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1.Experimental Procedures
1.1 General experimental Materials and chemicals

All the materials and chemicals used to prepare the free-standing graphene laminar membrane
(F-GLM) and the physically confined graphene laminar membrane (PC-GLM) are as follows:
graphene monolayer nanosheets dispersion (flake size ranging from 0.5 to 3.0 um, Nanjing
XFNANO materials Tech Co., Ltd, China), porous nylon membrane (pore diameter~0.22 pm,
membrane diameter~50 mm, CHANGDE BKMAN TECHNOLOGY Co., Ltd, China), and senior
silicone gel (BZ Silicones Co., Ltd, China).

The chemicals of KCl, NaCl, MgCl,, LiCl, TMACI, TEACI, TBACI, HCI (36%~38%),
isopropanol (=99.7%) are analytical grade (Sinopharm, China). High-resistivity distilled water was
used to prepare all aqueous solutions. All the reagents were used as received without any further
purification.

1.2 Instrumentation

A laser confocal Raman microscopic spectrometer customized by the Shanghai dalan
technology Co., Ltd, China and equipped with an iHR320-Imaging spectrometer (Spectrum: 150-
1500 nm, HORIBA) was used for the Raman spectroscopy measurements. The electrochemical

experiments were conducted by using an electrochemical workstation (CHI660D, CHI, USA) and


mailto:yongchen@sit.edu.cn

the shielding box (CHI202, CHI, USA), which have widely been employed in our studies on the ion
transfer behaviors across the membrane-supported liquid/liquid interface.!-6

The apparatus employed in the preparations of F-GLM and PC-GLM mainly include the
vacuum filtration pump (HPD-25, Shanghai Mosu Science Equipment Co., Ltd., Shanghai, China)
and a high-speed centrifuge (TGL-16C, Shanghai Anting Scientific Instrument Factory, Shanghai,
China).

Some instruments were used for the structural and hydrophilic characterizations of as-prepared
F-GLM and PC-GLM, mainly including XRD (XRD-6100, SHIMAOZU, Japan), XPS (K-ALPHA,
Thermo  Fisher  Scientific, America), SEM  (S-3400N, HITACHI, Japan) and
contact angle measurement instrument (SDC-1005, Guangdong Dayt intelligent technology Co.,
LTD, Guangdong, China).

1.3 Preparation of the free-standing graphene laminar membrane (F-GLM)

Based on our previous work* with a few modifications, the setup and the procedure employed
in the fabrication of free-standing graphene laminar membrane (F-GLM) by the vacuum filtration
method are illustrated as Figure. S1 and described as follows. In brief, 2 mL of commercial 2 g/L
n-methyl-2-pyrrolidone (NMP) monolayer graphene nanosheets dispersion was centrifuged at 5500
rpm for 30 minutes. TEM and AFM images of the commercial monolayer graphene nanosheets used
in this work are shown as as Figure. S2. The supernatant in the centrifuge tube was carefully
removed and the sediment was re-dispersed in 40 mL isopropanol by sonication for 3 minutes to
obtain the graphene mono-layered sheet dispersion (~0.1 g/L).

Subsequently, as-prepared monolayer graphene nanosheets dispersion (2.0 mL) was filtered
through a porous nylon membrane by vacuum filtration under the pressure of 10 kPa. After that, the
porous nylon membrane covered with the graphene laminates was dried at 80°C in an oven
overnight, and then immersed in the distilled water (10.0 mL) for 3-5 minutes to peel off the free-
standing graphene laminar membrane (F-GLM) from the surface of porous nylon membrane. As-
obtained F-GLM was further dried at 80°C in an oven over 24 hours for the followed preparation of

physically confined graphene laminar membranes (PC-GLM).
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1.4 Preparation of the physically confined graphene laminar membrane (PC-GLM)

