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A B S T R A C T

A practical method for calculating the mass sensitivity of quartz crystal microbalance (QCM) resonators with
ring-shaped Au electrodes on one side based on electrodeposition is presented in this communication. While for
standard QCMs, an average mass sensitivity can be calculated despite its approximately Gaussian distribution,
the mass sensitivity of QCMs with an asymmetrical electrode structure is difficult to calculate. However, non-
standard electrode geometries might be beneficial for sensor applications especially in the area of electro-
chemistry. By measuring the resonance frequency change of a quartz crystal during deposition and applying
Faraday’s law, we determined the mass sensitivity of QCM resonators with a ring electrode. We also studied the
influence of the gold electrode thicknesses on the mass sensitivity of the ring-shaped and disc shaped electrodes.
The experimental results showed that the mass sensitivity of the ring-shaped electrodes was 5%∼20% higher
than those of the disc shaped electrodes. This method is practical and convenient for determining the mass
sensitivity of the QCM with ring electrode, and it can be extended to measure QCMs with symmetrical and
asymmetrical electrode structures. Such resonators with modified electrode structures may be of interest for
studying electrochemical processes where a higher mass sensitivity is desirable.

1. Introduction

The quartz crystal microbalance (QCM) has been widely used in
electrochemical processes for measuring small mass changes due to its
high mass sensitivity and its low cost [1–3]. It has a simple structure;
metal electrodes are plated on the upper and lower surfaces of the
piezoelectric wafer. In 1959, Sauerbrey studied the relationship be-
tween the quartz crystal surface mass change Δm and the resonance
frequency change Δf [4]:
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fR and f0: resonance frequency of quartz crystal with and without mass
loading; A: sensing area; μq: shear modulus of AT-cut quartz crystal
(μq= 2.947× 1011 g cm−1 s−2); ρq: quartz density
(ρq= 2.643 g cm−3). This equation describing the mass sensitivity of
QCM resonators with disc shaped electrodes on both sides laid the
theoretical foundation for the application of QCMs.

The QCM can be operated in liquids and therefore it is possible to
apply the Sauerbrey’s equation in electrochemistry for deposition

processes and other reactions involving mass changes at the electrode,
provided that the deposited layer is acoustically thin, rigidly bound,
and smooth [5]. An equivalent circuit model was introduced to describe
the relationship between electrical impedance and surface loads [6].
These models have been expanded to include also the behavior of non-
rigidly bound viscoelastic films or rough layers [7,8]. After more than
sixty years of development, the QCMs have been widely applied in
electrochemistry, electrochemical surface science and sonoelec-
trochemistry and so on [9–12].

There are two reasons that make the mass sensitivity for resonators
with arbitrary electrode shape difficult to calculate. One is that the mass
sensitivity is not constant but rather characterized by an approximately
Gaussian distribution [13] even for standard electrode configurations,
and the other is that additional complications arise when QCMs with
differently shaped electrodes are used. The geometry of the electrode is
closely related to the mass sensitivity of the QCM [14–17]. For example,
Y. Lee [14] investigated the electrical loading sensing mechanism of
QCM, C. Zhang [15,16] found that a QCM transducer with an asym-
metric electrode structure shows an improved mass sensitivity com-
paring to a standard electrode QCM, and Y. Yao [17] developed
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humidity sensors using QCM transducer with asymmetric electrode
structures. Therefore, it might be beneficial for certain applications to
use tailored electrode shapes.

In this work, we applied a well-established method [18] for ex-
perimentally determining the mass sensitivity of a QCM to QCM
quartzes with ring-shaped electrodes on one side. Choosing quartzes
with ring electrodes were motivated by earlier work in gas phase de-
position experiments that showed that the ring electrode QCMs’ mass
sensitivity distribution is approximately uniform [19]. By measuring Δf
of a quartz crystal caused by deposition of a thin copper film and ap-
plying Faraday’s law, we calculated the mass sensitivity of the QCM
with ring electrode. Besides, we carried out AFM measurements to in-
vestigate the roughness of the thin copper films, and we used XRD to
verify the composition of the thin films. The experimental results
showed that the mass sensitivity of the QCM with the ring-shaped
electrode, in the following called “ring” electrodes, facing the electro-
lyte (i.e. the “upper” electrode in our experimental configuration) was
5%∼20% higher than those of the disc shaped (“disc”) electrodes.
Naturally, the mass sensitivity of the electrode exposed to the electro-
lyte is also influenced by the geometrical shape of the electrode on the
rear side of the quartz (“lower” electrode), as only the region between
both electrodes contributes to the mass sensitivity. Such resonators with
modified electrode structures maybe special interest for studies in
electrochemical energy storage, where first interesting results with
standard quartzes in the past years showed a rather complex response
that is not purely gravimetric [20,21].

