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Changes in the viscoelasticity of the electric double layer following steps in electrode potential were
studied with an electrochemical quartz crystal microbalance (EQCM). The overtone scaling was the same
as in gravimetry (—Af/n ~ const with Af the frequency shift and n the overtone order). Changes in half-
bandwidth were smaller than changes in frequency. This Sauerbrey-type behaviour can be explained with
either adsorption/desorption or with changes of the (Newtonian) viscosity of the diffuse double layer.
While the QCM data alone cannot distinguish between these two processes, independent information
supports the explanation in terms of double layer viscosity. Firstly, the magnitudes of the frequency
response correlated with the expected changes of the viscosity-density product in the diffuse double
layer. With regard to viscosity, these expectations are based on the viscosity B—coefficients as employed
in the Jones—Dole equation. Expected changes in density were estimated from the densities of the
respective salts. Secondly, the explanation in terms of liquid-like response matches the kinetic data. The
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response times of frequency and bandwidth were similar to the response times of the charge as deter-
mined with electrochemical impedance spectroscopy (EIS). Rearrangements in the Helmholtz layer
should have been slower, given this layer's rigidity. Kinetic information obtained with a QCM can aid the

rsc.li/analyst understanding of processes at the electrode—electrolyte interface.

the gravimetric mode. Problems occur at the lower end of the
sensitivity range. Frequency and bandwidth respond not only
to deposited mass, but also to changes in viscosity® ' and to

Introduction

The electrochemical quartz crystal microbalance (EQCM, a

QCM combined with an electrochemical setup) has in the past
mostly been used to follow the formation and the dissolution
of metallic layers'™ or organic films.*® One compares the
mass change as inferred from the frequency shift and the
Sauerbrey equation® to the charge transferred across the inter-
face. The two are related by Faraday’s law.”

EQCM data are easily interpreted as long as the layer thick-
ness is larger than a few nanometres with the frequency shift
being correspondingly large. The instrument then operates in
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changes in the softness of the layer under study.” Other com-
plications are slip,'* nanobubbles,"? roughness,'* piezoelectric
stiffening,”® and stress.'® These effects typically amount to a
few Hz. The different factors of influence can to some extent
be disentangled from each other by making use of an
advanced QCM (also called “QCM-D” for “QCM with
Dissipation monitoring”'”). These instruments determine the
resonance bandwidth in addition to the resonance frequency
and they do so on a number of different overtones.'® Still,
ambiguities in interpretation often remain.

Separate from the difficulties in the data analysis, the
EQCM suffers from limited time resolution. A typical data
acquisition rate is 1 s™". A rate of 10 data points per second is
also feasible,'® but when measuring faster than that, the pre-
cision rapidly deteriorates. Fast data acquisition is particularly
important in electrochemistry because analytic electro-
chemistry often exploits transients.>® With regard to speed,
controlling the QCM with a multi-frequency lock-in amplifier
(MLA) amounts to a significant advance.>"** The MLA acquires
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entire resonance curves in a single shot. The time per data
point in the standard mode (the “comb mode”) can be as
short as 1 ms. It can decrease to 100 ps in the “single-fre-
quency mode”.

Fast data acquisition brings the QCM closer to dynamic
electrochemistry and it also allows for accumulation and aver-
aging on repetitive processes, such as cyclic voltammetry or
square wave voltammetry.>">* We call the instrument exploit-
ing this capability “voltage modulation QCM” in the following.
(Of course, modulation and accumulation also are feasible
with the standard QCM, but the cycle time must then be many
seconds.) Accumulation and averaging can decrease the fre-
quency resolution into the mHz range. Also, and equally
important, stimulus-response experiments eliminate those
interfering effects, which do not respond to the stimulus. This
includes slow frequency drifts, caused by migration of crystal
defects. It also includes roughness effects, as long as rough-
ness does not depend on electrode potential. Modulation may
also lessen the effects of nanobubbles and nano-pancakes,***®
if bubble nucleation is slower than the modulation. On the
downside, the modulation cycle may or may not pass through
a well-defined reference state. No such reference state is avail-
able for the analysis of the experiments reported below. The
situation closest to a reference state presumably is the poten-
tial of zero charge (PZC). Even at the PZC, a layer of adsorbed
ions (the Helmbholtz layer) persists. What is called Af(¢) below,
is the deviation from the averaged frequency (averaged over the
modulation cycle). When evaluating experiments in terms of
viscoelasticity (¢f eqn (3) below), it must be kept in mind that
none of the states, which the voltage modulation QCM com-
pares, is free of a double layer. When two states lead to the
same bandwidth, this implies equal amounts of elasticity,
rather than the absence of elasticity.

Running the instrument this way and switching the elec-
trode potential, one always finds a sizeable frequency
response. Typical magnitudes are 1 Hz V_'. Given that these
effects are ubiquitous, the underlying mechanism must be
general. The experiments reported below occurred on inert
electrolytes. The current was mostly capacitive, as indicated by
a feature-less cyclic voltammogram. Under these conditions,
the changes in frequency and bandwidth can be attributed to
changes in the double layer.

