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Charges accumulated in an electric double layer (EDL) play key roles in various interfacial phe-

nomena and electronic devices. However, direct imaging of their spatial distribution has been a
great challenge, which has hindered our nano-level understanding on the mechanisms of such
interfacial phenomena and functions. In this study, we present direct imaging of charges accu-
mulated at an electrode-electrolyte interface using three-dimensional open-loop electric potential
microscopy (3D-OL-EPM). Conventional OL-EPM allows us to visualize two-dimensional potential
distributions in liquid yet the zero of the measured potential is not well defined due to the influ-
ence of the long-range (LR) interaction between the cantilever and the sample. Here, we present
practical ways to reduce such influence by improving the equation for the potential calculation
and subtracting the LR contribution estimated from a Z potential profile. These improvements en-
abled to calibrate the measured potential values with respect to the bulk solution potential. With
these improvements, we visualized opposite charge accumulation behaviors on a polarizable and
non-polarizable electrode with varying electrode potential. Combining OL-EPM with a 3D tip scan-
ning method, we also performed a 3D-OL-EPM measurement on a Cu fine wire and visualized
nanoscale distribution of the charges accumulated at the interface. Such real-space information
on the charge distributions in an EDL should provide valuable insights into the mechanisms of in-
terfacial phenomena and functions that are important in various academic and industrial research
on electronic devices, electrochemistry, tribology and life sciences.
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1 Introduction

Electric double layer (EDL) formed at an electrode-electrolyte
interface gives significant influence on the interaction between
the electrode and adjacent species such as water 12, ions3~> and
molecules®’. This can alter the functions of various devices
such as EDL capacitors811, transistors 1213, superconductors 4
and spintronic devices!®, and various phenomena such as cor-
rosion®7-1® and molecular and cellular adhesions!7-18. To un-
derstand the mechanisms of these functions and phenomena, the
charge distribution within an EDL have widely been studied from
theoretical and experimental aspects 19721,

tion, detailed understanding of the EDL properties requires three-
dimensional (3D) nanoscale measurements of charge distribution
at a solid-liquid interface. While widely used methods such as
impedance spectroscopy’:11, dynamic light scattering% and sur-
face force apparatus measurements 17 provide nanoscale informa-
tion on the vertical distribution of an EDL, direct measurements
of its lateral distribution has been very challenging.

Atomic force microscopy (AFM) 23 is one of the most promising
methods that may allow us to solve this problem. The existing
AFM-based potential measurement techniques can be classified
into two categories: the force curve method?*2> and the bias
modulation method26-28. In the former case, a force versus dis-
tance curve is measured on an electrode and the theoretical equa-
tion is fitted to the curve to determine the local surface charge
density. One of the major advantages of this method is its capa-
bility of discriminating the short-range (SR) force acting on the
tip apex from the long-range (LR) force acting on the other parts
of a cantilever and a tip to a certain extent. Howevery, it is difficult

From the experimental point of view, this has been a great chal-
lenge. Since an EDL has nanoscale vertical and lateral distribu-
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to discriminate the electrostatic force from the other forces such
as hydration or fluctuation-induced forces'” unless multiple mea-
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surements are performed with varying solution conditions. This
drawback can significantly limit the application range of this type
of methods.

In the bias modulation method, an ac bias voltage is applied be-
tween a tip and an electrode and the induced electrostatic force
is measured to determine the local surface potential. Thus, the
electrostatic force is discriminated from the other forces. Among
various implementations of the bias modulation method, Kelvin
probe force microscopy (KPFM) 26 is the most widely used tech-
nique for applications in air or vacuum. However, recent studies
from several groups showed that the method cannot be used in
an electrolyte stably or accurately. This is mainly because KPFM
requires application of a dc bias voltage, which induces uncon-
trolled electrochemical reactions and redistribution of water and
ions27-29,

To overcome this limitation, we have recently developed open-
loop electric potential microscopy (OL-EPM)27-30-31, In OL-EPM,
only an ac bias voltage with a relatively high frequency is applied
between a tip and a sample so that we can avoid the aforemen-
tioned problems in KPFM. The first and second harmonic oscilla-
tions of a cantilever induced by the bias application are detected
and used for calculating local surface potential. While OL-EPM al-
lows us to selectively detect the bias-induced electrostatic force,
it does not allow us to discriminate forces with different interac-
tion ranges. Thus, there have been debates on the locality and
accuracy of the potential measured by OL-EPM 28:32-34,

Recently, the question on the locality was positively answered
by the direct visualization of nanoscale distribution of local cor-
rosion cells during the corrosion of copper fine wires and stain-
less steel in an electrolyte3®. In these experiments, the nanoscale
distribution of corrosion sites (i.e. anodic areas) were visualized
with a higher potential than the other areas (i.e. cathodic areas).
This result demonstrated that the SR electrostatic force can pre-
dominantly contribute to the formation of nanoscale contrasts in
a potential image. However, there still remains a room for im-
proving its locality and accuracy by reducing the contributions
from the LR force.

