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S1. Preparation of ITO electrode-supported and perforated SNM

ITO electrode-supported SNM was primarily prepared by the Stober-solution growth
approach.' Briefly, the ITO glass was first immersed in a solution containing 70 mL
water, 30 mL ethanol, 10 uL. ammonia aqueous solution, 0.16 g CTAB, and 80 pL TEOS
for 24 h at 60 °C. Then, the ITO glass with SNM and CTAB micelles on it was obtained
(designated as CTAB@SNM/ITO, I of Scheme S1). Subsequently, it was rinsed with
water and then aged at 100 °C overnight. Removal of CTAB micelles in an acidic ethanol

solution yielded micelles free electrode (designated as SNM/ITO, II of Scheme S1).

A poly (methyl methacrylate) (PMMA)-assisted approach was used to transfer the SNM
from ITO glass to porous silicon nitride (p-SiN) chip.” A drop of PMMA solution (3.5
wt%, M, = 996 000) was spin-coated on the SNM/ITO at 2000 rpm for 30 s. After
solvent evaporation at room temperature for 1 h and baking at 115 °C for 15 min, the
PMMA coated SNM/ITO (PMMA/SNM/ITO) was immersed in 2 M HCI solution
overnight to etch the ITO layer. Subsequently, the free-standing PMMA /SNM exfoliated
from glass substrate was transferred to deionized water for cleaning, under the support
of track-etched polyethylene terephthalate (PET) film. Then, the floating PMMA/SNM
was fished out of the water by SiN chip and dried at room temperature. Finally, the
petforated SNM/SiN (III of Scheme S1) was obtained after PMMA removal in acetone

for 2 hours.
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Scheme S1. Schematic the overall process of fabricating SNM/SIN: (I) CTAB@SNM/ITO
electrode; (IT).SNM/ITO electrode; (IIT) SNM/SiN membrane.
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S2. Characterization of Pt UME

The Pt UME tip of a ~5 um radius with an RG = 3 was always polished prior to use.
The polished tip was then characterized by cyclic voltammetry and SECM approach
curve in a 1 mM FcMeOH aqueous solution containing 1 M KCI. The tip with a smooth
surface gave rise to a sigmoidal steady-state cyclic voltammogram with a small capacitive
current (see Figure Sla). Assuming a disk-shaped geometry, the limiting current 7;,, at

the tip is given by the following equation, namely eq. 1 in the manuscript,

iy, =4nFDac (1)

where 7 is the number of electrons transferred in the tip reaction, F is the Faraday
constant, ¢ is the bulk concentration, D is the diffusion coefficient and « is the tip radius.
The characterization of tip was also performed by approaching the tip to a 5
mm-radius Pt disk electrode surface. The tip current in the approach curves was
normalized with respect to 7., in the bulk solution. As shown in Figure S1b, the tip
current can increase to 700 % of 7., upon approaching. The result confirms that the
glass orifice of tip can be brought very close to the electrode surface. The theoretical
fitting of approach curve yielded 2 = 5 pm and RG = 3. Figure Slc shows the

metallograph of the Pt tip surface that also confirms a smooth surface and the tip size.
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Figure S1. (a) Voltammetric response for the oxidation of 1 mM FcMeOH in 1 M KCI solution.
The potential was scanned from —0.1 V to 0.5 V at a rate of 10 mV/s. (b) SECM approach curve
obtained by approaching to Pt disk substrate in a solution containing 1 mM FcMeOH and 1 M
KCL The tip potential was kept at +0.5 V vs Ag/AgCl. The maximum tip approach rate was 50
um/s. (¢) Metallograph of the tip surface of Pt UME.
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S3. SNM characterization

As-prepared SNM/ITO electrode was characterized by electrochemical methods.
Ru(NH,),™* and Fe(CN)," were used as probe molecules. When CTAB micelles were
retained in nanochannels (I of Scheme S1), no faradic currents were observed for both.
After CTAB removal (II of Scheme S1), obvious current peaks were obtained, indicating
the SNM on ITO surface was compact without cracks or leakages. Moreover, the peak
current of Ru(NH,),”" is apparently much larger than that of Fe(CN),”, suggesting the
permselectivity of SNM towards cations. Given silica nanochannels are negatively
charged, the permeation of cations is preferentially favored. While that of anions is

hindered, and the extent of hinderance is dependent on the electrolyte concentration.
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Figure S2. Cyclic voltammetry of CTAB@SNM/ITO and SNM/ITO electrodes in 50 mM
potassium hydrogen phthalate (KHP, pH = 4.0) containing different redox probes: (a) 0.5 mM
Ru(NH:)¢3*. (b) 0.5 mM Fe(CN)g> ™.

