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Asymmetric heterojunctions between size
different 2D flakes intensify the ionic diode
behaviour†

He Ma,a Xiaoheng Jin,b Yun-Zhe Du,a Ling-Yu Dong,a Xu Hu,a Wen-Cui Li, a

Dongqi Wang,a Rakesh Joshi, b Guang-Ping Hao *a and An-Hui Lu a

Here we report on the facile formation of asymmetric heterojunctions

between laterally size different 2D flakes, which leads to a prominent

gradient in charge distribution at the nanocontact interface and

triggers ionic diode-like transport behaviour with a rectification ratio

of 110.

As an essential biological activity, asymmetric ionic transport
modulates electric signals in the sensory system.1 Mimicking such
asymmetric transport has inspired extensive studies for ionic
gating, water purification, and ionic exchange membranes.2,3 Thus,
the design of bionic devices with selective ionic transport capability
using synthetic materials has attracted enormous effort.4

To date, asymmetric ionic transport has been observed on
various materials including silica, polymers, nanopipettes,
porous anodic aluminium oxide etc.5,6 In principle, similar to
the electronic rectification of diodes, directional ionic transport
leads to the typical ionic current rectification (ICR).7 In general,
asymmetric ionic transport can be achieved by creating asym-
metric geometries or asymmetric surface charge distribution of
a nanofluidic device.8 The main regulation is reducing the
width of transport channels to the Debye length of the
electrolyte.9 However, the main drawback in the fabrication of
asymmetric geometrical structures is tedious multi-step pro-
cesses, and the rectification performances of the nanofluidic
diodes remain to be enhanced.10,11

Alternatively, creation of asymmetric charge distribution would
be an appealing route, which can be obtained by facile decoration
of charged chemical groups on a nanopore’s surface.12,13 For
example, Peng et al. introduced oppositely charged polyelectro-
lytes on the nanochannel entrances, achieving rectification

behaviours.14 With the rapid development of two-dimensional
(2D) materials, new advances are directed to the field of bionic
laminar nanofluidic devices.15 In particular, 2D materials are
increasingly proved to be promising platforms because of their
rich edge sites and highly processible laminated structures.16,17

Most of the available asymmetric 2D nanofluidic systems are
composed of different kinds of 2D materials. For example, the ICR
effect can be found in MoS2/WSe2 bi-layer heterostructures or
1D/2D heterojunction membranes.18,19 However, transport beha-
viours in a single type of 2D material are rarely reported.

Herein, we propose a facile and effective method to achieve
remarkably enhanced rectification behaviours by creating
asymmetric membranes as exemplified with graphene oxide
(GO) laminates with various flake sizes. We further conducted
cation intercalation to hold up the rigid nanochannel and
increased the asymmetric distribution of the surface charges.
By doing so, the rectification ratio of the stable asymmetric GO
membranes was further increased to a value of 110, which
outperformed a large portion of previously reported GO-based
membranes.

The preparation of GO flakes with different lateral sizes was
achieved following a known procedure, in which ultrasonic
exfoliation and subsequent stepwise centrifugation were
involved.20 The scanning electron microscopy (SEM) observa-
tions revealed that the average size of large GO (L-GO) and
small GO flakes (S-GO) is around 5 and 2 mm, respectively
(Fig. 1a–c). The asymmetric GO membranes (asy-GOM) were
fabricated by sequential filtration of the L-GO and S-GO col-
loids on a Nylon filter (Fig. 1d). For comparison, we also
filtrated the colloid solution of L-GO, S-GO and their mixture,
obtaining the control samples denoted L-GOM, S-GOM and
mix-GOM, respectively. All the obtained membranes are inte-
grated and homogeneous in appearance (Fig. 1e, Fig. S1, ESI†).
The asy-GOM displayed a clear boundary region between
L-GOM and S-GOM in visibly different colours (Fig. 1e). We
further inspected its cross section of the boundary line by SEM,
which showed the laminar microstructure composed of
large and small flake stacks with different densities of edges
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(Fig. S2, ESI†). The X-ray diffraction (XRD) patterns indicated
the same interlayer spacing of 0.8 nm for laminates at different
regions in asy-GOM as evidenced by the signal at 2y of around
101 (Fig. S3a, ESI†), which is also identical for the symmetric
GO laminates (Fig. S3b, ESI†).