To the best of our knowledge, the importance of the double
layer viscosity was first pointed out by the Tel Aviv group in ref.
26. The argument builds on measurements of the frequency
shift on the fundamental employing an oscillator circuit. Inert
electrolytes were used, composed of ions, which are known to
not specifically adsorb to the gold surface. Voltage sweeps over
a range of about 1 V caused frequency shifts of a few Hz. The
depth of information was less than what is obtained with the
current instruments (bandwidth, overtones), but the con-
clusions, which the group draws, are similar to what is
claimed here. A side remark: We subjected the ion types
studied in ref. 26 to our measurement protocol and found
them to behave similarly to the other solutions, systematically
compared below.
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In the early 2000s the diffuse double layer was studied
with the QCM by Kern and Landolt."* From today’s perspec-
tive, these results are not easily understood because the
shifts in frequency were in the range of hundreds of hertz.
Even differences between the model and the experiment
were of this magnitude. At a similar time, Etchenique and
Buhse also reported work on the diffuse double layer.””*®
These experiments are intriguing insofar, as the shifts of fre-
quency and bandwidth showed semicircles when displayed
in polar form. The implicit parameter in these graphs was
the salt concentration. These plots suggest that there was a
characteristic rate of relaxation, which depended on salt con-
centration and which was similar to the resonance frequency
at some specific salt concentration (a few tens of mM).
Etchenique and Buhse point out a peculiarity in these
experiments: the effects disappeared when the front surface
of the resonator was completely covered with gold. This
finding can be associated with piezoelectric stiffening,>®
meaning that the sample’s electric impedance takes an influ-
ence on the resonance frequency. The relaxation may have
amounted to the discharging of a capacitor, meaning that
the relaxation time may have been an RC-time.

Later, Encarnacao et al.*° and, more recently, Funari et a
studied the diffuse double layer, based on the dependence of
the resonance frequency and the dissipation factor on salt con-
centration. (The dissipation factor, D, is proportional to the
half bandwidth, I'). The work by Funari et al. interprets the
data in more quantitative form than ref. 30. An OpenQCM?>?
was used to determine the fundamental resonance frequency
(at 10 MHz) and the dissipation factor of this mode as a func-
tion of salt concentration. The bulk viscosity as a function of
concentration was determined independently and inserted
into the Gordon-Kanazawa equation, thereby predicting a
hypothetical QCM response for a semi-infinite liquid (no
double layer). Deviations between experiment and the
Gordon-Kanazawa result were attributed to the diffuse double
layer. Using the thickness of the diffuse double layer as pre-
dicted by Debye-Hiickel theory, an effective complex shear
modulus of the double layer was derived. The double layer was
found to be viscoelastic.

1.31

Modelling

We briefly expand on the background of the model, which is
based on the acoustic multilayer formalism, as worked out by
a number of researchers.>**® While the equations reported by
the different groups are not formally equal, they are equi-
valent. One formulation is

Aof +iAoT  —Zi Zy tan(keds) — i Zpuik
fo nZq Zr + Zbulk tan(kfdf)

(1)
Jfo is the frequency of the fundamental. Z, is the shear-wave

impedance of the resonator plate. k¢, Z;, and dr are the wave
number, the wave impedance, and the thickness of the layer,
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respectively. k;, Z; and Z,, are complex parameters. Agyf
and Ayl are shifts with respect to a reference state, which is
the dry resonator. Instead of Ayf + iA,l°, one might also write
Aof + ifresDoD/2, where AyD is the change in the dissipation
factor.

Given that the diffuse double layer is acoustically thin
(much thinner than the penetration depth of the shear wave,
which is around 100 nm), eqn (1) can be Taylor expanded to
1°* order in d;. Referencing the frequency shift to the bulk
liquid (rather than the dry crystal) this leads to®”

AQf + iAQf: _wpfdf |:1 _ th)ulk:| (2)

Jo nZy z

The term in brackets is a viscoelastic correction. Zpu =
(iwppandipan) ™’ is the wave impedance of the bulk. A
Newtonian bulk viscosity is assumed in the following, which is
reasonable, given the small salt concentration (20 mM). The
term Z7,./Z% is sometimes associated with the “missing
mass”.*® pd; is the Sauerbrey mass. Because eqn (2) is linear
in dj, it also holds in an integral sense. (Additivity only holds,
when eqn (1) can be Taylor-expanded to 1° order in d.) Using

Z = (iwpn)"'* and rearranging, this leads to**~*

Mo [ [5@) "bulk}dz

— | Pou|— —
Jo Zq Jo 7 Lppue 1(2)
[0)

=—-——m
nZq app

(3)