In general, anodic and cathodic reactions respectively increase
the relative cation and anion densities in the solution near the
electrode surface. This is consistent with the results of the previ-
ous imaging of corrosion sites3°, where the anodic and cathodic
areas were respectively visualized with a higher and lower poten-
tial contrast. This agreement suggests that the potential distribu-
tion measured by OL-EPM represents local charge distribution in
an EDL. However, such a possibility has not been confirmed by
systematic experiments.

In this study, we have investigated the possibility of imaging
accumulated charges in an EDL by OL-EPM. First, we present
practical methods for reducing the contribution from the LR force
to the potential measured by OL-EPM. Based on these improve-
ments, we visualize accumulated charges in an ELD formed on
a polarizable and a non-polarizable electrode with varying elec-
trochemical potential. Finally, we combine OL-EPM with a 3D
scanning technique to visualize nanoscale distribution of EDL on
a Cu fine wire in electrolyte.

2| Journal Name, [year], [vol.],1—11

2 Methods

2.1 OL-EPM measurements

In this study, we used a custom-built AFM instrument with an ul-
tralow noise cantilever deflection sensor36-37 and a highly stable
photothermal cantilever excitation system383°. The tip-sample
distance was regulated such that the cantilever oscillation am-
plitude was kept constant. A commercially available AFM con-
troller (RC4/0C4, SPECS) was used for the OL-EPM operation.
Si cantilevers (AC55, Olympus) having a nominal spring con-
stant of ~85 N/m, a typical resonance frequency of ~1 MHz
and a Q factor of ~10 in an aqueous solution were used. These
cantilevers come with a Au backside coating. In addition, we
coated their front side with a 30 nm Au film using a dc sputter
coater (K575XD, Emitech). The typical tip radius after the Au
coating was approximately 20 nm. An ac bias voltage was pro-
duced by adding a sine wave V,. cos @, from a function generator
(AFG3022B, Tektronix) to another sine wave V,.cosm;¢ from a
lock-in amplifier (HF2LI: Zurich Instruments). The amplitudes
of the w; and o (= |w; — @;|) components (A; and Ar), and the
phase of the @, component (¢;) were detected from a cantilever
deflection signal using the same lock-in amplifier. All the OL-
EPM measurements were performed at room temperature in the
dual frequency (DF) mode. The imaging parameters such as Vjc,
fi(= o /2m) and f>(= wy/27) are given in the figure captions.
For the electrochemical OL-EPM (EC-OL-EPM) setup (Figure 4),
we used a commercially available potentiostat (HZ-5000, Hokuto
Denko).

2.2 Preparation of the Cu fine wire samples

We used patterned Cu fine wires fabricated on a Si wafer (854
Cu CMPd Wafer, Advanced Materials Technology) for the exper-
iments shown in Figure 8. The Cu wires were formed on a 25
nm Ta film and had a thickness of 475 nm. An outline of the
fabrication process is as follows. (1) Patterned trench structures
were formed by etching the SiO, layer on the Si wafer. (2) A 25
nm Ta film was formed on the wafer surface by physical vapor
deposition. (3) A thick Cu film was formed on the Ta film by elec-
troplating. (4) The wafer was annealed at 150°C for 30 min. (5)
The surface was polished by chemical mechanical polishing ma-
chine to reduce the SiO, thickness to 500 nm, which corresponds
to a Cu wire thickness of 475 nm. In this way, polycrystalline Cu
fine wires were fabricated. The wires consist of nanoscale grains
with different crystallographic orientations. For the AFM mea-
surements, we cut the wafer into pieces with a size of 10 mm x
10 mm.

To remove surface contaminants, we cleaned the surface using
an Ar plasma cleaner (SC-701, Sanyu Electronics). We found that
the Ar plasma cleaning under typical operating conditions can
severely damage the Cu wires. Thus, we adjusted the bias voltage
and inlet gas pressure to the minimum values required to main-
tain the plasma. In addition, we covered the sample with a Cu
plate to suppress the electric field applied to the sample surface.
Under these conditions, the damage of the wires caused by the
cleaning was negligible.

After the Ar plasma cleaning, we attached the sample to a sam-
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ple holder for our AFM system. On the fixed sample, we added
dropwise 100 uL 0.5 M citric acid solution and left the sample for
1 min to remove organic contaminants deposited on the surface
during the sample transfer process. Subsequently, we exchanged
the deposited solution with pure water by gentle pipetting. We
repeated this process five times not only to completely replace
the solution but also to rinse the surface with pure water.

