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Ionotronics Based on Horizontally Aligned Carbon Nanotubes
Ran Peng, Yueyue Pan, Zhi Li, Shuailong Zhang, Aaron R. Wheeler, 
Xiaowu (Shirley) Tang, and Xinyu Liu*

Controlled ion transport through ion channels of cell membranes regulates 
signal transduction processes in biological systems and has also inspired 
the thriving development of ionic electronics (ionotronics or iontronics) 
and biocomputing. However, for constructing highly integrated ionic elec-
tronic circuits, the integration of natural membrane-spanning ion channel 
proteins or artificial nanomembrane-based ionic diodes into planar chips 
is still challenging due to the vertically arranged architecture of conven-
tional nanomembrane-based artificial ionic diodes. Here, a new design of 
ionic diode is reported, which allows chip-scale integration of ionotronics, 
based on horizontally aligned nanochannels made from multiwalled 
carbon nanotubes (MWCNTs). The rectification of ion transport through 
the MWCNT nanochannels is enabled by decoration of oppositely charged 
polyelectrolytes on the channel entrances. Advanced ionic electronic cir-
cuits including ionic logic gates, ionic current rectifiers, and ionic bipolar 
junction transistors (IBJT) are demonstrated on planar nanofluidic chips 
by stacking a series of ionic diodes fabricated from the same bundles of 
MWCNTs. The horizontal arrangement and facile chip-scale fabrication of 
the MWCNT ionic diodes may enable new designs of complex but mono-
lithic ionotronic systems. The MWCNT ionic diode may also prove to be 
an excellent platform for investigation of electrokinetic ion transport in 1D 
carbon materials.
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1. Introduction

Electrokinetic regulation of ion transport 
through ion channels in biological sys-
tems is essential to a variety of cellular 
mechanisms and activities,[1–3] and has 
attracted increasing research efforts on 
developing bioinspired ion-flow regulation 
devices such as ionic diodes and transis-
tors to mimic controlled ion transport in 
biological ion channels.[4–8] These ionic 
devices have found significant applica-
tions in logic computing,[9–12] sensing,[13,14] 
energy conversion,[15,16] to name just a few. 
Natural or synthetic biological ion chan-
nels could serve as ideal building blocks 
for constructing ionic devices due to their 
atomic pore sizes and self-organized poly-
electrolyte-based functional structures.[17–20] 
However, these biological ion channels are 
mechanically fragile and chemically sen-
sitive, making it challenging to integrate 
them with engineering devices.[21] Lever-
aging material science and nanotechnology 
approaches, various nanochannels, nano-
pores and nanomembranes, constructed 
from solid-state materials or polymers, have 

been developed to act as ion-flow regulation confinements with 
high mechanical robustness and structural controllability. The 
controlled regulation of ion transport through these nanoscale 
confinements has been achieved via surface functionalization of 
the nanostructures with charged molecular groups.[1,22–23]

The commonly used membrane-based artificial ion nano-
channels spanning the membrane thickness are low in aspect 
ratio; thus, it is not feasible for asymmetric surface func-
tionalization with opposite charges due to the crosstalk of 
modification fluids during wet modification.[24] On the other 
hand, wafer-scale batch fabrication of ionic diodes made from 
horizontally aligned nanochannels of sub-10  nm in diameter 
is still technically challenging.[25] More importantly, because 
of the less effective charge modification on membrane-based 
short ionic nanochannels and the relatively large channel dia-
meters of nanochannel-based ionic tunnels, the reported ionic 
diodes usually have limited current rectification ratios, which 
are not applicable for certain applications such as ionic cir-
cuits for logic computing.[9–12] In addition, the integration of 
these membrane-spanning, vertically aligned (perpendicular 
to the membrane plane) ion nanochannels into on-chip ionic 
circuits that mimic their traditional electronic counterparts is 
highly challenging because of the poor compatibility between 
the in-plane arranged ionic circuit architecture and the vertical 
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(out-of-plane) alignment of the membrane-based nanochan-
nels. As a result, there have been just a few reports of inte-
grated on-chip ionic logic gates, rectifiers and transistors that 
involve multiple ionic diodes.[10,26] It is therefore highly desired 
to develop new ionic diode architectures with easy-to-fabricate, 
in-plane nanochannel structures compatible with wafer-scale 
batch fabrication process, which could enable new applications 
where integrated ionic circuits are needed.

Advances in the integrated circuit (IC) industry highlight 
the great promise of carbon nanotubes (CNTs) as an electronic 
channel material due to their nanometer diameters and supe-
rior charge transport properties over silicon (Si).[27,28] Recent 
breakthroughs on nanofabrication and large-scale integration 
of CNT-based transistors also confirmed the material’s com-
patibility with wafer-scale fabrication processes, and solved the 
bottleneck issues of CNT-based electronics moving towards 
practical uses.[29–31] For fluid and ion transport, the nanotu-
bular structure of CNTs can also serve as high-performance 
artificial ionic nanochannels.[32,33] Previous studies have dem-
onstrated that fluid and ion transport in CNT nanochannels is 
ultra-efficient,[32,34] which could potentially improve the perfor-
mance of ionotronics. Also, the atomic inner diameter of CNTs 
is advantageous to mimic natural biological ion channels with 
similar pore sizes,[35] and the ultralong channel length of CNTs 
is beneficial for asymmetric modification of charges as well 
as integration of horizontally aligned chip-scale ionic circuits. 
Charge modification of CNT-based nanochannels can be readily 
conducted on the CNT terminals using well-established tech-
niques.[36] There have been several studies on controlled ion 
transport in CNT nanochannels;[37–40] however, little effort has 
been spent on design and batch fabrication of CNT-based ionic 
diodes and exploration of their applications on ionic circuits.

In this paper, we report the design and batch fabrication of 
a novel CNT-based ionic diode with horizontally aligned poly-
electrolyte-modified multiwalled CNTs (MWCNTs) serving as 
ion channels. The two openings of MWCNTs are decorated 
with oppositely charged polyelectrolytes through strong physical 
absorption on the active carbon sites at the MWCNT terminal 
edges. The rectification of ionic current is governed by asym-
metric transport of ions through the MWCNT nanochan-
nels due to the oppositely charged terminals. The design and 
working parameters of the MWCNT ionic diode are systemati-
cally investigated, and the diode performance is evaluated by the 
ionic current rectification ratio with a specific voltage scanning 
range. Enabled by the new batch fabrication process, multiple 
MWCNT ionic diodes are integrated on single nanofluidic chips 
to realize ionic logic gates, ionic rectifiers, and ionic bipolar 
junction transistors (IBJT), which promises high potential of 
our MWCNT ionic diode for constructing monolithic ionotronic 
systems with many diode and transistor components.

