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ABSTRACT: Transport phenomena in microfluidic chips are induced by electric
fields and electrolyte concentrations. Liquid flows are often affected by ionic
currents driven by electric fields in narrow channels, which are applied in

microelectromechanical systems, microreactors, lab-on-a-chip, and so forth. Even > QE
though numerical studies to evaluate those local fields have been reported, =
measurement methods seem to be under construction. To deeply understand the X

dynamics of ions at the microscale, measurement techniques are necessary to be
developed. In this study, we propose a novel method to directly measure electrical
potential differences in liquids, local electric fields, and electrical conductivities,
using a glass microelectrode. Scanning an electrolyte solution, for example, KCI
solutions, with a 1 pm tip under constant ionic current conditions, a potential difference in liquids is locally measured with a
micrometer-scale resolution. The conductivity of KCI solutions ranging from 0.56 to 100 mM is evaluated from electric fields locally
measured, and errors are within 5% compared with the reference values. It is found that the present method enables us to directly
measure local electric fields under constant current and that the electrical conductivity is quantitatively evaluated. Furthermore, it is
suggested that the present method is available for various electrical analyses without calibration procedures before measurements.

B INTRODUCTION

In recent decades, various functions of microfluidic devices have
attracted significant attention. Focusing on transport phenom-
ena in fluids, several applications have been proposed for
microelectromechanical systems (MEMS) and micro-total
analysis systems (u-TAS),"” for example, flow sensors,™”
micromixers,” and microreactors.” Microscale convective heat
transfer”® and mass transport phenomena”'® have also been
investigated. A small amount of fluid is effective to express novel
functions at micro- and nanoscales. In micro- and nanofluidic
channels that are filled with electrolyte solutions, electric double
layers are formed by highly concentrated counterion near the
channel surface and induce an electroosmotic flow (EOF) under
external electric fields."'~'* EOFs are also known to be
generated in ion-exchange materials in which electrically
charged functional groups are fixed, as well as in artificially
manufactured fluidic channels.'>' In highly polarized con-
ditions, liquid flows are driven by ion transport in strong electric
fields. We also reported that this kind of phenomena could be
observed in the macroscopic liquid phase, which is known as
electrohydrodynamic flows.">'” On the other hand, we do not
have conventional methods to evaluate electrolyte concen-
trations and electric fields in such small spaces.

In a previous study, it was reported that the transport of
biomacromolecules, for example, deoxyribonucleic acid, con-
fined in a nanochannel could be effectively transformed between
stretched and compressed shapes.'® We found that the terminal
velocity of the molecule confined in the nanochannel depended
on the applied electric field, ion conductivity, and EOFs. The
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flow velocity was strongly influenced by the channel size, and the
counterflow to the electrophoresis of a molecule caused to
determine the conformation. It is usually known that the size
difference between the test section and the other channels for
liquid introduction is extremely large and that the electric field
and flow velocity become stronger in the test section.'” Such a
confined test section is crucial to attaining the high sensitivity of
sensors. Therefore, the optimization of electric fields and
electrolyte concentrations in the fluidic channels is an important
issue. Experiments and numerical analyses were also performed
focusing on the dumbbell-shaped fluidic channels*”*" and the
tip of capillaries.””>* We also experimentally and theoretically
demonstrated transient responses of ionic current near the
electrodes.” On the other hand, there has been difficulty in
determining boundary conditions at the electrode surfaces.
Electrochemical reactions and the formation of electric double
layers and diffusion layers are transiently developed, and this
kind of responses usually takes a long period until the steady
states.”* Therefore, the numerical studies may be limited to
qualitative analysis. It is helpful for the numerical analyses if
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Figure 2. (a) Three types of vessel structures and dimensions used in experiments: VT1 (left), VT2 (center), and VT3 (right). (b) Photograph of a
glass microelectrode for the RE, which is made of a glass tube heated and pulled using a glass tube puller.

electric and flow fields in microfluidic channels are locally
determined without the influence of the electrode surfaces.

