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ABSTRACT 

Nanocellulose-based membranes have attracted intense attention in bioelectronic devices due to 

their low cost, flexibility, biocompatibility, degradability, and sustainability. Herein, we 

demonstrate a flexible ionic diode using a cross-linked bipolar membrane fabricated from 

positively and negatively charged cellulose nanofibrils (CNFs). The rectified current originates 

from the asymmetric charge distribution which can selectively determine the direction of ion 

transport inside the bipolar membrane. The mechanism of rectification was demonstrated by 

electrochemical impedance spectroscopy with voltage biases. The rectifying behavior of this kind 

of ionic diode was studied by using linear sweep voltammetry to obtain current-voltage 

characteristics and time dependence of the current. In addition, the performance of cross-linked 

CNF diodes was investigated while changing parameters such as the thickness of the bipolar 

membranes, scanning voltage range, and scanning rate. A good long-term stability due to the high 

density cross-linking of the diode was shown in both current-voltage characteristics and time 

dependence of current. 
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INTRODUCTION  

The junction between p-type and n-type semiconductors is a critical part of many electronic 

devices due to the asymmetric charge transport at the interface which only enables the transport of 

electrons/holes in one direction, known as rectification.1,2 These electronics are the building blocks 

of modern digital technology due to their unique junction structure, such as diodes, photovoltaic 

cells, transistors.3-8 In biology, it is ions in liquids rather than electrons in solids which are the 

charge carrying particles used for different functions. For this reason, ions as signal carriers play 

essential roles in bioelectronic devices for applications such as ionic circuitry,9 sensory systems,10 

and smart gating.11,12  

The formation of a rectified junction by using two oppositely charged nanochannels,13–15 

membranes,16,17 or polyelectrolyte gels18,19 has been demonstrated in an ionic diode, which was 

responsible for unidirectional ionic current across the junction interface. The junction with charged 

nanochannels and microfluidic chips enables to efficiently rectify the ionic current due to their 

unique nanostructure.14,20 However, the complicated fabrication process, i.e, microfabrication, and 

the fluid in the channel impose challenges in the device encapsulation for practical applications. 

In addition, with the development of wearable electronics, there is an additional demand of 

flexibility for certain electronic or ionic devices.21-23 Recently, ion-selective membranes and 

polyelectrolyte gels which usually made from nondegradable polymers have been developed for 

use in flexible devices, including diodes,18,24 and transistors.18,25 To avoid electronic waste and 

move towards sustainable devices, biodegradable and renewable materials are urgently needed to 

manufacture these devices.26 

Cellulose materials have attracted particular interest due to its abundant resources, sustainability 

and biodegradability. Recently, researchers have studied ionic diode based on cellulose materials, 
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including asymmetrically charged micro-fibrillated cellulose-based paper and cellulose 

nanocrystal-agarose hydrogel for ionic diodes.27,28 However, the detailed principles and long-term 

rectification of those cellulose-based ionic diodes remain unclear. Cellulose nanofibrils (CNFs), 

which can be extracted from wood and possess excellent mechanical properties and shape 

flexibility due to the high aspect ratio,29,30 have been one of potential candidates for flexible 

iontronics (electronic devices using ions as charge carriers). In addition, CNF has great potential 

for the desired functionality due to the abundance of hydroxyl groups, available for 

functionalization, on the cellulose chain. It provides a great chance to fabricate CNF-based bipolar 

membranes with oppositely charged layers through different modifications.31-33 However, CNF-

based membranes have poor wet-stability since water molecules will decrease the attraction 

between the fibrils due to the high polarity of the cellulose as well as a high dispersive surface 

energy of cellulose, which limits their application in water-tolerant devices. Covalent cross-linking 

is a reliable solution to address the above issue by using nontoxic crosslinkers, such as poly 