2. Experimental section

2.1. Specifications of the QCM resonators with ring electrodes

The electrode shape has an important influence on the performance
of QCMs, and its mass sensitivity is the key factor for practical appli-
cation of QCMs [22]. We designed QCM quartzes with ring electrode
structures on one side to improve the performance of QCMs. Quartz
plates with a fundamental frequency of 10MHz and a diameter of
8.7 mm were applied in the experiments, and the outer diameter d1 of
the electrodes evaporated onto the quartz was 5.1mm (Wintron Elec-
tronic Co., Ltd. Zhengzhou City, China). Fig. 1 shows the geometry of
these resonators. In this study, we varied the electrode thickness TE
(500 Å, 1000 Å, 1500 Å and 2000 Å). The thickness of the ring electrode
and the disc electrode of the same resonator are the same. We marked
the QCMs with 500 Å, 1000 Å, 1500 Å and 2000 Å thickness electrodes
as group A, B, C and D, respectively.

2.2. Electrodeposition based on Faraday’s law of electrolysis

The Sauerbrey’s equation can calculate the mass sensitivity of the

QCM with disc shaped electrodes. However, it is quite hard to calculate
the mass sensitivity of the QCM with ring electrode. We propose elec-
trodeposition, based on Faraday’s law of electrolysis, to solve this dif-
ficulty. This method is actually often used even for standard QCM
quartzes to perform an experimental calibration instead of just using
the theoretical values [23–25]. The schematic diagram of the experi-
mental setup for copper electrodeposition is shown in Fig. 2.

In this work, we applied chronoamperometry to deposit a thin
copper film on the electrode surface. The electrolyte (100ml) was
composed of 0.01M CuSO4·5H2O, 0.1M Na2SO4 and 5mM H2SO4. The
quartz electrode under study (ring or disc) faced the electrolyte and
served as the working electrode (WE), while the other electrode was
insulated from the electrolyte via a sealing O-ring. A Pt wire was used as
the counter electrode (CE), and a Hg/Hg2SO4/0.6M K2SO4 electrode as
the reference electrode (RE), to which all potentials are referred to in
this communication. The potential of the RE with respect to NHE is
+0.658 V. Copper deposition was carried out at room temperature
(25 °C). The electrolyte was deaerated with Ar purging before and be-
tween the experiments. During the experiments, an overflow of Ar was
maintained to prevent oxygen from entering the electrolyte and low-
ering the current efficiency. First, cyclic voltammograms (CVs) were
recorded at a potential scan rate of 5mV/s. The deposition potential of
−0.465 V was selected based on the analysis of these CVs. Copper films
were potentiostatically electrodeposited on ten quartzes (5 with ring
electrodes as upper electrodes and 5 with disc electrodes as upper
electrodes) in each group for one hour. The principle is governed by the
Faraday’s law [26] as follows:
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where m is the mass of copper deposited on the electrode in grams, Q is
the total electric charge passing through the cell in coulombs,
F= 96485 C/mol is the Faraday constant, M is the molar mass of
copper in grams per mol, and z is the valency number of the Cu ions (i.e.
z= 2). I is the time-dependent current of the copper deposition process,
and t is the total time of deposition.

