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Abstract

Cation transport through nano-channels in graphene oxide can be rectified to give ionic
diode devices for future applications for example in desalination. A film of graphene
oxide is applied to a 6 um thick poly-ethylene-terephthalate (PET) substrate with 20
um diameter microhole and immersed in aqueous HCI solution. Strong diode effects
are observed even at high ionic strength (0.5 M). Switching between open and closed
states, microhole size effects, and time dependent phenomena are explained based on
a simplified theoretical model focusing on the field-driven transport within the
microhole region. In aqueous NaCl, competition between Na' transport and field-
driven heterolytic water splitting are observed, but shown to be significant only at low
ionic strength. Therefore, nanostructured graphene oxide is demonstrated to exhibit

close to ideal behavior for future application in ionic diode desalination of seawater.
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1. Introduction
Graphene oxide based materials emerged recently as highly interesting class of nano-
material (a sub-class of 2D nano-materials) with some very unusual and potentially

34 and graphene oxide® materials

beneficial properties.! Both graphene derivatives?
have been proposed as size selective and tunable water purification membrane
components. Graphene oxide materials formed into layered membranes offer
selectivity in salt separation and transport.® A particular ability has been noted to
enhance both water transport”® and small molecule transport.”!® Potential for heavy
metal removal has been highlighted.!! The stability or structural integrity of graphene
oxide materials in contact to aqueous electrolyte media has been discussed!? and new
composite structures have been suggested for applications that require more robust

graphene oxide based membranes.!>!4

Structural features of graphene oxides (see Figure 1B) result in the possibility of
interaction of cations with m-electrons of the graphene oxide layer. This type of
interaction is predicted to affect the transport of cations through nanopores within
graphene oxide.!> The importance of graphene oxide in salt separation has been
reviewed.'® Electrically insulating but ionically conducting free-standing membranes
produced from graphene oxide materials are of wider interest, for example in energy
storage and conversion devices.!” Fabrication of graphene oxide membranes is

commonly based on filter-cake assemblies,!® but also layer-by-layer assembly, !’

20 1

chemical assembly,? electrospun membranes,?! and polymer-blended composites

have been reported.?

Previous electrochemical studies of ion transport through graphene oxide membranes
and composites suggest a relatively high proton conductivity.?*-2* Cation semi-
permeability of graphene oxide has been investigated in organic solvent media.?> The

peculiar properties of the graphene oxide nanosheet structure have been suggested to



be linked to the presence of nanochannels and different types of structural regions: (i)
regions of pristine graphene causing strong inter-nanosheet interactions, (ii) regions of
oxidized graphene allowing proton and water transport, and (iii) holes and defects
helping to make the transport more effective. A review has appeared summarizing
many of the known membrane transport phenomena in graphene oxide.?® Analytical

applications for ion detection in graphene oxide films have been suggested.?’
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Figure 1. (A) Schematic description of the classic 4-electrode cell for membrane
voltammetry (counter electrode CE, reference electrode RE, sense electrode SE,
working electrode WE) with graphene oxide deposits on a 6 um thick PET film with
20 um diameter microhole. (B) Schematic drawing of a hypothetical graphene oxide
structure with hydrophilic regions and hydrophobic regions.

The majority of published work focuses on filtration and ion retention effects for
desalination rather than potential driven processes. Furthermore, it was noted that

current flow (associated with H3O" or OH") was strongly linked to water co-transport



in particular at lower salt concentrations. 28

Therefore, graphene oxide could
potentially function as a “molecular pump” for water, if the potential driven ion
transport associated with the water transport could be made uni-directional or “diode-
like”. Diode-like behaviour has been reported for graphene oxide materials interfaced
with graphene and coated with electrolyte?® and a review of ionic rectification
mechanisms in membranes has appeared.® Ion transport through graphene oxide |
ionomer interfaces has been shown to exhibit charge density-controlled rectification.!
Also, photo-switchable graphene oxide membrane based ionic diodes have been
demonstrated by Jiang and coworkers.>* Here, it is shown here that graphene oxide as

a semi-permeable material, when deposited asymmetrically onto a microhole in poly-

ethyleneterephthalate (PET), does also lead to diode-like behavior.

In previous work, diode-like behavior was observed for several ion-conducting

33,34 35,36,37,38

materials as well as for nano-pore systems and for other types of
electrolytic systems with structural/compositional asymmetry.3?-4%-#! In a previous
report, the underlying mechanism for the current rectification or the ionic diode effect
for devices based on Nafion ionomer deposited onto a PET microhole has been
suggested to be linked mainly to a combination of diffusion-migration and
concentration polarization in the microhole region.*” However, there are a number of
different mechanisms to achieve ionic current rectification depending on device scale
and composition. Most ionic current rectification phenomena reported more recently
are linked to processes at the nanoscale and linked to surface charges.*> However, also
rectification effects in ionomer filled microfluidic channels have been reported*® and
at interfaces between two ionomer materials.’* Recently, micrometer sized pipettes
have been shown to give substantial ionic diode effects, even when a thin polymer
brush layer was attached only to the pipet surface.** In this report, we describe ionic

current rectification effects for the related case of graphene oxide applied to a typically

20 pum diameter hole in PET.



