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The results in the main manuscript have been obtained with the CP2K/QUICKSTEP pack-

age (v.8.1).5152 CP2K /QUICKSTEP employs mixed Gaussian and plane-wave basis sets

and norm-conserving GTH pseudopotentials. 534 We used short range molecularly optimized

double-¢ valence polarized (DZVP-MOLOPT-SR) Gaussian basis functions, which exhibit a
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small basis set superposition error.5% A 460 Ry cut-off was used for the plane wave expansion.
The systems consist of a single ion dissolved in a water film containing 400 molecules and ap-
proximately 2 nm-thick, placed above a 2.56 x 2.46 nm? graphene and a 2.61 x 2.51 nm? hBN
sheet. The graphene and hBN lattice constants are 2.46 and 2.50 A, respectively.S#57 Charge
neutrality is maintained through a background charge, which compensates for a net positive
(negative) charge of the dissolved I~ (K*) ion. The free energy profiles of the K* and I~ ions
were calculated from umbrella sampling simulations.®® A total of 23 windows were used for
each system and the initial atomic configurations of the ab initio simulations were obtained
from pre-equilibrated umbrella sampling simulations resulting from 1 ns-long FFMD trajec-
tories. Separate umbrella sampling simulations were performed for potassium and iodide
adsorption by restraining each ion at different heights z; o above the sheets with a harmonic
bias potential Uy ;(2,t) = ky/2(2i(t) — 20,4)?, where the index i indicates the i-th window, z;(t)
is the instantaneous height of the ion above the sheets, and k, = 836.8 kJ/mol/nm? is the
spring constant. For each umbrella simulation window, the reference height zy was moved
0.05nm further away from the sheet, starting from a height of 0.25nm. The dynamics were
propagated in the NVT ensemble at 300 K within the Born-Oppenheimer approximation,
where temperature control was achieved with the Nosé-Hoover chain thermostat with a time
constant of 100 fs.>? For each umbrella sampling window, the dynamics were propagated for
about 40 ps for all systems, except for I~ adsorption on graphene, for which additional 30 ps
trajectories were acquired to test for a possible dependence of our results on the length of
the simulations (see Section . The free energy was reconstructed using umbrella integra-
tion.”1? The first 10 picoseconds were used for equilibration and not included in the analysis,
such that the free energy profile of I~ on graphene shown in the main text is extracted from
60 ps-long trajectories and all other free energy profiles result from 30 ps-long trajectories.
Additionally, in order to improve the statistical accuracy of the free energy profile in the
bulk region (where the ion is at a height above 1 nm), the sampling in the bulk-like umbrella-

windows is augmented joining the data obtained from the simulations for one ion on both
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sheets (graphene and hBN). In other words, the sampling within the windows where the
reference height of I= (K*) on graphene is zp > 1 nm, were used to extract also the free

energy of I~ (K*) adsorption on hBN, and vice versa.

2 Computational details of FFMD simulations

The starting configurations of the ab initio umbrella sampling simulations resulted from
FFMD umbrella sampling simulations. Dynamics for each window was propagated for 1ns
and the computational set-up was the same as that discussed in the previous section. As
reported in our previous work,> we used the force field parameters in Tables [S1| and , in
order to describe the aqueous graphene and aqueous hBN interfaces. Water was modelled
with the rigid SPC/E model.®2 The graphene and hBN were also held rigid during the
simulations. To compute cross interactions through the Lorentz-Berthelot mixing rules,
graphene was modelled with the DREIDING®! force field and hBN with the ab initio derived
force-field of Ref. [S14l The water/graphene interactions were described with a Lennard-Jones
potential according to Ref. [S15/and the Lennard-Jones interaction parameters between water
and the hBN sheet were obtained from Ref. [S14. The Lennard-Jones interaction parameters
of I7 at the aqueous graphene interface were described following Ref. [S16, whereas the
parameters of KT adsorption at the aqueous graphene interface, and of both I~ and of K*
at the aqueous hBN interface were obtained from Ref. [S17, where Lorentz-Berthelot mixing
rules were used for the B-I" and N-I~ interactions, as well as for the B-K*™ and N-K* and
C-K™* interactions. Finally, the partial charges of the ions were described following Ref. [S17,

except for I7, which partial charge was described according to Ref. [S16.
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Table S1: Lennard-Jones parameters for the different atom pairs used in the FFMD simula-
tions for equilibration.

atoms | o (A) | € (kJ/mol)
C-0 | 3.190 0.392
B-O | 3.236 0.434
N-O | 3.191 0.359
O0-O | 3.166 0.650
[-—-O | 4.145 0.521
[-—-C | 4.169 0.708
I™-N | 3.643 0.611
I™-B | 4815 0.295
K™-0O | 3.001 1.081
K+t-C | 3.346 0.327
K*-N | 3.090 1.937
K*-B | 3.635 0.934