2. Results and Discussion

2.1. Design and Fabrication of MWCNT Ionic Diodes and Setup 
of Experimental Systems

Current rectification in ionic diodes, similar to that in semicon-
ductor diodes, is based on the generation of an accumulation 

or depletion region of ions in a nanochannel with asymmetric 
geometry or surface properties (surface charge or wettability) 
during diode operation.[2,3,41] However, in an ionic diode, cat-
ions and anions are employed as charge carriers rather than 
electrons and holes in its semiconductor counterpart. The 
MWCNT ionic diode we propose here falls into the category of 
bipolar ionic diodes with asymmetric charges labelled on two 
terminals of the MWCNT nanochannel. Figure  1a,b illustrate 
the architecture and the working principle of a MWCNT ionic 
diode, respectively. As shown in Figure  1a, a group of well-
aligned MWCNTs serve as ionic nanochannels that bridge two 
microchannels filled with KCl electrolytes mixed with polyca-
tions, poly(diallyldimethylammonium chloride) (PDAC) and 
polyanions, poly(sodium 4-styrene-sulfonate) (PSS), respec-
tively. An electric field is applied to the MWCNT nanochan-
nels, through the upstream and downstream microchannels, to 
drive the mobile ions. The active carbon sites on the two ter-
minals of each MWCNT are capable of immobilizing positively 
charged long polyelectrolyte chains on one side and negatively 
charged ones on the other side via physical absorption,[42–45] as 
illustrated in Figure 1b. As a result, when a forward or reverse 
electric field is applied on the MWCNT channel, the mobile K+ 
and Cl− ions get accumulated (top schematic in Figure  1b) or 
depleted (bottom schematic in Figure  1b) inside the MWCNT 
nanochannel, respectively. This ion accumulation/depletion 
effect is due to the electrostatic attraction or repulsion between 
the mobile ions and the charged groups on the long polyelec-
trolyte chains immobilized at the two terminals of the MWCNT. 
These phenomena induce the enhancement or reduction of the 
overall electric conductivity of the MWCNT ion channel and 
thus lead to the ionic diode effect.

Although the ionic diode effect of CNT nanochannels has 
been reported previously,[37–40] the device-level application 
of CNT-based ionic diodes for ionotronics is rarely explored 
because of the technical challenges on device fabrication such 
as synthesis, isolation, and alignment of long CNTs and pre-
cise patterning and integration of multiple CNT nanochan-
nels into a microfluidic device.[46] Herein, we propose a facile 
approach to integrate horizontally aligned MWCNT nanochan-
nels into a microfluidic device with accurate control of their 
positions and lengths. To start the device fabrication, verti-
cally aligned MWCNT forests with a height of around 500 μm 
(Figure  1c) were first synthesized through chemical vapor 
deposition (CVD)[47] on a Si wafer. Figure 1d shows a zoomed-
in view of the top edge of the highly aligned MWCNT forest. 
The inset of Figure  1d plots the inner diameter distribution 
of the MWCNTs with an average of 5  nm, which was meas-
ured by a high-resolution transmission electron microscope 
(TEM) (Figure S2i, Supporting Information). Then, the verti-
cally aligned MWCNT forests were laid down to their growth 
substrate, exfoliated into a thin horizontally aligned MWCNT 
buddle by a Scotch tape (Figure 1e).[21] After that, the MWCNT 
nanofluidic device was fabricated by following the process 
shown in Figure 1f. Briefly, the exfoliated MWCNT buddle was 
first transferred onto a Si wafer (coated with a 300  nm thick 
SiO2 insulation layer) and embedded in photoresist by spin 
coating (Figure  1f-I). The two microchannels were then trans-
ferred onto the substrate by exposing the sample to UV light 
through a photomask (Figure  1f-II). After development of the 
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Figure 1. Design, fabrication, and characterization of the MWCNT ionic diode. a) Schematic of a MWCNT ionic diode filled with polyelectrolyte 
solutions (PSS and PDAC) and configuration of the electrical measurement system. b) Schematic working principle of the MWCNT ionic diode.  
c) SEM image of four vertically aligned MWCNT forests. d) Zoomed-in SEM image of a MWCNT forest. The inset of (d) plots the distribution of the 
MWCNT inner diameter. e) An optical image of a MWCNT array exfoliated by Scotch tape. f) Fabrication process of the MWCNT nanofluidic device. 
g) Optical and h) SEM images of a MWCNT nanofluidic device after mechanical avulsion of the MWCNTs (after Step III in (f)). i) SEM image of the 
zoomed-in side-view of the MWCNTs embedded in the sidewall between the microfluidic channels after mechanical avulsion. The area embedded with 
MWCNTs is framed within the two dashed lines. j) Photograph of the MWCNT nanofluidic device after plasma-assisted bonding of the PDMS roof 
layer. k) An example current–voltage (I–V) curve measured from a MWCNT ionic diode with apparent “ON” and “OFF” status with an ionic current 
rectification ratio of 36.1 at ±5 V.
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unexposed area, two microchannels were created and the two 
terminals of the embedded MWCNTs were exposed inside 
the microchannels (Figure  1f-III). Cutting and opening of the 
MWCNTs were conducted by casting PDMS precursor into the 
microchannels followed by mechanical avulsion of the ther-
mally cured PDMS elastomer (Figure 1f-IV). The final chip was 
obtained by plasma-assisted bonding a piece of PDMS cover 
punched with channel reservoirs onto the nanofluidic platform 
(Figure 1f-V). Figure 1g,h illustrate images of a nanofluidic chip 
after avulsion of the MWCNTs, in which two microchannels 
are bridged by a bundle of MWCNT nanochannels. The vacant 
microchannels shown in Figure 1g,h suggest that the mechan-
ical avulsion method is able to successfully cut MWCNTs with 
high efficiency.

We also tried the previously reported oxygen plasma etching 
method,[48] and found that our mechanical avulsion method 
is easier to implement and provides much cleaner cutting 
of the MWCNTs than the oxygen plasma etching method 
(Figure S2l,m, Supporting Information). A zoomed-in scanning 
electron microscopic (SEM) image (Figure 1i) of the sidewall of 
the SU-8 sidewall between the two microchannels (Figure  1h) 
shows the cleanly cut openings of the MWCNT nanochannels 
embedded in SU-8 sidewall, from which the thickness of the 
exfoliated MWCNT layer was measured to be 1.65  ±  0.4  μm 
(n  = 3). Figure  1j shows the image of a completed MWCNT 
nanofluidic device after PDMS roof bonding. More details 
about the fabrication and characterization of the MWCNT 
nanofluidic device can be found in Figures S2 and S3 in the 
Supporting Information.

For device testing, the two microchannels of a sealed 
MWCNT nanofluidic device were filled with KCl solutions 
mixed with PDAC and PSS, respectively, and linear scanning 
direct current (DC) electric fields were then applied between the 
two microchannels through platinum (Pt) electrodes (Figure 1a) 
to drive the charge carriers across the MWCNT ionic diode. Pt 
wire electrodes were applied due to their outstanding proper-
ties such as chemical inertness, high conductivity, and ease of 
assembly in microfluidic and nanofluidic systems. Figure  1k 
gives a representative current–voltage (I–V) curve obtained 
from a MWCNT ionic diode working under the condition of 
10 × 10−3 m KCl solution mixed with 1% polyelectrolytes, which 
clearly shows the diode’s “ON” and “OFF” states when a for-
ward voltage and a reverse voltage were applied, respectively. 
Based on the I–V curve in Figure  1k, the forward electric cur-
rent at 5 V is 0.53 μA while the reverse electric current at −5 V 
is only 14.7 nA, indicating a current rectification ratio of 36.1. It 
is worth noting that both the ion current level and the current 
rectification ratio differ from chip to chip due to the inconsist-
ency in the number and quality of MWCNTs in each bundle. 
In the working parameter studies, for each parameter, all the 
experiments were performed on the same chip to avoid the 
inconsistency problem. To develop integrated ionic circuits, 
multiple ionic diodes on one chip were fabricated by using one 
bundle of MWCNTs in order to minimize the variation in per-
formance from diode to diode.