(carboxylic acids), and epoxy-functionalized polyethylene glycols.34-36 

In this work, we combined cross-linked anionic and cationic CNF membranes to fabricate ionic 

diodes. The negatively- and positively charged CNF layers were cross-linked by 1,2,3,4-

butanetetracarboxylic acid (BTCA) and poly (ethylene glycol) diglycidyl ether (PEGDE), 

respectively, to obtain bipolar membranes with excellent mechanical performance and water 

stability. The rectification mechanism of the ionic diode can be understood through different 

diffusion/migration behaviors of mobile ions under forward and reverse biases in the cross-linked 

CNF bipolar membranes. The detailed rectification process was investigated through linear sweep 

voltammetry and time dependence of current under constant voltage (chronoamperometry), which 
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results indicate that the ionic bipolar membrane exhibits long-term rectification. These bipolar 

membranes have potential in the application of low-cost, flexible, biocompatible electronic devices. 

METHODS 

Materials: Carboxymethylated cellulose nanofibrils (CNF) were provided by RISE Bioeconomy 

and Health, Sweden. Never dried dissolving pulp was supplied by Domsjö Fabriker (Örnsköldsvik, 

Sweden). All chemicals, 1, 2, 3, 4-butane tetracarboxylic acid (BTCA), sodium hypophosphite 

(SHP), glycerol, poly (ethylene glycol) diglycidyl ether (PEGDE, Mn 500), sodium hydroxide 

(NaOH), hydrochloric acid (HCl), and glycidyltrimethylammonium chloride were purchased from 

Sigma-Aldrich and used as received. Indium tin oxide (ITO) coated polyethylene terephthalate 

(PET) with the surface resistivity of 10 Ω/sq was purchased from Sigma-Aldrich. Experiments 

were carried out with deionized water. 

Preparation of cationic CNFs: The wood-derived cationic CNFs were prepared using a procedure 

similar to that described earlier.37 Never dried fibres were added to a mixture of 2-propanol and 

water to form a 65 g/L fibre suspension with a final 2-propanol: water ratio of 40:60 (v/v). Note 

that the amount of water associated with the never dried fibres have been considered. 13 g of NaOH 

was subsequently dissolved in the fibre suspension before adding glycidyltrimethylammonium 

chloride corresponding to 4 g/g of dry fibre to the mixture. The fibre dispersion was subsequently 

mixed thoroughly and allowed to incubate for 30 minutes at room temperature before the reaction 

was initiated by heating the mixture to 60°C for 6h. The modified fibres were then washed with 

excessive amounts of water in a Büchner funnel to remove solvents and reagents followed by 

soaking in a 0.1M HCl solution for 30 minutes and another washing step. CNFs were subsequently 

prepared from the chemically modified fibres by high-pressure homogenization using a M-110 EH 
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Microfluidizer (Microfluidics Corporation, Westwood, MA) by firstly passing the fibres through 

400µm/200µm sequentially assembled chambers at 800 bar one time and secondly through 

200µm/100µm chambers one time at 1500 bar. The collected CNFs were stored refrigerated at 4°C 

until further use. 

Preparation of bipolar membranes: Firstly, the anionic CNF membrane with negative charges 

which is the 20 wt% BTCA cross-linked carboxymethylated CNF membrane was fabricated by 

using the same method as previous work.35 20 wt% PEGDE was added to the cationic CNF 

suspension with solid content of 0.3 %, and the mixture was mixed using a lab homogenizer (T-

10 ULTRA TURRAX, IKA). The following cross-linking reaction was performed at 70 °C for 3 

h. After degassing, the mixture was poured on top of the dry anionic membrane. The bipolar 

membrane can be obtained after overnight drying at 60 °C. The thickness ratio between cationic 

and anionic membranes of the bipolar membrane was controlled by tuning the volume of cationic 

and anionic suspensions. 

