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ABSTRACT: Electric double layers (EDLs) are ionic structures
formed on charged surfaces and play an important role in various
biological and industrial processes. An extensive study in the past
decade has revealed the structure of the EDL in concentrated
electrolyte solutions of both ordinary salts and ionic liquids.
However, how the EDL structure affects their material properties
remains a challenging topic due to technical difficulties of these
measurements at nanoscale. In this work, we report the first detailed
characterization of the viscoelasticity of the EDL formed over a wide
range of ion concentrations, including concentrated electrolyte
solutions. Specifically, we investigate the complex shear modulus of
the EDL by measuring the resonant frequency and the energy
dissipation of a quartz crystal microbalance (QCM), a surface-
sensitive device, immersed in aqueous solutions containing three types of solutes: an ionic liquid, 1-butyl-3-methylimidazolium
chloride (BmimCl); an ordinary salt, sodium chloride (NaCl); and a nonelectrolyte, ethylene glycol (EG). For the two electrolyte
solutions, we observe a monotonic decrease in the resonant frequency and a monotonic increase in the energy dissipation with
increasing ion concentrations due to the presence of the EDL. The complex shear modulus of the EDL is estimated through a wave
propagation model in which the density and shear modulus of the EDL decay exponentially toward those of the bulk solution. Our
results show that both the storage and the loss modulus of the EDL increase rapidly with increasing ion concentrations in the low ion
concentration regime (<1 M) but reach saturation values with similar magnitude at a sufficiently high ion concentration. The shear
viscosity of the EDL near the charged QCM surface is approximately 50 times for NaCl solutions and 500 times for BmimCl
solutions of the bulk solution value at the saturation concentration. We also demonstrate that QCM can be utilized for analyzing the
rheological properties of the EDL, thus providing a complementary, low-cost, and portable alternative to conventional laboratory
instruments such as the surface force apparatus. Our results elucidate new perspectives on the viscoelastic properties of the EDL and
can potentially guide device optimization for applications such as biosensing and fast charging of batteries.

When a charged surface is immersed in an electrolyte
solution, dissolved ions are assembled on it, and an

electric double layer (EDL) is formed at the solid−liquid
interface to screen the charge of the surface.1−5 The EDL
therefore plays a crucial role in various biological and industrial
processes, such as biosensing,6−8 enzymology,9−11 coat-
ings,12,13 and storing energy in batteries.5,14−16 The electro-
static screening mechanism1 and the resulting properties, such
as double layer capacitance17 and shear viscosity,18 of the EDL
are well understood at low ion concentrations. On the other
hand, today’s ever-growing activities in biotechnology and new
energy development have led to an increasing need for
understanding the EDL behavior in concentrated electrolyte
solutions, such as ionic liquids (ILs).19 Accordingly, an
extensive study has been conducted in the past decade to
understand the structure of the EDL in concentrated
electrolyte solutions, reporting an unexpected screening
behavior in which the screening length increased with
increasing ion concentrations at high ion concentration regime,
in contrast with the trend predicted by the Debye−Hückel

(DH) theory for dilute electrolyte solutions (see more details
below).20−38 However, how the structure of the EDL affects
their rheological properties remains a challenging topic due to
technical difficulties of measuring the mechanical properties at
nanoscale. Better understanding of the dynamics of the EDL
will guide device optimization for applications in biosensors
and fast charging of batteries.
The surface force apparatus (SFA) evaluates the properties

of materials confined at the nanoscale.21 SFA has been a useful
tool for measuring the rheological properties of the EDL.39−41