The design of the MWCNT nanofluidic device also has the 
following merits compared with other ionic diodes with nano-
channels created on polymer-based nanomembranes.[1,22,49,50] 
Firstly, thanks to the strong physical interaction between the 

MWCNT terminals and the polyelectrolyte molecules, the 
charge modification on MWCNT terminals through physical 
absorption is much easier and more efficient than those of 
ionic diodes in which complicated chemical modification pro-
cesses were involved.[1] In our design, the “pipette-and-play” 
mode of diode charge modification significantly reduces the 
incubation time and improves the preparation efficiency of the 
MWCNT ionic diode. Even though the physical absorption of 
the polyelectrolytes on the MWCNT terminals is not as strong 
as covalent bonding[27] and can be affected by washing of the 
microchannels with KCl solutions (Figure S5a, Supporting 
Information), filling the microchannels with evenly dispersed 
polyelectrolyte–KCl solutions results in the dynamic equilib-
rium of polyelectrolyte absorption on the MWCNT terminals 
and thus the stable performance of the MWCNT ionic diode. 
Moreover, the high aspect ratio of MWCNT nanochannels effec-
tively reduces crosstalk of oppositely charged polyelectrolytes 
from the two microchannels during charge modification of the 
MWCNT terminals. The ultralong MWCNT forest (Figure  1d) 
also allows the fabrication of horizontally aligned nanofluidic 
channels with well-controlled position and length through con-
ventional photolithography. The architecture of horizontally 
aligned MWCNT nanochannels and the facile microfabrica-
tion make it possible to develop advanced ionotronic systems 
with multiple MWCNT ionic diodes integrated on a planar sub-
strate, which could become the ionic analogue of CNT-based 
semiconductor transistors.

2.2. Working Principle of the MWCNT Ionic Diode

The ionic diode is one of the building blocks of the emerging 
ionotronics. To take advantage of the newly designed MWCNT 
ionic systems, one must first fully understand the working 
mechanism and performance of the MWCNT ionic diodes. 
In this paper, both numerical simulations and experimental 
testing are conducted to systematically study the working prin-
ciple of the MWCNT ionic diode. Numerical simulations were 
carried out based on Poisson–Nernst–Plank equations,[51] and 
detailed simulation conditions can be found in Section 1 of the 
Supporting Information. Note that the diode operation param-
eters applied in the simulation models here are not exactly the 
same as those in our experiments due to difficulties in charac-
terization of some of the working parameters such as charge 
densities at the polyelectrolyte-modified MWCNT terminals, 
diameters of individual MWCNT nanochannels and length of 
the charge modification. Nevertheless, the simulation results 
are still valid to verify the working principle of the MWCNT 
ionic diode and qualitatively evaluate the influence of different 
designs and operation parameters. For instance, Figure  2a 
shows a numerical I–V curve through a nanochannel of 7 nm 
in diameter and 50  nm in length modified with ±  2 mC m−2 
charges on the nanochannel terminals and worked with  
1 × 10−3 m KCl. The numerical I–V curve in Figure 2a is similar 
to the measured I–V curve demonstrated in Figure 1k, proving 
the validity of our simulation model. The insets of Figure  2a 
present distributions of the total ionic concentration (in neutral 
solution where H+ and OH− are negligible) inside the nano-
channel when a forward bias (the “accumulation” case) and a 
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reverse bias (the “depletion” case) are applied. Apparently, the 
mobile ions accumulate inside the channel when a forward bias 
is applied and deplete inside the channel when a reverse bias is 
applied, which verifies our proposed working principle of the 
MWCNT ionic diode (illustrated in Figure 1b).

Extensive confirmatory experiments have also been con-
ducted to validate our design and to further explore the recti-
fication behavior of the MWCNT ionic diode. For instance, 
with the diode characteristic, the MWCNT ionic diode should 
be able to rectify alternating current (AC) signals. Figure  2b 
shows a representative experimental rectification curve of a 
sinusoidal signal at 0.01  Hz generated by a MWCNT ionic 
diode. Rectifying square and triangular waves on the MWCNT 
ionic diode are also demonstrated experimentally (Figure S5b,c, 
Supporting Information). We also experimentally demon-
strated that a MWCNT nanofluidic device without polyelectro-
lyte modification on the MWCNT terminals does not possess 
the ionic current rectification behavior, as shown in Figure 
S5e,f in the Supporting Information. For an ion channel with 
a micrometer-sized cross-section, although the upstream and 
downstream microchannels were filled with polyelectrolytes of 
opposite charges, no ionic current rectification behavior was 
observed experimentally (Figure S5g,h, Supporting Informa-
tion). For the effect of ion channel diameter, numerical simu-
lation results show that, with the same charge density at the 
ion channel terminals, the rectification ratio of the ionic diode 

dramatically decreases with the channel diameter while the ion 
current increases with the channel diameter due to the increase 
of channel conductivity (Figure S5i, Supporting Information). 
For example, with other conditions kept the same: ± 2 mC m−2 
charges on the MWCNT terminals and 1 × 10−3 m KCl solution 
in the upstream and downstream channels, a nanochannel of 
1  nm in diameter (assuming that the continuum condition is 
still valid) has a high rectification ratio of ≈800 (forward cur-
rent: 1.23 × 10−13 A, and reverse current: 1.69 × 10−16 A), while a 
nanochannel of 30 nm in diameter has a low rectification ratio 
of ≈1.5 (forward current: 1.02 × 10−11 A, and reverse current: 
7.62 × 10−12 A). In addition, to verify that the current rectifica-
tion behavior is attributed to ion transport through the hollow 
nanochannels rather than inherent electrical conductivity of 
the MWCNTs, replacing the open-ended MWCNTs with dead-
ended MWCNTs would uncover the speculation. However, it 
is highly challenging experimentally to fully block the ends of 
MWCNTs or synthesize perfect MWCNTs without any defects 
along the tubes. Alternatively, a conductive Pt wire without ion 
tunnels inside was applied to mimic dead-ended MWCNTs. 
The I–V behavior of a Pt wire (15  mm long and 250  μm in 
diameter) with its two ends immersed in PDAC and PSS solu-
tions (Figure S5j, Supporting Information) was tested, and no 
current rectification phenomenon was observed (Figure S5l, 
Supporting Information). This indicates that merely electrically 
conductive channels (the scenario of WMCNT channels without 

Figure 2. Performance of the MWCNT ionic diode in response to the signal frequency and the channel length. a) Numerical simulation result of the 
I–V characteristics of a MWCNT ionic diode. The insets illustrate accumulation and depletion of mobile ions when forward and reverse bias voltages 
are applied on the nanochannel. Experimental results of ionic diode currents rectified from sinusoidal input signals of b) 0.01 Hz and c) 2 Hz with 
an amplitude of 8 V. d) Rectification ratios (at peak amplitudes) of the ionic diode working with sinusoidal waves of different frequencies. e) Optical 
image of a nanofluidic chip integrated of three ionic diodes (D1, D2, and D3) with different CNT channel lengths (50, 100, and 150 μm). These three 
ionic diodes were fabricated from the same buddle of MWCNTs and modified with PDAC and PSS alternatively on their terminals. f) Typical I–V curves 
of D1, D2, and D3. The inset bar chart demonstrates the corresponding rectification ratios of these three ionic diodes at ± 5 V bias voltages (n = 5).
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ion transport inside) cannot give rise to current rectification, 
and the rectification behavior is due to the controlled ion trans-
port across the MWCNT ion channels with oppositely charged 
terminals. Based on the numerical and experimental results 
presented above, it is concluded that two necessary conditions 
are needed for designing high-performance MWCNT ionic 
diodes: a) ionic nanochannels with small enough diameters 
(this condition will be further discussed in the following sec-
tions) and b) modification of opposite charges on the terminals 
of the MWCNT nanochannels.