It is worth noting that there might be detachment issues for the Au
electrode on quartz in contact with electrolyte. However, there is a
chromium adhesive layer underneath the Au electrode, which enhances
the adhesion of the electrode. The situation is not so much different
from standard EQCM quartzes, just that the interface line to the elec-
trolyte is longer for a ring electrode structure QCM. In our experiments,
the quartzes typically were operated for a full day, and within that
period of time, no indication of delamination was seen. After electro-
deposition, the mass sensitivity of QCM with ring electrode is calculated

Fig. 1. Schematic diagram of the QCM resonators
with a ring electrode on one side. (a) Cross section;
Ⅰ, Ⅱ, and III represent quartz areas without electrode
layer on either side, with an electrode layer on both
sides, and an electrode layer on one side only, re-
spectively. The ring and disc electrodes have the
same thickness TE; d1(d1= 5.1mm), d2(d2= 2mm)
are the outer and inner diameters of the ring elec-
trode. (b) 3D view of the resonators. The upper
figure shows the side with the ring electrode, the
lower one the side with a disc electrode. W1

(W1=0.5mm) and W2 (W2=0.3mm) represent
the width of the electrode contact pads and an
opening in the ring structure (because of manu-
facturing restrictions, a circular mask was needed to
cover the internal part of the ring, and this circular
mask had to be connected to other parts through a
mechanical beam.), respectively.

J. Hu, et al. Electrochemistry Communications 116 (2020) 106744

2



by,

=S m
f A· (4)

where m is the mass of the Cu film calculated from Eqs. (2) and (3), Δf is
the integral change of the resonance frequency during deposition, A is
the electrochemically active electrode area for Cu deposition. A is
0.191 cm2 or 0.222 cm2 for the ring and disc sides as upper electrodes,
respectively.

2.3. AFM characterization of the thin films

The roughness of the thin copper films is a key index of deposition.
In the experiment, we needed to ensure the uniformity of the coating.
After the thin films were deposited on the electrodes, we used atomic

force microscopy (AFM) [27,28], choosing a multimode EC-STM/AFM
instrument (Veeco Instrument, Inc.) with a Nanoscope IIID controller
and the Nanoscope 5.31rl software [29] (AFM tips, Bruker RTESP-300.)
to investigate the thin film morphology.

2.4. X-ray diffraction analysis

X-ray diffraction (XRD) [30,31] of the thin films deposited on the
electrodes was carried out by X’Pert (Malvern Panalytical Ltd., the
Netherland) to investigate the composition. The XRD measurements
were executed in a 2θ range of 5–90°, in steps of 0.0472°(2θ), and 1s
integration time per step (Bragg-Brentano geometry with fixed diver-
gence slits, continuous mode, position sensitive detector, Cu Kα ra-
diation).

Electrolyte: 
1M CuSO4
0.1M Na2SO4
5mM H2SO4

Potentiostat
(SI1287)

Network 
Analyzer(Agilent 

E5100A)

WE - CE - RE

CE:Pt

WE: QCM with ring 
electrode

RE: Hg/Hg2SO4
in 0.6M K2SO4

Splitter
Cu2+

Cu2+

Cu2+

Cu2+

Cu2+

Cu2+

Cu2+

Cu2+

Cu2+

Cu2+

Fig. 2. Schematic diagram of the electrodeposition setup. An Electrochemical Interface SI1287 (Solartron) was used as potentiostat, and a network analyzer (NA)
E5100A from Agilent to measure in parallel to the electrochemical measurement the quartz admittance spectra in the vicinity of the resonance frequency. A splitter
box was used to couple the upper electrode of the QCM resonator with both the potentiostat and the NA via an inductor and a capacitor, respectively, to prevent
interference of the two instruments with each other. The measured real part of the admittance was fitted to a Lorentzian function. The center frequency of the fit
equals fR, and the full width at half maximum the so-called dampening w.

Fig. 3. Current densities (lines) and related frequency changes (dots) during deposition and dissolution of Cu from 0.01M CuSO4·5H2O, 0.1M Na2SO4 and 5mM
H2SO4 at a scan-rate of 5mV/s. (a) Ring electrode as WE; (b) Disc electrode as WE.
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Fig. 4. Current transients measured in deaerated 0.01M CuSO4·5H2O, 0.1M Na2SO4 and 5mM H2SO4 during the potentiostatic electrodeposition of Cu at an applied
potential of −0.458 V vs. Hg/Hg2SO4/0.6M K2SO4. (a) Ring electrode as WE; (b) Disc electrode as WE.
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Fig. 5. AFM images of the measurement points of thin Cu films deposited on the surface of the QCM resonators. Group A: (a) and (b) are ring and disc electrodes
(TE= 500 Å), respectively; Group B: (c) and (d) are ring and disc electrodes (TE= 1000 Å), respectively; Group C: (e) and (f) are ring and disc electrodes
(TE= 1500 Å), respectively; Group D: (g) and (h) are ring and disc electrodes (TE= 2000 Å), respectively.