The fabrication procedure of a PC-GLM is shown as Figure. S3a and described as the followed
steps: (1) as-prepared F-GLM was cut into some rectangular strips with wideness~1.0 mm and
length~2.0 cm; (2) such a F-GLM strip was flatly put between two glass slides coated with the
silicone gel (2.0 mL) and then slowly press two glass slides until that the F-GLM strip was
completely sealed by the silicone gel; The distance between two glass slides was finally controlled
as about 1.0 cm; (3) the F-GLM covered with the silicone gel and glass slides was dried at 80°C in
an oven overnight for the complete solidification of silicone gel, and then carefully peeled off the
sealed F-GLM from the surfaces of two glass slides and finally cut into a PC-GLM composed of

the graphene laminates inside the silicone gel (Figure. S3b-e).

1.5 Fabrication of a slitlike graphene-membrane nanofluidic device and constructing an
ion trans-membrane system by using such a nanofluidic device

Fabrication of a slitlike graphene-membrane nanofluidic device: A PC-GLM with length of 1.0
mm was glued into the middle of a glassy tube (length~6.0 cm, inner diameter~7 mm and outer
diameter~8.0 mm), but both of the open ends of PC-GLM was not sealed by the silicone gel. After
the complete solidification of silicone gel under 80°C in an oven overnight, a slitlike graphene-
membrane nanofluidic device was fabricated (Figure. S4a).

Construction procedure of an ion trans-membrane system by using such a nanofluidic device:
A slitlike graphene-membrane nanofluidic device and a 10 mL glass beaker are respectively used
as the cell 1 and the cell 2 (Figure. S4b). The chloride solution with same concentration was
respectively poured into the cell 1 and cell 2, including HCI, KCI, NaCl, KCl, TMACI, TEACI,
TBACI. The four-electrode system was employed in the followed electrochemical experiments by
using ion-transfer voltammetry (ITV) including linear scan voltammetry (LSV) and cyclic
voltammetry (CV) on the basis of our previous report!-®. One pairs of platinum wire electrodes were

used as the counter electrodes and two Ag/AgCl wire electrodes were employed as the reference
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electrodes (Figure. S4b). After that, an ion trans-membrane system composed of such a nanofluidic
device with two bulk aqueous solutions (Wp,x) was successfully constructed, that is the
Wiu(A)/PC-GLM/W,,,k(B) system as shown in Fig. 1. All the electrochemical measurements were
conducted inside a shielding box (CHI202, CHI, USA) (Figure. S4c).

After a F-GLM was used instead of the PC-GLM, the Wy (A)/F-GLM/W i (B) system was
constructed according to our previous work.* Noticeably, the ion trans-membrane direction in these
two systems are completely different. In the case of Wy (A)/F-GLM/W i (B) system, the ion trans-
membrane direction is perpendicular to the 2D graphene nanochannels of F-GLM. As for the
Wiu(A)/PC-GLM/W,,,k(B) system, the ion trans-membrane direction is parallel to the 2D graphene

nanochannels of PC-GLM (Figure S4d).

2. Supplementary figures
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Figure. S1 Schematic illustration of the fabrication of a free-standing graphene laminar
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membrane (F-GLM) by using vapor filtration method.

Figure. S2 TEM (a) and AFM (b) images of the commercial monolayer graphene nanosheets
employed for the fabrication of a free-standing graphene laminar membrane (F-GLM) by using
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vapor filtration method.
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Figure. S3 (a) Schematic illustrating the fabrication procedure of a physically confined
graphene laminar membranes (PC-GLM) by using silicone gel. Photographs of (b) a PC-GLM with
length of 1.0 mm and (c) the size of a PC-GLM compared with a sesame seed, an ormosia and a
peanut kernel. (d) Micro-image of the cross-sectional area marked by a red rectangle in (b). (¢) SEM
image of the marked region in (d).
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Figure. S4 The ion trans-membrane system constructed by the combination of such a slitlike

graphene-membrane nanofluidic device with two bulk aqueous phases containing various chloride
solutions with an identical concentration in cell 1 and cell 2. (a) Photograph of a slitlike graphene-
membrane nanofluidic device. (b) Schematic of the Wy, (A)/PC-GLM/W y,(B) system containing
different chloride salts with the same concentration in cell 1 and cell 2. (¢) Photograph of the four-
electrode system in an electrochemically shielding box. (d) Schematic of the ion trans-membrane
processes of cation and anion along the parallel direction to the 2D graphene nanochannels
physically confined by the silicone gel in the slitlike graphene-membrane nanofluidic device.