Next, we investigated the ionic transport behaviours of these
membranes. The test device was fabricated by top-sealing a
polydimethylsiloxane (PDMS) layer on a strip of the membrane
(5 � 5 mm2), exposing the two ends of a membrane strip to
electrolytes (Fig. 1e bottom, Fig. 1f inset). Subsequently, the
current–voltage (I–V) scan was conducted in the bias voltage
range from �0.1 V to +0.1 V (Fig. 1f). In the negative voltage
direction, i.e., �0.1 V to 0 V, the corresponding current is close
to zero; beyond 0 V, the current increased rapidly (Fig. 1f),
indicating a typical rectification behaviour. The asymmetric
ionic transport is essentially stemmed from the different local
concentration of mobile protons within the membrane under
positive and negative voltage.21 For asy-GOM, the higher den-
sity of edge sites in the S-GOM side warrants a higher capacity
of the proton reservoir than that of the L-GOM side (Fig. S4a,
ESI†). Thus, in asy-GOM, the concentration gradient for the
trapped protons between the S-GOM and L-GOM leads to the
formation of more evident charge-selective interfaces, which is
similar to the reported concentration polarization-induced
nonlinear electrokinetics in porous media.22

To quantify the ICR performance, we determined the recti-
fication ratio that is defined as absolute ratio of positive to
negative current (i+/i�) at +0.1 V and �0.1 V, respectively.
Clearly, the asy-GOM showed more intensified rectification

performance as compared to the symmetric GOM, with the
rectification ratio being 3.1 times, 3.7 times and 3.7 times
higher than that of S-GOM, L-GOM, and mix-GOM, respectively
(Fig. 1g, Fig. S4b–d, ESI†). The rectification behaviour was also
found to be dependent on the electrolyte concentrations
(Fig. S5, ESI†), and reached the optimized ICR ratio of
22 at 10�4 M HCl (Fig. S6a, ESI†). Notably, we found non-zero
I–V curves featured with transition points (Fig. S6b, ESI† inset),
which are dependent on the proton concentrations. By correlat-
ing the proton concentrations with the currents at the transi-
tion points and the surface charge properties, we found that the
shifting trend from the origin point is linked to the surface
charge gradient (Fig. S6b–d, ESI†). This observation is consis-
tent with the available report.23 Although the asymmetric GOM
structure showed intriguing rectification behaviour, it suffered
from serious swelling issues in aqueous electrolyte, and col-
lapsed in 10 to 12 hours (Fig. 2a), which is consistent with
previous findings.24 Consequently, the degradation of the
membrane integrity led to a rapid reduction of rectification
performance (Fig. S7, ESI†). For clarity, we used the first cycle
I–V data for the above presentation to keep the consistency and
reproductivity of the results.

In the following, we explored methods to address the
instability issue while keeping the rectification performance.
The previous reports indicated that metal cations can be
electrostatically adsorbed on the negatively charged polar sites
of GO, or interacted with the graphitic basal planes via the
cation–p interaction.25,26 Motivated by these concepts, we
modified the GO flakes with KCl to hold up the interlayer

Fig. 1 Fabrication and characterization. (a, b) SEM images and (c) the flake size distribution for S-GO and L-GO. (d) Schematic illustration of the
sequential filtration for the fabrication of asy-GOM. (e) The photos of the membrane of mix-GOM and asy-GOM as well as the nanofluidic device.
(f) Typical I–V curve of the asy-GOM in 10�4 M HCl electrolyte, inset: test sketch for the nanofluidic device. (g) The comparison of the rectification ratio of
the asy-GOM with the control samples in 10�4 M HCl electrolyte. Error bars indicate the standard deviations.
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channels (Fig. 2b inset). By doing so, the laminated structure
showed significantly improved stability, which remained com-
pact and integrated even in fully wet acidic conditions for
120 hours (Fig. 2a bottom).