Table S2: Partial charges for different atoms used in the FFMD simulations for equilibration.

atom | partial charge (e)

C 0.0000

B +0.9070

N —0.9070

@) —0.8476

H +0.4238

I~ —0.8000
K+ +1.0000
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3 Validation of the transport coefficients with respect

to the time of the AIMD simulations

We remind the reader that the ab initio umbrella sampling simulations of I~ adsorption at
the aqueous graphene are about 30 ps longer than the simulations for the other systems — i.e.
70 ps as opposed to 40 ps, where however the initial 10 ps are left out of the analysis and only
used for equilibration. In this section we test the convergence of our results on the osmotic
transport on graphene with respect to the length of the trajectories of the ab initio umbrella
sampling simulations. Specifically, Fig.[S1{shows a comparison between the osmotic transport
coefficients on graphene obtained over the full length of the umbrella sampling simulations
and those obtained computing the free energy of I~ adsorption only from the first part of
the trajectory, i.e. from 10 to 40ps, the same as that of K* adsorption. It can be seen
that although the osmotic transport coefficients display quantitative differences, the scaling

behaviour is not altered by the duration of the I~ adsorption simulations.
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Figure S1: Dependence of the osmotic transport coefficients on the length of the ab initio
umbrella sampling simulations of [~ adsorption on graphene. The red symbols refer to the
osmotic transport coefficients on graphene obtained over the full length of the umbrella
sampling simulations, where the free energy of I- and K™ adsorption results from about 60
ps-long and 30 ps-long trajectories, respectively. The symbols in yellow instead show the
transport coefficients obtained computing the free energy of I~ adsorption only from the first
part of the trajectory, i.e. from 10 ps to 40 ps, as for the adsorption of K.
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4 Dipole orientation of water at the aqueous graphene

and hBN interfaces

We suggest that subtle differences in the water dipole orientation on graphene and hBN are
responsible for the distinct features of the free energy profile of I~ on the two sheets reported
in Fig. 2 in the main text. Fig. [S2|(a) displays the average dipole orientation of water as a
function of the distance from the sheets, which is expressed as cos ¥, where W is the angle
between the water bisector and the surface normal and is weighted by the water density
pu,0. Whereas the water density profile is very similar on graphene and hBN (see Fig.2 (c)
in the main text), the dipole orientation, especially around first water layer (see shaded area
in Fig. [S2|(a)), exhibits some differences on the two sheets. Although in this layer the water
dipoles point away from both sheets, the effect is more pronounced on graphene, indicating
a stronger dipole-ion interactions than on hBN.518 Fig. (b) illustrates that the probability
distribution of cos ¥ computed in the first water layer on graphene is shifted to larger values
of cos ¥, confirming that the water dipoles on graphene are on average more aligned and

point further away compared to hBN.

5 Derivation of the expressions for the transport coef-

ficients

5.1 Electro-osmotic mobility

We start by considering the electro-osmotic flow of a 1:1 aqueous electrolyte induced at a
planar wall by an electric field along the wall, in the absence of an applied pressure gradient,
for which we will detail a derivation presented in e.g. Refs. 519,520, The wall is located
at z = 0, and the liquid in the z > 0 region. An electric field F is applied along the x

direction parallel to the wall, which induces an electro-osmotic flow along the x direction,
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Figure S2: Average dipole orientation of water with respect to the surface normal weighted
by the water density profile (pm,o cos V) as a function of the distance from the sheets (a);
and probability distribution of cos ¥, where water is at a height of 0.3 nm from the surface
(b). Values of cos¥ = 1 and cos W = —1 correspond to water dipoles aligned to the and
pointing away and towards the surface, respectively. The shaded bar in (a) is at the height of
the first peak in py,o cos ¥ and corresponds to the region where the probability distribution
p(cos W) is calculated in (b).

with a velocity profile v(z). We denote n.(z), n_(z) and pe(z) = e [ny(2) — n_(z)] the
cation, anion, and charge density profiles, respectively, where ¢. is the elementary charge.