Figure. S5 Top-viewed SEM images of the F-GLM under different magnification. Some
winkles can be seen on the surface of F-GLM, which is similar to those graphene laminar

membranes formed on the support.*

Figure. S6 Top-viewed SEM images of the PC-GLM under different magnification.
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Figure. S7 Leakage experiments for testing the sealing effect of silicone gel employed in this
work. (a) LSV curve obtained by using a glass tube sealed by only silicone gel (device (1)) after 90
days; (b) LSV curve obtained by using a device composed of a strip of polyethylene (PE) membrane
without pores instead of the F-GLM strip (device (II)) after 90 days.



Although all of our previous work on the membrane-supported L/L interface have already
proven the excellent sealing effect of silicone gel, ! the possible leakage caused by the silicone gel
was further tested by using two reference devices without pores. To make sure that the slitlike
graphene-membrane nanofluidic device sealed properly and did not allow any leakage or spurious
currents, HCI solution (1.0 mM) was employed to test the possible leakage of the devices without
the graphene laminar membrane composed of 2D graphene nanochannels inside the silicone gel
because proton (diameter~3.4 A) is the smallest ion in aqueous solution.” Figure S7a and 7b show
that only the current responses with the level of pA were obtained for the device (I) and device (1)

after 90 days, which indicates that the leakage caused by the silicone gel can be neglected.
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Figure. S8 (a) The XRD pattern of F-GLM. (b) XPS survey spectra of F-GLM. (c¢) The Cls
spectra of the F-GLM.

Figure S8 (a) shows the XRD pattern of F-GLM and a characteristic diffraction peak presents
at 26.5°, which can be assigned to the characteristic diffraction peak of the (002) peak of graphene
membranes. The d-spacing value of as-prepared F-GLM is calculated to be 0.34 nm according to
Bragg equation, which accords to the previous reports.*3 In addition, Figure S8 (b) and (c¢) show the
XPS spectra of F-GLM. As-prepared F-GLM presents high Cls at 284.8 eV, but weak Ols at 531.1
eV due to the oxygenic functional groups on the graphene sheet edges, which accords to the XPS

characterization results of graphene layers as reported previously.37- 38



2964

= 2903
-
fi 486
21188
Z 709
2
=

500 1000 1500 2000 2500 3000
Raman shift (cm™)

Figure. S9 The Raman spectrum of the silicone gel used in this work.
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Figure. S10 The cyclic voltammograms obtained in the ion trans-membrane system of
Wouk(A)/PC-GLM/W,,k(B) by using TMACI, TEACI and TBACI (1.0 mM) in both of Wy (A)
and Wy, (B). Scan rate is 40 mV/s.

We investigated the trans-membrane behaviors of some monovalent organic cations with much
larger ion diameter (1.25-1.6 nm) than the hydrated ion diameter (~0.7 nm) of Li*, Na* and K*,°
including tetramethylammonium (TMAY), tetracthylammonium (TEA™) and tetrabutylammonium
(TBA*). As shown as Figure S10, as-obtained CV curves are almost same to those CVs of Li*, Na®,
K", namely no Faradaic response corresponding to the cation transfer can be observed within the

remarkably wide potential window (-2.0 V-2.0 V).
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Figure. S11 (a) LSV and (b) CV curves obtained under the different concentration of proton
(Cyt) in two bulk aqueous phases (Wyy) of the Wiy (A)/PC-GLM/W i (B) system (the inset is

the corresponding CV curves).