In this exploratory study, we investigate the behavior of graphene oxide deposits on a
microhole (20 um diameter in a 6 um thick poly-ethylene-terephthalate or PET) in
terms of ionic transport under potential polarization conditions. Initially, it is assumed
that the ion transport in the presence of aqueous HCI is dominated by proton transport.
Later the behavior in other types of aqueous electrolyte media is compared. The
experimental lay-out in this study (see Figure 1A) is consistent with that used recently

5

for the study of “ionic diode” phenomena for example for Nafion,* cellulose,*® and

polymers of intrinsic microporosity. 4’

A conventional two-compartment four-
electrode configuration allows the potential applied to the membrane to be monitored

and current measured.

As an initial hypothesis it is assumed here that the diode effect is dominated by the
diffusion-migration conditions within the asymmetrically graphene oxide coated
microhole in the PET film (see Figure 1A). This process relies on graphene oxide acting
as a very good semi-permeable cation conductor material with good anion rejection
even at high ionic strength. A simplified theoretical model based on analytical theory
is suggested to rationalise the appearance of cyclic voltammograms and current
rectification effects. Rectification effects are investigated for different electrolyte
media and shown to be dominated by cation transport in semi-permeable graphene
oxide even under conditions of relatively high ionic strength in the electrolyte.
Competing water heterolysis to protons and hydroxide (as a competing process to ion
insertion and transfer via graphene oxide) is shown to occur at a significant level only
under conditions of low ionic strength. Finally, the concept of ionic diode desalination
based on graphene oxide materials as key components in cationic and anionic diodes

is proposed.



2. Experimental

2.1. Chemical Reagents

Graphene oxide (2 mg/mL, dispersion in H»>O, Aldrich 763705), concentrated
hydrochloric acid (37%), agarose, and rhodamine B (97%) were obtained from Sigma-
Aldrich Ltd. and used without further purification. Solutions were prepared under
ambient conditions in volumetric flasks with ultrapure water resistivity of 18.2 MQ cm

from an ELGA Purelab Classic System for water filtration.

2.2. Instrumentation

Transmission electron microscopy (TEM) was performed with a JEOL JEM-2100 Plus
instrument with 200 kV maximum operating voltage. The fluorescence microcopy
instrument was a Zeiss LSM 880 with airyscan and multiphoton laser. Electrochemical
data (for voltammetry, chronoamperometry, and impedance experiments) were
recorded at T =20 £ 2 °C on a potentiostat system (Ivium Compactstat, Netherland). A
classic 4-electrode electrochemical cell configuration was employed. The membrane
separates two tubular half-cells (15 mm diameter, see Figure 1), one with Pt wire
working and KCl-saturated calomel (SCE) sense electrode (right in Figure 1A) and the
other with SCE reference electrode and Pt wire counter electrode (left in Figure 1A).
In electrochemical measurements, the working electrode was always located on the
side of the graphene oxide film deposit. In some measurements, additional battery
powered pH-probes (Voltcraft PH-100ATC) were positioned in left and right

compartment close to the membrane.

2.3. Graphene Oxide Deposition

The polyethylene-terephthalate (PET) films of 6 um thickness with laser-drilled 20 pym
diameter microhole were obtained from Laser-Micro-Machining Ltd., Birmingham,
UK. A microscopy glass slide was pre-coated with a thin layer of 1% agarose gel. The

PET film was placed onto the gel to stop liquid entering the microhole (and to define



the interface within the microhole). A 4 puL volume of graphene oxide solution (2
mg/mL in water) was applied to the surface and with a glass rod the graphene oxide
was spread evenly over ca. 1 cm? of the PET surface. After drying of the graphene
oxide deposit, the PET film was removed from the agarose gel and stored under dry
conditions. For electrochemical measurements the film was mounted in a U-cell
(Figure 1A) between the two glass flanges with the help of some Dow-Corning vacuum

grease as sealant.

