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In a narrow region of an electrode/electrolyte interface, an 
electrical double layer (EDL) exists in which ions with an 
opposite charge to the electrode line up in an excess 
concentration.1,2 The EDL is believed to be extremely thin, 
and the internal electric field strength can exceed 107 V/m in 
routine electrochemical environments. Since its presence 
was first predicted by theory in the early 20th century,3-7 
understanding of the EDL has been a key to the subjects of 
practical and fundamental importance such as electro
chemistry, corrosion, and the stability of colloidal particles.8,9

Numerous experimental approaches have been made to 
uncover the nature of the EDL. Careful electrochemical 
studies have measured the interfacial capacitance and the 
excess charge on electrode surfaces.7,10 Spectroscopic studies 
of the vibrational frequency shift of molecules adsorbed on 
electrode surfaces (vibrational Stark effect) have revealed 
existence of strong electric fields inside the EDL.11-14 Real- 
space investigation of the EDL was first made with a surface 
force apparatus,15-18 and then with an atomic force micro
scope19-23 by attaching a silica colloidal particle to the tip. 
These studies measured the electrostatic forces present 
between EDLs formed at the charged surface and the probe 
in close distances, from which the thickness of the EDL was 
deduced. While these studies have greatly contributed to the 
current understanding of EDLs, many physical aspects still 
remain in veil for this nanoscopic environment. One of the 
key features that defines the electrode/electrolyte interface is 
the electrical potential inside the EDL, but it has not yet been 
directly measured by experiments and thus far been theore
tically predicted3-7 or deduced from other related physical 
parameters.10-23 In this work, we developed a miniaturized 
probe that can measure the local potential of the solution 
with subnanometer spatial resolution, and we applied this 
technique to investigation of the inner potential of electrode/ 
electrolyte interfaces.24

The concept of the experimental setup is illustrated in a 
diagram shown in Figure 1. The electrochemical cell 
consisted of four electrodes, for which the working electrode 
(WE) was a flame-annealed Au(111) film deposited on 
glass, and the counter and reference electrodes (CE and RE) 
were also gold. If necessary, an Ag/AgCl electrode (in 

saturated KCl) was used as an RE for comparison of the 
observed potentials with the reported values. The electrode 
potentials were controlled by a bipotentiostat (Pine model 
AFRDE5). The fourth electrode was a metal probe at its 
open-circuit potential (ocp). The probe was an electro
chemically etched gold wire, coated with a nail polish 
material except its apex. Aqueous electrolyte solutions were 
prepared to contain NaBF4 at various concentrations, which 
are known to have negligible specific adsorption on a gold 
surface.10 The choice of the electrolytes, the gold electrodes, 
and the probe simplified the electrochemical interface such 
that it consisted only of the EDL in the absence of specific 
adsorption of electrolytes or electrochemically active species.

To investigate the interfacial potential the instrument has 
to meet three requirements: (i) the positioning of a probe 
inside the EDL formed on an electrode surface with sub
nanometer spatial precision, (ii) a negligible leakage current 
through a probe such that it monitors the solution potential 
without disturbing the local electrolyte concentration, and 
(iii) a miniaturized probe that can probe into a narrow region 
of interest with the intended spatial resolution. The first 
requirement was met by controlling the probe position with a 
piezo actuator and the control circuit of a scanning tunneling 
microscope (STM; RHK Technology Inc.). The probe, 
initially located at the tunneling distance in an STM mode,

Figure 1. Schematic presentation of the apparatus. In an elec
trochemical cell depicted by the broken-lined box, a potential probe 
approaches the WE surface and monitors the local potential of the 
electrochemical interface. The voltage follower accessed by 
switching from the STM mode reads the potential without passing 
tunneling currents.
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was retracted from the surface to a desired distance far 
enough to completely escape from the EDL to the bulk (> 20 
nm). A potential measurement started from this position, 
after the probe was switched from the current reading (STM) 
mode to the voltage monitoring mode. The probe advanced 
toward the WE surface until a contact was made to the 
surface, and the voltage read as a function of the distance 
gave a potential profile of the electrode/electrolyte interface. 
A complete profiling took 0.1-10 s depending on the probe 
approach speed, during which the thermal drift of the 
instrument was negligible (< 0.1 nm/s). To meet the second 
requirement, the potential was monitored at the probe 
through a voltage follower circuit with a negligible leakage 
current (the equilibrium fluctuation current < 10 fA at 25 
oC). This ensured the probe to read the open-circuit potential 
of the solution without much destroying the local electrolyte 
concentration. The third requirement was met by cutting 
down the height of the bare gold apex of the probe by using 
the method of ultrashort (< 50 ns) pulse etching,25 after initial 
preparation of a probe by insulator coating as mentioned 
above. The progressive reduction of the gold apex size by the 
pulse etching produced a gold nano-electrode with a disk
type surface and a small vertical protrusion as monitored by 
scanning electron microscopy and cyclic voltammetry for 
the Fe(CN)63-/ Fe(CN)64- redox reaction at the probe.25 The 
vertical protrusion of a probe was thought to determine the 
spatial resolution of a potential profile to be measured, and 
only the probes that gave the resolution better than a few nm 
were used.