Figure S11 shows that the peak currents (/,) of CV and LSV curves increases with the
concentration of H* in both of aqueous solutions (W) and the linear relationship between /, and
Cun is about 3004M-1.0mM.
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Figure. S12 (a) The cyclic voltammograms obtained by using four slitlike graphene-
membrane nanofluidic devices (Devices (1)-(4)) in the Wy, (A)/PC-GLM/W,(B) system (1.0 mM
HCI in both of Wy, (A) and Wy,x(B)). Scan rate is 40 mV/s. (b) The possible mechanism for the
peaks1-6 appearing in those double transfer voltammograms obtained by using those slitlike

graphene-membrane nanofluidic devices.

Four slitlike graphene-membrane nanofluidic devices (Devices (1)-(4)) composed of the PC-



GLM with same length of 1.0 mm were fabricated and studied. As shown as Figure S12 (a), the
extremely wide potential windows (-2.0 V-2.0 V) and the double transfer voltammograms can also
be obtained, which are similar to those CVs as seen in Fig. 3b and the supported liquid membrane
(SLM) system.!%-14 The application of electrochemistry to a SLM can be viewed as a bipolar version
of liquid/liquid electrochemistry and the cation transfer across an interface in the SLM systems can
be coupled with the transfer of an anion across the other interface.!4

Therefore, the peaks 1-6 appearing in the Fig. 3b and Figure S12 (a) could be attributed to the
followed ion transfer processes occurring at the 2D/3D water interface formed between the 2D
graphene-nanoconfined water in the PC-GLM (PC-graphene@water) and two bulk aqueous phases
(Wpu(A) and Wy (B)). The peak current of peak 4 corresponding to the proton transfer from the
PC-graphene@water to the bulk aqueous phase (A) was used to estimate the repeatability of these
four slitlike graphene-membrane nanofluidic devices and listed in the Table S2.

Peaks 1 and 2: HY(Wu(B)) = H'(PC — graphene@water)

Peaks 3 and 4: H* (Wi (A)) = HT (PC — graphene@water)

Peak 5: C1 (Whui(A))=CL(PC ~ graphene@water )

Peak 6: €1 (Whu(B))—>CU (PC - graphene@water )
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Figure. S13 (a) The photograph of as-prepared free-standing grapheme oxide membrane (F-
GOM). (b) The micro-image of physically confined graphene laminar membrane PC-GOM. The
insets in the Fig. S13a and b are the photographs of the folded F-GOM and the slitlike graphene
oxide membrane nanofluidic device fabricated by using a PC-GOM.
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Figure. S14 (a) CV curves obtained under the different scan rates changing from 20 mV/s
to 100 mV/s. The relationships between the peak currents of (b) the peak 4 corresponding to the
proton transfer as well as (c) the peak 5 corresponding to the proton transfer and the square root of
scan rate (v'/2).

As shown as Figure. S14a, the peak currents (/,) of peak 4 and peak 5 corresponding to the
proton transfer and the chloride transfer increased with the scan rate. Figure. S14b and c further
demonstrate that the values of /, of peak 4 and peak 5 are proportional to the square root of scan
rate (v’2). According to the modified Randles-Sev¢ik equation (1) used in the SLM system!!:4, the
diffusion coefficient of proton in the 2D PC-graphene@water is calculated about 1.64+0.2x10-3 cm?
s’!, which is smaller than the value (9.0x10-5 cm? s'!) of proton in bulk water possibly due to the
distinct phase behavior of 2D PC-graphene@water from the bulk aqueous phase as discussed in the
text. The diffusion coefficient of chloride in the bulk aqueous phase is estimated about 3.5+0.2x10
cm? s7!, which is close to the diffusion coefficient (4.1x10-3 cm? s™) of chloride in the bulk water as
reported previously 13