3. Theory

Ionic diode phenomena in electrolytic systems can often be assigned to more than one
mechanism*® and are dependent on the geometry and materials employed.*> The
crucial part of the ionic diode mechanism treated here is based on diffusion-migration
of ions within a cylindrical microhole region in contact to the graphene oxide at one
end and in contact to bulk electrolyte solution at the other end (see Figure 2A). The
microhole is located as a cylindrical space between a semi-permeable ion-exchange
membrane (graphene oxide) and a hypothetical dividing surface indicating the interface
to the bulk electrolyte (see area S in Figure 2A). The theoretical model is developed
here for the case of a cation (or proton) exchange membrane, which during current flow
affects concentration gradients of both the cation and the anion in the microhole region
(whilst maintaining electroneutrality). A voltage is applied to the two solution
compartments (here indicated as a simplified two-electrode system). As current flows
driven by potential, the electrolyte concentration within the microhole region changes.
In other words, the charge is carried with mobile ions outside of the microhole
depending on the direction of the current; the mobile ion being the cation within the
membrane in the left direction (Figure 2A), and being in the bulk electrolyte in the right
direction. The current is controlled by an electric resistance within the microhole,

which is variable and dependent on the applied voltage. This switching of resistivity



with applied potential is observed as “open” and “closed” states of the ionic diode or

ionic rectifier.

All relevant variables are defined in Table 1. It is assumed that (i) motion of ions in the
microhole is controlled both by diffusion and electric migration; (ii) the Laplace
equation for the potential in the solution holds instead of Poisson's equation; (iii) the
ionic motion is maintained under steady state; (iv) values for the diffusion coefficients
for the electrolyte cation and anion are assumed to be the same; and (v) concentrations
of the cation and the anion in the outside solution (x < 0) and the membrane (x > L) are
kept uniformly constant. These assumptions will be examined later. The Laplace

equation in the x-direction is given by

d?¢/dx*=0 (1)

to which the boundary conditions, ¢—o = 0 and ¢, = ¢, are applied. The solution is

given by a linear potential profile

¢= ¢L(x/L) 2)

The usage of the Laplace equation is based on the equal concentration of the cation and
the anion (i.e. electroneutrality is maintained). We analyze here the flux and the
concentration of only the cation. Since the transport of the ion is controlled by diffusion

and electric migration, the flux is represented by

()= - Ddc/dx - (DF/RT)c (d ¢ /dx) 3)

The equation of continuity, that is, no sink or no source of the cation, is represented by

df7/dx = 0. Therefore, the flux fis a constant. Then Eq. 3 is reduced to



de/dx = - W/L)(c + LfIDu) (4)

where u = F¢1/ RT. A solution with the condition c,=0 = ¢s is

¢ =-LfIDu + (cs + LfiDu) e*/* (5)

Applying the condition of cx—1 = cm yields the expression for the flux

= (Du/L)(cm - cse™ (" - 1) (6)

The observed current, / = -AFf, is given by

1= (AF*D@/LRT)(cm - cse™ (1 - &™) (7)

When [u| is an extremely large value, Eq. 7 for # > 0 tends to

I=(AF’D/LRT)cm ¢1 (8)

while that for u# < 0 does to

I=(AF’D/LRT)cs ¢, €))

Both expressions for the current at high overpotential represent a linear (Ohmic)

characteristic in the variation of / with ¢, although a point of undefined current remains

at u = 0. The comparison of Eq. 8 and 9 suggests the asymmetric current-voltage curves.

By taking the ratio of Eq. 8 to 9, the rectification ratio is estimated as cm/cs, which is

the concentration ratio of the mobile ion in the ion-exchange membrane ion to that in
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the bulk. A plot of the current versus potential based on equation 7 is shown in Figure
2B. Here, ¢s = 10 mM has been selected with D = 10° m?s! and 4 = w with a
microhole radius » = 10 um. The apparent membrane concentration ¢m = 0.2 M is
selected to approximately represent the conditions in experimental data (vide infra).
Note that the currents are predicted to scale linearly with microhole area 4 or with 72
with all other parameters remaining. The rectification ratio is predicted to be

independent of microhole diameter.

Since the applied voltage necessarily includes an additional voltage loss from the
solution and the membrane as well as further access diffusional losses, the equations
given above have to be considered only as a first approximation. The voltage drop is
given by V = I (Rmicrohole + Radditional), Where Rmicrohole 18 the resistance ¢/ as given in
Eq. 7. So far as difference in the slope is concerned, in the linear domain, Eq. 8 and 9
are valid. In other words, diffusion-only processes can contribute only to the restricted
potential domain of | V] <0.1 V. By combining Eq. 5 and 6, concentration profiles within

the microhole are expressed by

cles = [(em/cs)(1-e™E) + e - e™]/(1 - &) (10)

Calculated concentration profiles are plotted against x/L in Figure 2C for four values
of ¢.. When electric migration does not contribute to the current, the profile is a line
(¢ = 0, not shown), as is obvious for conventional steady-state diffusion. With an
increase in the contribution of the electric field by positive voltage, the cations and
anions move largely toward x = 0, exhibiting concave curves and causing accumulation
of salt into the microhole. The application of the opposite voltage causes a depletion of
salt in the microhole (Figure 2C). Note that currents in Figure 2B should scale with the

square of microhole radius.

