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1. GO Preparation

Graphite was oxidized by a modified Hummers method to obtain water-soluble graphite oxide.!
Briefly, graphite (100 mg) and sodium nitrate (100 mg) were added into 5 mL of fuming sulfuric
acid (97-98%). Then, solid potassium permanganate (1 g) was slowly added to form the green
manganese heptoxide (Mn,05). The mixture was stirred for 3 days, diluted with sulfuric acid (5%;
warning: this has to be done with extreme caution; the process is highly exothermic) and heated
for 3 h to about 100-120 °C. After slow addition of 1 mL of hydrogen peroxide (30%), the resulting
solid was collected by centrifugation and washed five times with sulfuric acid (3%) and hydrogen
peroxide (3%), two times with hydrochloric acid (3.7%) and two times with water. lons remaining
in the solution were removed by dialysis against ultrapure water (3 days; water was changed every
day). The water was removed by lyophilization to yield ~50 mg of water-soluble graphite oxide in
the form of a light brown powder. The purity was checked by elemental analysis. The amount of
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sulfur, nitrogen and chloride was under wt 0.1% each. Solutions of exfoliated GO were obtained by
dissolving small amounts of graphite oxide in water (e.g. 0.5 mg/mL).

2. GO Membrane Preparation

The aqueous suspension of GO was prepared by dispersing GO flakes in distilled water using bath
sonication for 4 hours. The resulted suspension was filtered onto an anopore inorganic membrane
composed of aluminum oxide by vacuum filtration method (0.02 um, diameter 47 mm, purchased
from Whatman). The membranes were fished and cut into rectangular strips of dimension of 3x1
cm. The strips were then covered with a 500 um PDMS slide both sides by an in situ cross-linking
using a Film Applicator and Drying Time Recorder Coatmaster 510.

0) graphene oxide 1) Dispersion 2) Filtration
—_— sonication g
4 hours eV
X
*e
N

PDMS /'
P
4) Polymer covered* GO membrane

V 3) GO membrane

* To avoid the ion transport at the external surfaces

Figure S1. Scheme showing membrane fabrication.

PDMS was mixed in a 1:10 ratio in weight of Sylgard 184 Silicone Elastomer Curing Agent and
PDMS monomers. The mixed ingredients were placed in a vacuum chamber for degassing under
vacuum pressure for 30 minutes.

PDMS was used for preventing the transport of ions on the surface of the membrane and the
disintegration of the GOM in water. PDMS is a polymer widely used for the fabrication and
prototyping of microfluidic chips. Apart from microfluidics, it is used as a food additive (E900), in
shampoos, and as an anti-foaming agent in beverages or in lubricating oils. It is transparent at
optical frequencies (240 — 1100 nM), it has a low autofluorescence, it is considered as bio-
compatible (with some restrictions), and it is deformable, which allows the integration of
microfluidic valves using the deformation of PDMS micro-channels. It is easy to mold, because,
even when mixed with the cross-linking agent, it remains liquid at room temperature for many
hours.

3. GOM structural characterization

The thickness of the membranes could be tuned by varying the GO concentration in water during
preparation. The measurement of the thickness was performed by SEM imaging of the membrane
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cross-section. It showed a linear dependence on GO concentration in solution (fig. S2).
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Figure S2. Membrane thickness vs GO concentration. The red line is the calibration curve calculated by the

fit.

The uniformity of the film was confirmed by SEM measurements performed on the membrane
after coating (fig. S3). In particular, a flat morphology was observed, with clearly visible flakes and
stacked layers typical of 2-dimensional materials (fig. S3).

Figure S3. Additional SEM images of GOM partially delaminated to show their flexible structure, attached to
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the supporting and protecting PDMS substrate.

