 nm by altering the concentration of the 

initial precursors (Figure 1c and Figure S2). Top-view and cross-

sectional scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) images confirmed the continuous, intact, and 

defect-free structures of the COF-DT membranes (Figure 1d-f 

and Figure S3).  

The chemical structures of the COF-DT membranes were 

meticulously characterised using Fourier transform infrared (FT-

IR) spectroscopy (Figure S4a shows the precursors and the 

resultant COF-DT membranes). The disappearance of the –C=O 

(~1666 cm-1) and -N-H (~3432 and 3353 cm-1) stretching 

vibrations from DHTA and TAPB, respectively, along with the 

emergence of the C-N stretch at 1613 cm-1 suggested a 

successful condensation between the two monomers and the 

formation of imine bonds in the COF-DT membranes. The 

characteristic signal of an imine bond was also observed at 155 

ppm in the 13C cross-polarisation magic angle spinning nuclear 

magnetic resonance (CP/MAS NMR) spectrum (Figure S4b). In 

addition, the high-resolution X-ray photoelectron spectrum (XPS) 

of N 1s at 399 eV further validated the formation of the imine bond 

(Figure S4c, d) [31]. 

The membrane crystallinity and orientation were investigated 

by grazing incidence wide-angle X-ray scattering (GIWAXS) 

analysis. As shown in Figure 2a, the reflections presented in the 

GIWAXS pattern were almost centred at qz = 0, indicating that the 

hexagonal lattice of the COF-DT grains was aligned parallelly to 

the SiO2/Si surface. The (001) peak in the qxy direction was absent, 

again verifying the c-axis preferential orientation (perpendicular to 

the substrate) of the COF-DT membranes. Meanwhile, the in-

plane projection data from the GIWAXS analysis agreed well with 

both the COF-DT powder X-ray diffraction (PXRD) spectrum and 

the simulated pattern (Figure 2b), suggesting the similar 

framework structures of the membrane and the powder samples. 

The ordered structure and preferred orientation of the COF-DT 

membranes were further visualised using high-resolution 

transmission electron microscopy (HRTEM). The HRTEM image 

acquired along the direction perpendicular to the COF-DT 

membrane shows highly ordered hexagonally arranged 

mesoporous channels (Figure 2c, d and Figure S5), confirming 

the preferred orientation of the COF-DT layers along the c-axis 

direction (Figure 2e). According to the theoretical simulations of 

the Materials Studio® software, the pore size of the COF-DT 

membranes was estimated to be 3.2 nm (Figure S6). Thus, highly 

crystalline and oriented COF-DT membranes with suitable 

channel sizes had been achieved, enabling us to investigate the 

nanofluidic ion transport properties. 

 

Figure 2. (a) Grazing incidence wide-angle X-ray scattering 

(GIWAXS) data of a COF-DT membrane on a SiO2/Si substrate. 

(b) Projection of the in-plane diffraction data from the GIWAXS 

analysis compared with the corresponding powder X-ray 

diffraction (PXRD) spectrum and its simulated pattern. (c) Low-

dose motion-corrected high-resolution TEM (HRTEM) image of 

the COF-DT. Inset: FFT pattern of the entire image. (d) Enlarged 

HRTEM image denoised by using ABSF filtering. (e) Left: HRTEM 

image. Right: simulated projected potential map with a point 

spread function width of 6 Å. The structural model (green) and 

unit cell (red) of the COF-DT are embedded. 

 