11



high concentration __

] 1| i
(A) 160 diode open
% C
B) 2 4 i
D e
120 ¢=10mM SOV e
cm = 200 mM 1]
i D=10"9 m2s1
@
. = s B
| ~ 9l . .
S < low concentration
40 7 0.1V - diode closed
aqueous . S . (iii). '
i 5]
electrolyte aqueous o S . SRET
electrolyte 07 s (i),
3 0 T T N T N B
EIV x/um

Figure 2. (A) Description of the cylindrical geometry based on surface S and length x

within the microhole. Note that the working electrode is always placed on the side of the

graphene oxide deposit and therefore a positive applied potential is associated with cation

moving from the right into the left compartment. (B) Plot of calculated current from Eq.

7 versus applied potential for the case cm = 200 mM and ¢s = 10 mM. (C) Plot of
concentration profiles calculated from Eq (10) at ¢ =1.0V, 0.1 V,-0.1 V-1.0V for L =

6 um.

There are some limitations to quantitative insights due to simplifications made in the
present model: (A) If the microhole is so narrow that electric migration force varies
with the distance normal to x-direction (e.g. in nanopores), it is necessary to take into
account the surface effects such as zeta potential. This subject is beyond the present
work. (B) The model does not include mass transport or polarization in the two outer
domains of the microhole (x < 0 and x > L). Diffusion in the outer domains will have
to be taken into account due to access diffusion effects. That is, the assumption that ¢
= constant at x = 0 is not strictly valid and in reality the depletion of salt in the microhole
will progress well below ¢/cs = 1 (see Figure 2C), if the applied potential is sufficiently
negative. (C) The assumption of the Laplace equation validity rather than the Poisson's
equation validity is based on the equi-concentrations of the anion and the cation
(electroneutrality), which is fulfilled at micrometer scale. The Debye length in 10 mM
aqueous solution is only ca. 4 nm. This length is too short to consider a domain of x for

the difference in concentrations. Therefore, the Laplace equation is valid. We can

12



compare Eq. 7 with some experimental results obtained for example with Nafion films

deposited onto a microhole in PET:*¥

(i) The I-V curve in Figure 2B is close in shape to experimental data, in that there are
basically composed of two lines with different slopes at positive and negative potentials.

The line is consistent with control by electric migration in the microhole region.

(i1) The theoretical rectification ratio is given approximately by cm/cs, which predicts
the proportionality of the ratio to 1/c;. The experimental results, however, are
inconsistent with the proportionality. Both, a constant cm and a constant ¢ are likely to

be oversimplifications in the model that lead to these inconsistencies.

(ii1) According to the present theory, the rectification ratio should be independent of
hole diameters. However, the experimental results show some variation in the
rectification ratio with the increase in the microhole diameters for (5, 10, 20 um). Since
the thickness of the film remains at 6 um, the rectification ratio may be affected to

some extent by conditions outside of the microhole (vide infra).

Further comparison of theory and data obtained for graphene oxide (vide infra) shows
that equations 7 and 10 are beneficial mainly at qualitative level due to some
oversimplifications, but the description of the underlying rectification mechanism and
the conditions within the microhole region are very useful to rationalize and predict the

observed ionic diode effects.

Table 1. Nomenclature

A area of the cross-section of the microhole
c concentration of the cation in the microhole
Cm concentration of the cation in the adjacent cationic exchange membrane

13



a

concentration of the cation in the adjacent solution bulk
diffusion coefficient of the cation or anion

flux of the cation in the x-direction

Faraday constant

total current

thickness of the film through which the microhole is made
gas constant

resistance in the hole, defined by ¢ /1

absolute temperature

dimensionless potential, ¢g.F/RT

axis along the hole

voltage between the two cells

electric potential in the solution

electric potential at x = L

4. Results and Discussion

4.1. Formation and Characterization of Graphene Oxide Based Ionic Diodes

Graphene oxide material dispersed in aqueous solution (commercial) consists of single
and few-layer nanosheets with typically 2-10 um size as shown in the transmission
electron micrograph in Figure 3A. The deposition of these graphene oxide nanosheets
from colloidal suspension onto a PET substrate with 20 pm diameter microhole is
performed on an agarose gel substrate® to achieve asymmetric deposition and to avoid
penetration of the graphene oxide into and below the microhole. When depositing a
graphene oxide film together with small amounts of rhodamine B dye, a fluorescent
film is produced in order to better visualize the film deposit. The fluorescence
microscopy image stack shown in Figure 3B shows the microhole in the x-y plane. Due

to light refraction effects, the microhole region appears bright (see white region in

14



Figure 3B) and also the fluorescence in this region is enhanced (see red region in Figure
3B). In the cross-sectional data the continuous graphene oxide film coated over the

microhole can be seen (with an estimated ca. 9-12 um thickness).