We set the sample holder onto our AFM system. Immediately
before starting the coarse approach of the tip, we replaced the
water on the sample with an imaging solution, i.e., 0.1 mM NaCl
solution. We repeated this process twice to completely replace
the solution with the imaging solution.

2.3 Preparation of Au, Pt and Cu thin films

We used Au, Pt and Cu thin films for the experiments shown in
Figures 2, 3, 6 and 7. The Au and Pt thin films were prepared
as follows. Round-shaped muscovite mica substrates with a di-
ameter of 12 mm (01877-MB, SPI Supplies) were cleaved in air.
Immediately after the cleavage, we introduced the sample into
the vacuum chamber of the sputter coater (K575XD, Emitech).
We deposited a 5 nm Ti film as an adhesion layer and a 100 nm
Au or Pt thin film on it. After taking out the sample from the vac-
uum chamber, we dropped a 100 uL of 0.1 mM or 1 mM solution
and performed OL-EPM measurements in the solution.

As for the Cu thin films, we used a commercially available elec-
troplated Cu thin film formed on a Si substrate. Before the OL-
EPM measurements, the surface was cleaned by the Ar plasma
cleaning and the citric acid treatment. The detailed procedures
are the same as those used for the Cu fine wires.

3 Results and Discussion

3.1 Basic Principle of OL-EPM

The details of the principle and setup for OL-EPM were reported
previously27:3931 Thus, here we only describe their short sum-
mary. So far, there have been reported two different opera-
tion modes: the single frequency (SF)27 and the dual frequency
(DF)3! modes. In the following discussions, we will mostly as-
sume the SF mode as similar discussions are also applicable to
the DF mode. However, some of the important equations will be
described for each mode.

(a) In Air or Vacuum (b) In Electrolyte

Cantilever.
Y,

(d) LR Interaction
| Cantilever or tip side |
0RBSUES00SOS00) _T_ oy

-
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eoomooeooeaoo N T e s
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(c) SR Interaction
Tip apex

Fig. 1 Basic principle of OL-EPM (a) in air or vacuum, and (b) in elec-
trolyte. Simplified models of the (c) SR and (d) LR interactions.
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In OL-EPM, an ac bias voltage V,. cos @t is applied between the
tip and the sample (Figure 1la). In air or vacuum, the electric
field is mostly focused on the tip apex. Thus, the LR force acting
on the tip sidewall and cantilever (F) is often much smaller than
the SR force acting on the tip apex (Fs). If we define V as the
local surface potential with respect to the macroscopic sample
potential, F; is described by26
1

1
V24 EVaZC — 2V, Vscos(mt) + EVazc cosQwr)|, (1)

1 9C;
k= 2 9z

where C; and z denote the local capacitance and the distance be-
tween the tip apex and the sample surface. This equation shows
that F; contains dc, ® and 2w components. These components
respectively induce cantilever deflections. The amplitudes of the
cantilever oscillations at @ and 2w are respectively described by

aC
A = ’,TZV VacG(®), 2)
4 = |26 V—“ZCG(M)) 3)
2 - az 4 bl

where G(w) denotes the transfer function from the force applied
to the tip to the cantilever deflection at @. These equations show
that |dCs/dz| can be eliminated by taking a ratio between A| and
Aj. Thus, V; can be calculated by the following equation.
A1/G(®) Vac
Ve = SR Tae
S Sgn(cosq)l)Az/G(z(D) 4 ’ (4)
where ¢; denotes the phase of the cantilever vibration at @ with
respect to the ac bias voltage signal.

In the DF mode?3!, the sum of two ac bias voltages with differ-
ent frequencies (w; and ;) are applied between the tip and the
sample. Then, the amplitudes (A; and Ay ) of the induced can-
tilever vibrations at o, and o (= |0; — @,|) are detected. From
these parameters, V; is calculated by the following equation:

A1/G(@) Vae

AL/Glan) 2 ®)

Vs = sgn(cos ¢p)
Ideally, cos ¢; should take 1 or —1 so that the sgn(cos ¢;) can be
replaced by cos¢;. In practice, there are finite phase noise and
delay so that we proposed to use sgn(cos ¢ ) to eliminate their in-
fluence on the calculated V, 2. However, we subsequently found
that this was not necessarily the best choice for the measurements
in electrolyte because of the contribution from F; having a large
phase delay. This issue will be further discussed in the following
section.