For example, Kurihara and co-workers39,40 utilized a SFA
equipped with a resonance shear system to investigate the
shear viscosity of ILs confined between two charged silica
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surfaces. They showed that the shear viscosity of the ILs near
the silica surface was 1−3 orders of magnitude larger than that
of the bulk ILs. This confinement-enhanced shear viscosity is
observed not only for ILs but also for aqueous42 and some oil-
based solutions.43 Thus, the EDL might not be completely
responsible for the enhanced shear viscosity of confined ILs
observed by the SFA. In order to evaluate the shear modulus of
the EDL, measurements need to be performed using an
independent technique.
The quartz crystal microbalance (QCM) is a surface-

sensitive device which has been used to measure the
rheological properties of materials, such as polymeric nano-
layers44 and biofilms.45 The QCM is based on an AT-cut
quartz crystal with metal electrodes (usually gold) deposited
on its surfaces. Shear waves are excited in the quartz crystal by
applying an oscillating voltage across the electrodes, and the
resonant frequency of the system is reduced by the mass and
viscoelasticity of materials deposited or adsorbed onto the
crystal surface.46,47 Several research groups18,48−50 have
studied the QCM response for dilute electrolyte solutions,
showing a shift of the resonant frequency due to the presence
of EDL formed on the QCM gold surface. Combining QCM
with impedance analysis,51 Etchenique and Buhse18 reported
that the loss modulus of an EDL in dilute solutions of sodium
chloride was always larger than its storage modulus, and that
while the loss modulus increased with the increasing ion
concentration, the storage modulus remained constant
following a steep increase at low ion concentrations (<10
mM). Their studies did not cover the behavior in concentrated
electrolyte solutions. These results motivated us to employ
QCM to investigate the rheological properties of the EDL in
more concentrated electrolyte solutions.
In this work, we report the first characterization of the

complex shear modulus of the EDL over a wide range of ion
concentrations by measuring the resonant frequency and the
energy dissipation of a QCM gold-coated quartz oscillator. We
investigate aqueous solutions containing three types of solutes:
an ionic liquid, 1-butyl-3-methylimidazolium chloride

(BmimCl); an ordinary salt, sodium chloride (NaCl); and a
nonelectrolyte, ethylene glycol (EG). For the two electrolyte
solutions, we observe a monotonic decrease in the resonant
frequency and a monotonic increase in the energy dissipation
with the increasing ion concentration due to the presence of
EDL. The complex shear modulus of the EDL is estimated
using a wave propagation model in which the density and shear
modulus of the EDL decay exponentially toward those of the
bulk solution. Our results show that the EDL’s shear modulus
increases with increasing ion concentrations, and the shear
viscosity near the charged QCM surface is approximately 2
orders of magnitude larger than that of the bulk solution,
consistent with the results reported from the surface force
apparatus. Our results demonstrate that the QCM can be
utilized for analyzing the viscoelasticity of the EDL in
electrolyte solutions, thus providing a complementary, low
cost and portable alternative to conventional laboratory
instruments such as the surface force apparatus.

■ EDL STRUCTURES AND THE SCREENING LENGTH
In this section, we summarize the structure of the EDL and the
current understanding of the screening length in electrolyte
solutions in the low- and high-concentration regimes, based on
the literature. Figure 1(a) shows a schematic of an EDL
formed on a negatively charged surface immersed in a dilute
electrolyte solution. The interaction between the gold substrate
and electrolytes has been measured by atomic force
microscopy,20,22,53 showing that even without applying a
voltage to the gold surface, the electrolytes form an EDL on
the gold surface and the thickness of the innermost ionic layer
is compatible with the size of the cations (similar evidence is
reported in Section S4 in the Supporting Information).
According to the Gouy−Chapman-Stern (GCS) model,1 a
layer of cations is formed on the negatively charged surface to
partially decrease the electric potential in the solution. A
cation-rich layer is formed over the cation layer to screen the
residual electric potential, which decreases exponentially with
distance as predicted by the Debye−Hückel (DH) theory