Characterization: The charge density of the cationic CNFs was determined by colloidal titration 

of dispersed CNFs using a Stabino potential analyzer (Microtrac Retsch GmBH, Germany) and 

using potassium poly (vinyl sulfate) as titrant. The Fourier transform infrared (FTIR) spectra of 

the membrane were measured in the attenuated total reflectance (ATR) mode by using an Equinox 

55 (Bruker) instrument. The spectra were recorded in the wavenumber range from 4000 to 400 

cm−1 and with a resolution of 4 cm−1. The cross-sectional images of the bipolar membrane were 

collected by scanning electron microscopy (Zeiss). The energy-dispersive X-ray spectroscopy 

(EDS) mapping images were collected and processed using the same instrument equipped with the 

Oxford Aztec EDS system. 
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Diode measurements: The bipolar membrane (2 cm × 2 cm) was wetted with deionized water and 

then laminated between the two ITO electrodes. Electrochemical impedance spectroscopy (EIS) 

under DC voltage biases were measured over a frequency range of 100 kHz to 100 mHz and an 

AC voltage amplitude of 10 mV. The characteristic current-voltage (I – V) curves were measured 

by sweeping bias voltage under different scan rates. EIS, I – V curves and chronoamperometry 

were all measured using a BioLogic SP200 potentiostat. 

RESULTS AND DISCUSSION 

Preparation and characterization of cross-linked CNF bipolar membranes 

The pristine (non-crosslinked) anionic (p-type) and cationic (n-type) cellulose nanofibrils were 

prepared through chemical modification to introduce carboxymethyl (-CH2COOH or -CH2COONa) 

and quaternary amine (-[N(CH3)3]
+Cl-) groups, separately. The membranes were prepared by 

further cross-linking of modified CNFs to improve their water stability (the water stability of the 

PEGDE cross-linked cationic membrane is shown in Figure S1 in Supporting Information). The 

cross-linking of anionic CNF (ACNF) works through the esterification between carboxyl groups 

of the crosslinker BTCA and hydroxyl groups on the CNF (Figure 1a) while cationic CNF (CCNF) 

was cross-linked by the reactivity of epoxy groups on the crosslinker PEGDE toward hydroxyl 

groups on the CNF (Figure 1b). Furthermore, the cross-linking process using BTCA as a 

crosslinker provides additional negative charges on the surface of ACNF due to the unreacted 

carboxyl acid groups of BTCA. The previous conductometric titration results show that the cross-

linked ACNF has a final charge density of 2735 μeq/g compared with the original ACNF with a 

charge density of 637 μeq/g,35 whereas the charge density of CCNF is 650 μeq/g determined by 

colloidal titration. 
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Figure 1. Structure of cross-linked CNF bipolar membrane. (a) the chemical structure of BTCA cross-

linked anionic CNF; (b) the chemical structure of PEGDE cross-linked cationic CNF; (c) ATR-FTIR 

spectrum of two surfaces of bipolar membrane; (d) SEM image and EDS mapping of the cross-sectional 

bipolar membrane (the top membrane is made from anionic CNF and the bottom from cationic CNF). 

    To produce the bipolar membranes, the cross-linked ACNF membrane was first fabricated, after 

which the CCNF suspension, together with the crosslinker, was poured on top of the ACNF 

membrane. After drying, a bipolar membrane with two oppositely charged layers was obtained. 

ATR-FTIR spectra were measured for the two CNF membrane layers and is shown in Fig 1c. For 

the ACNF layer, the peak at 1725 cm-1 corresponds to the stretching of the C=O group, which 

relates to ester groups and carboxyl groups. There is a typical peak at 1480 cm-1, corresponding to 

the trimethyl groups of the quaternary ammonium in the ACNF layer.37 A cross-sectional SEM 

image and EDS element mapping of the membrane are displayed in Fig 1d. There is a clear 
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interface but no gap between the positive and negative CNF layers, indicating a strong adhesion 

between the two sublayers. EDS mapping indeed shows the asymmetrical distribution of sodium 

and chloride ions in the two layers. 