J. Hu, et al. Electrochemistry Communications 116 (2020) 106744

4



3. Results and discussion

3.1. Cyclic electrodeposition and potentiostatic electrodeposition of Cu

The potential sweep was started at +0.055 V for the study of the
electrodeposition of Cu on Au electrode, and swept down to −0.813 V
vs. Hg/Hg2SO4/0.6M K2SO4. The general shape of the CVs looks as
expected for Cu electrodeposition at a polycrystalline Au electrode
[32]. For the ring electrode facing the electrolyte (Fig. 3a), a first
cathodic process is apparent in the cyclic voltammogram (CV) when the
potential becomes lower than −300mV. This cathodic process was
connected to a slight frequency change (−350 Hz), and corresponds to

Cu underpotential deposition on Au. The bulk electrodeposition process
starts at E < −0.4 V, with a strong decrease in the fR accompanying
the increase in cathodic currents. The fR continued to decrease in the
beginning of the backsweep, as the current density j remained negative.
At E > −0.407 V the currents became positive, and the dissolution of
the copper caused the frequency to start increasing. For a disc electrode
facing the electrolyte (Fig. 3b), the electrodeposition and dissolution
processes are basically the same as in Fig. 3a.

The Cu films on the surface of the ring electrode and the disc
electrode were obtained by potentiostatic electrodeposition at
−0.458 V vs. Hg/Hg2SO4/0.6M K2SO4. Fig. 4 shows that the current
decreases rapidly at the beginning of electrodeposition and then de-
creases slowly over time until a nearly constant value is reached. Cor-
respondingly, the fR first showed a rapid decrease and then decreased
linearly with time.

3.2. Characterization of the thin copper films

Fig. 5 shows the characterization of the AFM surface analysis of the
thin copper films deposited on the electrodes. It should be noted that as
the whole electrode surface was coated, it is impossible to measure the
entire surface region with AFM. Thus, for each ring and disc electrode,
we chose two symmetrical regions near the edge of the deposited film as
the measurement points. More details are included in the Supporting
information (Figs. S1 and S2). For examples, the average roughnesses of
the two symmetrical measurement points of one disc electrode (elec-
trode thickness TE= 2000 Å) are 23.6 nm and 24.4 nm, respectively;
the average roughnesses of the ones of one ring electrode (electrode
thickness TE= 500 Å) are 35.2 nm and 33.9 nm, respectively. Namely,
the two symmetrical regions on each electrode always give similar
roughness. Therefore, only one such region for each selected electrode
is shown in Fig. 5. In general, for the average roughness of the mea-
suring area, under the same electrode thickness, the average roughness
of the measuring region of the ring electrode is larger than that of the
disc electrode. The average roughnesses of the measuring regions are
27.6 nm, 12.4 nm, 6.9 nm, 20.4 nm, 23.6 nm, 19.6 nm, 30.4 nm and
24.4 nm for ring and disc electrode of the QCM with TE= 500 Å,
1000 Å, 1500 Å and 2000 Å, respectively. The average roughness of the
measuring region Cu films was calculated mainly from those area
covered with Cu films. These AFM images revealed that all the mea-
sured areas exhibited a uniform morphology.

3.3. XRD measurement analysis

The XRD measurement of several Cu films deposited on various
QCM resonators after electrodeposition is shown in Fig. 6. Three well-
defined peaks at 43.1774°, 50.3431°, and 73.8183° are assigned to the
(1 1 1), (2 0 0), and (2 2 0) planes of the Cu metal phase, respectively;
the other three well-defined peaks appearing at 38.2256°, 64.4256°,
and 77.3291° belong to the (1 1 1), (2 2 0) and (3 1 1) planes of the Au
substrate, respectively, because the Cu thin films are grown on Au

Fig. 6. XRD measurement of the electrodes of the QCM resonators after elec-
trodeposition.

Table 1
The mass sensitivity of different electrode thickness of QCM with ring electrode.