In this study, we introduce a conceptual idea to evaluate the
electrical conductivity and/or concentrations of electrolyte
solutions by measuring a local electric field in a fluidic channel.
Using a small test section placed in a vessel and a glass
microelectrode, the electrical potential distribution is locally
measured without being affected by the potential drop at the
electrode surfaces and reservoirs. Herein, a glass microelectrode
is used for a probe of electrical potential measurement in liquids.
By using the glass capillary that is often used for the action
potential measurement of biological cells, we tackle to measure
local electric fields. The tip size of the microelectrode is 1 gm or
less, and the spatial resolution is expected to be comparable to
the tip size. The test section in a liquid vessel is well designed to
Using a motorized stage, the
microelectrode is swept along the channel with a step varied
from 20 to 200 um. This direct measurement of local electric
fields enables us to evaluate the conductivity or concentration
without calibration. As a result, the conductivity of KCl standard
solutions is accurately analyzed in the range of 1 to 100 mM. The

L . . 2
maintain uniform electric fields.”®

present result will shed light on the measurement methods of
small spaces like microfluidic channels that are inevitable for
MEMS and p-TAS. Based on the concept demonstrated in this
study, further applications and optimization for individual
systems are expected.

B EXPERIMENTAL METHODS

Electrical Measurement Setup. As shown in Figure 1, the
experimental setup consists of a liquid vessel and an electrical
measurement system. A test section placed between reservoirs is
manufactured on an acrylic plate with a thickness of 3 mm, using
a numerically controlled milling machine (KitMill CL200,
Originalmind Inc., Okatani, Japan). As shown in Figure 2a, three
types of the vessel structure are prepared: a test section 2.60 mm
long, 0.96 mm wide, and 1.55 mm high and reservoirs 9.25 mm
long, 9.25 mm wide, and 1.97 mm high; a test section 2.70 mm
long, 1.05 mm wide, and 0.98 mm high and reservoirs 2.88 mm
long, 9.85 mm wide, and 2.06 mm high; and a test section 2.82
mm long, 1.10 mm wide, and 2.01 mm high and reservoirs 9.93
mm long, 2.72 mm wide, and 2.10 mm high. Hereafter, these
vessels are referred to as VI'1, VT2, and VT3, respectively. The
aspect ratios of the reservoirs and the test section are varied (see
Table S2). The vessel is filled with a KCl standard solution of
0.56, 10, and 100 mM (Thermo Fisher Scientific, Inc.,
Singapore), and is settled on a hot plate (ND-1A, As One
Corp., Osaka, Japan) with a sealing compound (KS650N-100,
Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) to maintain a
liquid temperature at 303 K (30 °C). Using a galvanostat (EC-
STAT-400, EC Frontier Co., Ltd., Kyoto, Japan), an electrical
potential is locally measured in a solution under a constant
current of 1 or 10 uA, where the working electrode (WE) and
the counter electrode (CE) are settled in both ends of the
reservoirs. A Ag—AgCl wire is used for the WE and CE, which is
made of a Ag wire with a diameter of 0.3 mm (Nilaco Corp.,
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Figure 3. Typical analysis result for an electrical potential measured using a glass microelectrode with a tip diameter of 1 ym, which is swept in the test
section of the vessel VT1 filled with a 100 mM KClI solution. (a) Time course of the potential difference according to the translocation of the
microelectrode, (b) histogram of the electrical potential, (c) electrical potential as a function of distance, and (d) electrical field distribution near the

center of the test section.