3.2 Bias-Induced Forces in Electrolyte

In electrolyte, the tip and the cantilever are surrounded by aque-
ous solution with a high dielectric constant (~ 80). Thus, the
contribution from F; becomes more evident (Figure 1b) than that
in air or vacuum. In addition, the bias application induces vari-
ous processes with different timescales2®. The timescales of the
electrochemical reactions and the surface diffusion of adsorbates
are on the order of milliseconds, which is much slower than that
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of the bias modulation (1-2 us) and hence negligible.

In contrast, the timescale of the charge diffusion within an EDL
is on the order of nanoseconds, which is much faster than the
timescale of the bias modulation. Thus, the medium within an
EDL should behave as a simple dielectric material to the applied
ac electric field. Since the tip-sample distance (< 1 nm) during
an OL-EPM measurement is typically shorter than the thickness
of an EDL, the tip-sample junction should behave as a capaci-
tor as shown in Figure 1c. Hence, Equation (1) should be valid
at least for the SR force F;. The main difference from vacuum-
environment experiments is that net charges exist within the tip-
sample junction (Figure 1c), which produce an extra dc electric
field applied to the tip apex and hence influence V.

The timescale of the charging and discharging of the diffuse
layer through the ion diffusion in the bulk solution is comparable
to the timescale of the bias modulation (0.1-10 us). This behav-
ior can be modeled by the simplified equivalent circuit shown in
Figure 1d33. In this figure, the capacitance at the EDL (Cgpr) is
charged or discharged through the resistance of the bulk solution
(Rg) with a time constant of Cgpy Rg. Thus, F; often shows a sig-
nificant phase delay and does not follow the behavior expected
from Equation (1).

The SR interaction at the tip-sample junction ideally produces
only an in-phase component in F; with respect to the bias volt-
age signal. However, the LR interaction produces in-phase and
quadratic-phase components in Fy. Thus, the @ and 2w compo-
nents (F; and F,) of the total electrostatic force are given by

R = Fslcos(cot)Jngilcos(a)t)JrF/{qlsin((m)7 (6)

P = Fszcos(Za)z)—Q—F(}zcos(Za)t)+Féqzsin(2a)t)7 @

where Fyy,Fy,F}|,F},,F;} and F}} are the amplitudes of the indi-
vidual force components. The subscripts 1 and 2 denote the
and 2@ components while s and ¢ denote the SR and LR interac-
tions, respectively. The superscripts i and q denote the in-phase
and quadratic-phase components, respectively. Among these six
components, the four components originating from the LR inter-
action lead to an error in the potential measurements. Although
it is difficult to fully eliminate the influence of these components,
we discuss practical methods for reducing it in the following sec-
tion.

3.3 Practical Methods for Reducing the Influence of F;
3.3.1 Eliminating the contribution from ngl

Among the four error components in Equations (6) and (7), the
in-phase components cannot be easily eliminated from the F;; or
Fy. However, the quadratic-components can be eliminated by
multiplying A; and A, respectively by cos ¢; and cos ¢, where ¢,
denotes the phase of the 2cw-component of the cantilever oscilla-
tion with respect to the bias voltage signal. Thus, Equation (4)
can be improved as follows.

_ Ajcos¢/G(w) Vac
Tocosor /CO@ 4"

* 7 Ascos ¢ /G(2w) ®)

In practice, the experimentally measured ¢, signal often con-
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tains relatively large noise. Thus, the cos¢, signal can take a
value close to zero, leading to an extremely large value of V;. Al-
though this problem may be solved by the future improvement in
the force sensitivity, we propose to use the following equation as
the current practical solution.

_ A1cos¢1/G(@) Vae

= = 9
* A/GRRw) 4 ®)
For the DF mode, this equation is described by
S:Alcosq)l/G(co)E‘ 10)
AL/GQ2mp) 2
(a) 0 T T T T
— =30
5]
2 _60
£
2 -90
®©
T
-120
_1 50 1 1 1 1
0.1 0.2 0.3 0.4
Electrode Potential [Vivs. Ag/AgCl]
(b) 0.4 T T T T

o
w
T

—Eq. (5) |1
—Eq. (10)

o
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Calculated Potential (Vs) [V
o
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Electrode Potential [V vs. Ag/AgCl]

-0.2 L L

Fig. 2 (a) ¢; and (b) V; versus E curves measured on the Au electrode
in 0.1 mM NaCl solution. Cantilever resonance frequency (fy) was 1.4
MHz. f; =700 kHz. f> =730 kHz. V,c = 0.8 V.

The use of Equations (9) and (10) instead of Equations (4)
and (5) eliminates the influence of Féql. This improvement gives
a dramatic effect when V; is close to zero. An example of such
measurements is shown in Figure 2. In this experiment, the elec-
trochemical potential (E) of a Au electrode was varied with re-
spect to the Ag/AgCl reference electrode in 0.1 mM NaCl solution
and the induced variations in ¢; and V; were recorded. While the
mechanisms of the E dependence of ¢; and Vi will be discussed
later, here we focus on the difference between the Vi curves ob-
tained by Equations (5) and (10).