I, = 0.3837( )2 nFAD V€ /2 (1)

where n is the charge number, F is the farad constant, R is the gas constant, and 7 is the Kelvin
temperature (298 K). C is the concentration of H" in the PC-GLM or CI- in the bulk aqueous phase.
In addition, /,, A and D respectively refer to the peak currents of peaks 4 and 5, the efficient area of
the 2D/3D water interface and the diffusion coefficients of proton in 2D PC-graphene@water or CI-
in the bulk aqueous phase. If the efficient area of the interface is approximately estimated according
to the geometrical area, the 4 is evaluated about 3.0x10-3 cm? on the basis of the d-spacing value
(~3.4 A) (Figure S8) and the thickness of graphene laminar membrane in the silicone gel (~6.0 um)
(Figure S6).
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Figure. S15 (a) The schematic and (b) the photograph of a potentiometric measuring setup
fabricated by employing such a slitlike graphene-membrane nanofluidic device.

As shown as Figure S15, a potentiometric measuring setup was fabricated by employing the
slitlike graphene-membrane nanofluidic device composed of a PC-GLM. The inner filling solution
inside the slitlike graphene-membrane nanofluidic device is 0.1 M HCI. The reference electrode is
a commercial calomel electrode (¢..{(Hg,Cl,/Hg)-0.28 V vs SHE, Shanghai LEI CI Co., LTD). We
found that the potential is in proportion to the pH values of sample solution within the range of 1.0-
4.0, which indicates that such a slitlike graphene-membrane nanofluidic device can play the same
role as the SLMs to build the the membrane potential (#mem) composed of two phase boundary

potentials  (¥inner and Pouter) at the membrane solution interfaces as refined as following formula

(2).10-14

2.303RTl 2.303RT

Pmem = Pinner = Pouter = K + T gaH+ =K Tp

2

The limited linear dependence between the membrane potential and the pH values of the testing
solution could be ascribed to the much small volume (~A (3.0x10° ¢cm?)" L (0.1 cm): 3.0" 103 uL)
of 2D graphene-nanoconfined water in the slitlike graphene-membrane nanofluidic device, which

may be overcome by the fabrication of slitlike graphene-membrane nanofluidic device composed

of slit arrays inside the silicone gel.

Table. S1 The values of dielectric constant (g), viscosity (1) and density (p) of bulk water,

some organic solvents and 2D graphene-nanoconfined water under the ambient conditions’-24

Property Dielectric Viscosity Density
Solvents constant 12 (mPa-s) (g/cm?)




Bulk water 78.416 0.8816 0.998!16

1, 2-Dichloroethane (DCE) 10.217 0.8417 1.2417
Nitrobenzene (NB) 35.15'8 1.20" 1.201°
1, 6-Dichlorohexane
x 8.820 2,042 1.0722
(DCH)
1,2-Dichlorobenzene
74223 2.3224 1.2924
(ODCB)
1,9-Decadiene 2.1% - -
Nitrophenyl octyl eth
THOPRETYT OCtyR cthel 23.9% 12.877 10478
(NPOE)
n-Octanol 10.3% 6.25% 0.82%
2D graphene-nanoconfined
. g. P 2.1(,)%° 3.8431 1.732
water inside the nanochannels
(h: 0.34nm) (h: 0.68nm) (4:0.75nm)

with hight (4<1.0 nm)

Table. S2 The peak currents corresponding to the proton transfer from the 2D PC-
graphene@water to the Wy, (A) by using four slitlike graphene-membrane nanofluidic devices

Device (1) Device (2) Device (3) Device (4)

Peak current

215.2 220 210.8 223
(nA)

Table. S3 The diffusion coefficients of proton (D,) obtained under different aqueous

environments

Different aqueous environments D (H*) (em? ™) Refs.

Bulk water 9.0x10° 33

13
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Lipid bilayer surface 5.8x10° 34

Water/n-decane interface 5.7£0.7x10° 35
2D PC-graphene@water 1.64 £0.2x10 this work
Bio-membrane surface 1.2x1073 36
2D ordered ice phase 4.0x10° 7
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