The integral in eqn (3) has dimensions of a mass per unit
area. It was renamed as m,p, in the second step. When the
integral is replaced by an apparent mass, eqn (3) has the same
structure as the Sauerbrey equation. Note, however, that Am,p;,
is a complex function of overtone order, n, meaning Am,p, =
Am'app(n) + iAm",p(n). The letter A (to be distinguished from
Ay) here denotes a deviation from the time average. Nonzero
Am",p, corresponds to nonzero Al in experiment. If Am",,p,
would strictly always be comparable in magnitude to Am'yp,
and if, further, Am,p, would always strongly depend on 7,
introducing the variable m,,, would have been misleading.
However, —Af/n was mostly constant in experiment. AI" was
smaller than —Af by a factor of 2 or more (with few exceptions).
The shifts in frequency and bandwidth were not strictly in line
with the Sauerbrey equation, but they often were close to that.
This finding requires an explanation.

Typically, Sauerbrey behaviour (—Af/n = const, —Af > Arl) is
associated with adsorption and desorption. Following this
view, one might be tempted to interpret Am,,, as a mass
adsorbing and desorbing to and from the surface. However,
there is another limit, which leads to the same experimental
signature. A change in the viscosity-density product in the
diffuse double layer also lets the contrast function in eqn (3)
(the term in square brackets) be real and independent of n, as
long as the viscosity is Newtonian.

Further complicating matters, the real part of Am,,, may
be constant even in those cases, where Am",,, ~ Am'ypp.
Viscoelasticity entails a complex viscosity (7 = ' — in") and a
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dependence of 7 on frequency (“viscoelastic dispersion”). One
does not come without the other. Viscoelasticity is rooted in
relaxation processes on the time scale of the inverse frequency.
Such relaxations give rise to frequency-dependent response
functions. In the specific case of eqn (3), however, the contrast
function may be written as

PLPb N Mok P (1) ) (i) (4)
n Pbulk

J(w) = 1/(iown) = J'(w) — i/"(w) is the viscoelastic compliance. If
J'(w) decreases with frequency (which is possible and even
likely), this will partially compensate the frequency depen-
dence inherent to the term iwnyy and let the real part of the
contrast function be approximately constant, resulting in
—Afin = const.

Again, Sauerbrey-type behaviour can be caused by either
adsorption and desorption of molecules, which are rigidly
attached to the substrate, or by changes in the (Newtonian) vis-
cosity of the diffuse double layer. We call these two cases a
“solid-like” and a “liquid-like” response. The two alternatives
are sketched in Fig. 1.

A caveat: In principle, both processes might occur in paral-
lel and still let the QCM response be close to Sauerbrey-like.
There is room for opinion in this regard. The authors tend to
think that the double layer would change its viscoelasticity in
this case because the diffuse double layer and the Helmholtz
layer are not sufficiently distinct to let these two processes be
separate. Part of the double layer would in this case be soft,
but still elastic. In the following, we portray “solid-like” and
“liquid-like” as alternatives. The intermediate behaviour would
change the layer’s viscoelasticity, in our opinion.

A N(2)
nll ,
: /“
.\ z
Helmholtz diffuse
layer double layer
slow fast
A A
adsorption n'2

solid-like liquid-like

> >

Fig. 1 Sketch of the solid-like response and the liquid-like response.
Adsorption will increase the thickness of the rigid Helmholtz layer.
Alternatively, the Newtonian viscosity of the diffuse double layer may
increase. Both processes lead to a Sauerbrey-type QCM response.
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The two cases cannot be distinguished based on QCM data
alone. A statement can, however, be derived from information
other than Af and AI'. Two such sources of information are
available, which are the switching kinetics and the depen-
dence on ion type.

With regard to switching kinetics, we argue that the QCM
response cannot possibly be faster than the charge response,
where the latter time constant is the RC-time from electro-
chemical impedance spectroscopy. If the time scale of the
QCM response is much slower than the charge response, we
attribute it to the Helmholtz layer. (Such slow processes are
seen in experiments with amino acids and proteins, see Fig. 5
in ref. 23.) If the time scale of the QCM response is close to
the time scale of the charge response, we attribute the process
to the diffuse double layer.

With regard to ion-type, the dependence of the contrast
function on the ion species is mediated by viscosity and
density. For the viscosity, a starting point can be the Jones—
Dole equation:*®*!

2 4 +4v/cor(z) + Y Biei(2) (5)

o

1o is the viscosity of the solvent, ¢; (in units of mol L™") is the
concentration of ion species i, and ¢ is the total ion concen-
tration. The first term (Actl(ft2 , often attributed to
Falkenhagen®?) goes back to Debye-Hiickel theory. This contri-
bution usually is small enough to be neglected. The second
term belongs to the ion-specific effects,">** meaning that it is
not covered by Debye-Hiickel theory. The viscosity
B-coefficient is linked to the Hofmeister series, where the
details are complicated. The viscosity B-coefficient also is cor-
related to the ion’s volume.*" One may think of the viscosity
B-coefficient as a parameter quantifying the degree, to which
the ion disturbs the network of H-bonds in its vicinity. By
strengthening or weakening the H-bonds, the ion increases or
decreases the viscosity. Waghorne emphasizes in ref. 45,
though, that viewing the ion as either a structure breaker or a
structure maker does not fully explain the viscosity
B-coefficients. The viscosity B-coefficients of the ions studied
here are collected in Table 1. The values apply to a temperature
of 22 °C. They were calculated by linear interpolation between
values pertaining to neighbouring temperatures, taken from
ref. 41.