Next, the COF-DT membranes were assembled in an 

electrochemical cell for a proof-of-concept demonstration of the 

oriented 2D COF membranes as nanofluidic transport channels 

(Figure S7). A 500 nm-thick free-standing COF-DT membrane 

was mounted between a home-made electrochemical cell with 

two KCl solution-containing reservoirs. A pair of Ag/AgCl 

electrodes were immersed in the reservoirs to measure the ionic 

current. Prior to the measurements, the COF-DT membrane was 

soaked in the corresponding KCl electrolytes for 12 h to ensure a 

steady-state current. Figure 3a shows a set of typical current-

voltage (I-V) curves recorded at various KCl concentrations at pH 

12.3. Remarkably, the COF-based nanofluidic devices generated 

ion currents in the microampere range, which were several orders 

of magnitude higher than those of conventional nanofluidic 

systems[6, 12, 23, 51] (commonly in the nanoampere range). This 

behaviour was theoretically attributed to the ultrashort ion 

transport pathways and high nanochannel density in the COF-DT 

membranes. In the experiment, we did not account for the defect, 

non-orientation, and grain boundaries in COF membranes, which 

may impact ion transport. If the crystallinity and orientation of COF 

membranes can be further enhanced, a remarkable improvement 

in performance in terms of molecular/ion transport is expected [52-

54]. 

The ion conductance was deduced from the slope of the I-V 

curves and plotted as a function of KCl concentration (Figure 3b). 

The conductance of the bulk KCl solution was almost linearly 

proportional to its concentration (Figure 3b, blue line), while the 

ion transport characteristics through the COF-DT membranes 

presented a distinct behaviour. At high KCl concentrations (> 0.01 
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M), the ion conductance approached that of the bulk solution, 

which followed a linear correlation with the electrolyte  

 

Figure 3. (a) Representative I-V curves recorded at different KCl 

concentrations. (b) Ion conductance as a function of KCl 

concentration at pH 12.3. 

 

concentration. However, the conductance deviated from the bulk 

values when the KCl concentration was below 0.01 M, gradually 

reaching a plateau and becoming independent of the bulk KCl 

concentration, which was an indicative characteristic of surface-

charge-governed ion transport[6, 22]. At this concentration range, 

the double Debye length λ was estimated to be 6 nm (from the 

equation 𝜆 = 3.04 × 10−10 √𝑐⁄ ), where c is the KCl concentration. 

The Debye length was much larger than the channel size of the 

COF-DT membrane, indicating that the channels were fully 

negatively charged. Thus, the channels allowed the penetration 

of K+ species, while repelling Cl- species, leading to a higher-than-

bulk K+ concentration inside the channels. Therefore, K+ cations 

became the dominant charge carrier and the overall concentration 

was determined by the surface-charge density on the channel 

walls, rather than the bulk KCl concentration. Additionally, the 

enhanced K+ concentration inside the channels significantly 

contributed to the orders-of-magnitude higher ion conductance 

(as compared to that of the bulk). For comparison, the ion 

conductance of PET membrane (pore size: ~220 nm) was also 

investigated and negligible surface-charge-governed ion 

conductance has been observed (Figure S7). 

The ion conductance was highly dependent on the electrolyte 

pH values, as the channel surface chemistry changed under 

varying pH conditions. The pH-gated ion transport was 

investigated by testing the I-V curves, where a clear surface-

charge-governed ion transport feature was determined under 

various pH ranges (Figure 4a and Figures S8, S9). The pH-

dependent conductance of the COF-DT membrane is illustrated 

in Figure 4b. Interestingly, the conductance increased 

considerably at both low and high pH values, suggesting the 

accumulation of surface charges inside the channels. Specifically, 

the COF-DT membrane showed a low conductance of ~2×10-7 S 

at the neutral condition (pH = 7.1); however, this value was 

enhanced by two orders of magnitude, approaching 1×10-5 and 

2×10-5 S when pH = 2.9 and 12.3, respectively. Herein, low 

conductance was defined as the “OFF” state, whereas high 

conductance was defined as the “ON” state. Remarkably, the pH-

regulated ion gate between the “OFF” and “ON” states promoted 

a 2-orders-of-magnitude increase in terms of ion conductance, 

which was substantially higher than previously reported 

heterogeneous polymer membranes (~99%)[10], as well as 

bacterial outer membrane protein F (~85%), which is a typical 

biological ion channel[55]. This behaviour was also in contrast with 

certain previously reported nanofluidic devices, whose 

conductance could usually not be regulated with pH, or exhibited 

a monotonous decrease[11, 13, 14, 22, 23]. In order to investigate the 

reversibility of the nanofluidic system, the pH values of the 

electrolyte were successively switched from 2.9 to 7.1 and finally 

12.3, while recording the I-V curves. By switching the pH values 

between 2.9 and 12.3, the nanofluidic channel surface charge 

alternated between positive- and negative-charged states, 

thereby inducing a sharp increase in conductance. More 

importantly, no obvious change in conductance was recorded 

even after five cycles (Figure 4c, d), indicating a reversible pH-

regulated ion gating effect along with stabilised responsive 

tuneability. Further, the ion conductance can be further improved 

by decreasing thickness of COF-DT membrane (Figure S10). 