Figure 1. Schematic illustration of an electric double layer (EDL) formed on a gold coated quartz crystal having an electric potential ϕ0, with the
corresponding electric potential ϕ − distance x profile. (a) The Gouy−Chapman-Stern (GCS) model1 based on the Debye−Hückel theory52 is
applied for solutions at low ion concentrations. The EDL consists of the cation-rich layers. (b) The value of electric potential ϕ initially decreases
due to cations assembled over the negatively charged interface, followed by the exponential decay of ϕ to the electric potential of the bulk solution
(ϕb) due to the Debye screening. (c) According to Gavish et al.,31 an EDL at high ion concentration consists of a multilayered ionic structure. (d)
The value of electric potential ϕ decreases significantly due to the overscreening caused by excess cations assembled over the surface, followed by
the exponential decay of the oscillatory electric potential to ϕb (red dashed line). In these schematics, cations and anions are represented as red plus
circles and blue minus circles, respectively. Different shades of blue color in the background represent the area with different density and viscosity
values from those of the bulk solution. Note that we do not distinguish associated and dissociated ion pairs in the schematics.
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(Figure 1(b)).52 The characteristic decay length of the electric
potential is referred to as the screening length. However, recent
expe r iment a l 2 0− 2 4 , 2 6− 3 0 , 3 2 , 3 5 , 5 3 , 5 4 and theore t i -
cal25,31,33,34,36,37,55−59 studies have shown that the electrostatic
screening mechanism in concentrated electrolyte solutions is
significantly different from that in dilute electrolyte solutions.
Figure 1(c) shows a schematic of a modified EDL formed on

a negatively charged surface immersed in a concentrated
electrolyte solution, with the ion distribution depicted on the
basis of the electric potential profile, shown in Figure 1(d),
predicted by Gavish et al.31 Similar to the GCS model, a cation
layer is formed over the negatively charged surface. In this case,
however, the charge in the cation layer overcompensates the
charge of the surface, leading to the formation of an anion-rich
layer over the cation layer. This anion-rich layer again
overcompensates the positive charge of the cation layer. This
phenomenon, in which charges in a layer are overcompensated
by charges in the next layer, is called overscreening.60 The
overcompensation damps as the distance from the surface
increases, and the electric potential decays to that of the bulk
solution. The damping of the electric potential oscillation at
high ion concentrations is caused by the strong ionic
correlations occurring in concentrated electrolyte solutions.
As a result, a multilayered ionic structure with oscillating
charge density that decays over distance to that of the bulk
solution is formed in concentrated electrolyte solutions. The
oscillation of the electric potential decays exponentially, as
shown by the red dashed line in Figure 1(d), and the
characteristic decay length of this oscillation is considered as
the screening length.31

Smith et al.30 investigated the screening length λD in
solutions of sodium chloride and an IL from low to high
concentrations. They showed that λD decreased with increasing
ion concentrations in the low-concentration regime, consistent
with the DH theory. However, as the concentration was further
increased, λD reached a minimum and then increased again.
The increase of λD over increasing cs in the high-concentration
regime is caused by strong ionic correlations present at high

cs.
34 With a series of experiments, Lee et al.56 found that

regardless of the type of electrolytes, the value of λD followed a
universal relationship with respect to the Debye screening
length λDebye and the ion diameter a,

λ λ λ= ≥ aforD Debye Debye (1)

λ λ
λ

λ∼ <a
aforD Debye

Debye
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c N e2000Debye

r 0 B
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2
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Here εr, ε0, kB, T, NA, and e are the dielectric constant of the
mixture, the dielectric constant, the Boltzmann constant, the
absolute temperature, the Avogadro constant, and the
elementary charge. The breakdown of the DH theory is
predicted to occur when λDebye ≈ a.56

■ EXPERIMENTAL METHODS
Materials. 1-Butyl-3-methylimidazolium chloride

(BmimCl) (purity >99%) was purchased from Ionic Liquid
Technologies, Germany. Ethylene glycol (EG) was purchased
from Sigma-Aldrich, Japan. Sodium chloride (NaCl) was
purchased from Wako Pure Chemicals, Japan. All chemicals
were used as received. Milli-Q water that had passed through a
Q-POD Element unit (Millipore) and had a resistivity higher
than 18.2 MΩ cm was used as a solvent.