Mechanism of ionic diodes 

The rectification behavior of the diode originates from the difference in concentration of mobile 

ions in the bipolar membrane junction under different voltage bias polarity. The ionic diode was 

operated by placing a piece of wet cross-linked CNF bipolar membrane between two ITO 

electrodes. When a bias voltage is applied, dissociation of water is expected at voltages above 1.23 

V. The mobile counterions (Na+, Cl-), as well as protons and hydroxide ions generated by water 

dissociation, will migrate in the electric field to conduct current. The schematic of the working 

mechanism of the ionic diode is shown in Figure 2. Under a forward bias, the anode was in contact 

with the ACNF layer while the cathode was in contact with the CCNF layer. Protons generated at 

the anode and sodium counterions can pass through the ACNF layer, and hydroxide generated at 

the cathode and chloride counterions can move through the CCNF layer. Protons and hydroxide 

ions combine together to form water at the ACNF/CCNF interface, completing the circuit. 

Meanwhile, sodium and chloride ions can also migrate inside the layers and accumulate in the 

junction. Above process provides high conductivity of the bulk of bipolar membrane. In contrast, 

under a reverse bias, counter-ions move from the junction towards opposite sides of bipolar 

membrane, resulting in a depletion region and a large potential drop around the junction.38 The 

potential drop enhances the water dissociation to generate protons and hydroxide ions which then 

move away from junction. In this depletion region, there is the formation of an ionic double layer 

(IDL) from immobile charges at the ACNF/CCNF interface and high resistance of junction.24 The 



 

 

 

10 
 

 

 

lower concentration of ions and high resistance at the junction lead to limited electric currents in 

reverse applied voltages.  

 

Figure 2. Schematic description of rectification mechanism of ionic diode based on cross-linked CNF 

bipolar membranes. The forward bias refers that the anode is in contact with the ACNF layer. 

The rectification mechanism of the CNF bipolar membrane was studied by measuring EIS under 

different DC biases, with the corresponding Nyquist plot and Bode plot shown in Figure 3a and 

3b. The fitted Nyquist plot under 0 V and the equivalent circuit model are shown in Figure S2 in 

Supporting Information. When the forward biases increased, the decrease in impedance of Nyquist 

plot in the low-frequency region can be attributed to decreasing resistance due to fast migration of 

ions towards the junction interface. Meanwhile, the phase angle of Bode phase plot corresponding 

to the IDL capacitance decreased in the low-frequency region, resulting from the destroyed IDL 

due to the accumulation of mobile counterions at the interface. The above phenomenon is 

intensified for biases up to +3 V, which is the consequence of more protons and hydroxides 

generated under high applied bias. Conversely, under a reverse bias, the slightly increased 
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impedance and phase angle in the low-frequency region derive from the formation of a depletion 

region at the interface between the two membrane layers. 

 

Figure 3. (a) Nyquist plot and (b) Bode phase plot of 50 μm ACNF / 55 μm CCNF bipolar membrane 

under dc biases. 

Rectification behavior in voltage sweep 

The rectification of the ionic diode was investigated by linear sweep voltammetry to measure 

current-voltage (I – V) characteristics. Before each measurement, the bipolar membrane was 

soaked in deionized water for the redistribution of ions back to their original equilibrium state. The 

I – V curves of the bipolar membrane (with a thickness of 50 μm ACNF + 55 μm CCNF) were 

swept in different directions under different applied voltage ranges are shown in Figure 4. All 

curves were swept with a rate of 5 mV/s. At the beginning of sweeping, a current that drops fast 

can be monitored for both positive and negative applied bias, which results from the transient 

response of ions due to the suddenly applied voltage. This behavior can also be found in the CCNF 

or ACNF monolayer membranes (Figure S3). When the negative bias is applied, only counterions 
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migrate to generate the transient current in the membranes. In contrast, proton, hydroxide, and 

counterions pass through the membrane under the positive bias. As a result, the initial currents at 

a negative bias (-2 V, -3 V, and -5 V) are lower than the values at a positive bias (+2 V, +3 V, and 