Tokyo, Japan), being immersed in a sodium hypochlorite
solution. The reference electrode (RE) also consists of a Ag—
AgCl wire that is enclosed in a glass capillary filled with an
electrolyte solution. Here, we use a KCl solution for the inner
solution of the glass capillary, which is also called a glass
microelectrode, as shown in Figure 2b. The concentration of the
inner solution is properly prepared as mentioned later. The RE is
clamped on the stage and dipped in the sample solution from the
upper face of the liquid vessel (Figure 1). A potential difference
between the WE and the RE is measured and recorded, sweeping
the RE along the test section using a motorized stage
(XMSG61S, Suruga Seiki Co., Ltd., Shizuoka, Japan). The
spatial resolution of the motorized stage manipulated by a
stepping motor is 1 ym. The electrical potential is measured for
10 s with a sampling frequency of 10 Hz at each point with an
interval of 200 pm. This distance is much larger than the tip of
the glass capillary that is less than 1 gzm as mentioned later. As a
result, we can obtain the spatial distribution of the electrical
potential difference in the solution. In other words, electrical
potential distributions in liquids are visualized. In a narrow
rectangular test section, the lines of electric force are highly
concentrated, and the concentration of electrolytes is uniform at
the center of solutions. Therefore, the electrical potential
difference is proportional to the displacement along the test
section, and the electric field is confirmed to be uniform. In such
a condition, the current—voltage (I-V) characteristics is Ohmic,
and the conductivity is obtained as a constant. In this study, the
electrical measurement accuracy is evaluated using KCl standard
solutions.

Preparation for Glass Microelectrodes. A glass tube with
an outer diameter of 1.5 mm (G-1.5, Narishige Co., Ltd., Tokyo,
Japan) is ultrasonicated in 99.5% ethanol and pure water for S

39439

min each and is baked on a hot plate at 473 K (200 °C) for 5 min.
After cleaning, it is pulled to form a glass capillary with desired
outer diameters of 0.6 or 1 ym using a glass tube puller (PE-22,
Narishige Co., Ltd., Tokyo, Japan) (Figure 2b). A Ag—AgCl
wire with a diameter of 0.2 mm (Nilaco Corp., Tokyo, Japan) is
settled in the glass capillary filled with a KCI solution, and this
glass microelectrode is for the RE. As a first step, the
concentration of the inner solution is set to be equal to the
sample solution. To increase the impedance of the glass
microelectrode, an agarose gel is filled in a 1 ym tip of the
capillary. In this case, a 120 mg agar is stirred in a 100 mM KCI
aqueous solution of 30 mL and is heated using an alcohol lamp
to harden the gel by decreasing the temperature. The quantity of
agar and the concentration of KCI solution are optimized to
minimize errors in the electrical measurements.

Electrical Conductivity Analysis. Electrical potential
distributions measured at each point during the glass micro-
electrode is moved along the test section are recorded as time
series data. The data set is translated to a histogram, and then a
multimodal distribution is obtained as a function of the potential
difference. Peaks in each distribution, which consists of 100 data
points, are separated from the continuous distribution. Then,
the mean values of the separated unimodal distributions are
evaluated within a 95% confidence interval. Next, they can be
translated to a potential difference as a function of distance with
a scanning step length of 200 ym. Calculating the numerical
difference of the electrical potential distribution, an electric field
E can be obtained at each position. Averaging the electric field in
the test section, the mean value of E is used for the evaluation of
conductivity (Supporting Information Figure S1). Herein, seven
data points are used for the average. Associated with the cross-
section area of the test section, the current density j is evaluated,
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Figure 4. Typical analysis result for an electrical potential measured using a glass microelectrode with a tip diameter of 0.6 #m, which is swept in the test
section of the vessel VT1 filled with a 100 mM KCl solution. (a) Time course of the potential difference according to the translocation of the
microelectrode, (b) histogram of the electrical potential, (c) electrical potential as a function of distance, and (d) electrical field distribution near the
center of the test section.
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Figure 5. Typical analysis result for an electrical potential measured using a microelectrode filled with agarose gel prepared with a 100 mM KCI
solution, which is swept in the test section of the vessel VT 1 filled with a 100 mM KCl solution. (a) Time course of the potential difference according to
the translocation of the microelectrode, (b) histogram of the electrical potential, (c) electrical potential as a function of distance, and (d) electrical field
distribution near the center of the test section.

and the conductivity ¢ is determined based on Ohm’s law: j = difference is linearly changed, and the electric field is uniform in
oE. In this study, it is clarified that the electrical potential the test section. According to the Nernst—Planck and Poisson
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ACS Omega 2022, 7, 39437—-39445


https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05973?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

equations,”” it is clarified that an electric field is uniform in
uniform electrolyte distributions. This sequential procedure is
automated by our own Python code. Details of the theoretical
model and numerical analysis are also shown in Supporting
Information.