Preparation of the Test Solutions. High-concentration
solutions were prepared by directly adding the components
into a glass vial, while low-concentration solutions were
prepared by diluting more concentrated solutions. Since
BmimCl is highly hygroscopic, it was stored and handled in
a glovebox under an argon atmosphere. The analyte
concentration, cs, was calculated as cs = msρL/M0mtot, where
ρL is the density of the bulk solution, M0 is the molar mass of

Figure 2. (a) The shear viscosity ηL at 25 °C is plotted as a function of the concentration of BmimCl (black circles), NaCl (red squares), and EG
(blue triangles). The measured ηL is fitted with a polynomial function (eq 4, dashed curves). (b) The density ρL at room temperature (25 ± 1 °C)
is plotted as a function of the concentration of BmimCl (black circles), NaCl (red squares), and EG (blue triangles). The measured ρL is fitted with
the linear function (eq 5, dashed curves). The inset highlights the linear relationship between the density and concentration of the analytes.
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analyte, ms is the mass of analyte, and mtot is the solution mass.
The concentrations of pure BmimCl, pure EG, and the
saturation concentration of NaCl (i.e., cs,max) in our
experimental conditions are 6.3, 12, and 4.42 M, respectively.
Shear Viscosity Measurements. The shear viscosity of

the solution at shear rates ranging from 50 to 10,000 s−1 was
measured using a microfluidic slit rheometer (m-VROC,
RheoSense Inc.). We employed a straight rectangular channel
50 μm in height, 3.0 mm in width, and 8.8 mm in length. The
temperature was set at 25 °C and controlled by a Peltier
system. The measurement principle is provided elsewhere.61

The measured shear viscosity was independent of the shear
rate over the measured shear rate range, and the shear viscosity
of the bulk solution ηL was determined by averaging over shear
rates measured. Figure 2(a) shows the dependence of ηL on cs
for solutions of BmimCl, NaCl, and EG. ηL increased
monotonically with increasing cs. We fitted the measured ηL
as a function of the analyte concentration using an empirical
polynomial function

η η= + + +Ac Bc Dc(1 )L water s s
2

s
3.5

(4)

where ηwater = 0.912 mPa s is the shear viscosity of water at 25
°C. The best fits are shown as dashed curves in Figure 2(a),
and the values of the corresponding fitting coefficients are
given in Table 1. We confirmed that our bulk solutions
exhibited Newtonian behavior up to 100 MHz (see more
details in Section S1 of the Supporting Information).

Density Measurements. The density of the bulk solution
ρL was measured by using a density meter (DMA 35 Basic,
Anton Paar) at room temperature (25 ± 1 °C). Figure 2(b)
shows the dependence of ρL on cs for BmimCl, NaCl, and EG
solutions. The density increased monotonically with increasing
cs. We fitted the measured ρL as a function of the analyte
concentration using a linear function

ρ ρ= + Ec(1 )L water s (5)

where ρwater = 0.997 g cm−3 is the density of water at 25 °C.
The best fits are shown as dashed curves in Figure 2(b), and
the values of the corresponding fitting coefficient are given in
Table S1 of the Supporting Information.
Quartz Crystal Microbalance Measurements. The

QCM device employed was an openQCM Q-1 (Novaetech,
Italy) equipped with AT-CUT quartz sensors (I.E.V., Italy)
with a resonant frequency of 10 MHz. The QCM device
applies an oscillating potential of 0.7 V amplitude (offset 0 V)
to the quartz sensor, and its resonance frequency and energy
dissipation are recorded by a computer program provided by
the manufacturer. The QCM sensors were cleaned before use
by sonication in acetone, isopropyl alcohol, and Milli-Q water
for 5 min. The sample solutions were contained in a
polymethylmethacrylate (PMMA) cell open to the gold surface
of the QCM. As shown in Figure 3(a), the cell was initially