+5 V). When the voltage is scanned back (red curves in Figure 4), there is no transient response 

which is seen as a significant difference in the recorded current between the beginning of the black 

curves and the end of the red curves. Therefore, it is not reliable to evaluate the rectification ratio 

by using the ratio of the maximum current at the forward bias to the maximum current at the 

reverse bias in the first sweeping half-cycle since it would be an unfair evaluation where one 

current is transient while another current is steady. To describe reliably the rectification ratios, we 

only calculate their values using the curves after the first sweeping half-cycle in the current-voltage 

characteristics, and the rectification ratio is calculated by the ratio of maximum current under 

positive and negative voltages. 

The electrolysis of water molecules occurs when the applied voltage bias is over the oxidation-

reduction potential of water (1.23 V at 25 °C) which leads to the production of proton and 

hydroxide ions. However, during the sweep range between -2 V and +2 V, the current is quite low 

and there is no obvious rectification in the red curves which is due to very limited proton and 

hydroxide ions at +2 V. With the increase of the bias, more proton, and hydroxide ions were 

generated, resulting in a higher current and rectification ratio (the ratio increased from 3.5 at +3 

V/-3 V to 6.2 at +5 V/-5 V in the red curves). The rectification ratio shows a lower value in this 

cross-linked CNF bipolar membrane compared to other related work,27,28 the possible reason is the 

limitation of ion selectivity from cationic CNF membranes due to their low charge density (637 

μeq/g) and intensive swelling in the wet state. In addition, the rectification ratio of the red curve 

in Figure 4b (3.5) is higher than the one in Figure 4e (1.5), and the same phenomenon occurs for 
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the sweep bias range of -5 V − +5 V (Figure 4c and 4f). This suggests that the sweep direction also 

has a significant influence on the rectifying behavior of the diode. If the sweep started from the 

positive bias voltage (the black arrows in Figure 4e, 4f), as the above mechanism part discussed, 

proton and hydroxide ions generated at the electrode-membrane interfaces can pass through the 

membrane sublayers and meet at the junction to form water, resulting in the loss of water at the 

electrodes. When the sweep went from the negative bias voltage back to the positive bias voltage 

(the red arrows in Figure 4e, 4f), less water dissociated compared to the initial sweep point which 

led to the decreased current and rectification ratio. 

 

Figure 4. Current as a function of applied bias plots for 50 μm ACNF + 55 μm CCNF bipolar membrane 

with the scan rate of 5 mV/s and the sweeping direction of (a) -2 V→+2 V→-2 V; (b) -3 V→+3 V→-3 V; 

(c) -5 V→+5 V→-5 V; (d) +2 V→-2 V→+2 V; (e) +3 V→-3 V→+3 V; (f) +5 V→-5 V→+5 V. (RR 

denotes rectification ratio). 
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Figure 5. Current as a function of applied bias plots with two sweeping cycles for 50 μm ACNF + 55 μm 

CCNF bipolar membrane with the scan rate of 5 mV/s under the voltage range of (a) and (b) -3 V − +3 V; 

(c) and (d) -5 V − +5 V. (RR represents rectification ratio) 

The long-term rectification of the ionic diode was further investigated through sweeping for 

several cycles. Figure 5 shows the current decays for consecutive sweeping in both forward and 

reverse bias due to consumption and evaporation of water during the measurement. The black, red, 

blue and green curves represent the first, second, third and fourth sweeping half-cycles, 

respectively. It is worth noting that the current drops significantly for -5 V – +5 V compared to -3 

V – +3 V which is possibly attributed to the degradation of ITO under higher voltage.39 

Furthermore, there are always higher rectification ratios in the sweep direction from positive to 
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negative bias compared to the values from negative bias to positive bias wherever the starting point 

of the sweep is. This can be understood from the perspective of water loss at the interface between 

the membrane and the ITO electrode under the forward bias as already discussed above. In addition, 

there is not a significant reduction in rectification ratio with the cycling if we only consider the 

value swept in the same direction. The same conclusion can be made from Figure S4, which shows 

5 sweeping cycles of 50 μm ACNF + 55 μm CCNF bipolar membrane. The decreased current with 

cycling should be owing to the water loss. These results indicate that there is a potential for 

continued rectification behavior for several cycles, as long as the bipolar membrane is prevented 

from drying. Thus, this cross-linked CNF bipolar membrane might have limitations in real 

applications where water is not able to be sustained.  