4. X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) measurements were performed in specular geometry using a SmartLab-
Rigaku diffractometer equipped with a rotating anode (Cu A, = 1.5405 A), followed by a parabolic
mirror to collimate the incident beam, and a series of variable slits (placed before and after the
sample position) to reach an acceptance of 0.09°. Sample were prepared by mechanic peeling of
the upper PDMS layers of PDMS/GO/PDMS membrane.

5. GOM chemical characterization

The chemical analysis of GO was performed using XPS. Sample were prepared by mechanic peeling
of the upper PDMS layers of PDMS/GO/PDMS membrane after 2 hours of applied bias; pristine GO
and pristine membrane on PDMS were also measured for comparison. Base pressure in the
analysis chamber during analysis was 5 -101% mbar. Data analysis and fitting were performed with
CasaXPS software, after Shirley background subtraction.

Peak positions of the non-equivalent carbon species, based on literature data, were: aromatic
carbon (C=C sp,2 284.4 eV), aliphatic carbon (C-C sp3, 285.0 eV), hydroxyl (C-OH, 285.7 eV), epoxy
(C-0-C, 286.7 eV), carbonyl (C=0, 288.0 eV) and carboxyl (O-C=0, 289.1 eV).? All line-shape were
fitted with Voigts function, the only exception was the asymmetric pseudo-voigt used for sp?
aromatic carbon. All the doublets were fitted by a doublet with fixed spin orbit split of for Si 2p
(0.63 eV), Ca2p (3.60eV), K2p (2.77 eV), Cl 2p (1.6 eV) and Br 3p (1.05 eV) and a fixed area ration
between the two components.

The pristine GO was mainly composed by Carbon and Oxygen, Sulphur and Nitrogen were present
in small amounts. The Carbon to Oxygen ratio of GO is usually between 2 and 3. The C/O ratio was
C/0=2.7+0.2, obtained by comparing carbon and oxygen 1s XPS peaks with a procedure
specifically developed for GO characterization.?

The same measurement was performed at PDMS/GO/PDMS membrane, after the peeling of the
upper PDMS layer: the C/O ratio seemed to increase, but extra amount of Carbon was due to the
residual of PDMS. The formula of PDMS’s monomeric unit is -SiO(CHs),-, the amount of Si 2p signal
was proportional to the amount of PDMS, which is about 13.9%. Silicon is present in all samples
and can be associated to PDMS, moreover, a slight amount of Al (Al 2p 1.8%) was present to due
to a residual of Alumina filter used for the preparation of GO membranes.

XPS spectra of all samples were obtained using a Phoibos 100 hemispherical energy analyser
(Specs GmbH, Berlin, Germany) and Mg Ka radiation (hw=1253.6 eV; power = 125 W) in constant
analyser energy (CAE) mode, with analyser pass energy of 40 eV. The overall resolution of 1.5 eV
was measured and analyser was calibrated using the Ag 3d 5/2 (368.3 eV) and Au 4f 7/2 (84.0 eV)
signals from freshly Ar* sputtered samples. Charging effects were corrected by calibration of
Binding Energy on C 1s (285.0 eV) for all spectra.
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Figure S4. XPS spectra: A) Si 2p and b) C 1s of GO on PDMS.

6. Set-up for Electrochemical Measurements in plane

The experimental set-ups to measure ion transport in-plane (IP) along the GOM was composed by
two vials (fig. S5). At the start of the experiment, vial 1 contained water/salt, vial 2 contained pure
water. Vials 1 and 2 were then bridged by GOM, as shown in Fig. S5a. A DC electric potential was
applied between electrodes A and B, placed in vials 1 and 2 respectively, to force ion transport
across the GOM. Typically, electrode A was grounded. Cations could be attracted in vial 2 when
electrode B was negatively polarized, anions when it was positively polarized. The typical biasing
time needed to complete ion transport was 80 minutes, and the voltage applied was very low
(+0.5V or -0.5V). To reduce noise and increase reproducibility, a compact setup composed of two
separate compartments and a holder to fix the GOM was produced by 3D printing (fig. S5b).