Following the same procedure as that of asy-GOM, we
analysed the transport behaviour of the modified GOM (asy-
mod-GOM). Notably, we used KCl with varied concentrations
for the modification of the S-GO part (0.1 M) and L-GO part
(1 M), aiming for an optimized rectification performance. The
multiple I–V curves for asy-mod-GOM indicated an ideal recti-
fication behavior (Fig. 2b), which clearly outperformed that on
asy-GOM under the same conditions (Fig. S7, ESI†). Meanwhile,
benefiting from the improved stability, the rectification perfor-
mance was simultaneously enhanced (Fig. 2c), which resulted
in a high rectification ratio as high as 110. This value out-
performed many available GO-based rectification devices
(Fig. 2d).12,22,27–29

To interpret such changes, we first estimated the difference
of surface charge density (Ds) based on the Gouy–Chapman
equation by testing the Zeta potential, z.30 The Ds directly
revealed the membrane’s heterogenous surface charge distri-
bution. The Ds for asy-mod-GOM was found to be consistently
5% higher than that of asy-GOM (Fig. 2e). This mainly stemmed

from the different amount of K+ decoration on the S-GO and
L-GO area, which led to the varied extent of neutralization of
negative surface charges, and further maximized the surface
charge gradient. We also compared the ionic transport beha-
viours in KCl electrolyte (Fig. S8, ESI†). The rectification ratio
(23) is lower than that in HCl electrolyte (110), since the K+

diffusion is intrinsically much slower than that of protons
under the same conditions. We also studied the effect of
voltage ranges and scan rates on the ICR (Table S1, ESI†).
The rectification ratio increases on broadening the scan ranges
(Fig. 2f, Fig. S9, ESI†), owing to the capability to drive more
protons into the nanochannel at a higher voltage.21,31 As the
scan rate increased, a clear transition from a strongly rectifying
response to a nearly ohmic I–V response was observed (Fig. S10,
ESI†) due to the too short time for the trapped protons to
respond.31–33

We then further moved to uncover the origin of the hetero-
genous surface charge distribution that intensified the rectifi-
cation behaviour by multiple characterizations. We first
assessed the surface charge density (s) by z, which revealed
that the s for S-GO (�53.1 mV) is 1.2 times higher than that of
L-GO (�43.3 mV) (Fig. 3a). Next, we analysed the content of
accessible functional groups as well as their chemical states by
X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR). Based on the survey spectra
(Fig. S11, ESI†), we found that the atomic ratio of O/C on
S-GOM (0.46) is increased by 20% as compared to L-GOM
(0.38), indicating the higher density of O-containing edge sites
for S-GOM. The C1 s spectra and FTIR results confirmed that
the O species are mainly in the form of CQO, and C–O bonds
(Fig. 3b, Fig. S12, ESI†). Next, we compared their water vapour
adsorption behaviours, which could reflect the content of
O-containing polar sites. The clearly higher water uptake on
S-GO than that of L-GO (5 wt%) (Fig. 3c) also indicated the
richer edge sites for small GO flakes,34 which coincides with the
water contact angle results (Fig. 3d).

We further analysed the difference in surface charge density by
measuring proton conductivity and activation energy (Ea). We
found that S-GOM exhibited higher proton conductivity at all
applied HCl concentrations (Fig. 3e). The high conductivity for
S-GOM originated from the existence of the higher flux of protons
along the proton transport path. This result is consistent with the
previous findings that the abundant hydroxyl functional groups
were found to benefit the formation of a continuous pathway by
connecting the small GO fragments.35,36 The proton mobilization
in GOM not only follows the in-plane path but also the interlayer
nanopores.36 Because of the more interlayer nanopores in S-GOM,
the more transport pathways lead to a higher flux of protons.
Then, by measuring their conductivity at various termperatures
for the S-GOM and L-GOM (Fig. S13, ESI†), their Ea was deter-
mined to be 0.32 and 0.21 eV, respectively (Fig. 3f). This indicates
that the interlayer proton transport should be through a reformed
hydrogen bonding, which is different from the in-plane proton
transport that is more evident in L-GOM.37,38