 

Figure 6. (a) Current as a function of applied bias plots for bipolar membranes with different thickness 

ratios under the scan rate of 5 mV/s; (b) Current as a function of applied bias plots for 50 μm ACNF + 55 

μm CCNF bipolar membrane with different scan rates. (RR represents rectification ratio) 

We also investigated the effect of the thickness ratio and the scan rate on the functions of the 

diode. To compare equally and parallelly, all curves in Figure 6 were selected from curves that 

were swept in the same direction as the red curve in Figure 4b, which means the back sweep from 
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+3 V to -3 V after the first sweep from -3 V to +3 V. The rectification ratio was calculated by the 

ratio of the current at +3V to the current at -3 V. Figure 6a shows that the bipolar membrane with 

thickness ratio of around 1:1 (50 μm ACNF + 55 μm CCNF) exhibits the optimal rectification ratio 

compared to the thickness ratios of 2:1 (70 μm ACNF + 35 μm CCNF) and 1:2 (35 μm ACNF + 

70 μm CCNF). This could have two causes: one is that when the ions need to go through a longer 

distance, this results in increased resistance when a forward bias is applied; another is that it is 

easier for the ions to pass through a thinner layer which leads to higher conductivity under a reverse 

bias.[9, 11] Therefore, if the total thickness of the bipolar membrane is fixed, when the thickness of 

the two sublayers is similar, the diode shows a higher rectification ratio. The influence of scan rate 

on the rectification ratio of the bipolar membrane with 50 μm ACNF + 55 μm CCNF is illustrated 

in Figure 6b. The result shows the lower the scan rate, the higher the rectification ratio. This is 

possibly due to enough response time for the ions to equilibrate under the applied voltage and 

come to a steady state under a low sweep scan rate. 

Time dependence of current in the ionic diode 

The current response of the cross-linked CNF diode with 50 μm ACNF + 55 μm CCNF to an 

alternating electric field was recorded (Figure 7a-7c, Figure S5a-S5c in Supporting Information). 

As shown in Figure 7a - 7c, the current in the forward bias is always higher than that in the reverse 

bias during the cycles when the applied voltage is over 2 V which indicates that the cross-linked 

CNF-based diode exhibits good current rectification. In addition, the rectification becomes better 

with the increase of input voltage. These results are consistent with the conclusion from Figure 4. 

Furthermore, a large transient current is noticed after switching between forward and reverse bias. 

This is possibly due to fast rearrangement of ionic charges within the component, as discussed in 
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connection with Figure 4. It is noted that the current reaches a steady state in a short time (within 

20 seconds) whereafter the rectification behavior is restored. 

 

Figure 7. The current response of ionic diode at applied potentials of (a) ±2 V; (b) ±3 V; (c) ±5 V. Time 

dependence plot of current and corresponding rectification ratio under the constant forward (+3 V) and 

reverse (-3 V) bias. 

    The long-term rectification stability of the cross-linked CNF diode was demonstrated by 

monitoring the current response at constant positive (+3 V) and negative (-3 V) bias for six hours 

at each voltage, using a 50 μm ACNF + 55 μm CCNF membrane. The rectification ratio was 

calculated from the current ratio for a bias of ±3 V, and results are shown in Figure 7d. After the 

measurement under +3 V, the bipolar membrane was soaked in water for the redistribution of 
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counterions for 2 h, and then the measurement under -3 V continued. For both biases, the current 

decreases rapidly from the initial value due to the transient response of ions at the beginning and 

gradually tends to a stationary one. The slight decay of the current in the steady-state can be 

attributed to water loss during the test. Even though the current drops, the rectification ratio 

increases from around 3 during the first two minutes to a stable range of around 5-10 when the 

current reaches a steady state. These data show that the cross-linked CNF diode exhibits a good 

capacity for continuous operation during several hours, and a long-term stable rectifying behavior. 