filled with 200 μL of Milli-Q water. After the quartz resonant
frequency had stabilized, 20 or 50 μL of water was removed
from the cell and replaced with an equal volume of
concentrated analyte solution to increase the analyte
concentration. The QCM frequency was allowed to restabilize,
and then the procedure was repeated. In this way, multiple
concentrations of analyte could be tested in a single
experiment on the same sensor, performed over a period of
up to 15 h. Our measurements covered cs values ranging from
0 to 3.45, 3.60, and 3.95 M for BmimCl, NaCl, and EG
solutions, respectively. All measurements were done using the
first harmonic of the crystal (n = 1). An example of the data
obtained from this experimental protocol is shown in Figure
3(b), in which the variation in the QCM frequency shift Δfexp
and energy dissipation shift ΔDexp with BmimCl concentration
is evident. In this figure, we chose the resonant frequency and
dissipation at cs = 0 M, corresponding to pure water, as the
reference signals, so Δfexp = f(cs) − f(0) and ΔDexp = D(cs) −
D(0), respectively. The QCM resonance was altered by the
injection of the concentrated BmimCl sample, resulting in a
sudden drop in the resonant frequency. The quartz sensor then
stabilized over time, with the stabilization time depending on
cs. The opposite behavior was observed for the dissipation
signal, with a sudden increase in the energy dissipation when
introducing the concentrated BmimCl sample. Figure 3(b)
shows that, as the concentration of BmimCl increases, the
value of Δfexp becomes more negative, while ΔDexp
progressively increases. Similar profiles of the QCM frequency
and dissipation shifts were observed for NaCl and EG
solutions. Measurements were performed in triplicate to
allow an estimation of the standard deviation at each
concentration.
Although Δfexp is negative, we plot its absolute value |Δfexp|

for simplicity to highlight the change in the frequency shift due
to the mass and viscoelastic effects of substances adsorbed on
the QCM sensor.

■ WAVE PROPAGATION MODEL

In order to evaluate the complex shear modulus of the EDL,
we now consider how the EDL is detected by the QCM. Here,
we consider a three-dimensional Cartesian coordinate system
(x, y, z) where x is the distance from the quartz surface, as
shown in Figure 1. Thus, x = 0 represents the position of the
charged gold QCM surface, while x = ∞ is far from the surface
in the bulk solution. We assume that the concentration and
density of the EDL depend only on the distance x from the
surface, so that the rheological properties are independent of y
and z.
QCM frequency and dissipation shifts due to the EDL can

be observed when its density ρD and complex shear modulus
G*(= G′ + iG″, where G′ and G″ are storage and loss moduli)
are different from those of the bulk solution. This happens
when the concentration of either cations or anions in the EDL
is different from that of the bulk solution. Here, we assume that
the magnitude of the density and the complex modulus of the
EDL decays exponentially with x toward those of the bulk
solution in the low- and high-concentration regimes, which can
be expressed by18,39

ρ ρ ρ ρ
λ

= + − − x
( ) expD L D,max L

D

i
k
jjjjj

y
{
zzzzz (6)

Table 1. Fitting Coefficients Providing the Best Fit to the
Empirical Polynomial Function for Shear Viscosity and
Density of BmimCl, NaCl, and EG Solutions

solute A (10−2 M−1) B (10−3 M−2) D (10−3 M−3) E (10−2 M−1)

BmimCl 4.3 ± 0.8 0 6.8 ± 0.3 1.70 ± 0.02
NaCl 0.7 ± 0.1 2.0 ± 0.2 0 3.80 ± 0.03
EG 0.7 ± 0.1 3.1 ± 0.1 0 0.74 ± 0.01
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where ρD,max, GD,max′ , and GD,max″ are the limiting values of
density and storage and loss moduli of the EDL as x
approaches zero. The characteristic length of the exponential
decay for ρD, GD′ , and GD″ in both low- and high-ion-
concentration regimes is denoted by the screening length λD,
given by eqs 1 and 2. For electrolyte solutions, it is reasonable
to assume ρD,max to be the density at the saturation
concentration, since the concentration of ions is much larger
at x = 0 than at x =∞. In fact, Etchenique and Buhse18 showed
that ρD,max for sodium chloride solutions increased with
increasing concentration, asymptotically approaching its
saturation density at concentrations larger than 20 mM.
A wave propagation model proposed by Voinova et al.62

predicts the frequency shift Δfexp and the dissipation shift
ΔDexp of a quartz crystal covered by viscoelastic layers below a
semi-infinite Newtonian fluid. For an EDL with x-dependent
properties, Voinova’s model yields

