Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2020

Supporting information for:
Field-Enhanced Selectivity in Nanoconfined lonic

Transport

Ke Zhou and Zhiping Xu*

Applied Mechanics Laboratory, Department of Engineering Mechanics, Tsinghua
University, Beijing 100084, China

E-mail: xuzp®tsinghua.edu.cn

Contents

[S1 Supplementary Notes | S2
[51.1 The dissociation of confined bilayer water under an external electric field | . . S2
[51.2 Additional discussion on the force-field parameterization| . . . . . . . . . .. S4
[51.3 Near-surface diffusion of ions in ~-BN and MoSs nanochannels|. . . . . . .. S5

[S2 Supplementary Tables, Figures and Captions| S6

[References] S25

S1


xuzp@tsinghua.edu.cn

S1 Supplementary Notes

S1.1 The dissociation of confined bilayer water under an external

electric field

First-principles Born-Oppenheimer MD (BOMD) simulations were performed using the CP2K
package.” We use a hybrid Gaussian and plane waves (GPW) scheme where the electronic
density is expanded in the form of plane waves with a cutoff of 500 Ry.*2 The molecu-
larly optimized Gaussian basis sets are used.®¥ Revised Perdew-Burke-Ernzerh (revPBE)
parametrization is used for the exchange and correlation functional with Grimmes empirical
dispersion corrections (D3).54%¢ Goedecker-Teter-Hutter pseudopotentials are used to treat
the core electrons.®” It was shown in previous studies that the combination of revPBE and
D3 predict experimentally consistent structural and dynamical properties of bulk water.58
The motion of nuclei follows Newtons equations of motion, which is propagated using the
velocity Verlet algorithm with a time step of 0.5 fs. The equilibrium is equilibrated in the
NVT ensemble using a Nosé-Hoover thermostat.

To study the stability of water molecules in the bulk form (Fig. [S9 and [S10]), we follow
the modern theory of polarization and apply periodic EEFs using the Berry-phase method.>?
The results show that the length of OH bond (lon) is elongated under EEF with significant
fluctuation. Beyond a critical strength of E. = 3.0 V/nm, water dissociation into H3O" and

OH™ is observed, and the protons migrate along the H-bond chain via the Grotthuss transfer
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mechanism, in consistency with previous Car-Parrinello MD simulation results.
For nanoconfined bilayer water, we use a slab model (Fig. . Non-periodic EEFs are
applied by directly adding an external potential to the ionic and electronic Hamiltonian. The

graphene wall is modelled by a 9-3 L-J potential, V = 5[12—5(%)9

— (2)?], which is imposed on
the oxygen atoms. The parameters ¢ = 0.1 eV and 0 = 4.1 A are taken from Ref.512 We
find that the value of [oy is insensitive to the EEF and self-dissociation cannot be identified

in our 10 ps-long BOMD simulations (Fig. [S11]). This result can be explained by the facts
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that the dielectric constant>13

along the z direction for bilayer water is significantly reduced
from ~ 80 for bulk water to ~ 2.0, which in turn elevates the free energy barrier of self-
dissociation,®** and the continuous H-bond network that is necessary for proton migration
is broken by the presence of walls. Moreover, the water configurations in nanochannel are
modified by the EEF. In the absence of EEF, the distributions of OH bond orientation angle
(f) in water molecules has a peak at 20° (or 160°) and 100° (or 80°) for the bottom
(or top) water layer, which is consistent with the MD simulation results using atomistic
graphene walls.®1? The peak in the bottom layer shifts to 90° under EEF, with the OH
bond lying in parallel to the surface, and 165°, where the OH bond is almost perpendicular
to surface. These two configurations effectively inhibit the elongation of oy and thus water
dissociation because of the reduced electrostatic potential difference across the OH group
along the z direction and wall repulsion, respectively.