The SNM was scraped from the ITO electrode surface, dispersed in ethanol and then
dropped onto copper grids for TEM characterization. Figure S3a shows the distribution
of pore diameter size determined from the top-view TEM image displayed in Figure 1b.
The distribution was determined using a fractional membrane area of 50 nm X 50 nm
including 100 pores, thereby yielding an average pore radius of 1.15 nm and a pore

density of 4 X 10" pores/cm’ (16.7 % in porosity).
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Figure S3. (a) The distribution of nanopore diameter measured from top-view TEM images
shown in Figure 1b. (b, ¢) Metallographs of the SiN chip window before (b) and after (c)
supporting SNM membrane. The scale bar is 100 pum. The insets show a single micrometer pore

before (b) and after (c) supporting SNM transfer with a scale bar of 10 pm.

Figure S3b, ¢ shows the metallographs of the SiN chip window before and after
supporting the SNM. In both cases, the array of 10-pm-diameter SIN pores with a
pore-to-pore distance of 60 um can be clearly seen. While after supporting the SNM, the
pores are still visible due to the ultrathin thickness of SNM. Moreover, no any visible
crack was found in the SNM transferred to the SiN chip. After supporting SNM, the

color of chip also changed.
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S4. CV of K,Ru(CN), at Pt UME
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Figure S4. (a) Voltammetric response for the oxidation of 5 mM Ru(CN)s* in 1 M KCl solution.
The UME potential was scanned from +0.45 V to +0.95V at a rate of 10 mV s’ (b)
Dimensionless approach curve obtained upon approaching to silicon wafer substrate in the

solution containing 5 mM Ru(CN)¢*". The tip potential was kept at +0.95 V vs Ag/AgCl. The
maximum approaching speed was 50 pm/s.
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S5. COMSOL Multiphysics simulation

The steady-state diffusion of Ru(CN),*" through SNM and the electrical double layer
(EDL) were simulated using COMSOL Multiphysics (version 5.2).

S5.1. Simulation of Ru(CN)," diffusion through SNM
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Figure S5. a) Three-dimensional (3D) model geometry of the SECM tip approaching to a single

SIN pore covered with SNM. b) Two-dimensional (2D) view in the x-g plane with labeled

boundaries.

In the Ru(CN)," diffusion simulation, 2 3D model was built in Cartesian coordinates, as
shown in Figure S5a, to simulate the same physical geometry as the SECM experiments.
The Pt UME geometry was defined according to the characterization results mentioned
above (5 pum in radius, R; = 3). Considering the high porosity (16.7%), the SNM/SiN
was treated as a uniform membrane in this model. As the thickness of SNM (90 nm) was
much smaller than the SiN pore diameter (18 um), the SNM/SIiN pore was defined as a
circle (marked as blue in Figure S5a) instead of a cylinder. The model is defined with
two separate domains, representing the donor and receptor compartment in the SECM
experiments and each with their own geometry and physics. The initial concentrations of

donor and receptor domain were specified as ¢; , = 5 mM, ¢, ,= 0 mM or 5 mM. In both
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domains, the bulk solution boundaries (green lines in Figure S5b) were defined to be

500x of the Pt UME radius away from the pore center (x, 5, ¢ = 0 um) and the

concentration for these boundaries were set as the initial concentrations, ¢, , and ¢, ,

respectively.

The diffusion of Ru(CN)*" in both donor and receptor solutions is defined by the Fick’s

second law,

Oc, (x,y,z) D azvd (x,zy,z) N azfd (x;y,z) N 82% (X,zy,z) 1
ot Ox Oy 0z
2 2 2
Oc, (x,)/,{) _D 0%, (x,zy,{) N 0°c, (x,zj,{) N 0, (x,zj/,z) 52
ot Ox Oy 0z

where ¢; and ¢, are the concentrations of Ru(CN)," in the donor and receptor solutions,

respectively. D is the diffusion coefficient of Ru(CN),"".

