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It has been shown that under some conditions most of the quartz crystal
equivalent circuit parameters are potential-dependent. In these circumstances
extended Sauerbrey equation is more acceptable for correct calculations of
mass change. In comparison with the treatment according to simple Sauerbrey
equation, microgravimetric data obtained by using the extended equation are
in better agreement with a large number of published radiometric and spec-
troscopic results.
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INTRODUCTION

The electrochemical quartz crystal microbalance
(EQCM) originally was introduced as a very sensi-
tive and relatively simple mass sensor [1]. A linear
correlation between the mass change Am and reso-
nant frequency shift Af, is known as Sauerbrey equa-
tion:

Am = — const - Af. 1

Soon it was proved experimentally that the den-
sity and viscosity of the solution also influence the
EQCM resonant frequency [2]. Heusler et al. [3]
revealed the electrode surface stress influence on
the oscillation of quartz crystal. The surface rough-
ness is also important and may cause the resonant
frequency shift [4-7].

Accounting for the deviations from the Sauer-
brey linearity is particularly important in investigation
of adsorption of various species on metallic elec-
trodes. Platinum electrode is one of the most fami-
liar systems in adsorption investigations. The first
attempt to use EQCM to study the adsorption on
platinum in sulphuric acid solution was made by
Stockel and Schumacher [8]. They observed an
approximately 80 Hz resonant frequency increase in
the hydrogen region, an about 60 Hz increase in
the double layer region, and a less pronounced
increase in the oxygen region. They were unable to
explain such a high resonant frequency shift in terms
of the mass of adsorbing species. Wilde and Zhang
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[9-11] investigated platinum in perchloric acid solu-
tions and observed quite a different pattern of re-
sonant frequency shift. The main difference was
found out in the double layer and oxygen regions.
In the double layer region the EQCM resonant fre-
quency is approximately constant, but in the oxygen
region it decreases. Investigating the platinum elec-
trode in sulphuric acid, perchloric acid and sodium
hydroxide solutions, Shimazu and Kita [12] revealed
a resonance frequency decrease in all positive going
potential sweep. A controversy in EQCM response
may be partially resolved by using the network ana-
lyser system for the detail characterisation of the
quartz resonator. For this purpose, the quartz crys-
tal can be considered as a series combination of
capacitance C, inductance L and resistance R. In
addition to this branch there exists a parallel capa-
citance C_. The most comprehensive study of the
equivalent circuit of the quartz resonator was car-
ried out by Martin et al. [13]. They elaborated a
model of a quartz resonator oscillating in solution.
For detailed characterisation, they introduced some
extra elements into the EQCM equivalent circuit.
This model leads to the extended Sauerbrey equa-
tion, free from any assumptions of invariability of
certain circuit elements:

f. 4
Am:—A,/quq(zAfsz - K*Cy(R- Ri)), )

where:
A geometric area of the working electrode
C, capacitance
[, seriesresonant frequency of unperturbed quartz
Af. series resonant frequency shift
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R resistance

R, resistance of the unperturbed quartz

K? electromechanical coupling factor (7.899 - 10-?)

M, piezoelectrically stiffened quartz elastic cons-
tant (2.957 - 10" N/m?)

p, density of quartz (2650 kg/m?).

EXPERIMENTAL

Quartz crystals used in this study were AT-cut type,
with a fundamental resonance frequency of approxi-
mately 5 MHz. Quartz discs 15 mm in diameter
and 0.3 mm thick were supplied with the vacuum-
sputtered platinum electrodes on the both sides; 130,
200 and 300 nm thick electrodes were prepared. The
piezoelectrically active area of the quartz resonator
was 0.283 cm® The measurements were performed
in a three-electrode electrochemical cell. The wor-
king electrode can be grounded directly (in the vol-
tammetric measurements) or by using a 50 Q resis-
tor (in network analysis experiments). The quartz
resonator was mounted at the bottom of the cell.
Pure nitrogen was passed through the solution for
removing dissolved oxygen. Sulphuric and perchloric
acids were used after distillation in vacuum. Cad-
mium ions were introduced by using ultrapure CdO.