(B)

Figure 3. (A) Scanning transition electron microscopy (STEM) image showing
graphene oxide flakes of typically 2 to 10 um size. (B) Fluorescence microscopy image
stack for a graphene oxide film with rhodamine B dye. The microhole is clearly seen

and the thickness of the graphene oxide (GO) layer is estimated as 9-12 pm.

4.2. Electrochemical Characterization of Graphene Oxide Based Ionic Diodes

When scanning the external potential applied to the graphene oxide deposit (always
situated on the side of the working electrode compartment; see Figure 1A), a current
response is measured (see Figure 4A). This current response is highly reproducible and
insensitive for example to doubling the amount of graphene oxide deposit. This
observation is consistent with the simplified theoretical idea of -electrolyte
accumulation/depletion within the microhole dominating the diode character rather
than the potential drop across the graphene oxide deposit. With aqueous 10 mM HCl
in both compartments, the current rises with positive applied potential and only a much

lower current response is observed with a negative potential applied to the film. Both

15



branches of the voltammogram appear linear and consistent with the theory (see plot
in Figure 2B). This behavior can be described as rectification or ionic diode
characteristic. Comparison with theory suggests for ¢s = 10 mM the apparent
concentration in the graphene oxide should be cm = 200 mM with a corresponding
rectification ratio of 20. Although the match in voltammogram shape between theory
and experiment is impressive, one has to be careful with oversimplifying assumptions
in the theory. Additional effects do arise (vide infra) at both the graphene oxide —
electrolyte interface and the access diffusion region close to surface S (Figure 2A).
Three consecutive potential cycles (scan rate 50 mVs') suggest almost time
independent (steady state) behavior. When increasing the scan rate to 500 mVs!
(Figure 4B) a slight loop in the current at positive applied potential shows that the
current increases with time. At an even faster scan rate (4000 mVs™!, Figure 4C) each
consecutive potential scan shows an increase in current. Therefore, the steady state
character is lost at a time scale of typically 1 s. In this high scan rate case, also a small
peak of negative current appears at -0.3 V indicative of a “switching” process in the
diode (between open and closed state) taking approximately 0.2 s. Based on the
assumption of a diffusion-migration mechanism, this switching time is likely to be
associated with the diffusion of cations and anions to and from the microhole region.
This is confirmed by changes in switching time data for different microhole diameters
(vide infra). However, possibly related “hysteresis” effects on a similar time scale have
also been reported for nano-fluidic diodes based on nanopipettes of typically 60 nm

orifice diameter**-°

and attributed to time-dependent compositional changes within
the nanopore double layer. This kind of compositional change could also occur within
the graphene oxide film and then lead to phenomena like those observed in Figure 4C.
This as well as the development of significant concentration gradients within the

graphene oxide are clearly possible, but currently not readily accessible by experiment.
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Figure 4. (A) Cyclic voltammograms (scan rate 50 mVs™'; three potential cycles

indicated as (i), (i1), and (ii1)) for a graphene oxide deposit on a 20 pm diameter
microhole in a PET substrate immersed in 10 mM aqueous HCI. (B) As above, scan
rate 500 mVs™!. (C) As above, scan rate 4000 mVs™'. (D) As above, scan rate 50 mVs!
for a HCI concentration of (i) 1, (i) 10, (iii) 50, (iv) 100, (v) 250, (vi) 500 mM. (E)
Chronoamperometry data stepping from +1 V to -1V. (F) Plot of the rectification ratio

(the absolute of the current at +1 V divided by the current at -1 V) versus concentration.

The effect of the HCI concentration on the ionic rectifier response is shown in Figure
4D. In previous reports on ionic diode phenomena higher electrolyte concentration
always caused detrimental effects (loss of rectification ability) on the ionic diode

behaviour, but (perhaps surprisingly) for graphene oxide even at 0.5 M HCI the

17



rectification effect is maintained (at least in part). This behaviour for graphene oxide is
of interest and important, for example with desalination applications in mind (vide
infra).>! When working with aqueous HCI concentrations of 0.1 M and higher, new
phenomena occur at applied potentials higher than +3 V and lower than -3 V. In both
cases currents increase (non-linearly), which may be caused by “over-limiting”
conditions associated with additional convection driven transport.”? Generally, the
characteristics observed in /-V curves under steady state conditions (at not too high

potentials) are at qualitative level consistent with that predicted in Eq. 7.