2.2.1. Effects of Working Frequency and Ion Channel Length

To optimize the ionic diode design, it is important to quantita-
tively study several other key operation parameters. Switching 
time is one of the most important working parameters for ionic 
diodes. It was reported that ionic charges in aqueous solutions 
respond slower to the driving electric field than their electronic 
counterparts (electrons and holes in semiconductor materials) 
by seven orders of magnitudes, which is primarily due to the 
viscosity of fluids and the retardation effect.[52] As a result, ionic 
diodes can only work properly at relatively low frequencies.[26] 
We experimentally examined the response of a MWCNT ionic 
diode to the frequency of sinusoidal voltage applied by a func-
tion generator in the range of 0.01 to 2  Hz with a constant 
magnitude of 8  V, as schematically illustrated in Figure S6a 
in the Supporting Information. The forward and reverse peak 
values of the rectified currents were used to calculate the recti-
fication ratio of the ionic diode under different signal frequen-
cies. Figure 2b,c show the rectified current curves recorded at  
0.01 and 2  Hz, respectively. The curves at other frequencies, 
including 0.05, 0.1, 0.2, 0.5, and 1 Hz, are shown in Figure S6b–f 
in the Supporting Information. Figure  2d summarizes the 
rectification ratio of the MWCNT ionic diode as a function of 
the sinusoidal signal frequency, showing a decreasing trend  
of the rectification ratio from 13.5 ±  2.1 to 1.8 ±  0.1 (n = 4 for 
both) with the frequency ranging from 0.01 to 2 Hz. As men-
tioned above, the decrease in current rectification ratio was 
caused by the intrinsically slow response of the controlled ion 
transport in aqueous solutions.[26,52] The frequency response 
range of the ionic diode could be further expanded through 
several methods such as shortening ion channel length, using 
mobile ions with higher mobility, and involving conductive 
polymer electrodes.[26] Previous studies have revealed that the 
low-friction slip boundary of CNT inner walls would signifi-
cantly enhances the fluid transport speed,[53–55] and thus ben-
efits the switching speed of our MWCNT ionic diode. However, 
based on the experimental results shown in Figure  2d and 
Figure S6 in the Supporting Information, one can see that the 
slow ion mobility in aqueous solutions dominates the switch 
speed of the MWCNT ionic diode and the MWCNT diode is 
more suitable for low-frequency applications. In addition, the 
operation voltage is also important to ionic diodes in some spe-
cific applications such as energy harvesting[56,57] and wave rec-
tification.[26,49] During our experiments, square waves ranging 
from 10 to 40 V in amplitude were applied to a MWCNT ionic 
diode, and the ionic diode operated normally without elec-
trical breakdown over the entire voltage range (Figure S7a–f, 

Supporting Information). This suggests that our MWCNT ionic 
diode can reliably operate in ionotronic platforms where high 
operation voltages are required.

The ion channel length also significantly affects the per-
formance of ionic diodes; however, previous research mainly 
focused on theoretical analysis and/or numerical simula-
tions of the effect of ion channel length on ionic diode per-
formance,[58,59] and there is a lack of related experimental 
studies. To the best of our knowledge, we performed the first 
investigation of the effect of ion channel length on the perfor-
mance of MWCNT ionic diode. Three MWCNT ionic diodes 
with ion channel lengths of 50, 100, and 150  μm, denoted by 
D1, D2, and D3, were readily fabricated on the same chip, by 
cutting the same bundle of MWCNTs into three segments 
of different lengths (Figure  2e and Figure S8a, Supporting 
Information). The mechanical avulsion method ensures the 
accurate control of the MWCNT nanochannel length, and 
the MWCNT nanochannels of the three diodes on the same 
chip possess consistent cross-section areas as they are made 
from the same bundle of MWCNTs. The four microchannels 
shown in Figure 2e were filled with 1% PDAC and 1% PSS in  
1 × 10−3 m KCl solutions alternatively to modify the MWCNT 
terminals. Figure 2f shows the experimental results of the I–V 
curves measured from the three diodes and the corresponding 
rectification ratios of these diodes working at bias voltages of 
± 5 V. One can observe that the forward current increases with 
decreasing channel length which is primarily due to the lower 
electric resistance of shorter ion channel while the reverse cur-
rent keeps almost constant due to effective gating of co-ions at 
the channel entrances (Figure 2f). From the inset histogram of 
Figure 2f one can see that the ion current rectification ratio of 
these three diodes decreases from 39.8 ± 15.9 to 4.6 ± 1.2 (n = 6 
for both) as the channel length increases from 50 to 150  μm. 
The rectification ratios of the diodes working at higher bias 
voltages of ±  7  V are summarized in Figure S8b in the Sup-
porting Information, showing a similar decreasing trend with 
ion channel length as mentioned above.

The channel length effect was also investigated by numer-
ical simulations (Section 1, Supporting Information) where 
the channel entrances were modified with charges of a limited 
charge modification length of 5 nm. The results demonstrated 
in Figure S8c in the Supporting Information show that the cur-
rent rectification ratio increases with the channel length when 
the channel is shorter than ≈200 nm, while the ion current rec-
tification ratio decreases with increasing channel length when 
the channel length is longer than ≈200  nm. The increase of 
ion current rectification ratio in the short-channel range can be 
explained by the entrance effects which dominate the current 
rectification behavior in nanopore-based ionic diodes,[59] and 
the decrease of ion current rectification ratio with increasing 
channel length is assumed to be caused by the lower driven 
electric field on an ionic diode with longer ion channels. Gen-
erally, immobile charges decorated on the channel entrances 
repel co-ions effectively with very low leakage current when a 
reverse electric field is applied due to the strong electrostatic 
repulsion forces and the energy barrier; however, when a for-
ward electric field is applied on the ion channel, promotion of 
count-ions at the channel entrances happens and the degree of 
enrichment of count-ions in the ion channel increases with the 
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forward driven electric field. When a constant electric voltage 
is applied on the MWCNT diode, for a shorter ion channel, the 
driven electric field will be higher, thus giving rise to a higher 
degree of ion accumulation in the ion channel and a higher 
current rectification ratio, as shown in Figure 2f and Figure S8c 
in the Supporting Information, which is also consistent with 
numerical simulation results reported in the literature.[59]

The shortest channel studied in the experiments was limited 
to 50 μm. To further investigate the changing trend of the rec-
tification ratio with the ion channel length in the nanometer 
range, we performed numerical simulations of MWCNT ionic 
diodes with ion channels of 5 nm in diameter and 10–500 nm 
in length. As shown in Figure S8c in the Supporting Infor-
mation, the numerical simulation results show that, under 
a critical value of the ion channel length (240  nm under our 
simulation condition), the rectification ratio decreases with 
the ion channel length. This is because the interplay of the 
Debye length and the polarization effect at the nanochannel 
entrances.[14,59] Therefore, for the current design of MWCNT 
ionic diodes, a short ion channel is beneficial for enhancing the 
current rectification effect. However, the current microfabrica-
tion technique limits the shortest length of the MWCNT ion 
channel that can be reliably constructed to be at the micrometer 
level. If the ion channel length is not limited by the device fab-
rication process, one should try to tune the ion channel length 
to this critical value to achieve the maximum rectification ratio 
of the ionic diode.

2.2.2. Effect of Ionic Conditions

The rectification effect of the MWCNT ionic diode is dominated 
by the electrostatic interactions between the charged MWCNT 
terminals and the mobile ions (K+ and Cl−), and the charge 
modification of the MWCNT terminals is mainly affected by 
concentrations of the two polyelectrolytes and pH levels of the 
KCl solutions in the upstream and downstream microchan-
nels of the ionic diode. As a result, three key parameters were 
investigated to further understand the effect of the ionic con-
ditions, including the polyelectrolyte concentration, the ionic 
concentration, and the pH level of the KCl solutions.