With regard to density, no parameters analogous to the vis-
cosity B-coefficients are available in the literature, but such
coefficients can be calculated from tabulated values of the
density of salt solutions.*® In analogy to eqn (5), one writes

[%j) ~1+ Z Cici(2) (6)

We call C; the “density C-coefficients”. The 9 ions under
study can be combined to 20 different salts. Assuming additiv-
ity, an (overdetermined) equation system links the density
increments of the individual ions to the density increments of
the salts. The equation system can be solved (minimizing a
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Table 1 Viscosity B-coefficients and density C-coefficients of the ions
under study. For the B-coefficients, the values pertain to 22 °C.
Literature values from ref. 41. referring to other temperatures were line-
arly interpolated to 22 °C. The density C-coefficients were derived from
the densities of the respective salts as described in the ESIf

B[L mol™] C[L mol™]
Li 0.1466 0.0007
Na* 0.0850 0.0214
K" —0.0120 0.0265
Cs* —0.0529 0.1086
NH," —0.0077 —0.0047
F~ 0.1256 0.0259
cl- —0.0104 0.0240
Br~ —0.0426 0.0613
NO;~ —0.0481 0.0413

square deviation, given that the system is overdetermined).

Details are provided in the ESL{ The derived parameters are

tabulated in Table 1 together with the viscosity B-coefficients.
The contrast function can be approximated as

P Mbulk 1
—_ -2 1+ CiAyc) — ————
Pbulk n zl: ( o l) (1 + BiAOCi)

~ Z (1 -+ CZ'AOCZ‘) — (1 — BiAoCi) = Z (Bl' + Ci)AOCi

L i

Agc; is the deviation from the bulk concentration. In the
second step, it was assumed that B;Aoc; < 1, which can of
course be debated. Following this line of argument, we
search for a correlation between the shifts in frequency and
bandwidth, on the one hand, and Y(B; + C;)/z; on the other.
z; = = 1 is the charge number. (We are only concerned with
monovalent electrolytes.) The charge number enters because
some ions are enriched, while others are depleted. The argu-
ment certainly has limitations with regard to quantitative
detail. eqn (5) and (6) apply at low concentrations and they
apply under conditions of electroneutrality, as pointed out in
ref. 26 already. But the argument only motivates the search for
a correlation, not a quantitative model. If a correlation is
found, it speaks in favour of liquid-like response. The effects
of adsorption and desorption should not depend on the vis-
cosity B-coefficient.

Below we go through an estimate of the expected magni-
tudes of the frequency shifts. For adsorption/desorption with a
density of 1 g em™ and a thickness of the adsorbed layer of
0.2 nm, the Sauerbrey equation predicts a frequency shift A.f
~ —1 Hz. (Subscript 0 denotes a change with respect to a
hypothetical state with no double layer at all.) For the estimate
of Ayf for the liquid-like case, we ignore the Helmholtz layer
and assume exponential profiles of the py-product of the form
Ao(pn)(z) = AgnsAops exp(—z/rp). The subscript S denotes z = 0.
rp is the Debye length. With this profile, the integral in eqn (3)
can be evaluated, leading to

— AopsA
Af ~ — o BorsBons (8)
TZq  Mpulk
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The bulk viscosity was assumed as 107> Pa s. AgpsAois/Mpulk
can be estimated as

AopsAons
Moulk

A()G 1 1
T Poulk Z;l (Bi + Cy)

1
%PbmkAocsg ;(B,+C,~)
1
(9)

Aqcs is the shift in concentration at the substrate. Ayo ~ 5 X
107® C em™? is charge in the electrode as determined by cyclic
voltammetry (see Fig. 4b), which is balanced by a charge in the
double layer. The minus sign occurs because the co-ions are
depleted. F is the Faraday constant. With Y(B; + C,)/z; being of
the order of 0.1 L mol™", all parameters entering the estimate
are known. From eqn (8) and (9), one expects —Ayf/n ~ 0.3 Hz.
Note that the Debye length cancels after combining the two
equations. Again: A rigid adsorbed layer leads to similar values
because the larger contrast function compensates the smaller
thickness.