Chronoamperometry data are presented in Figure 4E to indicate the switching speed of
the diode. For both, positive and negative applied potentials, it appears to take
approximately 10-20 s for steady state to be fully reached, but most of the switching
occurs within 1 s. Figure 4F shows a plot of the rectification ratio (based on
chronoamperometry data) versus HCl concentration and a decline at higher
concentration is clearly observed. This effect could be associated with the behaviour of
the graphene oxide membrane and gradual loss of semi-permeability (which was

assumed to be maintained in the theoretical model).

18
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Figure 5. (A) Cyclic voltammograms (scan rate 50 mVs™') for a graphene oxide deposit
on a (i) 20 (i) 10, (iii) 5 um diameter microhole in a PET substrate immersed in 10
mM aqueous HCI. Inset: Plot of the rectification ratio (the absolute of the ratio of
currents at +1 V and at -1 V) versus microhole diameter. (B) Chronoamperometry data
stepping from +1 V to -1V. (C) Impedance data (frequency range 50 kHz to 0.5 Hz,
amplitude 100 mV, bias 0.0 V; for (i) 20, (ii) 10, and (iii) 5 pum diameter microhole)
showing experimental data points and a line for fitting results.

It is interesting to expand the experimental study to the case of different microhole
diameters. Figure 5A shows data from cyclic voltammetry experiments performed in
aqueous 10 mM HCI for microhole diameters of (i) 20, (i1) 10, and (ii1) 5 um. Currents
do scale with microhole diameter in approximately linear manner, but not quadratic as
predicted by the theory. Therefore, for a more quantitative description, access diffusion

towards the microhole in particular for smaller diameter microholes cannot be
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completely ignored. Also, a change in time constant is observed with small diameter
microhole devices switching substantially faster (see chronoamperometry data in
Figure 5B), which is linked to both access diffusion and diffusion inside of the
cylindrical region in the microhole. Diffusion-migration times within the microhole are
only dependent on the length L and therefore unlikely to change with microhole
diameter. External or access diffusion (dependent on r) is affected and therefore can
explain the decrease in switching time for slower microhole diodes. An approximate
expression for the approach of a transient to within 2% of steady state diffusion at

microelectrodes has been proposed by Oldham and Myland™ (see equation 11).

r2

time to 2% within steady state = 2500 - (11)

In this expression 7 is the microhole radius and D is the diffusion coefficient assumed
here to be approximately 10 m?s™'. For a microhole diameter of 5, 10, and 20 um, this
suggests a time to steady state of approximately Ss, 20 s, and 80 s, respectively,
consistent with data in Figure 5B. Additional impedance data have been obtained at 0.0
V (see Figure 5C) as well as at -1.0 V and at +1.0V (see Table 2). These data also
confirm that a change in electrolyte concentration occurs locally in the vicinity of the

microhole during ionic diode switching.
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Table 2. Summary of impedance data obtained in aqueous 10 mM HCI (frequency
range 50 kHz to 0.5 Hz, amplitude 100 mV, bias -1.0 V, 0.0 V, or +1.0 V; for 20, 10,

and 5 um diameter microhole; only the high frequency semicircular part of the data are

analysed).
microhole Rs/Q Rp / kQ Ceer/ nF
diameter
bias 0.0 V
20 um 2273 +£10 166.8 + 12 0.54 +0.001
10 um 5921 +22 900 + 28 0.55 +£0.001
5 um 8320 £42 1876 + 58 0.67 £ 0.001
bias +1.0 V (open diode)

20 um 1260 + 3 322+3.5 0.53 £ 0.001
10 um 1562 + 7 161.9+8.6 0.52 £ 0.001
5 um 6467 £27 800 + 40 0.32 £ 0.001

bias -1.0 V (closed diode)
20 um 9992 + 97 192.6 £0.26  0.56 = 0.001
10 um 14620 + 200 2900 +4.3 0.52 +0.001
5 um 17870 =280 1388010  0.35+0.001

The capacitance Cper of the PET film remains constant under all conditions. The
resistance Rs (dominated by the solution phase in the vicinity of the microhole) shows
an increase with smaller microhole diameter. The Rp resistance linked with PET film
polarization (associated with both graphene oxide resistivity and electrolyte resistivity
within the microhole region) also increases for smaller microhole diameters. Crucially,
both Rs and Rp change when switching the diode from open (+1.0 V) to closed state (-
1.0 V). This suggests that the electrolyte solution plays a significant role. Additional
effects arising form charge carrier concentration gradients within the graphene oxide

and from the graphene oxide|electrolyte interface are also likely (vide infra).
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Finally, the rectification ratio when investigated as a function of microhole diameter
(see inset in Figure SA) shows a downward variation for smaller diameter microholes.
This behavior is outside of the simplified theory (which predicts a constant rectification
ratio) and associated with the diffusion-migration behavior external to the microhole
region or within the graphene oxide. The proposed simplified theoretical model
provides a good model system to explain ionic rectifier effects based on the electrolyte-
based processes within the microhole region. However, processes within the graphene
oxide cannot be ignored and more work will be needed in future to refine the theory
and better (more quantitatively) predict characteristics such as rectification ratio and

switching time for these ionic diode systems.