To study the effect of the polyelectrolyte concentration on 
the rectification performance of the MWCNT ionic diode, the 
MWCNT nanochannels (length: 100  μm) were modified with 
PDAC on one terminal and PSS on the other terminal of the 
same v/v concentration ranging from 0.002% to 4% in 1 × 10−3 m  
KCl solution (pH7). As shown in Figure  3a, the measured  
I–V curves of ionic diodes with different polyelectrolyte concen-
trations confirm that the electric current of the diode increases 
with the polyelectrolyte concentration, which is caused by the 
stronger interactions between the MWCNT terminals and the 
mobile ions as well as the increasing concentrations of intrinsic 
mobile ions (Cl− for PDAC and Na+ for PSS) in the upstream 
and downstream solutions. Figure  3b summarizes the rectifi-
cation ratios calculated from the I–V curves at ± 5 V, showing 
an increase of the rectification ratio from 1.1 ± 0.2 to 4.7 ± 0.3 

Figure 3. Experimental investigation of effects of working fluid conditions on the ionic diode performance. a,b) The effect of the polyelectrolyte concen-
tration. For each experimentally measured I–V curve, PSS and PDAC were diluted in 1 × 10−3 m KCl solution (pH7) to the same concentration. c,d) The 
effect of the KCl concentration. All KCl solutions (pH7) contained 1% PDAC or 1% PSS. e,f) The effect of pH level of the KCl solutions. The channels 
were filled with 1 × 10−3 m KCl solution containing 1% PDAC or 1% PSS. The orange dashed lines indicate the rectification ratio of 1.
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(n  = 5 for both) with polyelectrolyte concentration increasing 
from 0% to 2%. Obviously, a higher polyelectrolyte concentra-
tion leads to a higher charge density at the MWCNT terminals 
and thus a higher level of ionic flux gating or enhancement at 
the nanochannel entrances. Note it is challenging to experi-
mentally quantify the charge density at the MWCNT terminals. 
However, through numerical simulations, we proved that a 
higher charge density on the MWCNT terminals gives rise to 
a higher rectification ratio of the ionic diode (Figure S9a, Sup-
porting Information), which qualitatively supports the experi-
mental results shown in Figure 3b. However, in real operations 
of the MWCNT ionic diode, the polyelectrolyte concentration 
cannot be adjusted too high because it is hard to infuse highly 
viscous, high-concentration polyelectrolyte solutions into the 
upstream and downstream microchannels by pressure. For 
example, we found that, when injecting the 4% polyelectro-
lyte solutions, it was likely to cause leakage of the nanofluidic 
device under high injection pressure.

The ionotronic devices always need certain amount of 
charge carriers to work properly. During our experiments, KCl 
solutions of 10 × 10−6 m to 1 m containing 1% polyelectrolytes 
were injected into the same device from low to high concen-
trations sequentially, and the I–V curves (Figure  3c) and cor-
responding rectification ratios at ± 5 V (Figure 3d) and ±  7 V 
(Figure S9c, Supporting Information) were measured at dif-
ferent KCl concentrations. From Figure  3c, one can see that 
the ionic current increases with the KCl concentration because 
a higher KCl concentration provides more charge carriers in 
the ionic diode during operation. However, the rectification 
ratio, as shown in Figure 3d, first increases and then decreases 
with the KCl concentration, and the maximum of the rec-
tification ratio occurs at the KCl concentration of 1 × 10−3 m.  
When the KCl concentration reaches as high as 1 m, the 
measured current rectification ratio of the diode reduces to,  
1.7 ± 0.1 (n = 5).

This phenomenon can be explained by the electric 
double layer (EDL) theory[60] and our numerical simulations 
(Figure S9b, Supporting Information). Theoretically, the thick-
ness of EDL is 3–5 times of the Debye length (λD), which can 

be simplified as 3.04
10 (m)D

10λ = × −

z M
 for symmetrical electro-

lyte systems such as KCl solution,[60] where M is the molarity 
of the symmetrical electrolyte solution, and z is the valence 
of the electrolyte. When the KCl concentration is as high as 
1 m, the thickness of EDL near the MWCNT terminals becomes 
extremely thin (λD  ≈ 1 nm), and the immobilized charges on 
the MWCNT terminals are screened. As a result, there are little 
electrostatic gating of the mobile charges at the MWCNT ter-
minals, giving rise to a low simulated charge rectification ratio 
of 1.03 at 1 m KCl in Figure S9b in the Supporting Information. 
This is consistent with the measured rectification ratio demon-
strated in Figure  3d. However, the rectification ratio stops 
increasing at lower KCl concentrations in our experiments, 
which was also observed in conical-shaped ionic diodes.[61] 
This is because the high-concentration polyelectrolytes release 
large amounts of Cl− (from PDAC) and Na+ (from PSS) to the 
solutions, giving rise to higher ionic strengths of the working 
solutions and thus thinner EDLs and weaker gating effect at 
the channel entrances.

The effect of pH level of the KCl solutions on the diode rec-
tification performance has been investigated extensively on var-
ious designs,[38,62–68] such as conical nanopores[62,63] and straight 
nanochannels[64,66] with bipolar or unipolar charge modifications. 
For our new design of the MWCNT ionic diode, we adjusted the 
pH level of the KCl solutions (1 × 10−3 m KCl with 1% polyelectro-
lytes) in the range of 3–12, and measured the I–V curves of the 
ionic diodes at different pH levels. As shown in Figure 3e, the 
ionic current increases with the pH level, which was similar to 
the results reported for other ionic diode platforms.[63–65] The rec-
tification ratio data shown in Figure 3f and Figure S9d in the Sup-
porting Information reveal that the rectification effect of the 
MWCNT ionic diode reaches its maximum in the pH range of 
6–8, and both strong acidic and strong basic environments cause 
significant reduction of the rectification ratio. This observation is 
in agreement with previously reported data.[61] When polyelectro-
lytes are dissolved in water, expanded conformation of molecule 
chains occurs due to electrostatic repulsion between neighboring 
charged molecule chains and side groups.[69] The expanded 
conformation of charged molecule chains at the MWCNT 
nanochannel terminals is favorable to the gating of co-ions and 
promotion of counter-ions through nanochannels. However, 
when the solution pH level is too high or too low, the additional 
H+ and OH− ions screen the charged groups on the MWCNT 
terminals and reduce the repulsion forces between the confor-
mational chains;[69] consequently, the gating or promotion of the 
ion transport through the nanochannels is significantly weak-
ened and the rectification ratio is greatly reduced (as shown in 
Figure 3f and Figure S9d, Supporting Information). Based on the 
above results, one can conclude that for operating the MWCNT 
ionic diode, the working fluids should have a proper ionic con-
centration around 1 × 10−3 m and a neutral pH value.

2.3. Demonstration of MWCNT Ionic Electronic Circuits

After fully characterizing the rectification performance of the 
single MWCNT ionic diodes, we took advantage of the pro-
posed microfabrication process for chip-scale integration of 
multiple MWCNT diodes to demonstrate monolithic ionic cir-
cuits such as ionic logic gates, rectifiers, and IBJT.