Figure S5. a) Set-up scheme. Bias applied between electrodes A and B to drive ion transport; pulsed bias
applied between electrodes B and C for ion measurement. b) Scheme showing the real setup created by 3D
printing.

A third electrode C was used to measure the concentration of ions transported in in vial 2.
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Typically, ion concentration could be measured by measuring the ion conductivity of the solution
present between B and C, by application of an additional bias. However, we did not use this
conventional approach because the presence of an additional bias could perturb the ion transport
between vials, creating artefacts.

Instead, we measured ion concentration with a pulse-method, which consists in applying a short
voltage pulse between electrodes B and C.

A 1 second pulse was applied between B and C every 10 minutes. The electric pulse caused a
transient current which was proportional to the concentration of ions in solution according to:

o —
[M] s1

where | is the measured current, C is the capacitance of the system, gyis the value of the
permittivity for air, € is the permittivity of the dielectric medium and 4p is the Debye length. The
system was tested and calibrated by using salt solutions of precisely known concentration,
showing a good linearity (fig. S6; Each concentration was measured 6 times to minimize the
errors). The limit of detection of the method estimated in this way was 0.001 mM.
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Figure S6. Correlation of the transient displacement current (l4s,) and the concentration of KCl.

Fig. S7 shows the typical bias applied and the resulting current transients observed at different
times, during transport of K* ions across a GOM to vial 2. Fig. S7c shows the clear evolution in time
of the current, which was able to measure the ion concentration without perturbing the main DC
voltage applied between A and B.
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Figure S7. a) Applied pulse in BC. b) transient displacement current (1) versus time. c) Zoom of b).

To ensure the reproducibility of the method, the same ion transport measurements were
repeated in different days, with different ion solutions and different membranes. Fig. S8 compares
two measurements taken in different days with different samples.
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Figure S8. Max transient displacement current (lys,) versus time measured in vial 2 for 2 different solutions
of Na*, with same concentration in vial 1 (0.1 M).

7. lon concentration vs. time

The change in time of ions concentration c(t) is generally described by the Poisson-Nernst-Planck
(PNP) equation.? This equation describes the flux of ions under the influence of both an ionic
concentration gradient V¢ and an electric field E, also taking into account the electrostatic force
between ions. The equation in its general form can be written as:
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zF
—=-D-V|Vc+—cE
at RT , Where VE=p+ZE'C S2

D and z are the bulk diffusivity and the valence values of the ion respectively, p the density of fixed
charges. F is the Faraday constant, e the unit charge, R is the gas constant and T the temperature.
When ions move in a channel, they can interact with the wall channel where p corresponds to the
charge density due to electrical double layer (EDL).

The EDL plays a crucial role in nanofluidics governing different electrokinetic phenomena which
can also show opposite contributions, such as electro-phoresis, electro-osmosis, streaming
current, etc.?

For example, in the case of GOM the channel thickness is comparable to the EDL width (i.e. double
of the Debye length). Thus, all the liquid in the channel is affected by electro-osmosis
phenomenon (EO). This means that also in static condition (i.e. no pressure-driven case) the liquid
in the channel flows in the opposite direction of ions with a velocity roughly proportional to the
applied bias. In first approximation the effective ion mobility is the sum of two terms:

MHerr = Mo~ HEo S3

The first term o is the intrinsic ion mobility calculated by the Einstein relation and depends on the

ion; the second term depends also on the properties of the liquid and the channel walls. Using the
&€

. . . Hpo=—" . .
Smoluchowki formula® we can write the equivalence: E0 g , Where ¢ the dielectric constant, n

the viscosity and C the Zeta (electrostatic) potential.

Considering the values of bulk water (¢ = 6.94154*10° F/m, n1 = 7.98*%10%* N-s/m?)® and Zeta
potential of GO = -35 mV, as measured by Dynamic Light Scattering;” we obtain a value of -
3.04*10°® m?/s/V which is comparable to the intrinsic mobility of the ions studied in this work.

