
Citation: Olsson, C.-O.A.;

Igual-Muñoz, A.N.; Mischler, S.

Methods for Calibrating the

Electrochemical Quartz Crystal

Microbalance: Frequency to Mass

and Compensation for Viscous Load.

Chemosensors 2023, 11, 456.

https://doi.org/10.3390/

chemosensors11080456

Academic Editors: Marco Frasconi

and Boris Lakard

Received: 8 June 2023

Revised: 3 August 2023

Accepted: 8 August 2023

Published: 14 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

chemosensors

Communication

Methods for Calibrating the Electrochemical Quartz Crystal
Microbalance: Frequency to Mass and Compensation for
Viscous Load
Claes-Olof A. Olsson , Anna Neus Igual-Muñoz * and Stefano Mischler

Tribology and Interfacial Chemistry Group, Materials Institute, Ecole Polytechnique Fédérale de Lausanne,
EPFL, CH-1015 Lausanne, Switzerland; claes.o.olsson@gmail.com (C.-O.A.O.); stefano.mischler@epfl.ch (S.M.)
* Correspondence: anna.igualmunoz@epfl.ch; Tel.: +41-21-693-2954

Abstract: The main output from an Electrochemical Quartz Crystal Microbalance is a frequency
shift. This note describes how to separate the mass- and viscous load contributions to this shift
by a calibration procedure. The mass calibration is made by electroplating from a copper sulfate
solution in ethanol/water with 100% current efficiency. An estimate of viscous load is obtained by
measuring the energy dissipation and is related to frequency change using the Kanazawa–Gordon
equation. Two approaches are discussed: either by performing calibration experiments in a series of
water–glycerol mixtures or by following oscillations in frequency and dissipation by collecting data
during the stabilization phase of the experiment.
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1. Introduction

The Quartz Crystal Microbalance (QCM) was originally developed as a thickness
sensor in PVD systems but is today used for studying minute changes in surface chemistry
in a wide variety of applications and environments, from supercapacitors and energy to
biological systems [1–3]. With the addition of a potentiostat, the Electrochemical Quartz
Crystal Microbalance (EQCM) allows for the combining of already sensitive electrochemical
techniques with the additional information of the microbalance [4,5]. Thus, the EQCM
constitutes a powerful technique for an enhanced understanding of electrochemical pro-
cesses at interfaces, including film modification, mass transport phenomena and adsorption
kinetics at the interface of thin films. Olsson and Landolt have reviewed the applications of
the EQCM for different types of corrosion processes [6].

It combines sub-monolayer sensitivity with the possibility of tracking changes in the
low millisecond range. For small changes in frequency, there is a linear relation between
mass and frequency [7]. With the additional recording of energy dissipation in the system,
as well as the analysis of harmonics, it is a tool that provides vast information on reactions
at solid/liquid interfaces [8,9]. To compare the results from the microbalance with other
techniques, it is useful to have a calibration, relating the frequency and dissipation changes
to mass and solution viscosity in the near-surface region. The use of water–glycerol
mixtures for this purpose has been elaborated further by Itoh and Ichihashi, who showed
how it is possible to separate mass and viscous load by admittance analysis [10,11].

This short communication presents two practical ways for obtaining frequency to
mass conversion compensated for viscous load using the Electrochemical Quartz Crystal
Microbalance (EQCM) with additional measurement of energy dissipation. As opposed to
most literature where the crystal is used at 25 ◦C, it was chosen to make this calibration
at 37 ◦C to allow for studies in relevant biological environments, where it is of interest to
study the interaction of proteins with metal surfaces, as exemplified by Olsson et al. [12].
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2. Materials and Methods
2.1. Theory

The main contributors to the frequency shift in a quartz crystal microbalance experi-
ment are changes in mass and viscous load on the sample. These entities are described in
the Kanazawa–Gordon equation [13]:

∆ ftot =
−2N f 2

0√
ρqµq

∆m
A
−
√

N f 3/2
0√

πρqµq

√
ρlηl (1)

where the first term is related to mass, ∆fm, and the second to viscous loading, which can be
estimated from the energy dissipation in each cycle. The remaining variables are described
in Table 1. For small changes in mass, the relation between frequency shift and mass can be
considered linear, as suggested by Sauerbrey [7]:

∆m = −∆ fm

√
ρqµq

2 f 2
0

Aosc = −Cs∆ fm (2)

For a 5 MHz crystal, the nominal Cs value at 25 ◦C is 4.6 ng Hz−1, which is valid for
an infinite oscillating surface. By using a plating solution with close to 100% yield, the
Sauerbrey coefficient can be obtained using Faraday’s law (Equation (3)). The frequency
shift should be the one compensated for viscosity ∆fm:

Cs =
MCu

∫ t2
t1

I dt

nF
Aosc

Acurr
(3)

