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Asymmetric membranes derived from the stacking of graphene oxide (GO) nanosheets have attracted great

attention for the fabrication of ionic diodes. Herein, we described an ionic diode based on a polypyrrole-
modified GO membrane with a vertical asymmetry, which was achieved by a spontaneous oxidation
polymerization of pyrrole monomers on one side of the GO membrane in vapor phase. This asymmetric
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1. Introduction

Ionic diodes that rectify the ionic current through nanometer-
scale channels in one direction (i.e. a nonlinear current-
voltage curve) receive considerable interest because of their
potential applications such as in biosensors, molecular sepa-
ration and energy conversion.'® The discovery of ionic diodes
is considered to be inspired by biological ion channels with an
asymmetric charge distribution along the fluidic channels.”***
When the radius of fluidic channels in ionic diodes is compa-
rable to the Debye length of the electrolyte, the asymmetric
distribution of electric field along the fluidic channels allows
the flow of ions in one direction preferentially.?® Such a charge
asymmetry has been achieved by fixing homogeneous surface
charges in geometry-asymmetric fluidic channels*™° or intro-
ducing non-homogeneous charge patterns in geometry-
symmetric fluidic channels,**=*® or the combination of both.>~*

Layered membranes derived from the stacking of graphene
oxide (GO) nanosheets by a vacuum filtration have attracted
great attention for the fabrication of ionic diodes.**™ The
negatively charged surface of GO nanosheets by carboxylic
groups enable the interlayer spaces between nanosheets
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behavior over a wide voltage range. A calculation based on Poisson—Nernst—Planck equations was used
to theoretically investigate the role of asymmetric modification of polypyrrole.

function as fluidic channels to control the ionic transport.***°
Recently, the asymmetric GO layered membrane has been used
to fabricate ionic diodes. Several examples of planar ionic
diodes based on tailor-cutted GO membrane with a lateral
asymmetry have been reported.**~** It has been noticed that the
asymmetrization of GO membrane in a vertical dimension is
another key issue because the surface of GO membrane can
provide a large and tunable flux for ion transport when
compared with its cross section. For example, the deposition of
spiropyran moieties on one side of GO membrane enabled it to
rectify ion transport effectively.** The sequential stacking of
negatively and positively charged GO membrane also rectified
the ion transport.*>** Therefore, the development of an alter-
native GO membrane with a vertical asymmetry is of significant
importance for the fabrication of ionic diodes.

Conducting polymer such as polypyrrole is one kind of
effective materials for the development of ionic diode as re-
ported by our and other groups' work.>*=** Herein, we described
an ionic diode based on a polypyrrole-modified GO membrane
with a vertical asymmetry, which was achieved by a spontaneous
oxidation polymerization of pyrrole monomer on one side of GO
membrane in vapor phase at ambient temperature. The asym-
metric modification resulted in an asymmetric geometry due to
the occupation of interlayer space of one side of GO membrane
by polypyrrole. Our ionic diode demonstrated an obvious ionic
rectification behavior over a wide voltage range, which was
subsequently explained by a theoretical calculation based on
Poisson-Nernst-Planck equations.

2. Results and discussion

GO nanosheets exfoliated from graphite by a modified
Hummers' method are intrinsically decorated by carboxyl,
hydroxyl and epoxy groups, which can be stacked into high-
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quality layered GO membrane by a simple vacuum filtration
(Fig. 1A).***° In our work, GO nanosheets with a lateral size of
several hundred of nanometers and a thickness of ~1.1 nm
(Fig. 1B and C) were vacuum-filtrated into a paper-like layered
membrane with a thickness of ~6.5 pm. The self-standing GO
membrane showed the typical features of a wrinkled surface
and a layered cross section (Fig. 1D and E). The side of GO
membrane that was exposed to air during vacuum filtration was
defined as a front side, while the other side that was in contact
with the filter was defined as a back side. After the front side of
GO membrane was exposed to pyrrole vapor for a spontaneous
polymerization for 8 h, the membrane color changed from
brown to black because of the deposition of polypyrrole
(Fig. 1A). It has been recognized that the oxygen-containing
groups on the surface of GO nanosheets were able to oxidize
the pyrrole monomers into polypyrrole, which were deposited
into the interlayer spaces of GO membrane.*® The deposition of
polypyrrole made the surface of the front side of GO membrane
become slightly smooth, while the morphology of the cross-
section remained almost unchanged (ESI, Fig. S17).