B RESULTS AND DISCUSSION

Local Field Measurements and Conductivity Analysis.
A 100 mM KCl standard solution with an electrical conductivity
of 1.412 S/m at 303 K (30 °C)**** is used for a sample
solution. A constant current of 10 A is applied to the solution in
avessel VT1. A glass microelectrode with a tip diameter of 1 ym,
in which a 100 mM KCl is maintained, is used for the RE. When
the RE is stationarily settled in the solution, the electrical
potential is quickly converged to a constant value against a
constant current. Moving the RE along the test section from the
CE side to the WE side, the electrical potential is measured with
a scanning interval of 200 ym. As a result, the electrical potential
difference decreased as the RE was moved to the WE. As shown
in Figure 3a, the electrical potential shows plateaus after spikes at
each measurement point. The time series data is translated to a
histogram as a function of electrical potential difference with a
suitable bin width, as shown in Figure 3b. Cutting a threshold
with a fraction of 0.01, the mean values and standard deviations
are evaluated for the isolated distributions, which are projected
to the displacement with the scanning interval. The scatter plot
of the mean values shows a linear trend as shown in Figure 3c.
Taking numerical differences at each point, electric fields are
locally evaluated as shown in Figure 3d. Due to the electric field
constant along the test section, it is suggested that the
distributions of electrolyte ions are uniform, mathematically
resulting from the Nernst—Planck and Poisson equations
(Supporting Information Figures $2—S4).* That is, the I-V
characteristics is Ohmic, and the ionic current density is
proportional to the electric field. According to the one-
dimensional sequence of the electric field along the test section,
the electrical conductivity of 100 mM KCI becomes 1.965 =+
0.166 S/m for five samples (N = S), which results in a 39.2%
difference from the reference value.”* *® The maximum and
minimum errors are 78.7 and 23.3%, respectively. This result
implies that it is possible to locally measure the electric field
using the glass microelectrode. On the other hand, the error and
deviation of measurement values seem to be large.

In the same way, the electrical conductivity of a 100 mM KCl
solution evaluated using the microelectrode with a tip diameter
of 0.6 yum was 1.533 + 0.154 S/m (N = S), as shown in Figure 4.
In this case, the difference from the reference value**™** is 8.5%
for the mean with the maximum and minimum errors of 34.0 and
8.1%, respectively. The difference tends to be improved by the
smaller tip for the RE.

For a 10 mM KCl solution, the electrical conductivity was
evaluated with a tip diameter of 1 ym, resulting in a value of
0.1949 +0.0195 S/m (N = 5). The difference from the reference
value of 0.1548 S/m at 30.0 °C (303 K)**~*® was 25.9% with the
maximum and minimum errors, 82.5 and 7.6%, respectively. The
result using the microelectrode with a 0.6 pm tip was 0.1897 =+
0.0160 S/m (N = 3), as shown in Figure S. The difference from
the reference value was 22.5% with the maximum and minimum
errors, 45.0 and 10.7%, respectively. In this case, the smaller tip
of the RE also tends to improve the measurement accuracy. For a
0.56 mM KCl solution, applying a constant current of 1 A, the
electrical conductivity was 0.0153 + 0.0012 S/m (N = 3). In this
measurement, a 0.56 mM KClI solution is used for the inner

solution of the microelectrode with a tip diameter of 1 ym. The
electrical conductivity of 0.56 mM KClI standard solution is
known as 0.0092 S/m at 30.0 °C (303 K). The difference from
the reference value is 66.5% with the maximum and minimum
errors, 86.3 and 50.9%, respectively. The result using the RE
with a 0.6 ym tip was 0.0129 + 0.0003 S/m (N = 3), and the
difference was 39.8%, where the maximum and minimum errors
were 45.5 and 34.5%, respectively. It is found that the
measurement errors increase as the concentration decreases,
even though the smaller tip improves the errors.