4.3. Na* versus H* Selectivity at Graphene Oxide Based Ionic Diodes

Next, the graphene oxide based ionic diode is investigated in aqueous NaOH and in
aqueous NaCl. In previous studies, for example based on cellulose materials,*® the type
of electrolyte and the pH of the solution were important parameters affecting the
behavior of the ionic diode. Data for the graphene oxide diode in aqueous NaOH is
shown in Figure 6A. Rectification effects very similar to those in Figure 4A for aqueous
HCI are observed and the shape of the diode response could be consistent with that of
a cationic diode (open in the positive potential range). Chronoamperometry data are
shown in Figure 6B and rectification ratio data are summarized in Figure 6C.
Rectification effects are substantial and almost independent of ionic strength, but

generally lower than those observed in the presence of aqueous HCI.
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Figure 6. (A) Cyclic voltammograms (scan rate 50 mVs™) for a graphene oxide deposit

on a 20 um diameter microhole in a PET substrate immersed in (i) 1, (i1) 10, (iii) 50,
(iv) 100, (v) 250, and (vi) 500 mM aqueous NaOH. (B) Chronoamperometry data
stepping from +1 V to -1V. (C) Plot of the rectification ratio (the absolute of the current
at +1 V divided by the current at -1 V) versus NaOH concentration. (D) Cyclic
voltammograms (scan rate 50 mVs™') for a graphene oxide deposit on a 20 um diameter
microhole in a PET substrate immersed in (i) 1, (ii) 10, (iii) 50, (iv) 100, (v) 500, and
(vi) 1000 mM aqueous NaCl. (E) Chronoamperometry data stepping from +1 Vto -1V.
(F) Plot of the rectification ratio (the absolute of the current at +1 V divided by the

current at -1 V) versus NaCl concentration.
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Next, in Figure 6D data are shown for aqueous NaCl in a concentration range from 1
mM to 1000 mM. Cyclic voltammetry and chronoamperometry data suggest a
substantial rectification effect again observed over the complete concentration range
and most effective in the 100 mM range (see Figure 6F). These results are promising
in view of future desalination applications, but also unusual (when compared to ionic
diodes based on other types of semipermeable ionomer materials, where higher ionic
strength strongly inhibited the rectification effect*). A comparison of ionic diode data
for 10 mM NaCl, 10 mM NaOH, and 10 mM HCI is shown in Figure 7B. In can be
observed that both open diode currents and rectification ratio data are higher for
aqueous HCI and essentially identical for NaOH and NaCl. This is likely to be linked
to the cation mobility for protons and for Na” in graphene oxide dominating the
resistance for the open diode. The mobility at 298 K>* for H' in aqueous media (36.23
x 10 m?V'!s!) and for Na® in aqueous media (5.19 x 10 m?V''s) suggests
substantially higher mobility for protons, but here this is likely to be moderated by host

interactions within the graphene oxide.

The question of cation selectivity in transport across the graphene oxide film requires
further experimental insight to reveal the nature of the ion responsible for the current
response. It is possible that proton transport could dominate even in electrolyte media
based on Na' cations. Field driven heterolytic water dissociation has recently been
proven to occur for example at Fumasep ionomer ionic diodes” under similar
conditions. The localized formation of H" and OH™ associated with this heterolytic
water dissociation is known to occur as a potential-driven catalytic process at
membrane surfaces, for example when catalyzed by graphene oxide derivatives®® or
nanosheet M0S2.>” This type of competing process should lead to measurable pH
gradients between right compartment and left compartment. Therefore, additional

experiments are performed here with pH probes independently monitoring the local pH
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in the right and in the left solution compartments close to the membrane and in situ
during ionic diode operation. Figure 7A shows a schematic drawing of the experiment.
During operation of the “open diode” in aqueous 10 mM NaCl either transport of (i)
Na" or transport of (ii) H" are plausible. This should result in either (i) no pH change
or (i1) a change to higher pH (more alkaline) on the right and lower pH (more acidic)