Δ = Δ + Δf f fexp B EDL (9)

Δ = Δ + ΔD D Dexp B EDL (10)

where the contribution of the bulk solution, denoted by the
subscript B, and the EDL are given by

η ρ
πρ

Δ = −f n f
GB

1/2
F
3/2 L L

q q (11)

∫ρ
ρ

ρ
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η ρ
πρ

Δ = −D n f
G

2B
1/2
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1/2 L L

q q (13)

∫ρ
ρ η

ω
Δ =
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∞
D
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G
G
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x

4
dEDL

F

q q
L L 0

D

D
2

D
2

(14)

Note that ρD, GD′ , and GD″ are functions of x as given by eqs 6,
7, and 8. Here n is an odd integer indicating the harmonic
number, f F is the fundamental resonant frequency of the bare

Figure 3. (a) Analyte concentration is adjusted by replacing the previous solution with an equal volume of concentrated analyte solution. In the
schematic, 50 μL of the previous solution at cs,i is replaced with 50 μL of concentrated solution to increase the concentration to be cs,i+1. (b) QCM
frequency shift Δfexp (red curve) and dissipation shift ΔDexp (blue curve) over the course of a series of measurements as the concentration of
BmimCl is increased from 0 to ≈3 M. The resonant frequency and dissipation at cs = 0 M (corresponding to pure water) are chosen as the
reference signals, thus Δfexp = f(cs) − f(0) and ΔDexp = D(cs) − D(0), respectively. The changes in the ion concentration (indicated by the vertical
dashed lines) lead to a sudden perturbation in both quartz resonant frequency and energy dissipation, followed by the subsequent stabilization over
time. The next concentration is tested only when the QCM signals have reached equilibrium state and become steady.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c00475
Anal. Chem. 2020, 92, 8244−8253

8248

https://pubs.acs.org/doi/10.1021/acs.analchem.0c00475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00475?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c00475?ref=pdf


quartz crystal, and ρq = 2.648 g cm−3 and Gq = 2.947 × 1011 g
cm−1 s−2 are the density and the storage shear modulus of the
AT-cut quartz crystal, respectively. Consequently, the storage
GD′ and loss GD″ moduli of the EDL (eqs 7 and 8) can be
estimated based on the value of Δf EDL and ΔDEDL being
extracted from our QCM based measurements.

■ RESULTS AND DISCUSSION
Frequency/Dissipation Shifts. Figure 4(a) shows the

absolute value of the frequency shift |Δfexp| as a function of cs
for solutions of BmimCl, NaCl, and EG. The value of |Δfexp| at
each concentration was estimated from the frequency shift at
steady state after the quartz resonator was stabilized. |Δfexp|
increased monotonically with increasing cs for all three
analytes. The frequency shift |Δf B| due to the bulk solution
was calculated from eq 11 using the shear viscosity and density

data presented in Figure 2. The dashed curves in Figure 4(a)
were obtained by fitting |Δf B| with a polynomial function of cs
(see Figure S5 of the Supporting Information).
The measured values of |Δfexp| for the nonelectrolyte EG

solutions are well described by eq 11. On the other hand, the
frequency shifts measured for both BmimCl and NaCl were
substantially larger than the values predicted by eq 11. Since
both BmimCl and NaCl solutions consist of water and
dissolved ions, it is reasonable to attribute the observed excess
frequency shift to the presence of an EDL. The frequency shift
caused by the EDL, |Δf EDL|, was estimated by subtracting |Δf B|
from |Δfexp|. Figure 4(b) shows the dependence of |Δf EDL| on cs
for solutions of BmimCl, NaCl, and EG. As expected, the
values of |Δf EDL| for EG solutions were close to zero over the
measured cs range. On the other hand, for BmimCl solutions,