The electric field generates a force density f(z) = pe(z)E in the liquid. To compute the
induced velocity profile, we assume that the liquid is incompressible, newtonian, and with
a homogeneous viscosity 7. On hydrophobic, slipping surfaces such as the ones considered
in this work, these assumptions have been shown to provide an accurate description of the
velocity profiles even in the first molecular layers of the liquid.®%!' In the low Reynolds number
limit, one can then write Stokes equation:

15y = F(2) = nl2)E. (1)

To integrate this equation, we assume that the velocity gradient vanishes far from the wall,
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dv/dz|,—s = 0, and we write a partial slip boundary condition®? at the wall:

bdv

(2)

)
z=0

with b the slip length.®22 One can then calculate the electro-osmotic velocity far from the

wall:

Voo = v(00) = %/000 dz (z+b)p.(2)E. (3)

Finally, recalling that the electro-osmotic response is commonly quantified by the so-called
zeta potential (, which relates the electro-osmotic velocity ve, to the electric field E through
the Helmholtz-Smoluchowski relation, ve, = —(e¢/n)E (with € the bulk liquid permittivity),

we obtain the final expression for the zeta potential, reproduced in the main text:

e i ! (@)

Note that no assumption was made on the dielectric permittivity of the system: the bulk
dielectric permittivity € only appears in Eq. through the Helmholtz-Smoluchowski defi-

nition of (.

5.2 Diffusio-osmotic mobility
5.2.1 Diffusio-osmotic flow

Following a very similar approach, we now consider the diffusio-osmotic flow of a 1:1 aqueous
electrolyte induced at a planar wall by a gradient of salt concentration along the wall, in
the absence of pressure gradient. Again, the wall is located at z = 0, and the liquid in the
z > 0 region. A gradient of the salt concentration ng far from the wall is applied along the
x direction parallel to the wall, which induces a diffusio-osmotic flow along the = direction,
with a velocity profile v(z). In the following, all quantities depend implicitly on = and we

denote V = 0,. We denote n,(z), n_(z), and ny(z) the cation, anion, and water density
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profiles, respectively, and ny = n% = n® and nb their bulk values (i.e., at z = c0).

We will use local thermodynamics to compute the force density driving the flow in the
interfacial layer, following Ref. [S23. In the water+salt mixture, the Gibbs-Duhem relation
can be written dp = n, (2)duy +n_(z)dp_ 4 ny(2)dpy, where p is the pressure and gy, pu—
and i, the chemical potential of cations, anions, and water, respectively.

A concentration gradient of component ¢ = w,+, — along z will lead to a chemical

potential gradient V ;. The chemical potential for component ¢ is given by:

pi = g + ke Inng + pf, (5)

where 10 denotes a (constant) reference value, u$*° denotes the excess chemical potential
due to intermolecular interactions, and where n" = n,. Because the bulk solutions are ideal,
17*¢ does not depend on the salt concentration. Therefore the chemical potential gradients

are constant along the z direction, and identical for both ion types:

0
n. : (6)

As the pressure is constant in the bulk, the Gibbs—Duhem relation reduces to 0 =
2nsV s + n“;VuW, so that Vi, = —2nsVis/ n"fv. At a distance z from the surface, a pressure

gradient remains, giving a force density:

F2) = ~9p(z) = [0 2) (2] (T )+ ma2) (- T @)
1) = {no) + ) - 2022 (- ®)
f(z) = {n+(z) +n_(z) — 2ng n:;iz)} (_kBTVntS> : (9)

One can then use the same approach as for electro-osmosis, introducing in Stokes equation
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the force density given by Eq. @, to obtain the diffusio-osmotic velocity far from the wall:

- l/ooo dz (2 +b) {n+(z) +n_(z) - 2n3”:;ff)} (—kBTV”S> . (10)

77 w Ns

Finally, recalling that the diffusio-osmotic response is commonly quantified by the so-called
diffusio-osmotic mobility Dpo, which relates the diffusio-osmotic velocity in the bulk liquid
vgo to the gradient of salt concentration ng: vg, = Dpo(—Vns/ng), we obtain the final

expression for the diffusio-osmotic mobility, reproduced in the main text:

Do = —_v“;:/ns _ k];T /OOO dz (= + b) {n+(z) tn(2) - 2nsn:;](;) } (11)

5.2.2 Streaming excess solute flux

The diffusio-osmotic mobility can also be computed via Onsager reciprocal relations. 524525

Indeed, the diffusio-osmotic response of a channel is described by the following linear response

matrix:
q - M —Vp
_ 12 | (12)
5js M21 : _v;us
where —Vp and —Vpus = —kgT Vng/ng are the pressure and chemical potential gradients

along the channel, ¢ is the flow rate density (i.e. the average flow velocity), and §js is
the excess solute flux density, which will be defined properly in the following; according
to Onsager reciprocal relations,>2452% M, = My, = Mpo. From the diffusio-osmotic flow
response, one can see that Dpo simply relates to the response coefficient: Dpo = kgT' Mpo.