Tables 1 and 2 summarize the electrical conductivities of the
0.56, 10, and 100 mM KCI solutions analyzed using glass

Table 1. Evaluation of the Electrical Conductivity of 0.56, 10,
and 100 mM KCI Using a Glass Microelectrode with a Tip
Diameter of 1 um

concentration [mM] conductivity [S/m] error [%]
0.56 0.0153 + 0.0012 (N=3) 66.5
10 0.1949 + 0.0195 (N=5) 259
100 1.9649 + 0.1657 (N=5) 392

Table 2. Evaluation of the Electrical Conductivity of 0.56, 10,
and 100 mM KCI Using a Glass Microelectrode with a Tip
Diameter of 0.6 um

concentration [mM] conductivity [S/m] error [%]
0.56 0.0129 + 0.0003 (N=3) 39.8
10 0.1897 + 0.0160 (N=5) 225
100 1.5325 + 0.1536 (N=5) 8.5

microelectrodes with tip diameters of 1 and 0.6 pm. It is found
that the electrical conductivity almost proportionally decreases
as the concentration decreases, although the errors from the
reference values become larger when decreasing the concen-
tration. The smaller tip of the glass capillary is effective to
improve the measurement accuracy for each concentration. This
result implies that the high impedance of the RE is important to
maintain accuracy. The present methods seem to be appropriate
for the electrical conductivity analysis using dc constant current
conditions. In the next step, further improvement for the glass
microelectrode is examined.

Conductivity Analysis Using Reference Electrodes
with Agarose Gel. To increase the impedance at the tip of
the glass microelectrode, we propose to fill the tip with agarose
gel. Here, a 120 mg agar was dissolved in a 100 mM KCl aqueous
solution of 30 mL, heated with an alcohol lamp, and injected into
a glass capillary with a tip diameter of 1 #m using a syringe. It was
settled overnight in moist air in a sealed plastic case. Using this
glass capillary for the microelectrode, a 100 mM KCl solution in
a vessel VT1 was measured in the same procedure as the
previous experiments. As shown in Figure 5a, the time course of
electrical potential measurements became stable compared with
previous results shown in Figures 3a and 4a. Via the histogram of
Figure Sb, the gradient of the electrical potential becomes clearly
linear in the test section as shown in Figure 5c,d. As a result, the
electric field is uniform with a small error (Figure Sd). The
electrical conductivity was evaluated from seven sampling points
near the center of the test section, and the mean was 1.502 +
0.103 S/m (N = 3), which resulted in a difference of 6.37%
compared with the reference value.”*™**

For a 10 mM KCI solution, the electrical potential was
scanned under a constant current of 10 pyA. The electrical
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conductivity resulted in 0.1654 + 0.0041 S/m (N = 3), which
presented an error of 6.85% from the reference value.”**" It is
found that the measurement accuracy clearly improved
compared with the microelectrode without agarose gel in the
tip of the glass capillary. Furthermore, the electrical conductivity
of a 0.56 mM KCl solution was analyzed and the value was
0.0115 + 0.003 S/m (N = 3). The difference from the reference
value was 25.3%. Compared with the results from the
microelectrode without agarose gel, the error is clearly
improved.

Figure 6 summarizes the electrical conductivity and measure-
ment errors, compared among the variety of microelectrodes:
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Figure 6. Comparison of electrical conductivities and errors among the
variety of glass microelectrodes: 1 ym tips, 0.6 um tips, and 1 ym tips
filled with agarose gel prepared with a 100 mM KCl solution. Electrical
conductivities of (a) 100, (b) 10, and (c) 0.56 mM KCl solutions. (d)
Errors of 0.56, 10, and 100 mM KCl solutions compared with the
reference values.