All measurements were performed by using a
computerised system compiled in our laboratory [14,
15]. Admittance measurements in situ were perfor-
med in the following routine. Before the main me-
asurements are performed, we record the diagnostic
admittance spectrum for a particular quartz resona-
tor. That is necessary for determination of a frequ-
ency span. The complete network analysis is time-
consuming and cannot be done under fast potentio-
dynamic conditions. We changed the routine of ad-
mittance analysis in the following way. We set some
initial high frequency perturbing signal and launch
the potential sweep. The sampling of the absolute
value of the admittance and the phase angle is per-
formed in steps of 2 mV. After one potentiodyna-
mic cycle is completed, we change the frequency of
the perturbing signal (in most cases it is increased
in 10 Hz) and record a new cycle. Experiments are
synchronised in such a manner that admittance me-
asurements are performed for the same potential
points as in previous cycles. In each cycle we obtain
a set of admittance data only for one perturbing
frequency. Approximately 150 cycles are enough to
collect the data that represent the dependence of
the admittance spectrum on the potential. We assu-
me that in these 150 cycles the working electrode
does not undergo significant transformation. This as-
sumption is substantiated by a resonant frequency
shift method, because after 150 cycles the frequency
potential features remain unchanged. Analysis of the
data yields equivalent circuit parameters R, C_ and

L-C product [16] for different potential values. The
capacitance C_ can also be evaluated in a separate
experiment by using non-resonant perturbing frequ-
ency and applying potential sweep.

RESULTS AND DISCUSSION

Using quartz resonators covered with platinum films
of different thickness, we have revealed that the pat-
tern of resonant frequency response depends on the
thickness of the electrodes (Fig. 1). For a thick elec-
trode (300 nm), equivalent circuit elements R and
C, can be considered as potential-independent. In
this case the frequency shift linearly depends on the
mass of the electrode as predicted by equation (1).
For thin electrodes (200 and 130 nm), R and C,
dependencies on the potential are well pronounced.
From equation (2) we see that in this case the elec-
trode mass change depends on the shifts of three
parameters — resonant frequency, equivalent resis-
tance and capacitance. Two possibilities for the in-
terpretation of the EQCM data are presented in
Fig. 2. In this figure, a 200 nm thick electrode mass
shift calculated by the simple Sauerbrey equation
(dashed line) and by the extended Sauerbrey equa-
tion (solid line) is presented. If we take into ac-

e
P e,
FT ——-_.-__._-—_qp—_—
[1 -H".-_\'-'-\.\\ -I'_-_-- "
- | - "-\\
-
<IN \\\//
[} P
i 01 B T .
"\ IR
i) T e
"T-'-'.:“ :'_-_ '_-_- e S———_ i
Al ,s"H ;_—-'—'-:__ — .
-_I" .'"... llf.f’ ——— e
=) 7/
i '|'l|'l-'i'_|_\_ -
-v___ -____ — |

il SNl el S

[~ my

Fig. 1. Cyclic dependencies of C, R and Af, on the po-
tential in 0.2 M H,SO, for different EQCM platinum
electrode thickness: 7 — 300 nm; 2 — 200 nm; 3 - 130
nm. Potential sweep rate 100 mV/s. Potential is measured
against Ag/AgCl electrode
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Fig. 2. A 200 nm thick electrode mass change in 0.2 M H,SO,
calculated by extended Sauerbrey equation (a) and simple
Sauerbrey equation (b). Potential sweep rate 100 mV/s. Po-
tential is measured against Ag/AgCl electrode

count changes of the parameters R and C , the mass
shifts in the same direction as for the thick electro-
de (300 nm). As we see in Fig. 2 (solid line), the
electrode mass steadily increases in hydrogen and
double layer regions and decreases in oxygen re-
gion. Such mass shifts are in good agreement with
anion adsorption studies. Despite some discrepan-
cies, most investigators proved [17-22] that total ad-
sorption of SO;  and HSO; increases as the poten-
tial increases and reaches its maximum at the end
of the double layer region. This point coincides with
the maximal mass of the electrode. Some investiga-
tors tend to explain electrode mass change in sul-
phuric and perchloric acid solutions in terms of wa-
ter adsorption [12]. In our opinion, the anion ad-
sorption should be considered rather than water ad-
sorption. It is important to note that the electrode
mass increase in sulphuric acid solution is higher
than in perchloric acid (Fig. 3). This result is in
good agreement with a widely accepted opinion that
sulphate ions have a greater affinity than perchlora-
te ions to platinum surface [19].