Operation of a QCM driven with a
multi-frequency lock-in amplifier

Differing from impedance analysis’’ and ring-down,*® the
MLA applies a “comb” of up to 42 evenly spaced frequencies. A
resonance curve is obtained from the currents at these fre-
quencies. Fourier-transformation of the comb to the time
domain produces a sequence of pulses, spaced in time by
At = 1/8fcomp, Where &fiomp is the difference in frequency
between two neighbouring members of the comb. At is the
time resolution of the comb measurement. Given that the
resonances are about 2 kHz wide, one may choose the spacing
as wide as 1 kHz, resulting in a time resolution of 1 ms. For
optimum sampling, the respective comb will then have only 9
to 20 members (Fig. S1 in the ESIT), because the other frequen-
cies would be outside the resonance.

In order to further improve the time resolution, one may
abandon the comb measurements and read shifts in frequency
and bandwidth from shifts of the electrical admittance at one
single frequency (Fig. 2). This approach is less robust than the
comb measurement because there is no redundancy.*® If the
only variable parameters of a resonance curve are the reso-
nance frequency, f..s, and the half-bandwidth, I', shifts in the
resonator’s complex admittance at one fixed frequency, AY =
AGg + iAB. with G the conductance and B, the susceptance,
can be converted to shifts in f..s and I'. The single-frequency
measurement is faster than the comb measurement because it
avoids the constraint At = 1/8fcomp-

For a single-shot measurement, the MLA’s precision in fre-
quency is comparable to the precision of the conventional
instrumentation. After averaging frequency readings for 1 s,
the root-mean-square noise on the averaged values is 30 mHz.
The noise on I is in the same range. Still, the MLA-driven
voltage modulation QCM is attractive in terms of precision
because it allows for accumulation and averaging of periodic
signals.

2164 | Analyst, 2021, 146, 2160-2171
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Fig. 2 If the only variable parameters of a resonance curve are the
resonance frequency, f.s, and the half bandwidth, I, there is a one-to-
one correspondence between the complex electric admittance Y = Gg
+ iBg at one fixed frequency fy a (close to the centre of the resonance),
on the one hand, and f,.s and I, on the other.

Studies of a stimulus-response behaviour using a QCM have
been carried out previously by Gabrielli, Perrot, and co-
workers (ref. 50 and 51 and others). The group calls this tech-
nique AC-electrogravimetry (AC-EG). The voltage modulation
QCM differs from AC-electrogravimetry in the following
regards:

— AC-electrogravimetry employs an oscillator circuit, the
output of which is fed into a frequency-to-voltage converter.
This mostly happens at one single overtone and mostly
supplies one frequency shift, which is converted to a mass
shift with the Sauerbrey equation. The voltage modulation
QCM, on the other hand, determines bandwidth as well as fre-
quency and it does so on a few different overtones.

— The Paris group in ref. 50 applies sinusoidal electrical
signals to the working electrode and sweeps the frequency. A
current response (determined with electrochemical impedance
spectroscopy, EIS) is plotted together with the mass response.
Polar plots of either the current response or the mass response
often show semicircles, characteristic of relaxations. The fre-
quency at the apex is the inverse relaxation time. Sinusoidal
excitation, followed by frequency filtering is an option for the
voltage modulation QCM, as well. Frequency-domain experi-
ments of this kind have superior precision because of fre-
quency filtering. However, voltage modulation is not limited to
sine-waves. Square-wave excitation combined with an analysis
of the kinetics in the time domain is more direct. Evidently,
working in the frequency domain and using the exact same
protocol for EIS and the voltage modulation QCM has advan-
tages, if the voltage modulation QCM is supposed to comp-
lement EIS.>?

This journal is © The Royal Society of Chemistry 2021
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Materials and experimental

Lithium nitrate (LINO;, purity >99.0%), ammonium nitrate
(NH4NO;, purity >99.0%), potassium nitrate (KNOj, purity
>99.0%), caesium nitrate (CsNOj, purity >99,8%), sodium flu-
oride (NaF, purity >99.0%), sodium chloride (NaCl, purity
>99.0%), and sodium bromide (NaBr, purity >99.99%) were
obtained from Sigma-Aldrich. Sodium nitrate (NaNO;, purity
>99.0%) was obtained from Acros Organics. Ultrapure water
(resistivity >18.2 MQ cm) was generated by an arium 611VF
reverse osmosis system (Sartorius).

Stock solutions were prepared by dissolving the inorganic
salts in ultrapure water at a concentration of 100 mM. Unless
mentioned otherwise, the stock solutions were diluted to a
concentration of 20 mM before measurement. The ion concen-
tration was on purpose kept low (20 mM) to let the diffuse
double layer be as thick as possible with the ohmic solution re-
sistance still being tolerable.

Resonator crystals with a fundamental frequency of 5 MHz
and a diameter of 14 mm were supplied by Quartz Pro,
Stockholm, Sweden. The holder was built in-house. The temp-
erature was 22 = 1 °C. The potential at the resonator’s front
electrode was controlled by a potentiostat (Gamry, Interface
1010E). A two-electrode-setup with a platinum counter elec-
trode was employed. Calibration of the electrode potential
occurred with cyclic voltammograms on the ferro-ferricyanide
couple. The acoustic resonances were probed using the
multi-frequency lock-in amplifier (MLA) supplied by
Intermodulation Products AB (Stockholm, Sweden). The time
resolution was 1 ms for the comb measurements and
100 ps for the single-frequency measurements. Af(¢) and
AI'(t) were determined on three overtones at 15, 25, and
35 MHz.