We performed a phenomenological description of the change in time of ion concentration. For all
the ions, we found that a stretched exponential curve best reproduced the experimental trends:

ta
Czcm“"'(l_exp{_?}) s4

where Cpq is the final concentration, 7 is a characteristics transition time and o is a parameter
indicating the dispersion of drift velocities in the material. We could linearize all the data and use a
least square linear fit with the simple transformations:

C c
A=ln( max )= —ln(l—C

C C

max

S5

In (A) = aln (t) - a InfEi(7) S6
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Figure S9. Log-log plot of parameter a versus time t measured during concentration increase in vial 2. The
dotted lines indicate the linear fit. In each inset, the fitting parameters and the R?value calculated.

All ions showing a significant transport in the GOM could be fitted with this equation (fig. S9).
Stretched exponential behaviour has been observed in a wide range of chemo-physical
phenomena; typically, this behaviour is used as phenomenological description of relaxation in
disordered systems and in presence of parallel sequence of events, confirming the suggested
model of GOM as a set of multiple diffusion channels. However, this fit should be considered just
qualitative, and cannot be correlated to a standard drift-diffusion mechanism, because the
concentration of the source vial 1 changed with time and the total amount of ions in the system
composed by vial 1 and vial 2 was not constant due to ions crystallizing in the GOM (see main
text).
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8. lon transport out of plane (OOP) of the GO membrane

To measure ion transport across GOM, we connected two vials by a tailored membrane holder
which is placed the membrane in vertical position between two vials 1 and 2. We used the same
electrode setup used for in-plane measurements for OOP.

O

./ cellulose

GO membrane GO Il-SMm

cellulose

(b)

(a)

Figure S10. (a) Photograph showing GO out of plane device. (b) GO strip membrane covered with porous
cellulose to prevent GO degradation.

To allow OOP transport but avoid any mechanical deformation or degradation of the GOM, the
sample was not embedded in PDMS but in two macro-porous cellulose layers, perfectly permeable
to water and all ions.

The effective length that ions have to travel in OOP setup is larger than the GOM thickness
because, due to the 2D shape of the stacked GO sheets, the ions have to follow even in this case a
tortuous path. Considering a GOM thickness T=1.5 um, an inter-sheet spacing d=1 nm and an
approximated lateral width of each sheet w~50 nm 8 the estimated length of the tortuous path
that ions had to diffuse to cross the membrane was L~Tw/d | in the few tens of microns scale,
instead of the 3 cm used for IP experiments.
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9. Additional Figures
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Figure S11. Change in time of concentration of K* jons diffusing from vial 1 to vial 2 in IP setup, using GOM
of different thickness. Initial concentration in vial 1 C =100 mM). Bias applied -0.5 V, GOM thickness: 1.5+0.1
um, 2.1+0.1 um and 5.1+0.3 um. A blank sample with bias applied on pure water is also reported for
comparison.
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Figure S13. XRD spectra showing the change in the d-spacing of GO membranes in different salt solutions
(gray-shaded area) and the presence of additional peaks of low intensity at higher angles, due to the
crystals formed: a) cation (fixed anion = CI'), b) anion (fixed cation = K*).
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Figure S14. SEM images of the inner side of GOM after Ca?* ion transport experiments and subsequent
peeling, showing presence of sparse crystalline agglomerates. b) zoom-in of a). c¢) EDS analysis of different
areas in the sample, showing that the observed crystals are mainly composed of Ca.
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Figure S15. SEM images of the inner side of GOM after K* ion transport experiments and subsequent
peeling, showing presence of sparse crystalline agglomerates. a) secondary electrons. B Back-scattered
electrons, showing different contrast between the crystals and the GOM membrane.
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Figure S16. Comparison of the amount of ions transported in each experiment (measured as the final
concentration of ions in vial 2) vs. specific parameters of the ions: ionic radius, ionic crystal radius, hydrated
and Stokes radius, electronegativity and charge density (number of charges / ion volume). Values obtained
from table S4 here below. The red circles are just a guide for the eye.
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10. Additional Tables

Table S1. XRD spacing of GO membranes in different salt solutions: (A) cation (fixed anion = CI'), (B) anion
(fixed cation = K*).