Figure 2a shows that ¢; is not necessarily close to 0° or 180°
but can take an intermediate value. This result shows that the
contribution from Ff1 is not negligible. In fact, Figure 2b shows
the clear difference between the V; curves obtained by Equations
(5) and (10). The curve obtained by Equation (5) shows a dis-
continuous jump at —0.29 V, which is an artifact caused by F,1.
In the meanwhile, the curve obtained by Equation (10) shows a
smooth profile, demonstrating the importance of eliminating the
contribution from F}.

This journal is © The Royal Society of Chemistry [year]
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3.3.2 Reducing the Influence from F,
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Fig. 3 Z dependence of (a) X;, (b) AL, (c) Vs calculated by Equation (10),
and (d) SR components of V; extracted from (c). The measurements were
performed on the Cu electrode in 0.1 mM NaCl solution with different £
with respect to the Ag/AgCl reference electrode. The dotted lines in (c)
represent the estimated LR components of V;. fy = 1.15 MHz. f; =700
kHz. f, =730 kHz. V,. = 0.8 V.

Ag/AgCl
Pt

! ! Bias-tee
& o
CE RE WE | ! -
1 1
Potentiostat | 1 .
Ivaccoswt

Yz

Fig. 4 Experimental setup for OL-EPM measurements with an electro-
chemical control system.

By measuring the Z dependence of A cos¢; (= X)) and Ap, the
contribution from F; to the calculated Vs value can be estimated
to a certain extent. An example of such measurements is shown
in Figure 3. We measured Z dependence of X; and Ar, on the Cu
electrode in 0.1 mM NacCl solution with different E with respect
to the Ag/AgCl reference electrode (Figures 3a and 3b). For this
measurement, we used an OL-EPM setup with an electrochemi-
cal control system (EC-OL-EPM) as shown in Figure 4. From the
obtained X; and Ap, curves, the Vs curves were calculated using
Equation (10) as shown in Figure 3c.

Ideally, we should estimate the LR components of F| and F,
and subtract them respectively from their originals. However, an

This journal is © The Royal Society of Chemistry [year]
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F, signal practically has relatively large noise so that the F> values
after the subtraction can take nearly zero or negative values. As
the calculation of the potential involves a division by A,, which
is proportional to F», the influence of the noise is extremely en-
hanced. Thus, this method cannot be practically useful at least
with the current force detection limit. As a practical solution,
here we propose to calculate Vi curve by Equation (9) or (10)
and subtract its linear fit to reduce the influence from F,. While
there have been several attempts to analytically describe the F;
or F, curves2>32 all of them have significant limitations in their
practical use. In the meanwhile, we found that experimentally ob-
tained Vs curves always show a linear Z dependence at far away
from the surface as shown in Figure 3c. Therefore, we empiri-
cally decided to use a linear function to model the LR part of a Z
potential profile.

The effectiveness of the proposed method is well demonstrated
by the examples shown in Figure 3. The dotted lines in Figure
3c show the fitted curves while the SR components after the LR
subtraction are shown in Figure 3d. These SR potential curves
show that V; at the closest tip position to the surface monoton-
ically increases with increasing E. This E dependence was not
evident before the LR subtraction. These results demonstrate the
importance of the LR subtraction for investigating the interfacial
charges accumulated in the EDL. For example, at E of —0.45 V and
—0.15 V, the Vy curves show a sharp decrease and increase near
the surface, suggesting the accumulation of negative and positive
charges in the EDL, respectively.

Here, we should note the difference between this experiment
and an OL-EPM imaging. In this experiment, we varied the global
E so that the LR force is significantly changed. In contrast, in
an OL-EPM imaging, we typically scan a tip locally in an area
much smaller than the cantilever dimension. Thus, the LR force
is almost constant during the imaging and the observed potential
contrasts mainly reflect the local potential distribution. However,
the potential values recorded during the tip scan is almost equally
influenced by the LR force. For eliminating such influence and
estimating the quantitative potential value with respect to that
in the bulk solution, we should at least measure one V; versus
distance curve at a location in the scan area.

3.4 Visualizing Charges Accumulated in an EDL

(a) (b)
2|8 3
Tip Tip

COO00000
WE (Sample)

WE (Sample)

Fig. 5 Charge accumulation in an EDL on a polarizable and a non-
polarizable electrode with anodic E. (a) Polarizable electrode such as
Au and Pt. (b) Non-polarizable electrode such as Cu.