The boundary condition of the SNM/SiN pore was given by,

D{M} _ D[M} = Py (%, 1,0) . (%, 1,0)] (83
Ox 0 Ox =0

where P is the permeability of SNM.
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Figure S6. Surface concentration map of the donor and receptor bulk solution domain with the

area near the tip and pore surface zoomed in.
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The permeability simulation was solved by the one-step stationary study. The Pt UME
was biased and approached to the SNM/SIN pore, generating concentration profiles for
each tip-pore distance (Figure S6). Parameterizing the tip-pore distance (z-axis) and
permeability allowed the automated simulation of a single SECM approach curve
experiment, which could generate a series of approach curves after a single simulation

run.

The tip current was measured from the concentration profile at each tip position, which

was obtained by integrating the flux of Ru(CN)," to the Pt surface. The current can be

described by the following equation,

= 20D {m}d 4
0 az

where 7 is the number of electrons transferred in the tip reaction, F is the Faraday

constant, D is the diffusion coefficient of Ru(CN)" (6.3 X 107"’ m’/s) and « is the tip

radius (5 um).
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Figure S7. 2) Simulated dimensionless approach curves to a single SNM/SIN pore without

addition of 5 mM Ru(CN)s* to the receptor solution. b) Simulated tip current as a function of

normalized tip—pore separation with addition of 5 mM Ru(CN)¢* to the receptor solution.

Figure S7a shows the simulated dimensionless approach curves (the tip current
normalized by the current far from substrate) to a single SNM/SIN pore without

addition of 5 mM Ru(CN)," to the receptor solution. At different membrane
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permeabilities, the approach curves remain the same until the tip approaches to a very
small tip-pore distance, which precludes the proper curve fittings. As a result, in this case,
the tip current is directly plotted versus tip-pore distance without further normalization.
Nevertheless, in the case of adding 5 mM Ru(CN),* initially, there is no difference in

approach curve shape between normalized and unnormalized ones.
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Figure S8. Vertical views of simulated concentration profiles of Ru(CN),*” in the receptor and
donor solutions at different d (annotated below each image) at a membrane permeability of 7.5
um/s (a,b) and 2.5 um/s (c,d) for two cases: no Ru(CN)," (a,¢) or 5 mM Ru(CN)"" (b,d) initial
addition to the receptor solution. In the simulation, the x and y position of the tip was always

kept at 0. The color legends denoting the receptor and donor concentrations of Ru(CN),*™ were
set differently to better reveal the concentration profiles. The scale bar in each image represents

the displacement of 20 um in the x direction.
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Scheme S2. Schematic of relative positions between the centers of the tip and pore in x and y
ditrections for the simulation at x-y plane view. a) Ay = 0, Ax = =5 um; b) Ay = =5, Ax = =5 um
and ¢) Ay = 0, Ax = 0 pm. Ay and Ax are defined as the distance between the center of the tip
and the center of pore (x, y, ¢ =0 um) in x- and y-direction, respectively. The tip-pore distance in
g direction is set to 5 pm. The orange, blue and red circles represent the boundary of bulk
solution, outer boundary of the glass sheath around the Pt wire and outer boundary of the Pt

wire, respectively. The SNM/SiN is represented by a black cycle.

The effect of tip position on the approach curve was also assessed by COMSOL
Multiphysics simulation. The same model as abovementioned was built except for the
variation of tip position. In this model, the position of the SNM/SiN pore (black cycle
in Scheme S2) is kept at x;, y, ¥ = 0 um. The lateral distance of the tip center from the
pore center is defined as Ax in x direction and Ay in y direction. In Scheme S2a, the tip
center is 5 um away from the pore center only in x direction (Ax = -5, Ay = 0 um). In
Scheme S2b, the tip center is 5 um away from the pore center in both x and y directions
(Ax = -5, Ay = -5 um). In Scheme S2c, the center of the tip and pore is perfectly aligned
in both x and y directions (Ax = 0, Ay = 0 pm). Approach curves for three different tip

positions could be generated from simulation results (Figure 6d).

