Scalable and highly selective graphene-based ion-exchange membranes with

tunable permselectivity — Supporting Information

Anna Aixala-Perell612, Alessandro Pedico!, Marco Laurentil2, Enrica Fontananova3,

Sergio Bocchini?, lvan Vito Ferrari?, Andrea Lambertit?*

Politecnico di Torino, Dipartimento di Scienza Applicata e Tecnologia (DISAT), Corso
Duca Degli Abruzzi, 24, 10129 Torino, Italy

?Istituto Italiano di Tecnologia, Center for Sustainable Future Technologies, Via
Livorno 60, 10144 Torino, Italy

3Institute on Membrane Technology of the National Research Council (ITM-CNR), Via
P. Bucci, cubo 17/C, at University of Calabria, 87036 Rende (CS), Italy

*E-mail: andrea.lamberti@polito.it

SUPLEMENTARY RESULTS

XPS

The surface chemistry of GO membranes was investigated by X-Ray Photoelectron
Spectroscopy (XPS).

For all the analyzed membranes, Supplementary Figure 1 shows the corresponding
wide-energy XPS spectra while Supplementary Table 1 reports the relative atomic

percentage for the detected elements.
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Supplementary Figure 1. Wide-energy XPS spectra of GO membranes: a as-
prepared; b after thermal treatment at 60°C; after UV light irradiation for: ¢ 10 min,

d 20 min, and e 30 min.



Supplementary Table 1. Quantitative analysis of the GO membranes’ chemical

composition obtained from wide-energy XPS scan analysis.

Sample C, At% O, At% S, At%
GO 68.07 £ 0.34 31.35+0.34 0.57+0.10
GO@60°C 68.11 +£ 0.30 31.37 £0.30 0.52 £ 0.07
rGO UV 10min 71.80 £ 0.41 27.76 £ 0.41 0.44 = 0.09
rGO UV 20 min 74.52 £ 0.32 24.91 £ 0.32 0.56 = 0.08
rGO UV 30 min 74.07 £ 0.41 25.42 £ 0.40 0.51+0.09
a b
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Supplementary Figure 2. High-resolution C1s XPS spectra of GO membranes: a

as-prepared; b after thermal treatment for 60°C.

The HR Cls XPS spectra of the as-prepared GO membrane and the one dried at
60 °C are reported in Supplementary Figure 2. No relevant differences between the
two samples can be found. Therefore, the mild-temperature treatment does not induce

any change in the chemistry of the starting membrane nor induce any GO reduction.



Supplementary Table 2. Semi-quantitative results obtained from the deconvolution

of HR C1s peak for GO membranes.

%Area
Sample C-C sp2 C-O-C/C- C=0 O-C=0 satellite
OH

GO 45.04 46.14 5.66 3.16 -
rGO-UV10 58.58 29.61 5.43 4.81 1.57
RGO-UV20 59.60 28.50 4.95 5.46 1.49
RGO-UV30 58.44 29.21 5.62 5.31 1.42
GO@60°C 44.10 43.47 6.63 5.80 -

Contact angle
Surface energy of membranes was evaluated by contact angle. Supplementary Figure
3 shows an example of the images used to make the measurement with water and

diiodomethane.

a b

Supplementary Figure 3. Contact angle of GO membrane measurement with: a

water, b CHala.



EIS

EIS measurements were pursued in a frequency range from 10° Hz to 0.1 Hz

(Supplementary Figure 5a). The spectra showed from Supplementary Figures 5-11

focus just on the region in which the curve intercepts the real axis of the impedance
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Supplementary Figure 4. Nyquist plot of a blank measurement. a all the spectra

from 10° Hz to 0.1 Hz b particular of the spectra in the region of the intercept with the

real axys.
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Supplementary Figure 5. Nyquist plot of GO-20 at different times. a 0 min b 10

min ¢ 20 min d 30 min e 60 min f 90 min.
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Supplementary Figure 6. Nyquist plot of GO-40 at different times. a 0 min b 10

min ¢ 20 min d 30 min e 60 min f 90 min.
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Supplementary Figure 7. Nyquist plot of rGO-UV20 at different times. a 0 min b

10 min ¢ 20 min d 30 min e 60 min f 90 min.
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Supplementary Figure 8. Nyquist plot of GOPVA-20 at different times. a0 min b