We will now derive an expression for Mpo considering the reciprocal effect, i.e. the
streaming excess solute flux generated in a channel by a pressure gradient, in the absence
of chemical potential gradient: §j, = Mpo(—Vp). To that aim we consider an aqueous
electrolyte in a slit channel made of two parallel walls located at z = 0 and z = H. We

denote ny(2), n_(z), and ny(z) the cation, anion, and water density profiles, respectively,
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and ns = n? = n" and n, their bulk values (i.e., at z = H/2). A pressure gradient f, = —Vp

is applied along the z direction parallel to the walls, which induces a Poiseuille flow along the

x direction with a velocity profile v(z). The Poiseuille flow is described by Stokes equation:

—77% = fp. The channel is symmetric with regard to z = H/2, so that S_Z}Z:H/2 =0, and
we consider a partial slip BC on the bottom wall: v(0) = b %L:o' The resulting flow profile
writes:

v(z) = g—Z{H(Z—Fb)—zQ}. (13)

The excess solute flux through the channel is defined as the difference between the mea-
sured solute flux and the solute flux that would be advected by the Poiseuille flow if the

solute density was equal to its bulk value everywhere in the channel, n'i +nb =2ng:
H/2
0Js = Js — 2nsQ = Zw/ ny(2) + n_(2)]v(z) dz — 2nQ, (14)
0

where w is the channel width along the y direction, and @) is the solvent flow rate, defined
as the change of solvent volume in the reservoir per unit time. Because in the reservoir the
solvent density is equal to its bulk value, ) can be related to the flux of solvent particles
(water molecules) via Q = Jy,/nP, i.e., the change in solvent volume per unit time in the
reservoir is given by the change in the number of solvent particles per unit time, divided by

the bulk solvent density. In fine @) writes:

J, 2w [H/?
MR

nw(2)v(2) dz. (15)
Combining Eqgs. and , one gets:

5. = 2w /0 . {n+(z) +n(z) - znsnw—(z)} o(z) de. (16)

nb

w

If the densities of ions and water only differ from their bulk values in a thin region close to

the wall where z < H/2, then the integrand in Eq. will only differ from zero in this
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same region. In that case, one can linearize the velocity profile in the integral:

ol

v(z) >~ 2

(z+0), (17)

and one can extend the upper boundary of the integral to infinity:

5, = w[:;fp /OOO (2 +b) {n+(z) Y (z)— QnSn‘;S};)} dz. (18)

The excess solute flux density is then given by §js = d.J;/(wH), and the response coefficient

is obtained from Mpo = 675/ fp:

Mpo = %/OOO (2 +b) {n+(2) +n_(z) — 2nS"W(Z)} dz. (19)

b
Ny

Finally, using Dpo = kgT'Mpo, one recovers the expression for Dpo obtained via the diffusio-

osmotic flow response, Eq. (11]).

5.2.3 Electro-osmotic contribution to diffusio-osmosis

Note that here we only described the intrinsic diffusio-osmotic response, i.e. the coefficient
in Onsager response matrix. However, an additional flow can be generated under a salt
concentration gradient, for salt ions with an asymmetric diffusivity, and when the channel
boundary conditions impose that there is no electrical current along the flow direction in the
bulk liquid.®2%527 [ndeed, in that case a so-called diffusion electric field Ey appears to avoid

charge separation, which can be computed by writing that the bulk electric current vanishes:

e ks T Vn,
je=qy —j ) =0, with jo = —Do (Ve L2 E,) = B, = 6722 YT (20)
kBT Qe Ng

with D the bulk cation and anion self-diffusion coefficients, and 6 = (D, —D_)/(D,+D_).

The diffusion electric field creates an electro-osmotic flow, with an osmotic velocity far from
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the wall:
Vosm = _5 X EO - _5 X 6kBT vnsa (21>
n n e Mg

so that the effective diffusio-osmotic mobility arising from this mechanism writes:

DEO Vosm g « 5kBT _ (5 QEC

- —Vns/ng - n e dmlpn’

(22)

where ( is obtained from Eq. .

Figure [S3|compares the intrinsic and electro-osmotic contributions to the diffusio-osmotic
response for the aqueous graphene and hBN interface at different salt concentrations, where
§ = 0.02 for KI salt.®* It can be seen in Fig. [S3| that the electro-osmotic contribution to
diffusio-osmosis follows the scaling of the (-potential. The figure also illustrates that the
magnitude of Dgo is much smaller than the intrinsic response at all concentrations and for

both systems.