Results of the potential measurement are shown in Figure 
2, in which a gold probe measures the local electrical 
potential as it approaches the Au(111) surface of the WE in a 
1.0 mM NaBF4 solution. The different curves correspond to 
the different bias voltages applied to the WE (Ewe) with 
respect to the gold RE, as marked in the figure. At a 
sufficiently long distance from the WE surface, indicated as 
region I, the probe reads a constant potential independent of 
the probe position. The potential obtained at the probe (弗r) 
in this region is the potential of the solution bulk (0bulk) plus 
the ocp of the probe (Eprocp). This value is denoted as 如° in 
the figure and marked as zero potential in the vertical axis. 
As the probe approaches the WE surface (region II),如 
changes gradually toward the potential of the WE (0we). The 
potential variation in this region reflects the inner potential 
of the interface. After an electrical contact is made between 
the probe and the surface (region III),如 must be equal to 
0we. The electrical contact point cannot be precisely 
identified in a 如 curve because its slope gradually decreases 
without exhibiting a sharp discontinuity at the contact. 
Therefore, we measured the mechanical contact point bet
ween a probe and the surface by using a distance-modulation 
technique (dl/dz measurement)26 after switching to the STM 
mode, which is known to provide more accurate determi
nation of the contact position.27 The mechanical contact 
position thus identified is located where a 如 curve just 
touches the full, constant value of 0we, and this position is 
indicated as zero distance in the figure. The result shows that

Distance from WE (nm)

Figure 2. The potential measured at the probe as it approaches the 
Au(111) surface of the WE immersed in a 1.0 mM NaBF4 solution. 
The distance to the bulk is measured from the point of a mechanical 
contact between the probe and the electrode surface.

a mechanical contact is electrically conducting as well. A 
few other features of the 死 curves also need to be mention
ed. 0we, which is the 弗r value measured upon contact to 
WE, is lower than Ewe by about 0.12 V, as can be seen from 
the nearly flat potential profile observed for Ewe = 0.12 V. 
This potential difference between 0we and Ewe must be due 
to the different ocp values of the WE and the probe, rather 
than due to specific adsorption of electrolytes. Upon external 
changes of Ewe, the 死 curve is altered only in the vertical 
direction, such that the value of 弗r -帽 scales with Ewe 
with an offset of the observed ocp difference of 0.12 V.

The results presented above indicate that the probe reads 
the local potential of the environment where it is located. 
This is obvious in region I where 弗r reads the characteristic 
potential of the solution bulk with an offset of the probe ocp, 
and in region III where a probe-surface contact is made. Of 
particular interest is the nature of the 弗r reading in region II. 
Here the probe is located inside the range of the EDL present 
on the wE surface. Therefore, the probe must read the inner 
potential of the EDL, but in this case as well, the potential is 
read by the probe through the EDL on its own surface. The 
role that the EDL at the probe plays in potential reading will 
be discussed in the next paragraph. The 如 curves show 
additional features supporting that the probe monitors the 
interfacial potential. First, the 如 profiles linearly scale with 
the applied Ewe with an offset of the ocp difference (Fig. 2). 
Second, the thickness of region II becomes narrower as the 
electrolyte concentration is increased.1,2 These features also 
refute experimental artifacts that are possibly involved in the 
measurements. The linear dependence of 如 on Ewe and the 
symmetric appearance of 如 profiles with respect to bias 
polarity suggest that specific adsorption of electrolytes or 
impurity species does not occur. This statement was verified 
by additionally performing CV scans of the electrode 
surfaces and potential measurements in other electrolyte 
(NaClO4 and NaF) solutions. The changing thickness of 弗r 

profiles with electrolyte concentration denies possibilities of 
the junction filled with impurities inside a gap between the 
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probe and the WE, through which Ewe might be leaked to 
the probe.