Polycrystalline gold electrodes (geometric surface area
0.8 cm?®) were employed as supplied by the manufacturer.
About 75% of the electrode area exposed the Au(111) surface
to the liquid as shown with grazing incidence X-ray diffraction
(see the ESI}). Between measurements, the resonators were
cleaned by rinsing with water, followed by repeated scans of
cyclic voltammetry in 0.1 M sulphuric acid, until the shape of
the current-voltage traces became stationary.

EIS was undertaken with a separate potentiostat (Ivium,
IviumsStat). The EIS data were modelled with the Randles
circuit (see section Electrochemical impedance spectroscopy in
the ESIf). A charge response time (an RC-time) was derived
from the circuit parameters.

Comb measurements

Ideally, the resonator’s electric admittance at the frequency f;
would be given as

il Gmax
Y(i) =7——F—= 10
(i) =7+ T (10)

Gmax i1s an amplitude, related to the effective electrode area.
Gmax is not further considered in the data analysis. Because
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calibration usually has some imperfections, a more practical
fit function is the phase-shifted Lorentzian:

iI"Gmax
ﬁes _ﬁ + lr

The phase-shifted Lorentzian contains three more fit para-
meters (a phase, ¢, and two offsets, Gy and Byg), which
account for imperfect calibration and, also, for the electrical
parallel capacitance. Fits with eqn (11) produce agreement
with the data with no discernible systematic errors.

Y(fi) = exp(ip) + Goft + 1Bogt (11)

Single-frequency measurements

For improved time resolution the comb measurements were
complemented by single-frequency measurements, using one
channel, only. The input to this channel is called A'(¢) + iA"(¢). ¢ is
a time in the modulation interval (0 < ¢ < Tyoa). A(t) is complex
because it is a Fourier component of the signal at the detector
with o equal to the frequency of excitation. At this point, there is
a complication in the MLA’s software. The Fourier transform
suffers from Fourier leakage, unless the frequency of excitation is
in some specific relation to the data acquisition rate. In order to
avoid Fourier leakage, the MLA “tunes” the frequency of exci-
tation. Tuning may be turned off, but the increase in noise is pro-
hibitively large. The tuned frequency is slightly displaced from
the centre of the resonance, meaning that the grey bar in Fig. 2 is
not necessarily at the centre of the resonance. One might still
convert from the raw signal to Af(t) and A7) using the known
resonance parameters, but it is simpler to fit the single-frequency
data to the comb data. As long as Af(t) and AI{t) are much
smaller than the width of the resonance, they are linearly related
to the shifts AA'(t) + iAA"(¢):

Af(t) +iAL(t)(a' + ia")[AA'(t) + iAA"(T)]
+(F +1p")
a=a' +ia" and f = ' + if" are calibration parameters. a and
were determined by fitting the transformed values against the
values obtained with the comb measurement.

Calibration against comb data is problematic in two ways.
Firstly, the calibration parameters a and f in eqn (12) change
systematically when noise is added to the raw data. This effect
is intrinsic to the algorithm. The effect is small but can be
noticed in Fig. 3. Because of this small error, all response
amplitudes were derived from the comb measurements. Time
constants, on the other hand, were derived from the single-fre-
quency measurements because of the superior time resolution.
A second problem with eqn (12) is that « and f are fixed
numbers, pertaining to an entire data set (0 < t < Tyod)-
Should one of the parameters Guax, @, Gotf, OF Bogr vary system-
atically in response to the modulation, calibration with fixed o
and g will ignore this dependency.

The single-frequency measurement is limited in its data
acquisition rate by the resonator’s intrinsic response time,
which is about (2x)™". Even this constraint can be avoided, in
principle. One may determine the resonator’s intrinsic
response function and deconvolute the functions fi.(t) and

(12)
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Fig. 3 Typical raw data, consisting of a set of amplitude-variable square
waves and two linear ramps. The sample was an aqueous LiNO3 electro-
lyte at a concentration of 20 mM. E vs. Pt is the electrode potential refer-
enced to a platinum pseudo reference electrode. i in the top graphs is
the current density.

I(t), using the response function as the memory kernel.
However, deconvolution was not undertaken here. With I" ~
2000 Hz (depending on overtone order), the time resolution of
the single-frequency measurement can be 100 ps, at best.