S-11



S5.2. Simulation of EDL

At the electrode-electrolyte interface, there is a thin layer of space charges, called the
diffuse double layer. When SNM contacts an aqueous solution including electrolyte, the
surface of silica nanochannel wall becomes negatively charged due to deprotonated
silanol groups. The surface charges cause a special structure at the interface, the so-called

electrical double layer (EDL). In this region, electroneutrality does not hold.

Here the Gouy-Chapman-Stern model is used to describe the structure of EDL (Figure
5a). In this model, the EDL consists of two layers, namely Stern layer and diffuse layer.
Stern layer is the region closest to the wall surface, where the specific adsorption of
solvent molecules and ions occurs. The locus of electrical centers of the specifically
adsorbed ions is called the inner Helmholtz plane (IHP, black dotted line in Figure 5a).
The locus of centers of these nearest solvated ions is called the and the outer Helmholtz
plane (OHP, green dotted line in Figure 5a). The diffuse layer is the region next to the
Stern layer, where ions can move freely in any direction. The thickness of the diffuse
layer depends on the total ionic concentration in the solution, which is determined by
COMSOL Multiphysics (see below). The radial potential profile across the EDL in a
nanochannel can be expressed by the Poisson-Boltzmann equation in the cylindrical
coordinate for a symmetrical electrolyte (e.g., KCI),’

2
d—f (1dd_2me . (ﬁj (S5)
dr® rdr  ge,

where ¢ is measured with respect to the bulk solution. 7, ¢, &, &, &£ and T are the bulk
concentration, the electron charge, the permittivity of free space, relative dielectric
constant of the solution, the Boltzmann constant and the absolute temperature,

respectively.
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Figure S9. a) Two-dimensional symmetric model employed in the EDL simulation. b) Meshed
2D model.

In EDL simulation, a 2D symmetric model with a single nanochannel of SNM
connecting to two large reservoirs was employed, as shown in Figure S8a. Considering
the length of nanochannel has no effect on the potential distribution in EDL along pore
radius the length of the nanochannel was set to 20 nm instead of its real length of 90
nm to reduce the computation time. The dimensions of the two large reservoirs were
defined to be 20x of the nanopore radius away from the symmetric axis (» = 0 nm). The
built model was then meshed using a free triangular mesh (Figure S8b). As the size of
the mesh is directly related to the accuracy of the finite element analysis simulation, the

discretization near the charged wall should be specifically considered. Here a

discretization length scale of 1/100 times the Debye length (1/k, see Eq S9 for the

definition of k) was used to accurately resolve the abrupt change in the EDL.
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Two physical modules are involved in this simulation, Electrostatics and Transport of
Diluted Species. The electrostatics physics contains the equations, boundary conditions
and space charge densities for solving the electric potential. The space charge densities

for all the three domains are defined as,
F*(C.-C)) (86)

where F is the Faraday constant, C. and C, are the concentrations of cations and anions,

respectively.

The concentration of cations and anions were computed by the Transport of Diluted
Species interface. At the bulk solution boundary (denoted with green lines in Figure
S8a), the electrolyte potential was set as ground. The boundary condition for the
nanochannel wall (denoted with red line in Figure S8a) is defined by surface charge
density. According to Gouy-Chapman-Stern model, the surface charge density on the
nanochannel wall depends on the potential difference between the electrode potential (¢)
and the potential at the outer Helmholtz plane (¢). The potential difference can be

defined by following equations,

Ag= ¢0 -9 S7)

Il(Kd)

I, (Kr)

P (89)
& RT

where ¢, is the bulk concentration of electrolyte in mol/ m’, R is the gas constant, F'is the

P, = &g kAP (%)

Faraday constant and « is the radius of the nanochannel. ris the distance from the axial
center of nanochannel. [ and [, are the zero and first order modified Bessel functions of

the first kind, respectively.

The Transport of Diluted Species interface solves the concentrations of cation and anion.

Two transport mechanisms were involved, namely diffusion (Fick’s law) and migration in
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electric field (the electrical field is computed by the Electrostatics interface). For bulk
boundary condition, the concentrations of cation and anion were set the same to match

the Poisson-Boltzmann equation.
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