To estimate the influence of viscosity on the frequency change, frequency shifts were
recorded in a series of electrolytes (water/glycerol mixtures), with changing viscosity but
with negligible contribution from a mass shift. The advantage of this method is that it is
not necessary to know the absolute viscosity shift, only the relative frequency shift for a set
of solutions. Taking the difference for electrolytes with different viscosities in Equation (1),
one obtains:
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l −

√
ρi

lη
i
l

]
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For a series of different electrolytes with small differences in viscous load, Equation (4)
could be linearized and applied to correct the total frequency shift. The frequency shift
related to a mass change can thus be calculated as:

∆ fm = ∆ ftot − ∆ fvisc = ∆ ftot − k∆D (5)

where the proportionality constant k is the slope from the water–glycerol experiments, as
discussed below. These solutions are chemically inert and do not lead to absorption on the
metal surface and therefore ∆fm can be neglected as already reported by Galliano et al. [14].
The change in frequency is therefore only related to the viscous load.

Table 1. List of variables.

Latin

Acurr Working Electrode sensing area 1.14 cm2

Aosc Oscillating area, mass- and dissipation sensing 0.26 cm2

Cs Sauerbrey constant g s or g Hz−1

∆D Dissipation change, energy loss per osc. Cycle ppm
fm Frequency change related to mass Hz
f 0 Base frequency ≈5 MHz
F Faraday Constant 96,485 C mol−1

k Proportionality constant MHz or Hz ppm−1
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Table 1. Cont.

Latin

I Plating current A
i Plating current density A cm−2

MCu Molar mass of copper 63.54 g mol−1

∆m Mass change ng
n Valence number 2
t Time s

Greek

ρq Quartz density 2.65 g cm−3

ρl Water density at 37 ◦C 0.99327 g cm−3

µq Quartz shear modulus 2.956 × 1011 g cm−1 s−2

ηl Dynamic viscosity of water at 37 ◦C 8.92 N s cm−2

2.2. Material

The quartz crystals were gold coated using PVD and supplied by Advanced Wave
Sensors S.L. in Paterna, Spain (AWS). The AWS quartz crystals had a mirror finish gold
coating and a base frequency just below 5 MHz. All experiments were performed on the
same crystal with electrochemical removal of the plated layer before the next experiment.
Before each experiment, the sample, as well as the cell, including the O-ring, were cleaned
and dried. The working electrode area, Acur, was 1.14 cm2 and the oscillating area, Aosc,
used for mass sensing was 0.26 cm2.

For the plating experiment, an electrolyte with close to 100% yield was used [15]:
0.5 M CuSO4 + 0.5 M H2SO4 + 1.1 M EtOH at 37.0 ◦C. To obtain a response to changes in
viscous load, glycerol was added to concentrations of 1, 3 and 5 wt%.

2.3. Electrochemical Quartz Crystal Microbalance

The Electrochemical Quartz Crystal Microbalance was an X1 system from AWS, Spain.
It has an operating range from 4 to 160 MHz with a maximum frequency resolution of
0.1 Hz. The specified mass resolution in liquid is 0.6 ng cm−2, and the normal dissipation
sensitivity in the liquid is 3.5 × 10−8. For all experiments, the temperature control unit
X1-TCU was set to 37.0 ◦C. All solutions were preheated before the experiment started.
The electrochemical cell used was of the quick lock type, either in the form of a flow cell
with a smaller volume or a slightly larger-volume electrochemical cell, both designed for
the AWS A20 system. The quick lock design is a patent of AW-Sensors. Data acquisition
was performed using the AWS Suite Mirage 4.0.7.3. All evaluations were performed using
Python scripts.

2.4. Potentiostat

The potentiostat used for the experiments was a Biologic SP200, connected in the work-
ing electrode to ground mode. It was controlled through the software of the microbalance.
The reference electrode was an Ag/AgCl, which has a standard potential of 0.222 VSHE at
25 ◦C. All potentials below are referenced to Ag/AgCl.

3. Results and Discussion
3.1. Calibration in a Water–Glycerol Mixture

Viscous load calibration was performed without connecting the potentiostat using
four aqueous solutions with [0 0.95 1.50 3.35] wt% glycerol. The frequency and dissipation
shifts of the QCM sensor were acquired as a one-minute average for the four solutions
kept at 37 ◦C. The slope in Figure 1 is directly related to the coefficient of viscosity in the
Kanazawa–Gordon Equation (1) [13]. The advantage of this method is that the slope can be
acquired over a wide range of frequency and dissipation values.
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Figure 1. Frequency–Dissipation plot of four different water glycerol mixtures indicating a linear
relation between frequency and dissipation (dotted line).

Another approach is to evaluate time-resolved data in the same experiments. In this
case, the correlation between frequency and dissipation is monitored during the experiment.
This method is valid if there are no significant adsorption/desorption processes at the
surface and the temperature has already been stabilized. Such curves are shown in Figure 2.
The slopes are comparable to the one displayed in Figure 1. A significant advantage of this
method is that it is specific to the electrolyte and quartz crystal used for the experiment and
that it requires no additional experimental effort. Still, it is important to remember that the
scale is considerably narrower than the one used in Figure 1, hence the deviations from the
linear behavior in Figure 2. Using the initial data will inherently restrain the calibration to a
narrow region, but by combining data from several experiments, it is possible to somewhat
circumvent the problem, as illustrated in the plating experiments below.