Measurement protocol

Fig. 3 shows a typical time trace of raw data, taken on a 20 mM
solution of LiNO; in water. One third of the time was spent on
square-wave excitation with varied amplitude, two thirds were
spent on linear ramps. The ramps served to verify that the sample
under study was electrochemically inactive (no redox peaks). The
ramps were sometimes omitted when capacitive behaviour had
been confirmed in a previous experiment. The number of
accumulations underlying Fig. 3 was N = 24 600, which implies a
total data acquisition time of 830 min (including time spent on
fitting). The left-hand side and the right-hand side show data
acquired with the comb mode and single-frequency mode,
respectively. The colours correspond to the different overtones.

Linear ramps

A central assumption in the interpretation is an ideally polariz-
able electrode. Polarizability was checked for with voltage
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Fig. 4 Linear ramps from Fig. 3 displayed versus electrode potential.
The scan rate was 4.0 V s,

ramps as shown in Fig. 4. The current-voltage curve is gov-
erned by a capacitive current. There are no peaks, which would
be associated with a redox reaction. Frequency and bandwidth
follow the voltage rather linearly. That the electrode is nearly
ideally polarizable is also evidenced by electrochemical impe-
dance spectroscopy as described in the ESI.f The charge trans-
fer resistance is much larger than the solution resistance.

Variable-amplitude square waves

Voltage steps were employed to access the kinetics of the QCM
response. The left-hand side in Fig. 3 shows a typical data set.
When the electrode is switched to cathodic potentials, the fre-
quency decreases, while the bandwidth increases. At cathodic
potentials, cations are enriched at the surface, while anions
are depleted. Because the chosen anion (NO;™) has a small vis-
cosity B-coefficient (Table 1), the cations (Li" in Fig. 3) domi-
nate the QCM response.

The magnitude of the effects is proportional to the magni-
tude of the steps in electrode potential (in line with the linear
dependence of Af on electrode potential in Fig. 4). The over-
tone scaling (—Af/n ~ const) follows the Sauerbrey equation.

The kinetics of the response was fitted with the functions

t
Af (t) = Afini + Aar (1 —exp (— —))
TAf
i (13)
AF(t) = Al + Aar (1 — exp (— —))
TAT
Afini and ATl are offsets, Ayrand A, are amplitudes, and
7ar and zap are response times. Fig. 5 shows examples of fits

with eqn (13) for a 20 mM aqueous solution of LiNO;.
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Fig. 5 A subset of Fig. 4 showing the response to voltage steps. The
lines are fits with egn (13). The sample was an aqueous LiNOs electrolyte
at a concentration of 20 mM.

The kinetic parameters were similar for steps into the two
directions (cathodic and anodic). Further, the response times
were similar for Af and AI'. The discussion below is based on
parameters derived from fits to Af(¢) in response to positive
jumps in electrode potential. With regard to the amplitudes,
these were normalized to the jump in potential. Slopes (A/AE)
were derived from the top panels in Fig. 6 as

ZA,‘AEZ'
(AJAE) ——— (14)
S A4;(AE;)?
i
1.0 -
a) Af(f)/ n : Amplitude 7 b) AT(t) / n : Amplitude
05 anodic - &
¥ ./. /r cathodic
I 0.0 —0— 15 MHz —y—o—o—0
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Fig. 6 Dependence of amplitude A and response time 7 on the magni-
tude of the voltage step for a 20 mM aqueous LiNOs electrolyte.
Fractional errors of the mean: A,r 0.06%; A 0.09%; 7, 0.7%;
Tar: 1.2%.
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The response times were largely independent of the magni-
tudes of the jumps. Averages were taken over the different
magnitudes.

Uncertainties as stated in the figure captions of Fig. 6-9 are
errors of the mean (averages over all data points, anodic and
cathodic process included) obtained by bootstrapping follow-
ing ref. 53. The error of the mean was normalized to the
respective values (unit is %).

Results and discussion
Correlation of amplitudes with the B- and C-coefficients

Fig. 7 shows voltage-normalized amplitudes for a set of cations
(Li*, Na', K", NH,', and Cs*). The common anion was NO;".
The bottom graph shows the same data for a set of anions (F,
Cl7, and Br7), where the common cation was Na'. The
different overtones yielded similar results. Mostly, the signals
followed Sauerbrey scaling.

The right-hand side in Fig. 7 shows the same data plotted
versus Y,(B; + C;)/z; (see eqn (9)). The dashed blue line shows
the prediction from eqn (8) and (9).

Fig. 8 shows the correlations with Y B/z; and Y,C;/z;, separ-
ately. For the cations, the correlation with Y B;/z; is better than
the correlation with )Cj/z;. Viscosity dominates the corre-
lation, rather than density. Had the correlation with density
been strong, this would have not ruled out adsorption and de-
sorption, but the correlation is strong with Y B;/z;. This points
to the diffuse double layer as the locus of changes (liquid-like
response). The series of anions does not support the argument
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Fig. 7 Voltage-normalized amplitudes for a set of cations (top) and a
set of anions (bottom). The right-hand side shows the data plotted
versus Y .(B; + C))/z;,. The dashed blue line indicates the slope as predicted
from eqgn (8) and (9). lons were ordered according to ion radius on the
left-hand side. Fractional errors of the mean: cations: 0.6%; anions:
1.8%.
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Fig. 9 Ratio of slopes (A/AE),r/(—(A/AE),f) as obtained from AI' and
Af (eqn (13)). Large ratios indicate a large elastic contribution. Cs* was
omitted from this graph because the sign of (A/AE) - for Cs* was oppo-
site to the sign of (A/AE),, for all other ions.

to the same extent as the series of cations. For the anions, the
correlation with density is better than the correlation with vis-
cosity. This correlation supports adsorption/desorption rather
than liquid-like response.