  We then evaluated the effect of crystal orientation, porosity, and 

pore size of COF membranes on ion transport. As shown in Figure 

4d, ion conductance are estimated to be 2.3×10-5, 1.1×10-5, and 

2.8×10-6 S for oriented COF-DT, COF-DT, and amorphous COF-

DT membranes, respectively (Figure S11, 12). The orientation of 

crystal domains promotes approximately one order of magnitude 

increase in ion conductance compared with the amorphous COF-

DT membranes although these membranes have same charge 

densities (Figure S13), suggesting the very important role of 

oriented and ordered channels in achieving efficient ion transport. 

Moreover, the porous structure offers interconnected ion transport 

pathways that benefit ion transport. As a result, the porous COF-

DT membrane (surface area: 581 m2 g-1) shows a 17-fold higher 

ion conductance than the dense COF-DT membrane (surface 

area: 32 m2 g-1, Figure 4e and Figure S14). Differing from crystal 

orientation and membrane porosity, the variation of pore size has 

no significant effect on ion conductance, showing only ~50% 

increase (Figure 4f and Figure S15-18). 

The pronounced pH dependence of the COF-DT membrane’s 

conductance was further supported by the zeta potential (ζ) 

measurements (Figure S19), which showed high ζ values at both 

low and high pH levels (ζ = +21 and -35 mV at pH = 2.9 and 12.3, 

respectively). This phenomenon originated from the surface 

chemical reactivity of the COF-DT, involving the imine protonation 

and phenol dissociation in the low and high pH ranges, 

respectively. The possible chemical equilibrium is illustrated in 

Figure 5a. The imine nitrogen atoms in the COF-DT underwent a 

protonation process under low pH conditions, as evidenced by the 

FT-IR results (Figure S20)[56], eventually producing a positive-

charged surface that promoted cations transport. However, the 

increased dissociation of phenol groups in the COF-DT at high pH 

values rendered the channels negatively charged. To understand 

how the interplay between hydroxyl and imine groups in COF-DT 

affect the channel surface property and thus the ion transport 

behavior, density functional theory (DFT) calculations were 

performed on the small-molecule model compounds for COF-DT 

(Figure 5b). The calculated reduction of energy from the neutral 

state to the protonated state (-1158.67 kJ mol-1) and the 

deprotonated state (-159.08 kJ mol-1) indicates that the imine and 

phenolic hydroxyl groups are expected to accept or donate 

protons to form stable protonated imine and deprotonated 

phenolate (Figure S21, 22). The introduction of hydrogen into the 

imine groups brings a relatively high positive charge density, 

whereas the deprotonation of phenolic hydroxyl causes a more 

negative charge density (from -0.723e to -0.892e, Figure S23). 

The induced charge density changes suggest the presence of 
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Figure 4. The ion-gating properties of the COF-DT membranes in response to pH values. (a) Ion conductance as a function of pH 

value. A sharp increase in ion conductance was achieved when modifying the pH values (from 7.1 to 12.3, or from 7.1 to 2.9), indicating 

an “OFF” state at the neutral condition, and an “ON” state at both the acidic and alkaline conditions. (b, c) Responsive tuneability of 

pH-regulated ion conductance (tested in 0.1 mM KCl solution). (d) Ion conductance of oriented, randomly distributed, and amorphous 

COF-DT membranes. (e) Ion conductance of COF-DT membranes with various surface areas. (f) Ion conductance of COF-DT and 

TFP-PDA membranes at different pHs. 