The formation of polypyrrole on GO membrane was char-
acterized by Fourier transform infrared spectroscopy (FTIR).
Fig. 2A depicted the appearance of characteristic vibration
peaks of polypyrrole in modified GO membrane. The C-N
stretching vibration was observed at 1216 cm™* and the out of
plane deformation vibration of C-H was shown at 931 cm™*.%¢
The weak signals of FTIR characteristic peaks was ascribed to
the small amount of polypyrrole in GO membrane. On the basis
of X-ray diffraction pattern (Fig. 2B), we calculated the interlayer
spacing (dogs) of the GO membrane was 0.77 nm (26 = 11.4°)
according to Bragg's equation (nA = 2d sin 6), which acted as
fluidic channels for the ion transport. This small interlayer
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Spontaneous

Fig. 1 (A) Photographs of graphene oxide (GO) dispersion solution,
vacuum-filtered GO membrane and polypyrrole-modified GO
membrane (GO/PPy). (B and C) TEM (B) and AFM (C) images of GO
nanosheets. (D and E) Top-viewed (D) and cross-sectional (E) SEM
images of GO membrane.
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Fig. 2 (A) FTIR spectra of GO and GO/PPy membrane. The charac-

teristic vibration peaks of polypyrrole in GO/PPy membrane were
identified. (B) XRD pattern of GO and GO/PPy membrane. The inter-
layer spacing increased after polypyrrole modification.

spacing of GO membrane provided a small space for polypyrrole
intercalation, which resulted in a small amount of polypyrrole
deposited in GO membrane. After polypyrrole modification, the
interlayer spacing of polypyrrole-modified GO membrane
increased to be 0.91 nm calculated from the diffraction peak at
20 = 9.7°. This increased interlayer spacing implied the inter-
calation of polypyrrole into the GO membrane.

The asymmetric modification of polypyrrole on the two sides
of GO membrane was characterized by the measurements of
water contact angles (CAs) and Raman spectra. As shown in
Fig. 3A, the water CAs on the front and back sides of GO
membrane were 67° and 77° respectively. This slight difference
in the CAs was ascribed to the different morphology of the two
sides (Fig. S21). After GO membrane was modified with poly-
pyrrole, the water CA of the front side of GO membrane
increased to be 86°, while that of the back side remained almost
unchanged (79°). This difference in water CAs on the two sides
identified the asymmetric modification of polypyrrole. Such an
asymmetry was further identified by Raman spectra. As shown
in Fig. 3B, the characteristic peaks of graphene appeared at
1346 cm ' (D-band) and 1593 cm ™' (G-band). After polypyrrole
modification, several new peaks with low intensity between
800 cm ' and 1200 cm ™" were detected on the front side of GO
membrane, which was assigned to polypyrrole.”” On the
contrary, almost no peaks were detected for polypyrrole on the
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Fig. 3 Characterization of the asymmetric modification of polypyrrole
on the two sides of polypyrrole-modified GO membrane (GO/PPy). (A)
The water contact angles (CAs) on the two sides of GO and GO/PPy
membrane. The polypyrrole modification increased the water CA. (B)
Raman spectra of the two sides of GO/PPy membrane. The new peaks
between 800 cm™* and 1200 cm ™~ were assigned to polypyrrole.
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back side. Our results indicated that polypyrrole was mainly
formed on the front side of GO membrane, which resulted in an
asymmetry in polypyrrole distribution.