XRD periodicity (A) .
Initial Salt lon . Hydrated radius (A)
[error =0.01 A]

Licl Lit 7.99 3.82
Nacl Na* 9.20/7.54 3.58
KCI K* 9.24/7.44 331
CaCl2 Ca?* 7.99 4.12
MgCl2 Mg?* 8.45 4.28
KF F 8.85/7.48 3.52
KCl cr 8.48/7.29 3.32
KBr Br 7.74 3.30

Table S2. Identification of cations present on GO membrane in PDMS after bias: characteristic transitions
observed and reference values. KE=Kinetic Energy, BE=Binding Energy.

Peak position Reference Chemical At. %
Sample Transitions
(eV) values (eV) state Cation
GO Cls 284.4 + 0.1 (BE) - - -
Li 1s 55.1+0.1 (BE) 54,9 10
Li* Li* 22.9 £0.8
Cls 289.9 + 0.1 (BE) 289.6
N 1s 1072.5 £ 0.1 (BE) 1071.5-
Na* Na* 2.2#0.2
Na KLL 988.8 + 0.1 (KE) 1072.5°
K* K 2p3/2 293.2 + 0.1 (BE) 292-294° K* 6.7 £0.4
Ca** Ca 2p3/2 347.8 £ 0.1 (BE) 347.5-348° Ca** 1.2 £0.2
Mg 2p3/2 51.2 +0.1 (BE) 51-51.5 9
mg* Mg** 1.4 0.2 *
Mg KLL 947.0 + 0.1 (KE)
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Table S3. Identification of anions present on GO membrane in PDMS after bias: characteristic transitions
observed and reference values.

Peak position Reference Chemical At. %
Sample Transitions
(eV) values (eV) state Anion
F1s 685.6+0.1 (BE)
CaF,
F F AP 1340.3+0.1(BE) 1340.2 11 16.8 0.6
Or KF
K 2p3/2 347-348 (BE)
CL 2p3/2 197.4+0.1 (BE) 198.5°
Cl- KCI 1.3+0.2
K 2p3/2 292.6+0.1 (BE)
Br 3d5/2 68.3+0.1 (BE) 68.8°
Br KBr 0.7 £0.2
K 2p3/2 293.2+0.1 (BE) 292.2

Table S4. Parameters of the ions under study and the salt used in the experiments. * The parameter
Calculated Effective Density (C/A3) is an estimated value of number of charge / hydrated volume.1 13

Li+ Na+ K+ Ca2+ Mg2+ F- Cl- Br-

lonic radius (A) 0.76 1.02 1.38 1.00 0.72 1.33 1.81 1.96
Crystal radius (A) 0.60 0.95 1.33 0.99 0.65 1.36 1.81 1.95
Stokes radius (A) 2.38 1.84 1.25 3.10 3.47 1.66 1.21 1.18

Hydrated radius (A) 3.82 3.58 3.31 4.12 4.28 3.52 3.32 3.30

Paulings
0.98 0.93 0.82 1 1.31 3.98 3.16 2.96
Electronegativity (X)
Hydrated volume (A3) 233 1.92 152 293 328 183 153 151
Effective density
. 6.86 8.34 10.5 5.47 4.88 -8.77 -10.5 -10.6
(x1022 C/A3)
Charge densities
52 24 11 52 120 24 8 6
(C/mm?)
6,8 t 86+ |[11,50+| 0,702+ | 0,688+ | 11,58+ | 9,98 + | 11,58 +
cmax (mM)

0,3 0,4 0,04 0,001 0,002 0,07 0,11 0,07
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