 

opposite charges in COF-DT nanochannels in acidic and basic 

conditions, which are expected to boost ion transport along these 

nanofluidic channels. In addition, the presence of intramolecular 

hydrogen-bonds makes COF-DT membrane more stable and 

highly charged, which are of importance to achieve stable 

surface-charge-governed ion transport (Figure S24, 25). 

To understand the key role of reactive surface/functional 

groups of COF-DT membranes in surface charge and ion 

transport, we have synthesized two additional COF membranes 

that share the same framework as COF-DT, but have distinct 

surface chemistry (Figure S26-28). At low pH conditions (pH=2.9), 

all three COF membranes exhibit a red-shift in Uv-vis spectra 

(Figure 5c and Figure S29-31) and typical surface-charge-

governed ion transport characteristics with ion conductance of 

approximately 5×10-6 S, which indicates the presence of surface 

charges in channel walls enabled by imine protonation. At high 

pH conditions (pH=12.3), TAPB-PDA and TAPB-PDA-OMe 

membranes exhibit no change in Uv-vis spectra and low ion 

conductance of 5×10-7 S comparable to the bulk electrolyte 

(Figure S32a, b), suggesting poor surface charge in channel walls 

due to the lack of reactive groups (Figure S33). While COF-DT 

has phenolic hydroxyl groups that can be deprotonated under 

high pH conditions, resulting in a high ion conductance of 10-5 S, 

which is 20-fold higher than the TAPB-PDA membrane (Figure 

S32c, d). This amphiprotic feature of COF-DT contributes to the 

high and modulable ion flux over a wide range of pHs. 

  Based on the unique chemical reactivity features discussed 

above for the COF-DT nanochannels, we further demonstrated 

their smart ion selectivity features by altering the electrolyte pH. 

To quantify the ion selectivity in the nanofluidic channels, drift-

diffusion experiments were carried out as illustrated in Figure 5d. 

By measuring the I-V response of the channels under a 

concentration gradient of 10 at various pH values (Figure 5e), the 

ion transference number (t+ for K+, t- for Cl-) could be obtained 

(Figure 5f). Evidently, the COF-DT nanochannels were anion-

selective in the low pH range, and cation-selective in the high pH 

range. Specifically, the t- was calculated to be 0.89 at pH = 2.9, 

while the t+ could even reach 0.98 at pH = 12.3, demonstrating 

smart ion selectivity characteristics (Table S1). The electrostatic 

modulation capabilities of nanofluidic channels in COF-DT 

membranes could be beneficial for applications in biomolecules 

identification and separation based on their isoelectric points. 

 

To quantify the surface-charge density (σS) inside the channels, 

a semiquantitative analysis was conducted as follows: the total 

ion conductance of a single channel (G0) in COF-DT membranes 

can be considered as the contributions from the conductance of 

the bulk solution (Gbulk) and surface-charge determined 

conductance (Gsurface). Thus, the predicted single-channel 

conductance is given by the following equation[5, 14]: 

( )
2

0

2
bulk surface A SK Cl K

R R
G G G N eC

L L

 
   + − += + = + + …..(1) 

 

where C is the concentration of the KCl electrolyte, μ is the KCl 

electrolyte mobility, e is the elementary charge, R is the radius of 

the nanochannels, L is the thickness of membranes, NA is 

Avogadro’s number, and σS is the surface-charge density. G0 is 

the conductance of a single nanochannel, which can be 

calculated by dividing the overall conductance (G) of the COF-DT 

membrane by n (total number of nanochannels). If we assume 

that all nanochannels are vertically aligned, the n value can be 

approximated by S×ρ, where S is the effective area of the COF-

DT membrane and ρ is the pore density (~1017 m-2). Based on the 

above, we determined a surface-charge density of 0.03 mC m-2 at 

the neutral condition (pH = 7.1). Accordingly, the σS value was 

revealed to significantly depend on the electrolyte’s pH, with
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Figure 5. (a) Proposed chemical reactivity features of COF-DT membranes at various pH values. (b) DFT relative energies and charge 

distribution for the small-molecule model compound for COF-DT in acidic (left), neutral (middle), and basic conditions (right). (c) UV-

vis spectra of COF-DT at various pH conditions. (d) Schematic illustration of the drift-diffusion experiment setup. (e) Drift-diffusion I-V 

curves of COF-DT membranes at various pH values. (f) Ion transference numbers of COF-DT membranes under a concentration 

gradient of 10 at various pH values. 