The polypyrrole-modified GO membrane was then mounted
between two electrochemical cells containing 1 mM of KCI
aqueous solution with a pH value of 6.8 to form an ionic diode.
The ion rectification behavior was investigated by measuring
the current-voltage (I-V) curves.”®* As shown in Fig. 4A, when
a transmembrane voltage of —2 to +2 V was applied across the
membrane, a nonlinear I-V curve indicating an ion rectification
behavior was obtained. The ion rectification ratio (fz) was
defined as the ratio between the absolute values of ion current
at +2 V(I,,) and at —2 V(I_,), that is fg = |Ls|/|[I_2|. At +2 V
voltage, an ion current of 0.17 pA was obtained, which was
much higher than that at —2 V (—0.08 pA). The rectification
ratio was calculated to be ~2.1. The ion ionic diode remained at
an “open” state at a positive voltage, while remained at
a “closed” state at a negative voltage, showing a diode behavior.
The ion rectification behavior could be ascribed to the asym-
metric modification of polypyrrole (PPy) on GO membrane
(Fig. 4B). In 1 mM of KCl aqueous solution (pH ~6.8), the
nanoscaled interlayer spacing (~0.91 nm) of GO membrane was
much smaller than the Debye length (~9.6 nm) of the electro-
lyte. Therefore, the negatively charged surface of GO nanosheets
by carboxylic groups (pK, ~ 3.8) makes GO membrane show
cationic selectivity. After the neutral polypyrrole was mainly
deposited on the front side of GO membrane, the occupation of
interlayer space by polypyrrole was reasonably considered to
result in an asymmetry in the channel size for ion transport
(Fig. 4B). While the surface charges of GO remained unchanged.
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Fig. 4 (A) lon current—voltage (/-V) curve of an ionic diode based on
polypyrrole-modified GO membrane in 1 mM of KCl aqueous solution.
The ionic diode remains at an “open” state at a positive voltage, while
remains at a “closed” state at a negative voltage, showing a diode
behavior. (B) The formation of ion depletion in the unmodified GO side
at a negative voltage and ion enrichment in the modified GO side at
a positive voltage. The asymmetric distribution of polypyrrole in the
GO membrane resulted in an asymmetry in the channel size for ion
transport. The diagram was not drawn to scale. (C) The dependence of
ion current on the applied positive and negative voltages. (D) The ion
rectification ratio of the ionic diode under different voltage range.
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When a negative transmembrane voltage was applied across the
polypyrrole-modified membrane, ion depletion was formed in
the unmodified GO side because of the high cationic concen-
tration in the modified GO side (Fig. 4B). In this case, the ion
ionic diodes remained at a “closed” state with a low ion current.
On the contrary, a positive transmembrane voltage resulted in
ion enrichment in the modified GO side, which made the ionic
diodes remain at an “open” state showing a high ion current
(Fig. 4B). Overall, the voltage-induced ion enrichment and ion
depletion rectified the ion transport through the polypyrrole-
modified GO membrane.

The ionic diode that shows an ion rectification property over
a wide voltage range is essentially important for their applica-
tions at high applied voltage. Therefore, we investigated the ion
rectification behavior of the ionic diode under different range of
transmembrane voltage (ESI, Fig. S31). As shown in Fig. 4C,
following the increase of applied positive voltage from +2 to
+4V, the ion current increased linearly from 0.17 pA to 0.47 pA.
Correspondingly, the increase in the applied negative voltage
from —2 V to —4 V made the ion current increase linearly from
0.08 pA to 0.19 pA. As a result, the ion rectification ratio was 2.1,
2.2 and 2.4 respectively at a voltagerange of —2 to +2 V, —3 to
+3 Vand —4 to +4 V (Fig. 4D). These results indicated that our
ionic diode could remain a stable ion rectification property over
a wide voltage range.

The role of polypyrrole asymmetry in the ion rectification
property of polypyrrole-modified GO membrane was theoreti-
cally investigated by a calculation based on Poisson-Nernst-
Planck equations.*** The modified GO membrane was theo-
retically modeled as a cylindrical single nanochannel with
a total length of 2000 nm. Fig. 5A showed the axial section of the
cylindrical nanochannels. The colored part represented the
hollow interior of the nanochannels, while the white wide line
represented the neutral polypyrrole in the nanochannels. The
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Fig. 5 Theoretical simulations of the ion transport properties of pol-
ypyrrole-modified GO membrane with different modification
percentage. (A) The simplified model with polypyrrole modification
percentage of 0%, 25%, 50%, 75% and 100%. (B) The calculated ion
concentration profiles at +2 Vand —2 V voltages. (C) The simulated /-V
curves. (D) The corresponding rectification ratios.
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increase in the length of wide line implied the increase in the
modification percentage of neutral polypyrrole. The pore sizes
of unmodified and modified nanochannel in the model were set
to be 28 nm and 12 nm respectively. Then, the role of poly-
pyrrole with modified percentage of 25%, 50%, 75% and 100%
of the total length was investigated by calculating the ion
current-voltage curves and ion concentration profiles (Fig. 5A).
Comparing with unmodified nanochannels, the asymmetric
modification of polypyrrole induced ion enrichment at a posi-
tive voltage and ion depletion at a negative voltage (Fig. 5B),
resulting in nonlinear I-V curves (Fig. 5C). When the polypyrrole
percentage was 25%, an ion rectification ratio of 2.18 was ob-
tained (Fig. 5D). The increase of polypyrrole percentage to 50%
slightly increased the ion rectification ratio to be 2.21.
Following the further increase of polypyrrole percentage to 75%,
the ion rectification decreased slightly to be 2.03 due to the
weakened geometric asymmetry. When the nanochannel was
completely modified by polypyrrole (i.e. the modified
percentage was 100%), the ion enrichment at a positive voltage
and ion depletion at a negative voltage disappeared, resulting in
a linear I-V curve. Our calculated results implied that the pol-
ypyrrole asymmetry was essentially important for the ion recti-
fication property. However, the modified percentage of
polypyrrole showed a small effect on the ion rectification ratio
possibly because of the weak asymmetry and the low charge
density.