5.3 Streaming conductivity

The diffusio-osmotic current response is described by the following linear response matrix:

e - M E
e ’ , (23)
(5js M21 : _V,us

where F and —V s = —kgT Vng/ng are the electric field and the chemical potential gradients
along the channel, j. is the electric current density, and 04, is the excess solute flux density,
defined in the previous section; according to Onsager reciprocal relations,®2452% N1, = My, =
Mge. As discussed in the main text, the diffusio-osmotic current is proportional to the
perimeter of the channel cross section P. In order to quantify the intrinsic response of

the liquid-solid interface, independently of the channel geometry, we define the so-called

diffusio-osmotic conductivity K, which relates the diffusio-osmotic current generated per
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Figure S3: Concentration dependence of the intrinsic and electro-osmotic contributions to
the diffusio-osmotic response for the aqueous graphene — respectively DS&* and DSEA —
and for the aqueous hBN — respectively DBY and DEY — interfaces. One can note that
|Dgo| < |Dpol| for both graphene and hBN at all considered salt concentrations.

unit length of the channel circumference, I./P, to the gradient of salt concentration nsg:
I./P = Kosm(—Vng/ng); accordingly, denoting S the channel cross section area, Ky, simply

relates to the response coefficient:

SkgT

Kosm =
P

My.. (24)

We will now derive an expression for Mg, by considering the excess solute flux generated

in a channel by an electric field, in the absence of chemical potential gradient: 6j, = Mg FE.
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As in section [5.2.2] we consider an aqueous electrolyte in a slit channel made of two parallel
walls located at z = 0 and z = H. We denote n,(z), n_(z), and ny(z) the cation, anion,
and water density profiles, respectively, and ng = n'i = nP and n2 their bulk values (i.e.,
at z = H/2). An electric field E is applied along the z direction parallel to the walls,
which induces an electro-osmotic flow along the = direction with a velocity profile v(z). The
electro-osmotic flow is described by Stokes equation: —7732772’ = pe(2)E, with p, the charge

density. The channel is symmetric with regard to z = H/2, so that ¢ = 0, and we

dz‘z:H/Q

consider a partial slip BC on the bottom wall: v(0) = b 4 We also assume a constant

dz |z:0'
dielectric permittivity €; the validity of this approach is discussed in the next section. The
charge density pe(z) is then related to the electric potential V' (2): po(2) = —6‘327‘2/. One can

then integrate Stokes equation, and the resulting flow profile writes:

q. b
= — s — 2 ¥)—171, 25
() = 1 [9(2) — 6 — 2sEn(D) (25)
with g. the elementary charge, (g = ¢?/(4wekgT) the Bjerrum length, ¢ = ¢.V/(kgT)
the reduced electric potential, ¢s its value at the wall, and lgc = ¢./(2n¢|X]) the Gouy-
Chapman length.>28

The excess solute flux through the channel is defined as the difference between the mea-

sured solute flux and the solute flux that would be advected by the electro-osmotic flow if

the solute density was equal to its bulk value everywhere in the channel, n‘i +nb =2ng:
H/2
0Js = Js — 2nsQ = Zw/ [ny(2) +n_(2)]v(z) dz — 2nQ, (26)
0

where w is the channel width along the y direction, and () is the solvent flow rate As discussed
in section [5.2.2] ) can be computed as the flux of water molecules divided by the water bulk

density:
J, 2w [H/?

Q=2r==0
ny, nb Jo

nw(2)v(2) dz. (27)
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Combining Egs. and , one gets:

5., = 2w /0 " {n+(z) o (2) — 20, 2) } v(z) dz. (28)

b
Ny

If the densities of ions and water only differ from their bulk values in a thin region close to
the wall where z < H/2, then the integrand in Eq. will only differ from zero in this

same region. In that case, one can extend the upper boundary of the integral to infinity:

5., — Wb /O h {n+(z) tn_(z) — 2ns”W(Z>} {¢(z) b 2sem(D) | ds (29)

~ 2mlgn nb lac

w

The excess solute flux density is then given by §js = dJs/(wH ), and the response coefficient
is obtained from My, = 0js/FE. Finally, using Eq. , where S = wH and P = 2w, one

obtains the expression for the diffusio-osmotic conductivity:

4dmlpn nb lac

w

Koy — 210 /0 h {n+(z) tn(2) - 2nsnw—<z)} {qﬁ(z) b 2san(D) | d= (30)

6 Modified Poisson-Boltzmann description

Following Refs. [529-S31, the mPB equation for a planar surface including ion-specific free
energy profiles; AG4(z), and a spatial dependence of the relative dielectric permittivity,

e-(2), is expressed as:

o () V() =~ ()~ (2)] (31)

,
dz z

= —qen, [eC8VE-ACLE RET _ 4V (2)-AG- () /kaT] (32)