0.6 and 1 pm-tip microelectrodes and 1 pm-tip electrode filled
with an agarose gel prepared with a 100 mM KCl solution. For a
sample solution of 100 mM KCl, the electrical conductivity is
improved as the tip diameter decreases, and the tip is filled with
the agarose gel, as shown in Figure 6a. For a 10 mM KCl
solution, the electrical conductivity is an order lower than that of
a 100 mM KCl solution (Figure 6b). These trends are similar in
the case of 0.56 mM KCl, as shown in Figure 6¢. The errors are
clearly improved by decreasing the tip diameter of the glass
capillary, and the tip filled with the agarose gel further improves
the accuracy, as shown in Figure 6d.

Conductivity Analysis Using a Vessel VT2. In the
previous section, it is found that the improvement of the
microelectrode contributes to the measurement accuracy,
although the measurement error for a 0.56 mM KClI solution
is larger than 20%. Here, we propose to make further
improvements for accuracy by optimizing the dimensions of
the liquid vessel. The length of the narrow test section along the
ionic current causes resistance in the experimental system. In the
vessel VT2, the length of the reservoirs along the ionic current
path was designed to be smaller than that in the vessel VT1 in
order to reduce the resistance out of the test section. In the
previous section, it was suggested that the tip of the glass
capillary should be filled with agarose gel mixed with a 100 mM
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KCl solution. Hereafter, we use this type of microelectrode for
the RE. In this section, the electrical conductivity of the 0.56, 10,
and 100 mM KCl solutions was evaluated in the vessel VI2. For
a 100 mM KClI solution, electrical potential differences were
locally scanned under a constant current of 10 yA. The average
electrical conductivity was evaluated from seven points of local
electric fields near the center of the test section, and the result
was 1.4020 + 0.0684 S/m (N = 3). The difference from the
reference value was 0.71%.%°** Compared with the result from
the vessel VT1, the measurement accuracy is clearly improved.
Table 3 shows experimental results from 0.56 to 10 mM KCl

Table 3. Conductivity Analysis for a Variety of
Concentrations Using the Vessel VT2

concentration [mM] conductivity [S/m] error [%]

0.56 0.0106 + 0.0004 (N=3) 15.0
10 0.1681 + 0.0126 (N=3) 8.6
100 1.4020 + 0.0684 (N=3) 0.7

solutions as well as that of 100 mM KCl. For a 10 mM KCl
solution, the electrical conductivity and measurement error were
0.1681 + 0.0126 S/m and 8.6%, respectively. For a 0.56 mM
KCI solution, the electrical conductivity and the error were
0.0106 =+ 0.0004 S/m and 15.0%, respectively.

Results obtained using the vessel VT2 improved the accuracy
at each concentration. It is indicated that the electrical potential
drop highly concentrates in the test section as the cross-section
area is reduced. Numerical results are also shown in Supporting
Information Figures S3 and S4. The electrophoretic transport of
ions in the test section is reflected more dominantly in the ionic
current due to the strong electric field in the narrow space. It is
suggested that the high aspect ratio between the reservoir and
the test section effectively improves the electrical conductivity
analysis.

Conductivity Analysis Using the Vessel VT3. As
discussed in the previous section, the concentration of a large
resistance in the test section is important the most. In the vessel
VT2, the test section was designed to be shallower than the
reservoirs to reduce the cross-section area. It seems to be
effective for attaining a higher accuracy for electrical
conductivity analysis. On the other hand, it is suspected that
the evaporation of liquid causes extended errors because of the
increase in the concentrations. Therefore, the depth of the test
section is increased to suppress the negative effect of evaporation
on the accuracy in the vessel VT3, in which the channel depth
was as twice that of the vessel VT2. Using this vessel, the
electrical conductivity was evaluated for 0.56, 10, and 100 mM
KCI solutions. Electrical conductivities for each concentration
evaluated from the experimental results are summarized in Table
4. Detailed experimental results are also presented in Supporting
Information Figures S5—S7. The presented values are quite near
the reference values.”*~*® Especially for the concentrations of 10
and 100 mM, the measurement errors were less than 0.5%. For