Type A(500 Å) B(1000 Å) C(1500 Å) D(2000 Å)

Ring Disc Ring Disc Ring Disc Ring Disc

S(10−9 g/cm2·Hz) 4.77 4.24 4.14 3.89 4.56 3.78 4.58 4.23
4.31 4.23 4.40 3.97 4.37 4.04 4.53 4.19
4.51 4.16 4.59 3.59 4.03 3.96 4.17 4.09
4.78 3.83 4.78 3.91 3.75 3.77 3.97 3.89
4.30 4.07 4.65 3.71 4.30 3.89 4.27 4.09

S(SRing or SDisc) 4.53 4.10 4.51 3.81 4.20 3.89 4.29 4.09
δ 0.24 0.17 0.25 0.16 0.32 0.12 0.24 0.14
S̄CRI 110.5% 118.4% 108.0% 105.1%
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electrodes. This reveals that the surface of the thin copper film is
composed of copper crystallites, as expected. There is no indication of
significant oxidation or impurities.

3.4. Mass sensitivity of the QCM resonators with ring electrode

After the one-hour deposition, the mass sensitivity in Table 1 is
obtained from Eqs. (2)–(4). S, S̄(S̄Ring or S̄Disc), δ and S̄CRI are mass
sensitivity, average mass sensitivity, standard error and comparative
relative indicators, respectively. The results presented for group A, B, C
and D are each based on deposition of Cu films on the ring electrodes of
five different QCM resonators and on the disc electrodes of (another)
five different QCM resonators with the same specifications (electrode
geometry and thickness). The average mass sensitivity of group A, B, C
and D are 4.53×10−9 g/cm2·Hz (S̄Ring) and 4.10×10−9 g/cm2·Hz
(S̄Disc), 4.51×10−9 g/cm2 Hz (S̄Ring) and 3.81×10−9 g/cm2·Hz (S̄Disc),
4.19×10−9 g/cm2·Hz (S̄Ring) and 3.89×10−9 g/cm2·Hz (S̄Disc),
4.29×10−9 g/cm2·Hz (S̄Ring) and 4.09× 10−9 g/cm2·Hz (S̄Disc), re-
spectively. Totally, >S S¯ ¯Ring Disc shows that the ring electrodes in each
group show an enhanced mass sensitivity comparing to the disc elec-
trode for the same electrode thickness. The comparative relative in-
dicators ( =S S S¯ ¯ / ¯CRI Ring Disc) of the average mass sensitivity of the ring
electrodes are 10.5%, 18.4%, 8.1%, and 5.1% higher than those of the
disc electrodes for the ring electrode QCM with a thickness of 500 Å,
1000 Å, 1500 Å and 2000 Å. These are in agreement with our earlier
study [19] showing that the ring electrode QCM has an approximately
uniform mass sensitivity distribution. The approximately uniform mass
sensitivity distribution then can contribute to the integrated mass sen-
sitivity of the ring electrode side being greater than that of the disc
electrode side.

The best standard error and maximum standard error are
0.12×10−9 g/cm2·Hz and 0.32× 10−9 g/cm2·Hz, respectively. These
low standard errors show the reliability of the experimental system and
the good stability.

Table 1 shows also that the thinner the Au electrode, the higher is
the mass sensitivity. According to our previous study, the higher re-
sonance frequency results in a higher mass sensitivity [33]. This is the
same behavior known from the Sauerbrey’s equation for standard re-
sonators. In the factual measurement, the average resonance fre-
quencies of group A, B, C and D decreased gradually. These results are
consistent with our previous research results [33].

4. Conclusion

In this communication, we have applied a practical method for
calculating the mass sensitivity of quartz resonators with ring elec-
trodes on one side based on electrodeposition. The experimental results
showed that the mass sensitivity of the ring electrodes was 5%∼20%
higher than those of the disc electrodes. This method is very helpful for
determining the mass sensitivity of the QCM with such ring electrodes,
and it can be extended to measure QCMs with symmetrical and asym-
metrical electrode structures. Such resonators with modified electrode
structures may be of interest for studying electrochemical processes
where a higher mass sensitivity is desirable. More detailed theoretical
and experimental studies are required to lay the base for application to
non-rigid systems and in more complex media like ionic liquids. This
maybe of special interest for studies in electrochemical energy storage,
where first interesting results with standard quartzes in the past years
showed a rather complex response that is not purely gravimetric.
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