Figure 4. (a) The absolute value of the QCM frequency shift at steady state |Δfexp| is plotted as a function of the concentration of BmimCl (black
circles), NaCl (red squares), and EG (blue triangles). The dashed curves are the frequency shifts |Δf B| due to the bulk solution, obtained by fitting
the estimated |Δf B| predicted by eq 11 with a polynomial function (see Figure S7 of the Supporting Information). (b) Frequency shift by the EDL,
|Δf EDL = Δfexp − Δf B|, is plotted as a function of the concentration of BmimCl (black circles), NaCl (red squares), and EG (blue triangles). (c) The
value of the QCM dissipation shift at steady state ΔDexp is plotted as a function of the concentration of BmimCl (black circles), NaCl (red squares),
and EG (blue triangles) solutions. The dissipation shifts ΔDB due to the bulk solution are represented by the dashed curves, estimated from the fit
of the predicted ΔDB by eq 13 to a polynomial function. (d) Dissipation shift by the EDL, ΔDEDL = ΔDexp − ΔDB, is plotted as a function of the
concentration of BmimCl (black circles), NaCl (red squares), and EG (blue triangles) solutions.
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the values of |Δf EDL| increased monotonically with increasing
cs. A similar trend was observed for NaCl solutions.
Figure 4(c) shows the value of the dissipation shift ΔDexp as

a function of cs for solutions of BmimCl, NaCl, and EG. The
value of ΔDexp at each concentration was estimated from the
dissipation shift at steady state when the quartz resonator was
stabilized. Similarly, the values of the dissipation shift caused
by the EDL, ΔDEDL = ΔDexp − ΔDB, were close to zero for EG
solutions, while small excess dissipation shifts were observed
for BmimCl and NaCl solutions over the measured cs range.
The values of ΔDEDL for the BminCl solutions increased from
0 to about 10 ppm as cs increased from 0 to 0.05 M and then
remained as a constant up to cs = 3 M. For cs > 3 M, ΔDEDL
increased more significantly with increasing cs. A similar trend
was observed for NaCl solutions with reduced magnitude.

Complex Shear Modulus of the EDL. On the basis of the
wave propagation model proposed above, the complex shear
modulus of the EDL at x = 0 (i.e., GD,max′ and GD,max″ ) was
determined by matching the frequency and dissipation shifts
predicted by eqs 12 and 14 to the measured frequency |Δf EDL|
and dissipation ΔDEDL shifts. Here, ρD,max = 1.08 g cm−3 is the
density of pure BmimCl,63 and ρD,max = 1.25 g cm−3 is the
density of the saturated NaCl solution.64 The screening length
λD in BmimCl solutions, shown in Figure S6 of the Supporting
Information, was calculated based on the ion diameter a
estimation using atomic force microscopy, while the depend-
ence of εr on cs was calculated using the effective medium
theory in accordance with the method employed by Smith et
al.30 (see more details in Section S2 for dielectric constant and
Section S3 for ion diameter in the Supporting Information).

Figure 5. (a) The value of GD,max′ and GD,max″ (complex shear modulus at x = 0) is plotted as a function of the ion concentration cs of BmimCl (black
circles) and NaCl (red squares) solutions. Both GD,max′ and GD,max″ increase with increasing cs for both solutions. (b) The ratio of ηD,max (at x = 0) to
ηL for BmimCl (black circles) and NaCl (red squares) solutions is plotted as a function of cs. This ratio reaches a saturation value at high cs of
approximately 500 for BmimCl and 50 for NaCl solutions.

Figure 6. Based on eq 8, shear viscosity ηD = GD″/ω of the EDL is plotted against the distance x from the quartz sensor surface at low (black solid
curve), intermediate (red solid curve), and high (blue solid curve) ion concentrations cs for (a) BmimCl and (b) NaCl solutions. The dashed lines
indicate the screening length λD at each concentration.
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The dependence of λD on cs for NaCl solutions has been
reported in the literature.30 Since the magnitude of
experimental errors of the excess dissipation shift is similar
to that of the ΔDEDL, we envision a more sensitive QCM
device incorporating a microfluidic cell to introduce the
electrolytes continuously on the sensor surface can provide
more accurate estimation of the complex modulus of the EDL
in the future.
Figure 5(a) shows the dependence of GD,max′ and GD,max″ on cs