Assuming, as was done in the main text, that €,(z) does not depend on the distance from

the sheets and that is equal to the water dielectric constant, ¢, = 78, the mPB equation
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reads:

d2
zr§=:—4w&nn+@>—rz<a1=-ﬂ®w3nsk“”““>—e“”*”“ﬂa (33)
V4

where we introduced the Bjerrum length fg = ¢?/(4mepe, kpT) and dimensionless free en-
ergies of ion adsorption. The assumption of a constant dielectric permittivity at the aque-
ous interface is based on solid theoretical grounds which support the empirical evidence

that the dielectric constant of a polar fluid is an intrinsic quantity.>32533

Nevertheless, we
have also tested the potential effect of a spatial dependence of the dielectric permittivity

(;:),5197829 where

on the osmotic transport coefficients using a step-polarization model for
e(r) = eo[(er — 1)0(z — 2) + 1], with 6(z — 2) being the Heaviside function centered at the
height Z. Here, Z is obtained from the conditions that the electric field in the vacuum-like
region between the sheets and the first water density profile is zero when approached from

the “left” side but it is non-zero when approached from the “right” side, that is:

d
lim de — 0 and (34)
z—z— dZ
. d¢p  d¢
Lt e (35)

with % ‘Z:Z . being generally different from zero, thus implying a discontinuity in the electric
field at Z. The electrostatic potential is instead continuous at Z and equivalent to the surface
potential ¢s — i.e. ¢z — Z7) = ¢(z — ZT) = ¢. In practice, in our simulations we
have determined Z to be Z ~ 0.33 nm for both the graphene and hBN aqueous interfaces.
In Fig. it can be seen that the (-potential and Dpp are not significantly affected by
a possible distance dependence of the dielectric permittivity. A change is observed in the
diffusio-osmotic conductivity K, instead. Despite this change, a sign inversion in K,
is observed for hBN at approximately 1 M regardless of the choice made for the dielectric

permittivity.
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Figure S4: Scaling behaviour of the (-potential (a), diffusio-osmotic coefficient Dpg (b)
and diffusio-osmotic conductivity Ko, (¢) obtained with a constant value of the relative
dielectric permittivity (¢, = 78) as shown in the main text (red and blue symbols), and with
a distance-dependent dielectric permittivity £(z) according to the step-polarization model
(pink and cyan symbols). In (b) and (c) filled (empty) symbols refer to transport coefficients
with a positive (negative) sign.

7 Effective surface charge model

In this section we will derive simplified expressions for the transport coefficients when the
layer where ions and water interact specifically with the wall (adsorption layer) is very thin as
compared to the characteristic lengths of the EDL; one can then integrate the ion-specific and
water-specific contributions and use them as surface terms for a regular Poisson-Boltzmann

description outside the adsorption layer.

7.1 Effective surface charge and surface potential

Within the mPB description, the charge density writes: pe(z) = gens [e7?F)79+() — e?(2)=9-(2)]
One can rewrite the charge density as the sum of the standard PB expression and a correction

due to specific interactions:

pe = qens [e79P) — 2] + g, [e9P) (e79+() — 1) = 2) (¢79-C) —1)] (36)
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where (e*g+(z) — 1) and (6*9—“) — 1) vanish outside the adsorption layer. Accordingly, the
second term in Eq. corresponds to a thin layer of specifically adsorbed ions, outside of
which ions follow the standard PB equation. If the characteristic scale for the variation of
the potential is much larger than the thickness of the adsorption layer, one can approximate

the second term as a Dirac distribution of charge density located at the wall:

Pe = QeNg [e"’b(z) — e‘b(z)} + Yed(2), with (37)
Yeff = / gens [e7% (797 — 1) —e% (79 —1)] dz (38)
0
Eeff = (eNs [€_¢SK+ - e(ﬁSK—} ) (39)
where
K, :/ (e’g+(z) —1)dz and K_ :/ (e’g‘(z) —1) dz (40)
0 0

are characteristic length scales quantifying the amount of adsorbed ions.

Within the standard PB framework, one can then relate the surface potential to the

effective surface charge through Grahame equation:>8
s e I
sinh (%) = 21l Ap qﬂ = Do [e™” K, —e®K_]. (41)

In the limit of small surface potential, ¢ < 1, one can linearize this equation, and compute

bs:
K, —K_

¢S%2/\D+K++K,'

(42)

7.2 Electro-osmosis

We start from the integral expression of the zeta potential, Eq. . Because the surface is

electrically neutral, fooo bpe.dz = —bX = 0, so that the slip length disappears from Eq. .
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Using Eq. , ¢ writes:

(=10 { / [e79C) — ¢#] 2 dz + / [e796) (e79+() — 1) — 9 (e=9-() —1)] Zdz} '
€ 0 0

(43)

When the adsorption layer is thin as compared to the scale of the electric field variations,

one can simplify the second integral:
/ [e7?®) (e79+() — 1) — ¥ (¢79-) — 1)) zde m e K Ly — e K_L_, (44)
0

where

1 1

_ L [T e _ L [T e
L, K+/0 (e79+ 1)zdz and L_ K—/o (e 1) zdz. (45)

L, and L_ quantify the thickness of the adsorbed layer of cations and anions. One can esti-
mate an order of magnitude for the second integral as Yo/ (gens) x L, with L = max(|Ly|, |L_|).