In order to interpret the 弗r curves quantitatively, it is 
important to understand how the presence of a probe 
influences the original EDL at the electrode. The EDL at the 
probe can interact with the EDL at the WE at close 
distances. In this case the interfacial potential will result 
from the two overlapping EDLs, but such EDL overlapping 
is not well understood and its complete analysis would 
require extensive theoretical efforts. Here we take a simpli
fied approach for analyzing the 如 curves by introducing the 
linear superposition approximation (LSA)28 for the EDL 
overlapping and assuming that the electrode and the probe 
both have planar surfaces. The LSA assumes that the 
interfacial potential from two weakly interacting EDLs is 
represented as a linear superposition of the potentials of the 
two independent EDLs. In the present case, the EDL present 
at WE is due to the charged electrode surface and thus 
changes with the applied Ewe, whereas the EDL at the probe 
is due to the ocp of the gold surface and thus unaffected by 
Ewe. The potential diagram shown in Figure 3 describes the 
corresponding situation. When an electrode and a probe are 
far separated (the upper figure), two EDLs exist separately at 
the wE and probe surfaces (shown as the broken lines). A 
probe at this distance reads Eprocp with respect to ©bulk, as 
mentioned before. As a probe approaches toward a surface 
(the lower figure), the two EDLs start to overlap, and their 
potential profiles will be connected smoothly together, as 
indicated by the solid line in the figure. within the LSA, if 
the potential of the EDL at wE is more positive (or negative) 
than ©bulk,弗r will level up (or down) by this amount upon 
overlap of the two EDLs. The change of ©pr along the 
approach will therefore trace the potential profile of the EDL 
at wE. Indeed, in the outer part of region II of the ©pr curves 
where the EDL interaction may be sufficiently weak, ©pr 

appears to follow the exponentially decaying profile of a

Figure 3. Qualitative diagrams of the potential profiles of the EDLs 
at a WE and at a probe: (I) when a WE and a probe are far 
separated, and (II) when the two EDLs overlap. The diagrams are 
drawn for a case of a positive bias at the WE.

diffuse layer of an isolated EDL.1,2
Upon further approach of a probe to the WE surface, EDL 

overlapping will become stronger, and more difficult it will 
be to justify the LSA analysis. ©pr curves in this regime, 
however, show some interesting features, which at the 
moment can be addressed only intuitively. Beyond a diffuse 
layer region, © increases approximately linearly toward ©we 
for some distance and then the curves bend before a probe
surface contact is made. This linear potential region might 
derive from the Helmholtz plane interfacing with a diffuse 
layer. Thickness of the linear region increases from about 2 
nm at 100 mM to 6 nm at 1 mM. The Helmholtz plane by the 
original definition would be thinner (about 1 nm thickness), 
corresponding to two solvent molecules and the radius of the 
counter ion.7,10 At low electrolyte concentrations, however, 
the counter ions are not populated enough, and therefore, the 
interfacial region of a certain distance from an electrode 
surface is almost free of ions and this region can basically be 
regarded as the inner Helmholtz plane. For example, in an 
electrolyte solution of 1 mM with the ion population of 
1 x 10-3 ion/nm3, this ion-free region extends to a distance of 
a few nm from the surface. The linear profile bends slowly 
toward ©we prior to a surface contact. This behavior might 
be related to the spillover of the electronic density at a metal 
surface, which can lead to the electronic density overlapping 
between the electrode and the probe at a close distance. The 
jellium model29 predicts that the electronic spillover occurs 
over a distance of typically 0.1-0.2 nm, which is too short to 
rationalize the curve bending over a distance of a few nm. 
However, STM experiments in electrolyte solutions27 show 
that electron tunneling occurs across a distance that is 
greatly elongated compared to that in vacuum. Such elec
tronic overlapping may affect the potential reading at the 
probe. We remark again that the above proposals are made 
on the basis of a rather fragile assumption that the presence 
of a probe would not significantly affect the potential profile 
of the EDL. Therefore, credibility of the interpretation 
remains uncertain. Nonetheless, the interfacial model that is 
comprised of a jellium electrode, a Helmholtz layer, and a 
diffuse layer as proposed here, suggests an interesting 
possibility in that it satisfies the major features of ©pr curves 
and it does not seem to contradict the current understanding 
of the EDL.

In this work we have demonstrated that the miniaturized 
potential probe can measure the local potential of the 
solution and the electrochemical interface with subnano
meter spatial resolution. The present result is the first 
measurement of the interface potential made in real space. 
The result would stimulate both experimentalists and theo
rists to further develop new tools for similar measurements 
as well as relevant theories for a better understanding of the 
electrified interfaces.
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