Previous studies show that the presence of ions in water reduces the threshold EEF for
water dissociation from 3.5 to 2.5 V/nm.®% To explore this effect under nanoconfinement, we
added Na™ and C1~ in to both bulk and nanoconfined bilayer water. The results show that
for bulk water at £ = 3 and 4 V/nm, the O-H bonds in water molecules are stretched with
the presence of charged ions (Fig. , which promotes the dissociation of water molecules
by breaking the H-bond network. However, for bilayer water, the distribution of [og remains
almost intact with the addition of ions up to 20 V/nm (Fig. , indicating no dissociation
of water. The explanation due to the strong confinement effect on the H-bond network still

hold for this finding.
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S1.2 Additional discussion on the force-field parameterization

We use an alternative set of force-field parameters developed by Williams and co-workers to
valid our conclusion reached from the approach introduced in the main text.® The 12-6 L-J
parameters between ions and carbon atoms in graphene are fitted from DFT-calculated PMF
for an ion near a graphene surface. Our results indicate that the ion trajectories and FEL
are similar as those plotted in Figs. 3 and 4a. The SDDF for water and ions, self-diffusion
coefficients (D), and selectivity (S) are plotted Fig. as a function of the field strength,
E. The value of D is reduced beyond at a critical field strength of £ = ~ 5 and ~ 10 V/nm
for Na™ and K*, respectively. The value of S+ y,+ increases from less than 2.0 at F' < ~ 5
V/nm to higher than 30.0 at £ = 20 V/nm. These results validate our conclusions obtained

from the force field developed by Kenneth and co-workers.>18
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S1.3 Near-surface diffusion of ions in A-BN and MoS,; nanochan-

nels

We study near-surface diffusion of ions in A-BN and MoS; nanochannels using force-field
parameters summarized in Table .819’320 The interlayer spacings are 1.02 and 1.295 nm for
the h-BN and MoS, channels, respectively, which correspond to an effective channel width
or the thickness of water layers of 0.68 nm that is the same as the value considered for the
graphene channels. The 12-6 L-J parameters between the ions and atoms in the walls are
determined from the Lorentz-Berthelot mixing rules. The FELs of Nat in the h-BN and

MoS; nanochannels are plotted in Fig. for £ =10 and 20 V/nm.
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S2 Supplementary Tables, Figures and Captions

Table S1: The ion-water PDF measured for Nat. Here p; and v; are the positions of the
first peak and valley, respectively. g; is the height of the first peak, and N. is the number of
water molecules in the 1HS.

E (V/nm) p1 (nm) a1 vy (nm) N,

0 0.2325 8.10 0.3155 5.41
3 0.2325 8.16 0.3075 5.35
7.5 0.2325 7.50 0.3025 4.79
10 0.2325 2.75 0.3075 3.92
15 0.2325 4.67 0.3025 3.59
20 0.2375 4.00 0.3125 3.29
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Table S2: The self-diffusion coefficients (D) of water and the population of hydrogen bond
(npgp) with F ranging from 0 to 20 V/nm. The geometry-based criterion is used to analyze
the H-bond network, including the distance between the oxygen of both molecules is smaller
than 0.36 nm, the distance between the oxygen of the acceptor and the hydrogen of the
donor is smaller than 0.245 nm and the angle defined within the dimer geometry is smaller
than 30°.521

E (V/nm) D(x107%m?/s) nHB
0 2.37£0.03 3.27
) 2.61 £0.03 3.13
10 3.73£0.01 2.83
15 4.07 £ 0.02 2.64
20 3.75£0.01 2.53
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Table S3: The average time interval (At) between jumping events from one site to another
in the near-surface ion diffusion process.

E (V/nm) At (ps)
0 0.23

5) 0.54
7.5 0.64

10 1.27

15 8.03

20 130.42
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Table S4: The 12-6 L-J parameters used for h~-BN and MoS,. Here OW denotes the oxygen
atom in a water molecule.

q(e) o (nm) e (kcal/mol)
B +0.37 0.3309 0.0692
N -0.37 0.3217 0.0473
B-OW / 0.3310 0.1214
N-OW / 0.3266 0.1500
Mo +0.76 0.4200 0.0135
S -0.38 0.3130 0.4612
M-OW / 0.3376 0.2379
S-OW / 0.3500 0.6779
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Fig. S1: (a) Density peaks of the Nat ion and water in a graphene channel. (b) The position
of peaks, z, measured under the EEF (Fig. 1c). For reference, the position of channel wall
is z = £0.51 nm.
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Fig. S2: The MSD curves measured for Na* under £ = 0-20 V/nm, plotted on normal
scales against the time interval. The colored background indicates the range of standard
errors. The results plotted on log-log scale are shown in Fig. 1d.
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Fig. S3: (a)-(c) Trajectories of Na* ions under £ = 5, 7.5 and 15 V/nm. The time interval
is 1 ps. The total time is 1 ns for £ = 0 and 7.5 V/nm and 2 ns for £ = 15 V/nm. (d)-(f)
The spatial distribution of Na® ions. The total time of simulation used to calculate the
distribution is 10 ns. The color bar indicates the ion spatial density in the x — y plane.
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Fig. S4: The self-correlation function used to extract the spatial correlation between ions
and site H of the graphene lattice. Here, we estimate the characteristic time ¢y (in unit of ps)
for jumping through a single exponential function which is annotated as the red dash line.
The results suggest that the value of ¢y is less than ~ 10 ps at £ < 10 V/nm, and increases
significantly at £ > 10 V/nm.
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Fig. S5: FELs of Na' in a graphene channel measured at (a) E = 0, (b) 5, (¢) 7.5, (d) 15