 

typical values of 1.5 and -2.1 mC m-2 for a pH of 2.9 and 12.3, 

respectively (Figure S34), which were comparable to those 

reported for graphene oxide[19], vermiculite[22], and black 

phosphorus[57]. The dramatically enhanced surface-charge 

density also explained the high ion conductance observed at both 

high and low pH ranges. This boosting effect of charge density on 

ion conductance is further verified by introducing carboxyl groups 

(denoted as COF-COOH) that have larger dissociation degree 

than phenolic hydroxyl groups (Figure S35). Particularly, ion 

conductance of COF-COOH membrane is 14-fold greater than 

that of COF-DT membrane at pH=7.1(Figure S36, 37a), which is 

consistent with the increased charge density in channels (Figure 

S37b). 

Finally, we evaluated the stability of the COF-based nanofluidic 

devices by keeping the COF-DT membranes submerged in water 

for one month and basic/acidic solutions for 12h. The I-V curves 

were recorded at various KCl concentrations under pH 12.3 

before and after water treatment. A similar surface-charge-

governed conductance was observed at low concentrations (0.01 

M), and the good overlap between the two curves further 

suggested that the COF-DT nanofluidic devices were highly 

stable (Figure S38). This high-stability characteristic theoretically 

stemmed from the well-maintained chemical structure of our COF-

DT materials, as revealed by NMR, GIWAXS, powder XRD and 

HRTEM measurements (Figure S39-41). We also tested the ion 

conductance performance of the device before and after 

annealing the COF-DT membranes at 200 °C for 24 h, and similar 

results were achieved for both stages (Figure S42). 

Conclusion 

In conclusion, we demonstrated a crystalline oriented two-

dimensional covalent organic framework membrane which 
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affectively achieved high ion-flux and smart gating nanofluidic 

transport. These advantageous functionalities were attained 

through the construction of oriented and well-defined ion channels 

combined with a customised pH-responsive surface chemistry. 

The massive and long-ordered arrays of the charged 

nanochannels facilitated the efficient ion transport along the 

vertical direction. An ultrahigh transmembrane ion flux was 

obtained, which was orders of magnitude higher than 

conventional nanofluidic devices. Through the appropriate 

modification of the electrolyte pH values, the surface-charge 

density of the nanochannels was tuned within the range of 0.06-

2.1 mC m-2, eventually transitioning the pH-regulated ion gate 

from the “OFF” to the “ON” state. This promoted a 2-orders-of-

magnitude increase in the surface-charge-governed ion 

conductance, far exceeding even that reported for biological ion 

channels. Furthermore, an actively modulated ion transport mode 

has been realised through nanofluidic channels, by facilely 

adjusting the electrolyte’s pH. The imine protonation at the low pH 

range resulted in positively charged channels, whereas the 

phenol dissociation at the high pH range led to the negatively 

charged channels, and thus a nearly complete cation selectivity 

was achieved. These high ion-flux and smart gating nanofluidic 

features possess significant implications in biomolecule 

manipulation and energy conversion applications. Furthermore, 

benefiting from the large-scale fabrication of COF membranes 

and their high channel density (~1017 m-2), COF-based nanofluidic 

devices could provide unprecedentedly massive and vertically-

oriented nanofluidic channels that are capable of generating 

remarkable ion flux and current levels. Moreover, the rich 

chemistry of COF materials can offer exciting opportunities to 

modulate the physical and chemical characteristics of the 

channels, including channel size, charge density, and 

responsivity. In conclusion, our proposed oriented 2D COF 

membranes are prospected to provide with an ideal platform to 

fabricate smart nanofluidic devices for studying the mechanisms 

underlying ion/molecular transport. 
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We demonstrate smart nanofluidic devices based on oriented two-dimensional covalent organic framework membranes that offer 

vertically aligned nanofluidic channel arrays, leading to an ultrahigh ion flux and pH-gating nanofluidic transport. 
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