In summary, we reported an extremely straightforward
method to create asymmetric heterojunctions, which resulted

Fig. 2 (a) The digital record of changes in HCl solution for asy-GOM and
asy-mod-GOM. (b) The multiple I–V curves of asy-mod-GOM in 10�4 M HCl,
inset: illustration of K+ insertion. (c) The comparison of the rectification ratio
for 3 cycles for asy-GOM and asy-mod-GOM. (d) The comparison of the
rectification ratio with that reported in literatures. (e) The comparison of the
surface charge density difference, Ds and Zeta potential, for the large and
small flake area in asy-mod-GOM. (f) The comparison of the rectification ratio
in different scan ranges.
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in impressive rectification performance. The performance of
the rectification can be further enhanced by inserting the
cations that increased the asymmetric distribution of surface
charges. This represents a new model to understand the role
of the asymmetric cation–anion ratio at the nano-contacting
interfaces, which might inspire other transport devices or
structures for targeted applications.

This work was financed by the National Natural Science
Foundation of China (NSFC 21975037), the Liao Ning Revitali-
zation Talents Program (XLYC1807205) and the Fundamental
Research Funds for the Central Universities of China
(DUT18RC(3)075, DUT20LAB307).

Conflicts of interest

There are no conflicts to declare.

Notes and references
1 Z. Zhang, L. Wen and L. Jiang, Chem. Soc. Rev., 2018, 47, 322–356.
2 E. Zhang, N. Fulik, G. P. Hao, H. Y. Zhang, K. Kaneko, L. Borchardt,

E. Brunner and S. Kaskel, Angew. Chem., Int. Ed., 2019, 58,
13060–13065.

3 Z. Wang, C. Ma, C. Xu, S. A. Sinquefield, M. L. Shofner and S. Nair,
Nat. Sustain., 2021, 4, 402–408.

4 L. Wang, Y. Feng, Y. Zhou, M. Jia, G. Wang, W. Guo and L. Jiang,
Chem. Sci., 2017, 8, 4381–4386.

5 X. He, K. Zhang, Y. Liu, F. Wu, P. Yu and L. Mao, Angew. Chem., Int.
Ed., 2018, 57, 4590–4593.

6 C. Wang, X. P. Zhao, F. F. Liu, Y. Chen, X. H. Xia and J. Li, Nano Lett.,
2020, 20, 1846–1854.

7 M. Li, C. Wang, Z. Liu, Y. Song and D. Li, Adv. Funct. Mater., 2021,
31, 2104341.

8 Z. S. Siwy, Adv. Funct. Mater., 2006, 16, 735–746.
9 M. Jia, X. Kong, L. Wang, Y. Zhang, D. Quan, L. Ding, D. Lu, L. Jiang

and W. Guo, Small, 2020, 16, 1905557.
10 I. V. Blonskaya, N. E. Lizunov, K. Olejniczak, O. L. Orelovich,

Y. Yamauchi, M. E. Toimil-Molares, C. Trautmann and P. Y. Apel,
J. Membr. Sci., 2021, 618, 118657.

11 C. Zhu, Y. Teng, G. Xie, P. Li, Y. Qian, B. Niu, P. Liu, W. Chen,
X. Y. Kong, L. Jiang and L. Wen, Chem. Commun., 2020, 56,
8123–8126.

12 W. Fei, M. Xue, H. Qiu and W. Guo, Nanoscale, 2019, 11, 1313–1318.
13 Y. Zhang, G. Zhao, H. Zhu and L. Jiang, Chem. Commun., 2020, 56,

9819–9822.
14 R. Peng, Y. Pan, Z. Li, S. Zhang, A. R. Wheeler, X. Tang and X. Liu,

Adv. Funct. Mater., 2020, 30, 2003177.
15 P. Sun, R. Ma and T. Sasaki, Chem. Sci., 2018, 9, 33–43.
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