Figure 2. Relation between dissipation and frequency during immersion in four water–glycerol
mixtures. The slope is the proportionality between frequency and dissipation as expressed in the
Kanazawa–Gordon Equation (1).
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3.2. Calibration of Mass Coefficient and Viscous Load Using Galvanostatic Plating

To obtain a calibration of the Sauerbrey coefficient, see Equation (3), a copper sulfate
solution was used at 37.0 ◦C. Figure 3 shows the current density and potential development
during the experiment. After an initial stabilization period of 30 s, the sample is plated
in galvanostatic mode at −1 mA for 300 s; the deposit is then removed by applying a
potential of 600 mVAg/AgCl for 60 s. The quartz is then cleaned, and the measurement can
be reproduced.

Figure 3. Current and potential response in the galvanostatic plating experiment.

Figure 4 shows the current and dissipation responses during the plating experiment.
At open circuit, there is noise at a low level. During the plating experiment, there is a linear
decrease in frequency, corresponding to a mass uptake from the deposit. There is also an
increase in the dissipation signal.

Figure 4. Frequency and dissipation response for the galvanostatic plating experiment.

Assuming a current efficiency of 100%, it is possible to calculate the relation between
the frequency change and mass, or the Sauerbrey coefficient, see Equation (2). To obtain the
pure mass shift, the frequency was corrected for dissipation using the slope from Figure 1.
Overall, this shift was only minor. Figure 5 shows the Sauerbrey coefficients for solutions
with glycerol concentrations from 0 to 5 wt%. It appears to increase slightly with glycerol
content. The best value for the Sauerbrey coefficient is thus found for the solution with
no addition of glycerol. Three measurements were performed on the same crystal giving
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[6.35, 6.85, 6.92] with an average of 6.7 ng Hz−1. The theoretical value is 4.6 ng Hz−1 for
25 ◦C, but the constant is heavily dependent on temperature; it is not possible to make a
direct comparison with the value at 37 ◦C.

Figure 5. Sauerbrey coefficients obtained in a copper-sulfate solution containing 0 wt% to 5 wt%
glycerol, calculated from 40 to 270 s within the plating experiment outlined in Figures 3 and 4. The
temperature was 37 ◦C.

As for the water–glycerol measurements, it is possible to use the small variations in
frequency and dissipation during the stabilization phase at open circuit potential to obtain
an estimate of the relation between dissipation and frequency. Linear slopes for experiments
in four different electrolytes with increasing glycerol content are shown in Figure 6. If the
experiment is well stabilized at the beginning, the amplitude in ∆D and ∆f will be small
and the uncertainty in the slope will be higher. This can be seen in Figure 6: for the 1 wt%
electrolyte, there were larger oscillations at the start of the experiment, and consequently, the
calibration slope was more certain. Calibration slopes were determined for 18 experiments,
collecting data from the initial 30 s of stabilization. Glycerol concentrations were set in the
range of 0 to 5 wt%, resulting in an average slope value of −2.8 ± 2.1 Hz. This compares
well with the value deduced from Figure 1 (−2.6 Hz ppm−1).

The former experiment has the advantage of spanning a larger range of viscosities and
should be more precise, hence the need for a larger number of experiments to verify the
method of using initial variations in data for the frequency-dissipation correlation. These
slopes may be directly inserted into the Kanazawa–Gordon Equation (1).
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Figure 6. Dissipation vs. Frequency curves for the initial stabilization period of the galvanostatic
plating experiments. The slopes can be used directly in the Kanazawa–Gordon Equation (1).

4. Conclusions

In this paper, two methods for quantifying the contribution of viscous load on the
total frequency response are proposed. In both cases, the energy dissipation is measured
from the admittance of the oscillating circuit:

(1) The crystal is exposed to a series of water–glycerol mixtures where no adsorption is
occurring. This makes it possible to determine the frequency contribution from the
viscous load for a comparatively wide range of viscosities.

(2) It is also possible to obtain the influence of viscous load on the frequency shift by
following initial oscillations during a stabilization phase of the experiment where no
adsorption is occurring. This allows us to determine the viscous load for a specific
quartz/solution couple, i.e., to use a calibration specific to each experiment. This
approach is, however, limited to a narrow range in dissipation and frequency.

Both approaches gave similar calibration constants,−2.8 and−2.6 Hz ppm−1, respectively.
In addition, the Sauerbrey constant was determined for a 5 MHz crystal immersed in

a 37 ◦C plating solution to 6.7 ng Hz−1. The plating solution was a water–ethanol-based
copper sulfate electrolyte with very close to 100% yield for macro deposits.
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