3. Experimental
3.1 Fabrication of polypyrrole-modified GO membrane

A GO dispersion aqueous solution with a concentration of 2 mg
mL~" was commercially available from Nanjing MKNANO Co.,
Ltd. (China). A layered GO membrane was obtained by a vacuum
filtration of GO dispersion solution through a mixed cellulose
ester filter membrane (25 mm diameter and 450 nm pore size,
Shanghai Xinya Company, China). Subsequently, a self-
standing GO membrane was obtained by peeling off it from
the filter. The side of GO membrane that was exposed to air
during vacuum filtration was defined as a front side, while the
other side that was in contact with the filter was defined as
a back side. For the modification of polypyrrole, the front side of
GO membrane was exposed to the environment filled with
pyrrole vapor (J&K Scientific Ltd., China), while the back side
was adhered to a glass substrate with an adhesive tape to avoid
being exposed to the pyrrole vapor.® After a spontaneous
oxidation polymerization for 8 h, polypyrrole was mainly
modified on the front side of GO membrane.

3.2 Characterization

The morphology of GO nanosheets was observed with a FEI
JEM-1200EX transmission electron microscope (TEM). The
thickness of GO nanosheets was determined with a Bruker
Dimension Icon atomic force microscope (AFM). A FEI Quanta
FEG 250 environmental scanning electron microscope (SEM)
was used to observe the surface and cross-sectional morphology
of the GO membrane. The interlayer spacing of GO membranes
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was calculated based on the X-ray diffraction pattern (XRD)
measured by an Ultima IV X-ray diffraction meter (Rigaku
Corporation, Japan). A Nicolet IS10 transform infrared spec-
troscopy (FTIR) spectrometer was used to characterize the
compositions of polypyrrole. Water contact angle (CA)
measurements were performed using a POWEREACH JC2000D1
contact-angle system (Shanghai Zhongchen Co., Ltd., China).
Raman spectra were measured by a Renishaw inVia spectrom-
eter with a 532 nm laser excitation.

3.3 Electric measurements

The polypyrrole-modified GO membrane was mounted between
two electrochemical cells to form an ionic diode.*®*** The ion
rectification of ionic diode was investigated by measuring the
current-voltage (I-V) curves in 1 mM of KCI aqueous solution
with a pH value of 6.8 using a Keithley 6487 picoammeter
(Keithley Instruments, Cleveland, OH). A couple of Ag/AgCl
electrodes were used to apply a transmembrane voltage across
the membrane. The anode was fixed to face the polypyrrole-
modified side and the cathode faced to the other side.

3.4 Model simulation

The ion rectification of ionic diodes was simulated by using
“Electrostatics” and “Transport of Diluted Species” modules in
COMSOL Multiphysics 5.4.**** The polypyrrole-modified GO
membrane was theoretically modeled as a cylindrical single
nanochannel with an asymmetric structure, which was shown
in Fig. S4 (ESIT). The total length of nanochannel was set to be
2000 nm. The modified percentage of polypyrrole was supposed
to be 25%, 50%, 75% and 100% of the total length. The pore
sizes of unmodified and modified nanochannel were set to be
28 nm and 12 nm respectively. After setting the density of
surface negative charges on GO to be —0.001 C m™>, the ion
current-voltage curves and ion concentration profiles were
obtained.

4. Conclusions

In summary, an ionic diode based on a polypyrrole-modified GO
membrane was described. The asymmetric geometry in
avertical dimension was achieved by the spontaneous oxidation
polymerization of pyrrole monomers on one side of GO
membrane in vapor phase, which resulted in an asymmetric
geometry due to the occupation of interlayer space of one side of
GO membrane by polypyrrole. The resulted ionic diode
demonstrated an obvious ionic rectification behavior over
a wide voltage range. A theoretical calculation based on the
Poisson-Nernst-Planck equations implied that the asymmetric
modification of polypyrrole was essentially important for the
ion rectification property.
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