2.3.1. MWCNT Ionic Logic Circuits

Several logic gates have been demonstrated based on ionic 
diodes;[10–12,70] however, these logic gate circuits are real-
ized by connecting individual ionic diodes created on sepa-
rate chips.[11,12,70] Even though some efforts have been spent 
on integrating multiple ionic diodes on the same microflu-
idic chip for logic computing,[10] there are still few examples 
of real-time logic processing demonstrated on such devices. 
Figure  4a illustrates the design of an “AND” gate based on 
two back-to-back connected MWCNT ionic diodes (NPN con-
nection) formed by the configuration of PDAC–PSS–PDAC, in 
which the P and N terminals of the MWCNTs were modified 
with 1 × 10−3 m KCl solution of pH7 containing 1% polyelec-
trolytes, respectively. The AND gate was powered by a constant 
Vcc of 5  V applied through two resistors connected in series: 
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R1 = 500 MΩ and R2 = 5 GΩ. The two input voltage signals VA 
and VB were applied on the two N terminals of the gate, and 
the voltage on the P terminal Vout served as the output signal of 
the gate. Figure S10a in the Supporting Information shows the 
picture of the ionic AND gate device. Figure 4b shows the truth 
table of the “AND” gate, where the light green background and 
the bracketed binary number “1” stand for the “high” status of 
the input/output signal, and the light purple background and 
the bracketed binary number “0” stand for the “low” status, 
while the values in the truth table give the analog values of the 
input (VA and VB) and output (Vout) voltages. Obviously, only 
in the first case, two “high” input signals (5 V) give the “high” 
output voltage (4.87 V). All the other three cases give “low” out-
puts of ≤1.15 V. The input and output signals of the AND gate 
were experimentally measured, as shown in Figure  4c, where 
the regions with light green background indicate the output 
at the “high” status. Note that there are small peaks and drifts  
at the “low” status, which are attributed to the I–V characteristic 
inconsistency between the two PN junctions and the charging 
and discharging-caused delays of the PN junctions. The input/
output data in Figure  4c confirm that the ionic “AND” gate 
works properly and is more stable than the one made from 
nanomembrane-based ionic diodes reported recently.[71]

Similarly, an ionic “OR” gate was integrated based on a 
PNP connection of two MWCNT ionic diodes (Figure  4d and 
Figure S10b, Supporting Information), where VA and VB 
are input signals and Vout is the output signal. Note that the 

configuration of PNP connection can be obtained by simply 
changing the polarities of the above mentioned NPN connec-
tion via replacing the polyelectrolyte solutions in the microchan-
nels with opposite charged polyelectrolyte to the configuration 
of PSS–PDAC–PSS. Figure 4e summarizes the measured truth 
table, suggesting a clear “OR” operation. Figure  4f shows the 
measured input/output voltage curves. Again, the small varia-
tions of the output voltage in its “high” status were caused by 
the slight inconsistency of the two PN junctions. We believe 
that the performance of these integrated ionic logic gates can 
be further improved by optimizing the characteristic consist-
ency of the MWCNT ionic diodes in the same gate.

2.3.2. MWCNT Ionic Rectifier

Rectifiers are usually applied to convert AC signals to DC sig-
nals. A typical full-wave rectifier is usually constructed based 
on a four-diode bridge circuit, and the four-diode configura-
tion ensures that the output current goes only in one direction 
regardless the polarity of the input signal. Inspired by the 
conventional rectifier, an ionic rectifier circuit consisting of 
four MWCNT ionic diodes was designed and integrated on a 
single MWCNT nanofluidic chip. The four MWCNT diodes 
were fabricated from the same bundle of MWCNTs, as shown 
in Figure  5a. The terminals of the MWCNT channels were 
modified with PDAC or PSS solutions alternatingly through 

Figure 4. Demonstration of monolithic ionic logic gates (“AND” and “OR”) integrating two MWCNT ionic diodes. a) Schematic of an “AND” gate 
fabricated by two NPN-connected MWCNT ionic diodes. The resistors R1 and R2 are 500 MΩ and 5 GΩ, respectively. b) Truth table and c) experimental 
data of the input and output signals of the “AND” gate. d) Schematic of an “OR” gate fabricated by two PNP-connected MWCNT ionic diodes, where 
R1 is 5 GΩ. e) Truth table and f) experimental data of the input and output signals of the “OR” logic gate.

Adv. Funct. Mater. 2020, 30, 2003177



www.afm-journal.dewww.advancedsciencenews.com

2003177 (10 of 14) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

six microchannels to achieve the configuration of four diodes  
D1–D4. The corresponding schematic diagram of the rectifier 
circuit is shown in Figure 5b. Input signals were applied to the 
ionic rectifier through terminals A and B, and output signals 
were acquired through terminals P and Q. An optical image of 
the four ionic diodes fabricated on a silicon substrate is shown 
in Figure  5c, and photographs of the packaged nanofluidic 
device are shown in Figure S11a,b in the Supporting Informa-
tion. The six working microchannels (50 μm wide and 60 μm 
high) were filled with 1 × 10−3 m KCl solutions (pH7), con-
taining 1% polyelectrolytes, while the middle channel was left 
vacant as a spacer to prevent intermingling of solutions from 
the neighboring microchannels designed for D2 and D3. The 
characterization of the ionic rectifier was conducted by applying 
a square-wave voltage to terminals A and B using a function 
generator and measuring the output current from terminals P 
and Q using a source meter, and all the electrical terminals were 
connected through Pt wires inserted into the corresponding 
microchannel reservoirs (Figure S11c, Supporting Information).

Figure 5e shows the experimental results of rectifying 0.1 Hz 
square wave with an amplitude of 5 V by a MWCNT ionic rec-
tifier, and the real-time rectification process was recorded in 
Movie S1 in the Supporting Information. One can see that the 
output current remains relatively constant at a positive average 
value regardless of the polarity of the input voltage, showing a 
typical full-bridge rectifier characteristic. However, it should be 
mentioned that the rectified output current is at 0.1 nA level 
without any electrical load connected, which is because of the 
GΩ-level resistance of each ionic diode and the bias voltage 
of ±  5  V. The high internal resistance of the ionic diode is 
caused by the high aspect ratio (≈70 μm/5 nm = 14000) of each 
MWCNT nanochannel and the limited number of ionic nano-
channels in each diode. The resistance of each ionic diode can 

be significantly lowered by reducing the length and increasing 
the number of the MWCNT nanochannels arranged in par-
allel. In addition, based on our testing results of the diode’s 
frequency response (Figure 2b,c and Figure S6b–f, Supporting 
Information), the MWCNT ionic diode works more efficiently 
at lower frequencies because the mobile ions cannot response 
to the high-frequency alternations of the electric field.[26] Conse-
quently, the MWCNT ionic rectifier presented here is only suit-
able for low-frequency applications.

The performance consistency of different NWCNT ionic 
diodes is also essential to the proper operation of the ionic 
rectifier, which is mostly affected by diode-to-diode variations 
of the MWCNT morphology and terminal charge modifica-
tion. As a result, in order to take full use of the proposed ionic 
rectifier, one has to pay attention to the following measures: 
i) shortening the length of MWCNT channels, ii) improving 
the uniformity of the MWCNT morphology, and iii) optimizing 
the charge modification process of the MWCNT terminals. Our 
approach of fabricating all the four ionic diodes from the same 
bundle of MWCNTs could significantly improve the MWCNT 
morphology uniformity of the diodes.

2.3.3. Demonstration of MWCNT IBJT

A traditional bipolar junction transistor is generally made up 
of two PN junctions and three terminals in which the current 
between two terminals can be modulated by the third one. 
Based on the polarity of the two PN junctions, PNP or NPN 
transistors are expected. Inspired by this configuration, an 
IBJT with two back-to-back ionic diodes was designed and cre-
ated on a nanofluidic device. The top schematic in Figure  6a 
illustrates the layout of an NPN-type IBJT constructed from 

Figure 5. Demonstration of a monolithic MWCNT ionic rectifier. a) Schematic of an ionic rectifier integrating four MWCNT ionic diodes fabricated from 
the same buddle of long MWCNTs. b) Equivalent electric circuit of the MWCNT ionic rectifier. c) An optical image of the ionic rectifier. d) Rectification 
of 0.1 Hz square wave by the MWCNT ionic rectifier.
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the same buddle of MWCNTs, with its three terminals, C (Col-
lector), B (Base) and E (Emitter) modified with polyelectrolytes. 
The bottom image in Figure 6a shows the configuration of the 
NPN-type IBJT. The experimental setup and an SEM image 
of the device can be found in Figure S12a,b in the Supporting 
Information. During our experiments, the microchannels were 
filled with 1 × 10−3 m KCl solution (pH7) containing 1% PDAC 
or PSS polyelectrolytes in the sequence of PDAC–PSS–PDAC 
to achieve the NPN configuration. Note that reconfiguration of 
a PNP-type IBJT can be obtained, if needed, by simply changing 
the polarities of PN junctions via replacing the polyelectrolyte 
solutions in the microchannels as mentioned above.