2

The first integral can be evaluated using the standard PB equation,®*® and one obtains fi-

C_hT s, (26@) kT {1 o (E)} (46)
Qe € qns 1 A

where A = —¢/d,¢|.—o is a characteristic scale for the variations of the electric potential. 528

nally:

If L < )\, the zeta potential can be approximated as:

kgT
(=~ Z’—(bs, (47)

with ¢4 given by Eq. .

7.3 Diffusio-osmosis

We start from the integral expression of the diffusio-osmotic mobility, Eq. , which we

rewrite as the sum of the standard PB expression and a contribution due to specific interac-
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tions, i.e. Dpo = DEB + D28 where
) O DO DO

D56 _ ns /OO ~6(2) | 0(2)
— = — e — 2| (z+b)dz, 48
= (D) (15)
Dads o] n (Z)
) —9+(2) _ 1 ¢(2) (¢=9-(2) _ 1) — 9o 22/ 1 b)dz.
P 77/0 [ (e ) +e?? (e ) ( o (z+b)dz
(49)

In the thin adsorption layer limit, DEE can be computed using the standard PB equa-
tion,>#534 while D& can be approximated in terms of characteristic adsorption lengths, to

yield the expression presented in the main text:

Dpo 1 2 blh|
~ —In(1—-
k‘BT 27’(’6]37] { Il( 7 ) K‘éﬂc
1
N2 [e K Ly +e”K L — 2K Ly +b(e™* K, +e*K_ —2K,)] } , (50)
D

where v = tanh (¢5/4), and (&, = q¢./(2nl5|Zeq]) is the effective Gouy-Chapman length

corresponding to the effective surface charge.

7.3.1 Scaling of the Diffusio-osmotic coefficient

The diffusio-osmotic coefficient Dpg scales approximately linearly with ng on graphene at all
concentrations considered, whereas on hBN deviations from linearity appear above 1071 M,
and a sign reversal is seen at concentrations just below 1 M. We present the concentration
dependence of the diffusio-osmotic coefficient and the contributions coming from DEB and
from DS in Fig. . The main PB contribution to Dpg is determined by the slippage term
in Eq. . which on hBN scales as DEE o ng/? , given that v o ¢s and that the surface
potential scales with the square root of the concentration (¢s o< y/ng), while on graphene,
DFR scales with a slightly smaller exponent than n2’? because ¢s also scales more slowly than
/s (see also the main text). As reported in the main text, at low concentrations the specific

adsorption contribution D3 scales linearly with salt concentration and is also determined
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by the term proportional to the slip-length in Eq. given by b (e*‘z’SKJr +eK_ — ZKW).
At concentrations of about 1M, competing effects between the water-specific and the ion-

specific interactions lead to a sign change in D&

for both graphene and hBN (see symbols
in Fig. (c)) The sign reversal of DS is offset by the amplifying slip effect arising from
the PB term proportional to bly|/I&L, but while on graphene this term is sufficiently large

such that Dpg is positive at all concentrations considered, this is not the case for hBN such

that a sign reversal is observed on hBN at concentrations of just below 1M (see Fig. [S3|(a)).

106 108 106
(b) ,
10° 10° 10°
10* 10 104
v 103 103 v 10°
€ 10? 102 € 102
3 3
— 10! 10! o 10!
3 S
Q 10° 10° a 10°
1071 10°t 1071
> @ graphene 5 .
10 ® hBN 10 10
1073 sy T oo 0 1 1073 s e e 0 1 1073 s =e oy Ty 7ot 0 1
107% 1072 107“ 10 10° 10 107* 1072 107< 10 10° 10 107% 1072 107“ 10 10° 10
concentration [M] concentration [M] concentration [M]
Figure S5: Concentration dependence of the diffusio-osmotic coefficient for the aqueous
p q

graphene and aqueous hBN interfaces as shown in the main text (a), alongside the contri-
butions coming from DEB (b) and from D% (c¢). Filled (empty) symbols and solid (dotted)
lines refer to positive (negative) values of the response coefficients.