for BmimCl and NaCl solutions. For BmimCl solutions, both
GD,max′ and GD,max″ increased rapidly with increasing cs for cs < 1
M, followed by a more gradual increase with further increase in
cs. The values of GD,max″ were initially larger than GD,max′ for cs <
0.1 M, but they became comparable at higher cs. Similar
behavior was observed for NaCl solutions. The estimated
magnitude of GD,max′ and GD,max″ for NaCl at cs < 0.05 M agreed
well with the values reported in the literature.18 We note that
the apparent overshoot visible around 1 M for both solutions is
likely an artifact due to large uncertainties in the resonant
frequency of the QCM in the low cs regime.
We also evaluated the difference between the limiting shear

viscosity ηD,max = GD,max″ /ω of the EDL at x = 0 and the shear
viscosity ηL of the bulk solution. The ratio of ηD,max/ηL was
plotted as a function of cs in Figure 5(b). This ratio for
BmimCl solutions increased rapidly with increasing cs for cs < 1
M and then reached a saturation value of ∼500 at higher cs, in
good agreement with those reported for ILs estimated using
SFA.39 A similar trend was observed for NaCl solutions, with
the ratio of ηD,max/ηL reaching ∼50 at higher cs. We also
observed that the concentration where ηD,max started to level off
was close to the concentration where λDebye ∼ a for both NaCl
and BmimCl solutions. This result suggests that the structure
of the EDL near the charged surface becomes independent of
cs for cs > 1 M.
Figure 6 shows the shear viscosity ηD = GD″/ω of the EDL

versus distance x from the quartz sensor surface at low,
intermediate, and high ion concentrations for BmimCl and
NaCl solutions, calculated from eq 8. The shear viscosity of the
EDL decreased exponentially with distance toward the bulk
viscosity, consistent with the literature data.39 For BmimCl
solutions, ηD decreased more rapidly at the intermediate
concentration (cs = 0.55 M) than at the low (cs = 0.061 M) and
high (cs = 3.45 M) concentrations. This reflects the fact that
the screening length λD, represented as the dashed lines in
Figure 6, exhibits a nonmonotonic dependence on cs as
described by eq 1. Similar behavior was observed for NaCl
solutions.

■ CONCLUSIONS
In this work, we report the first detailed characterization of the
viscoelasticity of the EDL in electrolyte solutions by measuring
the resonant frequency and the energy dissipation of a quartz
crystal oscillator for aqueous solutions containing three types
of solutes: two electrolytesan ionic liquid, 1-butyl-3-
methylimidazolium chloride (BmimCl), and an ordinary salt,
sodium chloride (NaCl)and a nonelectrolyte, ethylene
glycol (EG). The frequency and dissipation shifts for the
nonelectrolyte EG solution are well predicted by the damping
of the quartz oscillation in a Newtonian fluid, while excess
frequency and dissipation shifts are observed over a wide ion
concentration cs range for the NaCl and BmimCl solutions. We
attribute these excess shifts to the formation of an EDL on the
quartz sensor crystal. The frequency shift due to the EDL

decreases monotonically as cs increases, while the dissipation
shift due to the EDL increases monotonically as cs increases.
The complex shear modulus of the EDL is estimated by
applying a wave propagation model in which the density and
complex modulus of the EDL decay exponentially toward
those of the bulk solution. The estimated storage and loss
modulus of the EDL increase rapidly with increasing ion
concentrations for cs < 1 M but reach saturation values with
similar magnitude at a sufficiently high ion concentration. This
result suggests that the structure of the EDL near the charged
surface becomes independent of the ion concentration. The
shear viscosity near the charged QCM surface is approximately
50 times for NaCl solutions and 500 times for BmimCl
solutions of the bulk solution value at the saturation
concentration. This is consistent with the findings reported
using the surface force apparatus.39 Our study also
demonstrates that a cost-effective, portable, and easy-to-use
instrument such as QCM can be utilized for analyzing the
rheological properties of the EDL in electrolyte solutions, thus
providing a valid complementary alternative to conventional
laboratory instruments such as the surface force apparatus.
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