Figure  6b demonstrates I–V curves of both PN junctions 
between terminals B, C and terminals B, E of the NPN-type 
IBJT in the scanning range of −8 to 8  V, denoted by Ibc and 
Ibe. Apparently, both PN junctions work with proper rectifica-
tion operations. The slightly discrepancy between the two I–V 
curves is assumed to be caused by the inconsistency of the 
two PN junctions in terms of total number of MWCNTs and 
charge modification on the MWCNT terminals et al. Figure 6c 
demonstrates an I–V curve between terminals C and E, Ice, 
with doubled scanning range between −16 and 16  V, showing 
no apparent “ON” and “OFF” status. The slightly leakage cur-
rent around 20 nA at ±  16  V applied voltages is caused by 
the failure of fully turning off one of the PN junctions at the 

reverse bias; however, the leakage current is much smaller than 
the “ON” status currents through terminals B, C and terminals 
B, E under the condition of 8 V forward applied bias which are 
around 150 nA, as shown in Figure 6b,c. The three I–V curves 
indicate that the two PN junctions in the NPN configuration 
operate normally.

As mentioned above, for an IBJT, the “ON” and “OFF” 
status between every two terminals are expected to be modu-
lated by the third one.[52] Figure 6d illustrates the experimental 
results of an ionic switch developed based on the NPN-type 
IBJT in which the top-left inset shows the equivalent electric 
circuit. An electric current Ib is injected to terminal B, and the 
current flow can be directed to terminal C or E by adjusting 
the electric potential on terminal C, Vc. Based on the ampli-
tude and polarity of Vc, there are three cases as shown in the 
bottom insets in Figure  6d. For example, in regime 1) when 
a high positive bias Vc is applied on terminal C, the current 
through terminals C and E, Ic, is extremely low regardless of 
the injection current to terminal B, Ib. Based on the Kirch-
hoff’s current law, Ib = Ic+ Ie, one can get that ionic current is 
essentially directed to terminal E, as a result, at regime 1), the 
nanofluidic junction between terminals B and E is “ON” while 
the ion channel between terminals B and C is “OFF”. How-
ever, in regime 3) when a high negative voltage Vc is applied 
on terminal C, ionic current from terminal B is directed to 

Figure 6. Demonstration of a monolithic MWCNT IBJT. a) Schematic (top) and optical image (bottom) of a NPN-type IBJT fabricated from the same 
buddle of MWCNTs. I–V characteristics of a MWCNT IBJT measured across terminals: b) BC and BE and c) CE. d) Diagram and testing results of an 
ionic switch circuit based on an IBJT working with 1 × 10−3 m KCl solution (pH7) containing 1% PDAC or PSS. The top-left diagram shows the ionic 
switch circuit and the three bottom insets illustrate three working conditions of the ionic switch.
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terminal C, Ic is almost identical to the injection current Ib. 
Consequently, the ion channel between terminals B and E is 
“OFF” and the ion channel between terminals B and C is “ON” 
based on the Kirchhoff’s current law. Interestingly, in regime 
2), the injection current from terminal B flows to both ter-
minals E and C. In this transition regime, the proportion of 
the ionic current flow to terminal E or C can be modulated by 
Vc. Similarly, when a fixed electric bias Vc is applied between 
terminals C and E, the current through terminal C, Ic, can also 
be modulated by adjusting the bias on terminal B, as demon-
strated in Figure S12c in the Supporting Information. As 
a result, the IBJT system can serve as a single-pole, double-
throw ionic switch for regulation of ion transport. However, it 
is hard to create an ionic amplifier based on the IBJT because 
the base region is too large and the mobility of charge carriers 
(cations and anions) is too low.[52] The operation of “ON” or 
“OFF” status of the ionic switch or desirable ion transport 
through ion channels tuned by the applied bias on the device 
terminals is potential for developing more advanced ionotronic 
systems such as for ion delivery.

3. Conclusions

In summary, this paper reports the design and circuit appli-
cations of a novel ionic diode developed on polyelectrolyte-
brushed horizontally aligned MWCNTs, where ion transport 
through MWCNT channels was effectively regulated by 
oppositely charged polyelectrolytes brushed on the channel 
terminals. The working parameters of MWCNT ionic diode 
were systematically investigated by evaluating the ionic 
current rectification ratio. We showed that the current rec-
tification ratio increased with concentration of polyelectro-
lytes, and MWCNT ionic diode worked properly with ionic 
concentration around 1 × 10−3 m of neutral pH condition. 
Reconfiguration of the polarity of MWCNT ionic diode can 
be achieved by reversely modifying the MWCNT terminals 
with oppositely charged polyelectrolytes. Through numerical 
simulations and experimental testing, we also revealed that 
the performance of MWCNT ionic systems can be optimized 
by shortening the length of MWCNT ion channels. Due to 
the intrinsic properties of ionic charge carriers, MWCNT 
ionic diodes can only operate properly at low frequency 
range. Enabled by the new batch fabrication process, mul-
tiple MWCNT ionic diodes can be integrated on a single 
nanofluidic chip to realize integrated ionotronic systems. We 
demonstrated the integration of ionic logic gates, ionic rec-
tifiers and IBJT on single nanofluidic devices, which high-
lights the promise of our MWCNT ionic diode design for 
constructing monolithic ionotronic systems with many diode 
and transistor components. The development of the MWCNT 
nanofluidic devices may also provide powerful platforms for 
fundamental research of electrokinetic transport behavior in 
nanochannels and functionalities of 1D carbon materials. We 
believe that the proposed MWCNT ionotronic systems may 
open a new paradigm to a wide range of new applications, 
such as mimicking ionic related biological systems, control-
ling delivery of ionic species, and developing advanced iono-
tronic intelligent devices.

4. Experimental Section

Synthesis and Characterization of MWCNTs: Vertically aligned MWCNT 
forests (Figure 1c) were synthesized on Si/SiO2 substrates by CVD.[72,73] 
An iron (Fe) layer (≈4 nm thick) was deposited on the wafers by electron-
beam evaporation (inset of Figure S2h in the Supporting Information) 
to work as the catalyst. Patterning of the Fe catalyst film was carried out 
by standard photolithography followed by lift-off (see Section 2 in the 
Supporting Information for the details). Vertically aligned MWCNTs were 
grown on the catalyst by using the CVD method at a temperature of 
725 °C. During the synthesis, ethylene together with argon and hydrogen 
(70:70:70 sccm) were mixed in a furnace tube (25  mm in diameter, 
Lindberg) to supply the carbon source. The in-plane length and width 
of the MWCNT forest patterns were defined by the size of the Fe film 
patterns and the height of the MWCNTs was controlled by the growth 
time between 30–60 min, and MWCNTs from 500 μm to 1 mm in length 
were used in this study. The diameter of the MWCNTs was characterized 
by TEM (Figure S2h,i, Supporting Information), showing the MWCNTs 
contain 10–15 layers with a smooth inner diameter of around 5 nm, as 
shown in Figure S2i in the Supporting Information. The distribution of 
the inner diameter of MWCNTs was obtained by measuring the MWCNT 
array at different locations (n = 54) by TEM and fitted by a Gaussian curve. 
The quality of MWCNTs was also examined by Raman spectroscopy, 
showing clear D-band, G-band, and 2D-band peaking at 1350, 1583, and 
2678 cm−1, respectively (Figure S2j, Supporting Information). MWCNT 
terminals after mechanical avulsion were observed by SEM. The samples 
were prepared by cutting Si-based nanofluidic chip with a diamond 
tip. Figure S2e in the Supporting Information shows an example of 
the sample where the red arrow indicates the SEM scanning area. The 
cross-section of the MWCNTs after avulsion is shown in Figure S2f in 
the Supporting Information, and a zoomed-in view is demonstrated in 
Figure S2g in the Supporting Information.