To confirm the capability of OL-EPM to visualize charges accu-
mulated in an EDL, here we use polarizable and non-polarizable
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electrodes (Figure 5). These two types of electrodes show dif-
ferent charge accumulation behaviors at the interface with elec-
trolyte as shown in Figure 5. When we control £ to an anodic
value using the EC-OL-EPM setup shown in Figure 4, positive
charges are supplied from a potentiostat to the electrode. For a
polarizable electrode, these positive charges are mainly accumu-
lated just under the surface and they are electrostatically screened
by the reorientation of polar molecules (e.g., water) or accumu-
lation of anions (Figure 5a). This forms an EDL with negative
charges accumulated in the solution near the surface. In con-
trast, on a non-polarizable electrode, positive charges are mainly
transferred into the solution through oxidative reactions (Figure
5b). This leads to an increase of positive charges at the electrode-
electrolyte interface. Therefore, these two electrodes show oppo-
site dependence on E.

In this study, the Au and Pt thin films were used as a po-
larizable electrode while the Cu thin film was used as a non-
polarizable electrode. We measured Z profiles of the OL-EPM po-
tential with varying E to obtain two-dimensional (2D) potential
maps as shown in Figure 6(i). These 2D maps visualize strong
dependence of the OL-EPM potential on both £ and Z. For the
polarizable electrodes (i.e., Au and Pt), the Z potential profiles
show a sharp increase at a lower E while a decrease at a higher
E. In contrast, the non-polarizable electrode (i.e. Cu) shows an
opposite behavior.

Figure 6(ii) shows lateral cross-sectional profiles of these 2D
maps at the closest tip position to the surface. These profiles
show E dependence of the “local” surface potential originating
from the local charges and dipoles at the solid-liquid interface.
As for the contribution from the global electric field in a dilute
solution, it is largely eliminated by the LR subtraction process.
The local surface potential at the solid-liquid interface depends
on various factors such as local surface structures, and arrange-
ments of ions, water and other adsorbates. Thus, it is difficult to
accurately compare the results obtained by different experiments.
However, we found that the range of the local surface potential
measured in our experiments is comparable to the previously re-
ported one. For example, the previous studies by AFM force-curve
40-45 suggest that the surface potential of gold in
neutral solutions of low salt concentration vary from —70 mV to
+130 mV. This potential variation approximately agrees with that
observed in our experiments (—90 mV to +110 mV) as shown in
Figures 6 and 7.

For the polarizable electrodes, the local surface potential de-
creases with increasing E. In contrast, the polarizable electrode
shows an opposite E dependence. These different behaviors are
particularly evident around the zero-cross point, where the local
surface potential shows a linear dependence on E. E for the zero-
cross point (E,) increases in the order of Cu (—430 mV) < Pt (185
mV) < Au (345 mV).

The macroscopic electrode current (/) during these measure-
ments was also recorded as shown in Figure 6(iii). Overall, the
current increases in the order of Au < Pt < Cu. The spontaneous
potential (E;) increases in the order of Cu < Pt < Au. These
results are consistent with the general understandings in electro-
chemistry.

measurements
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Figure 6(iv) shows typical Z profiles extracted from the 2D
maps at a high, intermediate and low E. Among them, the in-
termediate E corresponds to E,. These E values are indicated by
the dotted lines and triangular markers in the 2D maps (Figure
6(i)). The potential profiles obtained at E, shows almost no de-
pendence on the Z tip position. This result shows that the local
electric field around the tip apex did not change during the tip
approach. Thus, the local surface potential should be the same
as that of the bulk solution. Similarly, the increase or decrease
observed in the potential profiles near the surface indicates the
positive or negative potentials with respect to the bulk solution,
respectively.

The Z profiles shown in Figure 6 reveal that the non-linear po-
tential change appears only in the Z range (Az) less than 300 nm
from the surface. To investigate the correlation between Az and
ion concentration (Ci,,), we performed similar measurements in
0.1 mM and 1 mM NaCl solution on a Au electrode as shown
in Figure 7. The results obtained under these two conditions
are mostly the same. However, Az in 0.1 mM is significantly
larger than that in 1 mM. We estimated the decay length (A;)
of the typical potential profiles by fitting an exponential func-
tion (Aexp(—z/Ap) +yo) to the curves shown in Figure 7(iv). The
average A, in 0.1 mM and 1 mM solutions are 98 nm and 35
nm, respectively. The obtained values of A, suggest that the EDL
depth in 0.1 mM is three times larger than that in 1 mM. This
is consistent with the C,,, dependence of the Debye length (Ap):

chxl/\/a

In general, Ap is often used as an estimate of the EDL depth.
Ap is defined as a decay length of charge density distribution at
a solid-liquid interface. Thus, it can be directly compared with
Ap. For 0.1 mM and 1 mM NacCl solutions, Ap is 30 nm and 9.6
nm, respectively. These values are three times smaller than those
of A, for both the solution conditions. As one of the possible
explanations to this difference, we tentatively suggest that the
remaining contribution from the LR interaction may result in an
increase of the decay length.