Table 4. Conductivity Analysis for a Variety of
Concentrations Using the Vessel VT3

concentration [mM] conductivity [S/m] error [%]
0.56 0.009S + 0.0002 (N=3) 3.7
10 0.1554 + 0.0048 (N=3) 0.4
100 1.4078 + 0.0583 (N=3) 0.3
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the case of 0.56 mM, the difference from the reference value was
suppressed to lower than 4%. Furthermore, the reproducibility
of the present methods was also proved due to the small
deviations in each concentration.

Comparison Among Vessel Types. Figure 7 shows [-V
characteristics for the variety of vessel structures filled with 100

vessels between VT2 and VT3, the depth of the test section of
VT3 is twice as large as VT2, and the measurement errors are
drastically improved by the vessel VT3. The fraction of
evaporation seems to be reduced using VT3. For example, a
change of 0.6 uL of a liquid will result in an error of 1% in the
vessel VT2 and 0.5% in the vessel VT'3. Table 6 shows the results

0.30
5-VT1
0.25
-8 VT3
020 :
= 8.66 k=
% 0.15 e
5 |0083 =" s37k
> 0.10 1
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0.00
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Figure 7. (a) Experimental results for [-V characteristics in the center
of the test section in each vessel. Constant currents of 1, 5, and 10 uA
were applied in 100 mM KClI solution.

mM KClI solution, where the potential difference was measured
at the center of the test section by varying the constant current. It
is found that the fraction of the resistance of VT2 to VT3 is 2.2
and is in good agreement with the fraction of their cross-section
areas. This means that the potential drop at the reservoirs does
not affect the I-V characteristics. On the other hand, the
resistance of VT1 is larger than that of VT3, even though the
dimensions of their test sections are almost the same. This
difference seems to be caused by the resistance of reservoirs in
VT1 that are five times longer than those in VT3. To focus on
the response from the test section, the dimensions of VI2 and
VT3 are more desirable than those of VT1. In Table §, the

Table 5. Comparison of the Conductivity of 0.56 mM KCI
with the Different Vessel Types

vessel type conductivity [S/m] error [%]
VT1 0.0115 + 0.0003 (N=5) 25.3
VT2 0.0106 + 0.0004 (N=3) 15.0
VT3 0.0095 + 0.0002 (N=3) 3.7

electrical conductivities of 0.56 mM KClI solution are compared
among the vessel types. Comparing the vessels VT'1 and VT2,
both the cross-section area of the test section and the length of
the reservoirs in VT2 are smaller than those in VT1. In such
conditions, the electrical conductivity is more accurately
analyzed using the vessel VT2, where two factors contribute to
reducing errors: a large resistance in the test section and a small
one in the reservoirs. On the other hand, the electrical
conductivity is analyzed with the highest accuracy using the
vessel VT3, in which the depth of the test section is
approximately twice as large as that of VT2. Results from the
vessel VI3 show good agreement with the reference data,
although the dimensions of VT2 are theoretically preferable the
most. This result implies that the other factors, for example,
evaporation, also seem to affect the conductivity analysis.

A small percentage of errors may be caused by the evaporation
of liquids because the top face of the vessels is exposed to the
atmosphere to sweep the microelectrodes. Comparing the
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Table 6. Sequential Analysis of the Conductivity of 0.56 mM
KClI Using the Vessel VT3

sequence conductivity [S/m] error [%]
1st 0.0093 + 0.0002 1.4
2nd 0.0096 + 0.0002 4.7
3rd 0.0097 + 0.0002 S.1
Ave. 0.009S + 0.0002 3.7

from 0.56 mM KClI solution measured using the vessel VT3, in
which sequential three-time measurement results are presented.
It is found that the difference from the reference value, 0.0092 S/
m, tends to increase with increasing the number of measure-
ments. This result indicates that a change in the liquid height due
to evaporation may cause increased errors in successive
measurements. The first measurement shows the highest
accuracy and the smallest error approximately 1%. It is clarified
that the present measurement method shows good performance
and that the sealability of sample solutions, especially dilute
solutions, is a remaining issue.