7.4 Diffusio-osmotic current

We start from the expression of K, in Eq. , which we simplify by noting that the slip

contribution vanishes for a neutral surface:

o kBTQan

T 4 ) B
o = 080 [ et 4 o) — 5] (0(2) = 0.) ot

Tt (694 ) 1) 4 o84 (o9-) _ 1 _2(”W_(Z)
[Tl ey e -y

b
Ny

~1)] e - e} o
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In the thin adsorption layer limit, the first integral, which we denote K B | can be computed

using the standard PB equation:>2%534

kBTQens

KPB —
47T€B77

osm

/OO [e_‘W) + e — 2] (¢(2) — &) dz =
0

ksTq. 1 /°° do\? kT o asinhy
a9 _ - 1— . (52
Amlgn 8nly Jo (dz) (6(2) = ¢, dz 2mlgn X (52)

To express second integral in Eq. in terms of the characteristic adsorption lengths, we
further assume that the difference ¢(z) — ¢s can be linearized for z close to Z, where Z has

been defined in Egs. and . This approximation reads:

¢(z) —ps~0 forz < Zand (53)
P(2) — s = % (z—2) = —QSL@GH)(Z—E) for z > Z. (54)
dz |, s+ lac

The above conditions allow us to introduce a new set of characteristic lengths analogous to

those defined in Table 1 in the main text:

We then denote the second integral in Eq. as K23 and express it in terms of these

characteristic lengths as:

kgTq.ns [ N (2)
ads __ B4 Qells —o(2) (,—9+(2) _ o(2) (p,—9-(2) _ _ WA
Ko = —47T£B77 /0 [e (e 1) +e€ (e 1) 2 nb 1

kpTn € K, L, +e*K_ L —2K,L,
27lgn 402 '

X (¢(2) — @) dz = — (58)
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Substituting Eq. and to Eq. we obtain the final expression of the ESC model

for Koqm reported in the main text:

Kosm = (59)

kpT Yeq y (1 sinh™! N e 4K, L, +e*K_L_— QKWE/W)

2mlgn X 402

7.4.1 Scaling of Diffusio-osmotic conductivity

As discussed in the main text, the diffusio-osmotic conductivity at concentrations between
107 and 107! M scales as Ko ~ nP, with p &~ 2 and p ~ 2.5 for graphene and hBN,
respectively. To illustrate the origin of the different scaling behaviour in the two materials,
we present the concentration dependence of the diffusio-osmotic conductivity and the con-

tributions coming from K2 and from K23 (see definitions in previous section) in Fig. .

On graphene, both K'2 and K24 scale approximately quadratically for ng € [107%; 1071 M.

osm osm

On hBN KPB also scales quadratically with salt concentration, whereas the scaling of K29

osm osm
is more complex at low concentrations, where a sign change from negative to positive is

observed at about 5 x 1073 M. Accordingly, at very low salt concentration K2% goes against

KPB while above 5 x 1073 M K2% goes with KB this results in an effective scaling law

for the total response with a power larger than the standard p = 2 value.
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Figure S6: Concentration dependence of the diffusio-osmotic conductivity for the aqueous
graphene and aqueous hBN interfaces as shown in the main text (a), alongside the contribu-
tions coming from KB (b) and from K% (c). Filled (empty) symbols and solid (dotted)
lines refer to positive (negative) values of the response coefficients.
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8 Summary of characteristic lengths

The characteristic lengths of the ESC model are reported in Table [S3]

Table S3: Slip lengths (b) and length-scales characteristic of cation-specific (with subscripts
“+7), anion-specific adsorption (with subscripts “—”) and water density oscillations (with
subscript “w”) at the aqueous graphene and hBN interfaces, along with their definitions. The
lengths with the “~ 7 are relevant to the calculation of the diffusio-osmotic conductivity —
where Z = 0.33 nm — and are only reported here for ease of presentation, whereas the other
lengths are also shown in the main text. The slip-length and the anion length-scales are in
bold to highlight the stark differences between graphene and hBN.

lengths [nm] definition graphene hBN

b +19.6 +4.0
K, I —1]dz —0.229 ~0.207
K_ J e — 1]d= +1.974 +0.177
K, [ [ (2)/nb, — 1)d= —0.179 —0.165
L, K[ z[e—9+<Z> — 1]d» —0.363 —0.442
L_ K! f°° [e79-() —1]dz +0.459 —0.099
Ly Kt [7 /n —1]dz —0.031 —0.027
K, [ [e* — 1]dz +0.085 +0.106
K_ [ [e—gf@) — 1]dz +2.067 +0.375
K, f;"[ w(2)/nt —1]dz +0.012 +0.019
Ly (= 2) e — 1]de +1.227 +0.989
L_ 22— 2)le @) — 1)de 40.099 —0.248
Lo 1 f z—3) (z) /nb, — 1]dz +0.222 +0.424
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