Equations (9) and (10) were derived by assuming that the local
tip-sample junction is in an EDL. Thus, the potential values in the
2D maps especially at a Z tip position higher than Ap may not
be accurate. Therefore, at this stage, it is reasonable to use the
2D maps only for the discussions on the vertical extent of an EDL
while the quantitative discussions should be made only based on
the local surface potential profiles (e.g. Figures 6(ii) and 7(ii)).

In summary, the observed E dependence of the Z potential
profiles is consistent with the expected charge accumulation be-
haviors of polarizable and non-polarizable electrodes. This re-
sult confirms the capability of OL-EPM to visualize charges ac-
cumulated at an electrode-electrolyte interface. The apparent
EDL depth observed in the 2D maps is proportional to the true
EDL but three-times overestimated under our experimental con-
ditions. The generality of this relationship should be confirmed
by more systematic studies with different types of electrodes in
the future.

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Z potential profiles measured with varying E in 0.1 mM NaCl solution on a polarizable ((a) Au and (b) Pt) and non-polarizable ((c) Cu) electrode.
(i) 2D maps showing the dependence of the measured potential after the LR subtraction on E and Z. (ii) Lateral cross-sectional profiles of the 2D maps
shown in (a) taken at the closest tip position to the surface. (iii) Dependence of I on E during the measurements. (iv) Z cross-sectional profiles of the
2D maps shown in (a) taken at a high, intermediate and low E. fy = 1.3—1.5 MHz. f; =700 kHz. f, =730 kHz. V,c = 0.8 V.
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Fig. 7 Z potential profiles measured with varying E in 0.1 mM and 1 mM NaCl solution on the Au electrode. (i) 2D maps showing the dependence of
the measured potential after the LR subtraction on E and Z. (ii) Lateral cross-sectional profiles of the 2D maps shown in (a) taken at the closest tip
position to the surface. (iii) Dependence of I on E during the measurements. (iv) Z cross-sectional profiles of the 2D maps shown in (a) taken at a high,
intermediate and low E. f; = 1.1-1.2 MHz. f; =700 kHz. f, =730 kHz. V,. =0.8 V.
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Fig. 8 2D and 3D OL-EPM measurements of Cu fine wires in 0.1 mM
NaCl solution. (a) Topographic and (c) potential images obtained by 2D-
OL-EPM (256 x 128 pix?, 3 min/frame). (b) Topographic and (d) potential
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Potential profiles taken along (e) line A-B and (f) line C-D. (g) Z cross
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by the dotted lines shown in (g). fo = 965 kHz. f; =700 kHz. f, =730
kHz. V,c =0.8 V.
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3.5 3D-OL-EPM Measurements of Cu Fine Wires

By taking Z potential profiles at arrayed XY positions and sub-
tracting the LR contribution from them, we can produce a 3D po-
tential map and a 2D local surface potential image. To investigate
such a possibility, we performed 2D and 3D OL-EPM measure-
ments of Cu fine wires in 0.1 mM solution as shown in Figure
8. The topographic images obtained by the two methods show
similar contrasts although the pixel resolutions are different. The
brighter regions at the left and right edges correspond to the in-
sulator (SiO;) while the area at the center corresponds to the Cu
fine wire. The grains constituting the Cu fine wire show different
corrosion resistance due to the different crystallographic orien-
tations#®. In the topographic images, the flat terraces and the
depressed areas correspond to the grains having a relatively high
and low corrosion resistance, respectively.

The potential image obtained by 2D-OL-EPM (Figure 8c) shows
that the depressed areas has a higher potential and hence a higher
corrosion activity than the flat terraces. In this way, 2D-OL-EPM
allows us to visualize the distribution of the relative corrosion
activities. However, it does not allow us to discuss absolute cor-
rosion activity due to the uncertainty of the zero potential.

This problem is solved by 3D-OL-EPM. Figure 8d shows an XY
cross section of the 3D potential map obtained at the closest tip
position to the surface. This 2D image shows lateral distribution
of the local surface potential with respect to the bulk solution po-
tential. The observed nanoscale contrasts largely agree with those
found in the 2D-OL-EPM image. In addition, comparison between
the potential profiles along lines A-B and C-D reveal that the rela-
tive potential distributions observed by the two methods are sim-
ilar. However, their absolute value is different by ~250 mV. To
highlight this difference, we displayed the two images with the
same color scale.