Comparison with Theoretical and Numerical Anal-
yses. In Figure 8, experimental results obtained from the vessel
VT3 are compared with theoretical and numerical analyses. The
conductivity and molar conductivity are often represented by a
theoretical model based on the Debye—Hiickel—Onsager
limiting law.” ™" To express the molar conductivity A [S-m?/
mol], especially for dilute electrolyte solutions, the relaxation
effect and electrophoretic effect on the conductivity are taken
into account as follows””

A=A — (AN + B)+/1000c (1)

where A’ is the limiting molar conductivity at zero
concentration, and ¢ [M] is the concentration. Assuming a
two-component system of monovalent ions, A and B are the
coefficients given in SI units as follows>*!

)

()

where N, is the Avogadro constant, kg is the Boltzmann
constant, e is the elementary charge, and &, is the dielectric
constant of the vacuum. For the temperature T = 303.15 K, the
relative dielectric constant &, and the viscosity of solution y are
set to 76.8 and 0.7970 X 10° Pa-s, respectively. Furthermore, the
conductivity of KClI solutions was evaluated using a commercial
software for the finite element method (FEM).*” Replicating the
dimensions of the liquid vessels used in the experiments, the
Nernst—Planck and Poisson equations were self-consistently
solved to obtain the electrostatic potential ¢ and the ionic
current j; of the ith ion, that is, K" and CI7, in a steady state
z’eD‘inqﬁ Dy,
kT

j, =~

(4)
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in (b).

g8, AP = — z P, -

where D, z, and p; are the diffusion coeflicient, valence, and
charge density of the ith ion, respectively. Computational details
are also described in Supporting Information. The sum of anion
and cation current densities, such that j = ) j, is averagely
evaluated at the center of the test section and is proportional to
the electric field that is E = —V¢. The lines of electric force
highly concentrate in the narrow test section, which causes a
uniform electric field and uniform ion distributions. Thus, the
ionic current is governed by the electrophoretic transport and
results in j = 6, where 6 = Y. z,ep,D;/ ks T is the conductivity. As
shown in Figure 8a, the present experimental results, FEM
results, and the Onsager limiting law are in good agreement in
terms of conductivity (Supporting Information Table S2).
Results from the FEM analysis show that conductivity is almost
proportional to ¢, and then, the three methods especially agree
below the concentration of 0.01 M, where the relaxation and
electrophoretic effects seem to become weak. Figure 8b shows
the molar conductivities resulting from the three methods. In
this case, the FEM results show a constant of 1.67 X 107 S-m?/
mol because the relaxation and electrophoretic effects are not
sufficiently involved in the computation. On the other hand, the
experimental results are below the values from the Onsager
limiting law for ¢ > 0.01 M. At ¢ = 0.56 mM, results from the
three methods get close to each other. This trend is usual,”” and
the present measurement confirms that the conventional theory
and knowledge are satisfied locally in the electrolyte solutions.

B CONCLUSIONS

In this study, we developed a novel method to locally measure
electrical potential differences in liquids, which analyzed the
electrical conductivities and concentrations of electrolyte
solutions. As a first step, the measurement accuracy was verified
using KCI standard solutions ranging from 0.56 to 100 mM.
Optimizing both the glass microelectrode and dimensions of the
liquid vessel, high accuracy was achieved with a measurement
error of less than 5% for 0.56 mM KCI. It was confirmed that the
experimental results were in good agreement with the
computational and theoretical analyses. The present method
provides a useful technique to directly evaluate the electrical
conductivity, which does not require calibration procedures
before measurements. In the future, the local field measurement
is expected to extend further applications for the analyses of ion
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concentrations, pH, and flow velocity in micro- and nanospace
scaling down of the sensing section.
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