Fabrication of MWCNT Nanofluidic Chips: The nanofluidic chip 
was composed of two layers, the top layer was a thick layer of PDMS 
(≈2.5  mm) prepared by curing a mixture of curing reagent and 
polymer base (1:10) in an oven at 80 °C for 2 h followed by punching 
channel reservoirs. The bottom layer with MWCNT channels was 
fabricated by following the working procedure reported in the 
reference[21] as well demonstrated in Figure  1f and Figure S2a–d in 
the Supporting Information. Briefly, a thin layer of SU8 photoresist 
(5  μm) was spin coated on a Si wafer with an oxidized insulation 
layer (300  nm SiO2). Thereafter, a bundle of horizontally aligned 
MWCNTs (Figure S2a, Supporting Information) exfoliated from a 
MWCNT forest was transferred on the photoresist-coated wafer, 
followed by spin coating another layer of thick photoresist (50  μm) 
to embed the MWCNTs (Figure  1f–I). A photolithography protocol 
including UV exposure (Figure S2b, Supporting Information and 
Figure 1f–II) and wet development (Figure S2c, Supporting Information 
and Figure  1f–III) was applied to pattern microchannels on the 
photoresist layer in which the MWCNTs bridge the microchannels. 
Residual MWCNTs in the microchannels were removed by mechanical 
avulsion with the aid of PDMS casting, as illustrated in Figure  1f–IV.  
Figure  1g and Figure S2d,m in the Supporting Information show 
examples of chips after avulsion of MWCNTs. The mechanical avulsion 
method was proved more effective than the conventionally used oxygen 
plasma etching method (Figure S2k–m, Supporting Information). The 
bottom layer with perfect trimmed MWCNT openings (Figure S2f, 
Supporting Information) and the top PDMS cover punched with channel 
reservoirs were bonded together by oxygen plasma activation (30 s) 
followed by heating at 85 °C for 30 min to enhance the bonding force 
(Figure  1f–V). The nanofluidic chip was sandwiched by two pieces 
of 5  mm thick PMMA slabs cut with channel wells and squeezed by 
bolts and nuts to avoid any potential leakage. Working solutions were 
loaded into microchannels followed by incubation at room temperature 
for 30  min to allow fully absorption of polycations and polyanions on 
the MWCNT terminals. To verify the absorption of polyelectrolyte on 
MWCNTs, energy-dispersive X-ray spectroscopy (EDX) was applied to 
detect the elements of polyelectrolyte-modified MWCNTs after washing 
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by DI water. The results indicate that absorption of polyelectrolytes 
on MWCNTs was hard to be completely removed by simple washing 
(Figure S3, Supporting Information), which coincides with the wash 
cycle test conducted on an ionic diode (Figure S5a, Supporting 
Information).

Chemical Reagents and Instruments: KCl solution was prepared 
by dissolving KCl powder (Fisher Scientific) into DI water. Original 
PDAC (Mw ≈ 400 000, 20 wt% in water, Sigma Aldrich) solution and 
PSS (Mw ≈ 7 000 000, 30 wt% in water, Sigma Aldrich) solution were 
diluted in KCl solutions before modification of MWCNTs. PDMS 
precursor (Sylgard 184) was prepared by mixing PDMS base with 
curing agent (w/w ratio: 10:1). Photomasks for photolithography were 
designed by AutoCAD and printed at a resolution of 5 μm (CAD/Art 
Services, Inc.). Nanofluidic chips were fabricated on Silicon wafers 
(University Wafer) thermally oxidized with 300  nm SiO2 insulation 
layers (Bruce Technologies Oxidation Furnace). SU-8 2005, SU-8 2075 
photoresists (MicroChem), and SU-8 developer were applied in the 
photolithography protocols. Plasma (Harrick plasma, PDC-32G) and 
corona treatment (Corona SB, SoftLithoBox) were used in the chip 
activation and bonding process. Oxygen plasma etching of MWCNTs 
was conducted by plasma asher (TePla Technics 100-E). Bundles of 
MWCNTs were isolated from MWCNT forests by scotch tape (3M) 
and characterized by optical microscopy (Motic, BA 310) installed 
with CCD camera (Optixcam, Summit K2), AFM (Hitachi, 5100N), 
SEM (Hitachi-SU3500, JEOL-6610LV and FEI Quanta FEG 250) and 
high-resolution transmission electron microscopy (HR-TEM, JEOL 
JEM-2010) as well as Raman spectroscopy (Horiba Jobin Yvon 
LabRam 800hR spectrometer with a synapse CCD detector). MWCNTs 
modified with polyelectrolytes were characterized by EDX (Oxford 
Instruments). Source meters (Keithley 6202, Keysight B2902A) and 
function generators (Agilent, 33220A) were applied for nanofluidic 
chips characterization through Pt electrodes (Sigma-Aldrich). A 
homemade Faraday case and shielding cables were applied during 
the experiments to minimize the surrounding noises. PDA Tubing 
(1/16” OD), microvalves (IDEX Health & Science) and laser cuter 
(Universal Laser Systems) patterned PMMA boards (McMaster-Carr) 
were applied to assemble the final devices. Numerical simulation 
of ionic diodes was conducted by Finite Element Analysis (FEA) 
on Comsol 5.3, as demonstrated in Section 1 in the Supporting 
Information.

Experimental Data Acquisition and Processing: Nanofluidic chips 
were initially filled with DI water containing 5% ethanol for 10  min 
to fully wet the MWCNT channels and remove chemical residuals 
in the microchannels. The pristine solution was replaced by 
polyelectrolyte solutions via syringe pumps thereafter. Before each 
test, the microchannels were flushed with 200 μL fresh polyelectrolyte 
solutions to remove the residual solutions from the previous round 
testing for at least five times to reset the nanofluidic system. The chips 
never dried during the whole testing period to avoid failure of refilling 
and sedimentation of polyelectrolytes in the microchannels due to 
the evaporation of water. Electrical properties of ionic diodes, ionic 
rectifiers, and gate logic circuits were characterized by source meters 
and function generators. For I–V curve measurement, repeatedly 
bidirectional scanning (Figure S4a, Supporting Information) at 
100 mV s−1 was conducted through all the experiments. However, due 
to the intrinsic slow response properties of ion transport in aqueous 
solutions,[52] there was a slight noncoincidence between the forward 
scanning and reverse scanning trajectories, as shown in Figure S4a in 
the Supporting Information, and a slight variation in the rectification 
ratio at different scanning speed (Figure S4b,c, Supporting 
Information). To minimize errors triggered by the scanning speed, 
the scanning speed was kept consistent at 100  mV s−1 through all 
the testing. To study the working fluid effects on the performance of 
chips, electrolyte solutions in the microchannels changed gradually 
from low concentration to high concentration or low pH value to high 
pH value gradually. All the experiments were repeated on the same 
chip for at least three times and on different chips to assure the 
reproducibility of results at room temperature around 23 °C.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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