In general, a cross talk between the topographic and potential
images can be a serious problem in an AFM measurement of sur-
face property distribution. However, for this particular system, we
have reasons to believe that the influence from such a cross talk
is minor. So far, we have performed many 2D-OL-EPM measure-
ments of the same system with the same type of tip354®, In these
experiments, we were able to visualize time-dependent changes
of the local potential distribution caused by the surface corrosion
even when the surface structure does not show any changes. This
confirms that the influence of the cross talk is negligible compared
to the contribution form the actual local potential distribution.

The local surface potential image (Figure 8d) shows that most
of the surface is negatively charged compared to the bulk solu-
tion, indicating a relatively low corrosion activity of the imaged
area. This is more clearly observed in the Z cross section taken
from the 3D potential map as shown in Figure 8(g). While the po-
tential contrasts at far from the surface are caused by noise, the
contrasts near the surface represents the local potential induced
by the charges accumulated in the EDL. This image shows that the
negative charges are accumulated on most of the areas except for
the very limited spots. In addition, the Z profiles show that the SR
potential change takes place only within 30 nm from the surface.
This is almost 10 times smaller than that observed in Figures 6
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and 7 in spite of the same solution condition (i.e. 0.1 mM NaCl
solution). This result suggests that the effective local Cj,, near
the surface was 100 times higher than expected. In this study, we
performed experiments with an open liquid cell, where solvent
can slowly evaporate during the experiment. The 2D and 3D im-
ages were taken after 2 h since we immersed the sample into the
solution. Therefore, it is likely that the effective C,, was signifi-
cantly enhanced due to the dissolution of Cu and the evaporation
of water by the time we started the imaging. These discussions
on the polarity, magnitude and vertical extent of the interfacial
potential were impossible before 3D-OL-EPM becomes available.
This is a great advancement from 2D-OL-EPM, where we can only
visualize a lateral distribution of relative potential values.

At this stage, there are some practical limitations in the perfor-
mance and applicability of the proposed method. As we previ-
ously reported for the 2D-OL-EPM, the maximum concentration
of the electrolyte is still limited to less than 10 mM3!. While we
can use not only metals but also oxides as a sample, they should
have a sufficient electrical conductivity. As we can see in Fig-
ure 8, the quality of the local surface potential image obtained
by 3D-OL-EPM is not as good as that of the 2D-OL-EPM image.
This is not only because of the low pixel resolution but also be-
cause of the noise. In the LR subtraction process, a linear fit curve
is extrapolated to estimate the contribution at the zero distance
(see Figure 3c). Thus, even a slight error in the estimated slope
caused by the noise can result in a large potential error at the zero
distance. However, there still remains a large room for the im-
provements in the force resolution, imaging speed and scanning
method in the current 3D-OL-EPM. Therefore, it is highly likely
that these issues will be solved by further technical developments
in the future.

4 Conclusions

In this study, we have investigated the possibility of visualizing
charges accumulated at an electrode-electrolyte interface by OL-
EPM. We discussed the contributions of the force components
having different timescales and interaction ranges to the errors
in OL-EPM measurements. In particular, we pointed out the sig-
nificant contribution of the LR force to the errors. Based on this
understanding, we proposed practical ways to reduce these er-
rors. For 2D potential imaging, we proposed to use Equation (9)
or (10). For Z potential spectroscopy, we proposed to subtract the
linear part of the Z potential profile from its original.

With these two improvements, we measured Z potential pro-
files with varying E on a polarizable and non-polarizable elec-
trode. The opposite charge accumulation behaviors of these two
types of electrodes were successfully visualized, which confirmed
the capability of OL-EPM to visualize charges accumulated at an
electrode-electrolyte interface. The results also showed that the
OL-EPM potential after the LR subtraction represents relative val-
ues with respect to the bulk solution potential. This is significant
progress from the 2D-OL-EPM imaging, where the zero potential
does not have a specific meaning.

To take advantage of this capability, we performed 3D-OL-EPM
measurements of Cu fine wires and compared the results with
those obtained by 2D-OL-EPM. The results show that the magni-

10| Journal Name, [year], [vol.], 1-11

tude of the lateral potential variations is similar for both the meth-
ods although the absolute values are different. This confirms that
2D-OL-EPM is still useful for visualizing lateral potential distribu-
tions with a high pixel density and a fast imaging speed. The re-
sults also demonstrated that the comparison between the Z cross
section of the 3D potential map and the E dependence of the Z
potential profile provides valuable insights into the electrochem-
ical reactions and the local solution conditions at the solid-liquid
interface. Such real-space information on the charge distributions
in an EDL is critically important in various academic and indus-
trial research on electronics devices, electrochemistry, tribology
and life sciences.
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Charge accumulation behavior at the Au-electrolyte interface
was visualized by three-dimensional open-loop electric
potential microscopy with varying electrode potential.