10 min ¢ 20 min d 30 min e 60 min f 90 min.
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Supplementary Figure 9. Nyquist plot of GOPVP-20 at different times. a0 min b

10 min ¢ 20 min d 30 min e 60 min f 90 min.
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Supplementary Figure 10. Nyquist plot of GOSPEEK10-20 at different times. a0

min b 10 min ¢ 20 min d 30 min e 60 min f 90 min.
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Supplementary Figure 11. Nyquist plot of GOSPEEK?20-20 at different times. a0
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Transference number
lon selectivity of membranes can also be calculated in terms of transference number

(t+), another parameter often used to evaluate IEM’s performancel!-3,

2, — 1= —Tmem__ (1)

T RT c
_ln(Vc c)
zF Ydcfd

Where R, T, z, F, y and c stand for the gas constant, the temperature, the Faraday
constant, the activity coefficient of ions and the concentration. Instead, ¢ and d

represent the concentrated and diluted electrolytes.

Permselectivity

Theoretical potential needed to calculate permselectivity of membranes is calculated

as follows 4
RT YcCc
Eg, =——In— 2
the ng Yaca ( )

Where T is the absolute temperature, R is the universal gas constant, F is the Faraday
constant, zg is the valence of the counter-ion, c is the concentration, y is the activity
coefficient of solutions and superscripts ¢ and d correspond to concentrated and
diluted solutions.

Liquid junction potential encountered in the reference electrodes was calculated by

Henderson equation !, lonic mobilities at infinite dilution were used.

|zjlug

E Ziz_i[ci(z)_ci(l)] RT Zi |zi|uici(1)
I 7 Silzihle@ -] F - X lziluici(2)

(3)
Supplementary Table 3 shows theoretical potential values obtained with different
electrolyte solutions and gradients. Supplementary Table 4 presents the Liquid
Junction Potential calculation for all electrolytes.

Supplementary Table 3. Calculated theoretical potential from Nernst equation.
14



Salt Concentrations Yconc Ydiluted Ethe

LiCIte] 0.5/0.1 0.739 0.789 -39.67
Nacl[] 0.5/0.1 0.6797 0.7773 -37.90
KCI®l 0.5/0.1 0.649 0.768 -37.02
KCI®l 1/0.01 0.604 0.901 -108.04
KCI®l 1/0.1 0.604 0.768 -52.99
KCI®l 1/0.5 0.604 0.649 -15.96
MgCl2! 0.5/0.1 0.4887 0.5202 -39.75
CaCl2l 0.5/0.1 0.4472 0.5 -38.48

Supplementary Table 4. Calculated junction potential from Henderson equation.

Filling Bulk Bulk Ej.conc
Ejgil (mV)  AEj; (mV)

solution solution  concentrations (mV)

KCI (3M) LiCl 0.5/0.1 -1.37 1.06 -2.43
KCI (3M) NaCl 0.5/0.1 -0.59 1.27 -1.85
KCI (3M) KCI 0.5/0.1 0.89 1.69 -0.80
KCI (3M) KCI 1/0.01 0.54 2.83 -2.28
KCI (3M) KCI 1/0.1 0.54 1.69 -1.14
KCI (3M) KCI 1/0.5 0.54 0.89 -0.34
KCI (3M) MgCl2 0.5/0.1 -4.11 -0.22 -3.89
KCI (3M) CaClI2 0.5/0.1 -3.72 -0.11 -3.61

15
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Supplementary Figure 12. Electrochemical set-ups used. a Picture of the
experimental set-up used to measure the permselectivity b Scheme of the
experimental set-up used to measure the permselectivity ¢ Scheme of the

experimental set-up used to measure the ionic resistance.

Permselectivity was measured using different salts as electrolytes to see the effect of

size and charge (Supplementary Figure 13).
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Supplementary Figure 13. Permselectivity of GOPVP-20 using different salts.
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Stress-strain measurements

Stress-strain measurements were performed to GO-20 and GOPVP-20 membranes
to compare their mechanical performance. Young's modulus, strain at break and
stress at break were evaluated showing an increase of performances for all

parameters when adding the binder.
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Supplementary Figure 14. Mechanical properties of go-20 and GOPVP-20
membranes. a Stress-strain measurement. b Young’s modulus of membranes. ¢

Strain at break of membranes. d Stress at break of membranes.
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