on the left, respectively.
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Figure 7. (A) Schematic drawing of the 4-electrode measurement cell fitted with two
additional pH meters. (B) Cyclic voltammograms (scan rate 50 mVs™) for a graphene
oxide deposit on a 20 pum diameter microhole in a PET substrate immersed in 10 mM
(1) HCI, (i1) NaCl, and (ii1) NaOH. (C) Photographs showing the measurement cell with
1 mM NaCl before diode opening, after 10 minutes +4V open diode operation, and
after further 10 minutes OV closed diode operation. Also shown are bar plots for pH
changes observed under these conditions for (D) 1 mM NaCl, (E) 10 mM NacCl, and
(F) 100 mM NacCl.
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It is possible to express the approximate effect of a proton current through the diode in
terms of the pH in the right and in the left compartment when assuming a fixed volume
Vofca.0.01 dm? (an estimated volume where pH changes occur close to the membrane
surface) to be relevant right and left of the membrane. Equations 12 and 13 express the
shift in pH (from an initial value pHi) in the right compartment (where protons are lost)
in the left compartment (where protons are gained). Other parameters are the time-

average absolute current /, the time ¢ = 600 s, and the Faraday constant F' = 96487 C

mol™.
pHicr = -logio(1071 + It/FV) (12)
PHignt = 14 + 1ogio(10°47) + [/ Fy) (13)

For the case of a 1 mM NaCl electrolyte (see Figure 7D) the average current at an
applied voltage of 4 V was 17 pA over 600 s, which (with pHi = 5.89) translates to
pHiet = 4.9 and pHrigne = 9.0. Comparison to the experimental results in Figure 7D
shows that the predicted trend is indeed observed, but it shows also that the effect is
less strong. This suggests that a competition of Na* transport and H" transport occurs.
When increasing the concentration to 10 mM NaCl (Figure 7E) the observed current
was 45 pA at 4 V applied voltage. According to equations 12 and 13 the predicted
values are pHiett = 4.5 and pHright = 9.4. The increase in NaCl concentration therefore
lowers the rate of production of protons and hydroxide. Finally, with 100 mM NaCl
electrolyte the observed average current was 112 pA at 4 V applied voltage, which
suggests pHiet = 4.1 and pHrignt = 9.8. The observed values of pHiert = 6.4 and pHiight =
6.7 (Figure 7F) suggest a minimal contribution from water heterolysis under these
conditions. Therefore, graphene oxide offers a material able to rectify Na™ cation

currents with good efficiency and at relatively high ionic strength (consistent with that
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of seawater). It has recently been reported that the ionic diode effect can be developed
into an ionic current rectifier for desalination®! based on AC excitation from capacitive
driver electrodes. Ideal for this purpose would be a device combining a Na™ ionic
rectifier (cationic diode) and a Cl” ionic rectifier (anionic diode) to transfer both cations
and anions uni-directionally and irreversibly across a membrane. With sufficient
rectification ratio, this will transfer salt and lower the concentration level in one of the
two compartments (for example removing 90% of salt). In order to achieve this type of
process in future, it will be necessary to identify a complementary anionic diode
material similarly effective as the graphene oxide cationic diode material, but selective

for chloride anions.

5. Conclusions

In summary, it has been shown that graphene oxide can be readily deposited onto a
microhole in PET to give a novel ionic current rectifier (or cationic diode) device.
Proton transport through the graphene oxide is facile and therefore accumulation and
depletion effects in the microhole region are suggested to be mainly responsible for the
diode effects. The diode effect persists even at higher concentrations of hydrochloric
acid, which can be ascribed to porosity effects in the graphene oxide and sustained
semi-permeability. Very similar behavior was observed in electrolyte media containing
NaOH and NaCl and it has been shown that Na* ionic currents are dominant even down
to relatively low concentrations of Na® (with minimal competition due to proton
transport). The system appears promising (in particular in the context of desalination
applications), but has to be investigated in more detail and for a wider range of aqueous
electrolyte systems. The effects of graphene oxide structure and chemically modified
graphene oxides need to be explored. The co-transport of small molecule species (e.g.
H>0) during ionic diode operation is likely to result in AC-driven “molecular pump”

effects and this also needs further attention.
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To develop a more quantitative theoretical description and better insight into the
various aspects of the diode mechanism, the simplified theoretical model developed
here (based only on phenomena in the electrolytes solution within the microhole
region) could be refined by including phenomena within the graphene oxide and within
the access diffusion region. Alternatively, computational simulation tools could be
employed to add in complexity due to diffusivity of cations and anions, due to charge
carrier mobility and concentration gradients within the graphene oxide, or due to
interfacial phenomena at the ionomer — electrolyte interface. In this study, the
underlying mechanistic foundation based on the salt depletion and salt accumulation
phenomena in the microhole region are clearly demonstrated. The methodology
employed here will allow screening of a wider range of materials and discovery of
suitable anionic diodes to complement the behavior of graphene oxide as cationic diode

in desalination.
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