and (d) 20 V/nm.
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Fig. S6: The self-part of van Hove distribution function Gg(r,t) projected in the z and y
directions at £ = 0 to 20 V/nm. The data in the x or y directions are plotted with the same
symbol. The solid lines are the Gaussian fittings.
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Fig. S7: The diffusion path with the maximal barriers (MBP) of ions in a graphene

nanochannel under the EEF. The results for the diffusion path with the minimal barrier
(mBP) is shown in Fig. 5b.
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Fig. S8: The strength of local electric fields generated by different surfaces. The references
can be found in main text. Several critical strengths are also indicated, including the dis-
sociation strength of bulk water (3.5 V/nm at 300 K and 5.0 V/nm at 270 K), the EEF by
applying a voltage of 10 V across a single 1.0 nm-thick channel, and the maximum EEF we
applied to the nanoconfined bilayer water where no dissociation was observed.
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(a) (b)

Fig. S9: (a) The simulation box (9.85 x 9.85 x 9.85 A) containing 32 water molecules for
bulk water with a mass density of 1.0 g/cm?®. (b) The simulation box (12.78 x 12.298 x
20.0 A) containing 32 water molecules for bilayer water confined between two parallel walls
(bold black lines) located as z = 0 and z = 10.2 A, respectively.
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Fig. S10: Structures of bulk water under EEF. (a) Distribution of O—H bond-length (lon)
under EEF ranging from 0 - 10 V/nm. (b) Instantaneous number of protons counted for
pure water and water containing Na™ or Cl~ ions. The ion concentration is 1.74 M. The
values plotted for pure water with £ > 3 V/nm are averaged from 2 independent simulation
runs. (c¢)-(d) lon calculated at E = 3 and 4 V/nm for pure water and ion-containing water,
showing the elongation of O—H bonds under EEF.
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Fig. S11: Structures of nanoconfined water bilayer under EEF. (a) The density distribution
of water molecules, and O, H atoms in the z direction. The values for O, H distribution
is shown in arbitrary units. (b) Distribution of the OH tilt angle () in water molecules.
(c) Typical configurations of water molecules with tilt angles of 0°, 90° and 180°. (d) The
bond-length distribution under EEF from 0 - 20 V/nm.
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Fig. S12: (a) The supercell model constructed for DFT calculations. The representative
sites are highlighted, including the hollow of aromatic ring (H), the middle point of C-C bond
(bridge, B) and the top of C atom (top C, C). (b) Binding energies of the alkali ions on the
the representative sites, and the diffusion barriers AEy, calculated as the difference of AEy
between sites H and B or C.
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Fig. S13: (a) Self-diffusion coefficients, D, and (b) the selectivity, S, calculated for Kt and
Nat ions obtained from MD simulations using force-field parameters provided by Williams

and co-workers.>17
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Fig. S14: FELs of Na™ ions in A-BN and MoS, nanochannels with £ = 10 and 20 V/nm.
The positive-charged (B and Mo) and negative-charged (N and S) atoms are colored in blue
and red, respectively.

S23



(a) 0.16 ‘ (b) 0.16 : :
E=0V/Inm —— E=0V/nm ——
c O 12 L 5 —— | c 0 12 L /V\ 5 — |
g 10 S ' \ 10
5 =1 ‘
re} 15 2 | 15
_‘:Z; 0.08 ¢ 20 5 0.08 - \ 20
ke T |
35 004 | . 5 004} |
\ \
0 : : - 0 : = :
1 1.1 1.2 0.9 1 1.1 1.2
d(A) d(A)

Fig. S15: Distribution of O-H bond-length in nanoconfined water bilayer under EEF rang-
ing from 0 - 20 V/nm, where Na® (a) and Cl~ (b) ions are included (1 ion for 32 water
molecules).
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