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Theoretical derivation of the ionic concentrations in diffuse layer and the ionic current.
When a voltage is applied to the electrode surface, the ion concentrations in diffuse layer can

be calculated according to Boltzmann distribution:S!-3

cp
c_=c_ ekt

ep (eq. S1)
c,=c,,e"t

where ¢ is the potential at the distance x from the electrode, c. and ¢, are the concentrations of
negative and positive ion at a potential of ¢, k is Boltzmann constant, and 7T is thermodynamic
temperature. eg is the potential energy that refers to the energy for the moving of the charge
from infinity to ¢.

In our work, 20 mM H,SO, solution was chosen as electrolyte that could be ionized into H*
and HSO4 ions in the first stage. = With a secondary ionization constant of 0.012, the
concentrations of [H*], [HSO4] and [SO4*] were estimated to be 20.24, 19.76 and 0.24 mM,
respectively.S?

From equation S1, c¢. and ¢, can be described when the relationship between ¢ and x is

determined. The expression of ¢ can be derived from the Poisson equation in electromagnetism
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where ¢, is the voltage applied to the electrode and x is the distance from the electrode surface
among the diffuse layer. « is the reciprocal of the thickness of the electric double layer, which
can be obtained by the following relationship:S!¢
1
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ekT
where N, is the Avogadro constant, ¢ is the solution dielectric constant, and x can be determined
from the fixed solution concentration at room temperature (298 K). & for 20 mM H,SOy is

considered as 81.5 and x is 2.48E8 m!.  Thus, the Debye length (1/x) is about 4 nm.
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However, the Debye length from our simulation result is ~ 14 nm (Figure 2A). This error
might be ascribed to the simulation using eq. S3, which works well under a small potential. In
our study, a potential of -0.3 or -0.5 V were not tiny enough. Moreover, eq. S2 in our paper is

based on the initial eq. S4:
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It is the linear version, which does not work well with high potentials.S> However, it is difficult
to solve the answer using full Poisson-Boltzmann equation because of its complex and strict
restriction.  Therefore, the solution based on a linearized version has been adopted by many
researchers.3* Here, we use this linear version for the simulation.  Although some errors might
be existed, the simulation results match with the experimental approach curves.

After applying a voltage of -0.3 and -0.5 V at the electrode, the potential drop in the diffuse
layer are achieved and shown in Fig. S3. The signal in SICM comes from the indirect double
layer structure rather than the direct Faraday current. As for an electrochemical process, the
Faraday current or the consumption of H under -0.5 V brings the additional charge exchange at
the electrode. Therefore, this model suits for both non-faradaic and faradic processes.

According to electroneutral theory, the charge of the electrode surface equals to the net
charge in the diffuse layer. For a negatively charged electrode, the positive charge is excess.

Thus, the charge density can be described as:S'®

o= J:O (Z:nc+ - ch_ ):dx (eq. S5)

where o is the charge density at the electrode, F is the Faraday constant, c. and c. are the
concentrations of negative and positive ions at a certain distance (x) from the electrode and n is
the charge number of corresponding ions (1 for H* and HSOy, and 2 for SO4*). After the
derivation of ¢, and c. from eq. S1, the charge density under -0.3 and -0.5 V can be achieved from
the integral result, as shown in Fig. 2A.

During SICM imaging, most resistance is concentrated at the nanometer sized capillary

orifice. According to Ohm's law:
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where [ is the current recorded by SICM, U is the bias (e.g. 0.2 V) applied between the inter-
capillary electrode and the reference electrode in the solution. Resistance of these two parts are
defined as R, (pipette resistance) and R; (tip resistance), respectively. According to eq. S6, the
approaching curves of / and x under different biases can be obtained and plotted in Fig. 2B.

It is noted that the effect of SICM tip into the steady-state simulation is neglected. Since
only ion current flows through the orifice of capillary and no charge is accumulated at the outer
wall of the capillary, this presence of the capillary tip might not affect the local charge distribution
significantly. A similar simplified simulation is reported by many SICM groups, including Lane

BakerS® and Patrick Unwin.S¢

Electric field enhancement based on Laplace equation
In this work, the electric field strength at different regions of an electrode is simulated by
Laplace equation. For an electrostatic field, the electric field can be achieved when the space

potential is defined:

E=Vyp (eq. S7)
where FE is the electric field, ¢ is the space potential, V is the gradient operator. This equation
indicates that the electric field is the gradient of space potential.
To demonstrate the electric field at Pt-graphite surface, a simulation model is developed as

shown in Fig. S2. In polar coordinate system, the potential function can be given as:%7
@ =1"[Acos(n6 )+ Bsin(nd)] (eq. S8)

where A, B and n are given constants determined by applied voltage, r is the distance from O point,

and 0 is the angle as marked in Fig. S2. Electric field can be calculated from eq. S7:

2 2
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r 00

As A, B and n are the given constants, £ is only decided by a factor of 7. It is also suitable for
three mediums (e.g. Pt, graphite and electrolyte in our work). Then, the question is converted
into the value of n, which can be solved from the boundary conditions. For these three mediums,
the potential function of three mediums can be given as:
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Q=" [Alcos(n6)+ Blsin(nQ)]
@, =1"[A,cos(nd)+ B,sin(n6 )] (eq. S10)
@, =1" [A3cos(n9)+ B3sin(n9)]

And the boundary conditions are listed as follows:
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where ¢, ¢, and ¢; are dielectric constants of the three mediums. Here, medium 1 is platinum
(£=6.5), medium 2 is graphite (e,=12) and medium 3 is 20 mM H,SOy solution (£;=81.5).5% To

simplify the solving process, the boundary conditions are converted into determinations:

cosnd, sinn®, —cosnf, —sinn6, 0 0
g,sinnf, —gcosnb, —eg,sinnb, &,cosnd, 0 0
0 0 cosnb, sinnf, —cosnf,  —sinnb,
. ) =0 (eq. S12)
0 0 g,sinn@, —g,cosnf, —g;sinnb, g,cosnb,
-1 0 0 0 cos2nn sin2nm
0 g 0 0 g,sin2nm  —g,c0s2nm

The determinations can be further simplified combined with actual situation. In the structure of

Fig. S4B, the surface of graphite can be considered to be flat. Accordingly, another condition

can be adopted thatis 0, =7m+0,. The determinations are solved by Matlab:

-8(g,6,8; )+ (5, +&, Ne, + &, Ne, +&, kos2nm
(e, +¢, Mg, —&; (e, —&, kos2nb, + (e, +&, (e, —¢&, (e, — &, Jos2n6, (eq. S13)
+(e +e, e —£ e, —£;)=0

As shown in Fig. S2A, the side of the Pt step is about vertical to graphite substrate. Therefore, 6,

is set to be 90°.  Under this condition, n is ~ 0.7811. Relationship between E and » can be
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plotted based on eq. S9. It should be supplemented that from eq. S9, the electric field
enhancement scope can extend to millimeters. But in reality, the height of the step is only about

300 nm, the further extension is restrained for the lack of three mediums.
Based on E = %, electric field strength of infinity is achieved from eq. S2. Ineq. S9, it is

decided by the constants. As shown in Fig. S3, when -0.3 V is applied to the sample, the effect
of the potential extends to ~ 50 nm. For the sample surface, the electric field is ~ 600 kV/cm.
For Pt particles at the graphite surface, the similar approach was adopted to research the electric
field enhancement. For the areas marked as 1 in Fig. 5C, 0, is 45° and n is 0.7625. And for the

area marked as 2 in Fig. 5C, @, is 45° and n is 0.8279.

Fig. S1 X-ray diffraction (XRD) spectrum of Pt layer at the supporting graphite surface.
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Fig. S2 Schematic of the model based on Laplace equation. (A) supporting graphite; (B) Pt-

graphite interface.
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Fig. S3 The simulated potential in the diffuse layer at the Pt-graphite surface.
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Fig. S4 (A) The reduction currents in 500 mM H,SO,4 from six randomly selected regions at
Pt/grahite interface and planar Pt surface; (B) the charge density at these regions measured in

Figure S4A under the potential of -0.3 or -0.5 V. The error bar presents the standard deviation.
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Fig. S5 (A) The Comsol model to calculate the reduction current in 20 mM H,SO, from (i) planar
Pt surface and (ii) Pt/graphite interface based on the diffusion module. = The region of the
electrode is marked in yellow (not to scale). For the planar electrode surface, the size of the
electrode is 4 x 10 um. For the edge electrode at the interface, the height is 0.3 um, the width is
0.7 pym and the length is 10 um. The simulation process followed the procedure reported by
White group®. (B) The reduction current collected from planar Pt surface (electrode i) and

Pt/graphite interface (electrode ii).
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Fig. S6 The schematic setup of in-situ SICM for the characterization of surface charge.
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Fig. S7 Current-time curves recorded during the voltage scanning. With a potential of -0.3 V, no

electrochemical reduction process occurs. When the potential decreases to -0.5 V, this electro-

reduction process starts.
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Fig. S8 (A, B) Optical microscope and (C, D) scanning electron microscopic images of the

nanocapillary tip before and after the characterization of Pt-graphite surface.
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Fig. S9 SICM results of supporting graphite. (A) 2D SICM morphology; (B) 3D (C, D) charge
density of graphite with a potential of (C) -0.3 V and (D) -0.5 V.
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Figure S10. (A) SEM image of TiO, layer; (B) SICM image showing the morphology of the Pt-
TiO; interface; (C) charge density at the Pt-TiO, interface at a voltage of -0.5 V; (D) morphology
and charge density along the black line in (B) and (C).
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Fig. S11 Element distribution analysis of Pt microparticles at the supporting graphite surface.
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Fig. S12. (A, B) SICM morphology of the two Pt microparticles (A) before and (B) after the
application of -0.3 V. (C) the difference in the morphology between (A) and (B).
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