Viscoelasticity

All electrolytes show effects not only in frequency, but also in
bandwidth. Bandwidth effects go back to a nonzero 7", which
generates an imaginary component in the contrast function in
eqn (3). Evidently, the double layer does display some viscoe-
lasticity. However, the elastic component is smaller than the
viscous component (with one exception), meaning that the
effects in AI" are smaller than the effects in Af. This statement
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can be made quantitative by taking the ratio of the slopes,
(A/AE), as derived from either AI' or Af. This ratio
(A/AE)ar/(—(AIAE) 5p) is shown in Fig. 9. For low Y\(B; + C))/z;,
the amplitudes in Af (which appear in the denominator) are
small (see Fig. 7). If the amplitudes in AI" weakly correlate
with Y (B; + C))/z; (which is plausible), the ratio of the two
amplitudes is large at low Y(B; + C,)/z;. This explains the
trends seen in Fig. 9.

Kinetics

Response times are collected in Fig. 10. Response times are
positively correlated with Y'(B; + C,)/z;, The blue open stars
show the RC-times as inferred from EIS for comparison. There
is a slight caveat with respect to the RC-times from EIS
because a constant phase-element (a CPE) with a power law
exponent of around 0.85 fitted the impedance traces better
than a simple capacitance. See the section electrochemical
impedance spectroscopy in the ESIT for how this was accounted
for.

For the anions, the QCM response times largely agree with
the response times of the charge as determined by EIS. For the
cations, the QCM responds slightly slower than the charge.

Limits of the model

Eqn (3) contains an integral of the viscosity-density profile, not
the profile itself. The QCM cannot determine the profile. The
profile is complicated, given the complicated structure of the
double layer. Not only is there a more rigid and a softer layer
(Helmholtz layer and diffuse double layer). Also, the ion con-
centration is high, ion-specific effects are ubiquitous, the layer
is not electroneutral, and even water is oriented and has a
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Fig. 10 QCM response times, 7, as determined from Af(t) for the
different ions. On the right-hand side, times are plotted versus
Y(B; + C)/z;. Stars () are RC-times as inferred from EIS. Fractional
errors of the mean: cations : 2.4%; anions : 4.6%.
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dielectric constant different from ey Neither the QCM nor
EIS provide structural information. Structural information of
this kind has been obtained with X-ray diffraction,>"*> sum-
frequency generation,®® vibrational spectroscopy,” and scan-
ning tunnelling microscopy,®® often supported by molecular
modelling. This being admitted, the QCM data are part of a
larger picture. The search for more detailed structural models
can be guided not only by cyclic voltammetry and EIS, but also
by QCM data of the kind reported above.

Conclusions

Using multi-frequency lock-in amplification, the QCM can
reach a time resolution of down to 100 ps. Voltage modulation
and accumulation yield a precision in frequency shift down to
1 mHz. This instrument was applied to the changes in the vis-
coelasticity of the electric double layer in response to steps of
the electrode potential. The changes in frequency were larger
than the changes in half bandwidth. Also, -Af/n was similar
on the different overtones. This Sauerbrey-type behaviour can
be rooted in either adsorption and desorption (solid-like
response) or in changes of the viscosity of the diffuse double
layer (liquid-like response). For inert salts following liquid-like
response, the changes in frequency and bandwidth are
expected to be proportional to the sum of the viscosity
B-coefficients and the density C-coefficients. For the series of
cations, this expectation is confirmed in experiment. In this
case, the correlation is governed by viscosity (by the
B-coefficients). For the anions, the situation is less clear. The
response times as determined with the QCM are similar to the
charge response times as inferred from EIS. Given the corre-
lation with Y B;/z; and the fast response, the effects should be
attributed to the diffuse double layer (liquid-like response).
Deviations from Sauerbrey-type behaviour are seen. There are
small effects of viscoelasticity (as evidenced by nonzero AI)
and -Af/n is not strictly equal on the different overtones. Also,
the QCM response is slightly slower than the charge response
for the homologous series of cations. A more detailed descrip-
tion of the roles of adsorption, diffusion, viscosity, and viscoe-
lasticity requires structural information to be gained with
complementary techniques. The fast QCM contributes to such
studies with kinetic information (similar to EIS) and with
information on softness and structural relaxations on the time
scale of 100 ns.
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