CONCLUSIONS  

In summary, we have demonstrated the rectifying behavior of an ionic diode fabricated from two 

layers of oppositely charged, cross-linked CNF membranes. The freestanding, wet-stable and 

flexible CNF bipolar membranes show good water stability due to the covalent cross-linking. The 

rectification of the ionic diode is achieved through selective transport of counterions under electric 

fields and the formation of an ionic double layer at the junction interface. The results from 

continuous linear sweeps and time-dependent current measurements indicate good long-term 

rectification. Therefore, the cross-linked nanocellulose-based bipolar membrane has a promising 

potential for usage in ionic logic gates, energy harvesting, and bioelectronics. 
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Figure S1. Real pictures of non-crosslinked (left) and PEGDE crosslinked (right) cationic CNF membranes 

in different conditions: (a) membranes in a dry state; (b) membranes were immersed in water for 1 min; (c) 

membranes were immersed in water for one week. 

In Figure S1, the real pictures of non-crosslinked and PEGDE crosslinked cationic CNF 

membranes before and after the immersion in water are shown. When they are dry, both non-

crosslinked and crosslinked membranes are flexible (Figure S1a). After being immersed in water, 

the non-crosslinked membrane swells quickly, and the fibrils gradually disperse in the water to 

form a dispersion, like the gel after one week. Meanwhile, the crosslinked CNF membrane keeps 

stable even if it is immersed in water for one week. It indicates that the crosslinking of cationic 

CNF is indeed successful by using PEGDE as a crosslinker. On the other hand, crosslinking can 

significantly enhance the water stability of the cationic CNF membrane. 
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Figure S2. Nyquist plot of AC-impedance measurement of 50 μm ACNF + 55 μm CCNF bipolar membrane, 

dash line represents the fit of the equivalent circuit model shown in the inset. 

The equivalent circuit model to fit the Nyquist plot is referred to as the one for ionoelastomer 

junction.1 It contains a resistor corresponding to contact resistance; a dielectric capacitance (CB) 

corresponding to the polarization of the ionic diode at high frequency; another resistor (RB) which 

is connected in parallel with CB indicates the ion transport at moderate frequency; a constant phase 

element (CPE) describes the formation of an ionic double layer at the interface at low frequency. 
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Figure S3. Current as a function of applied bias plots with two sweeping cycles for (a) PEGDE crosslinked 

cationic CNF monolayer membrane and (b) BTCA crosslinked anionic CNF monolayer membrane with 

the scan rate of 5 mV/s under the voltage range from -3 V to 3 V. (c) enlarged view of (a); (d) enlarged 

view of (b). 

The current-voltage characteristics of crosslinked cationic or anionic monolayer membranes 

measured by the linear sweeping of applied voltages are shown in Figure S3. Same with the bipolar 

membrane, there is a current that drops quickly at the beginning of sweeping for both cationic and 

anionic single membrane, which is caused by the transport of counterions inside the membrane 

due to the suddenly applied voltage. After the first sweeping half-cycle, there is no clear rectifying 

behavior for both cationic and anionic single membranes. In addition, the maximum currents under 

forward and backward biases slightly decrease with the sweeping cycle, resulting from the 

consumption of water during the measurement. 
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Figure S4. Current as a function of applied bias plots with 5 sweeping cycles for 50 μm ACNF + 55 μm 

CCNF bipolar membrane with the scan rate of 5 mV/s under the voltage range of -3 V − +3 V. 

 

 

 

Figure S5. The applied voltage with time plot corresponds to Figure 7 (a)-(c) in the main manuscript. 
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