EQCM is widely used to study underpotential
metal deposition. Unfortunately, this phenomenon
may interfere with adsorption of the anions. For
example, cadmium and sulphate ions may influence
the adsorption of each other [23-25]. When in the
same solution, these species mutually increase ad-
sorption on the platinum electrode. Comparing cad-
mium desorption dependencies, we find that in the
sulphate solution the electrode mass decrease is mo-
re pronounced than in the perchlorate solution. The-
se microgravimetric results are in good agreement
with a radiotracer study [23]. To compare these re-
sults, we recalculated the radiotracer study results
[23] in terms of mass. In Fig. 4 a graphical compa-
rison of these results is presented. The cadmium
mass change graph fits well with quartz microgravi-
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Fig. 3. Electrode mass change and cyclic voltammograms
in 0.2 M HCIO, (solid line) and in 0.2 M H,SO, (dashed
line). Potential sweep rate 100 mV/s. Potential is measu-
red against Ag/AgCl electrode

=

NTL TRLTT

e
-
i
=]

|‘- _‘TJII I 1 i:J_l

F.mV

Fig. 4. Electrode mass change as obtained from micro-
gravimetric measurements in: I — 0.1 M Cd(ClO,), +
+02 M HCIO,; 2 - 0.1 M CdSO, + 0.2 M HSO,.
For comparison with radiotracer study, mass of adsor-
bed cadmium (V) and the mass of adsorbed cadmium
+ sulphate () from ref. 23 are presented. Potential
sweep rate 100 mV/s. Potential is measured against
Ag/AgCl electrode

metric data recorded in Cd(ClO,), + HCIO, solu-
tion. The total cadmium and sulphate mass change
graph fits with quartz microgravimetric data recor-
ded in CdSO, + H,SO, solution. On the basis of
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this figure we can conclude that perchlorate ions do
not interfere significantly with cadmium adsorption,
but in the presence of sulphates the anion effect
could not be neglected.

CONCLUSIONS

The electrode structure and thickness may influence
quartz crystal microbalance data. For a very thin
electrode or after having been used for some time,
EQCM assembly response is dependent on the ad-
ditional parameters. In these cases the simple Sau-
erbrey equation (1) does not provide a correct re-
lationship between mass and resonant frequency shift.
The sauerbrey equation is based on the assumption
that inductance is the only variable parameter in
the quartz crystal equivalent circuit. We have shown
that resistance R and static capacity C under some
conditions depend on the potential. In this case Mar-
tin’s model is more acceptable. Applying this model
to the microgravimetric data, we have obtained a
good agreement with data of radiometric and spec-
troscopic studies. In the blank acid solutions, electro-
de mass maximum coincides with the SO}~ (HSO;)
and CIO; adsorption maximum. In sulphuric acid
solution, total mass increase is higher than in per-
chloric acid solution, because the adsorption of sul-
phate ions is more pronounced than of perchlorate
ions. These two kinds of ions have a different influ-
ence on the cadmium ion adsorption. In cadmium
perchlorate solutions, the main mass-determining ion
is Cd**, while in cadmium sulphate solution the both
ions should be considered to ensure a correct inter-
pretation of gravimetric data.

Received
8 November 1999

References

1. S. Bruckenstein and M. Shay, Electrochim. Acta, 30,
1295 (1985).

2. K. K. Kanazawa and J. G. Gordon, Anal. Chem. 57,
1770 (1985).

3. K. E. Heusler, A. Grzegorzewski, L. Jackel and J.
Pietrucha, Ber: Bunsenges. Phys. Chem, 92, 1218 (1988).

4. M. Urbakh and L. Daikhin, Langmuir, 10, 2836
(1994).

5. S. J. Martin, G. C. Frye and A. J. Ricco, Anal. Chem.,
65, 2910 (1993).

. R. Schumacher, Angew. Chem., 102, 347 (1990).

. M. Yang and M. Thompson, Langmuir, 9, 1990 (1993).

8. W. Stockel and R. Schumacher, Ber: Bunsegens. Phys.
Chem., 91, 345 (1987).

9. C. P. Wilde and M. Zhang, J. Electroanal. Chem., 340,

~N

241 (1992).

10. C. P. Wilde and M. Zhang, J. Electroanal. Chem., 327,
307 (1992).

11. C. P. Wilde and M. Zhang, Electrochim. Acta, 39, 347
(1994).

12. K. Shimazu and H. Kita, J. Electroanal. Chem., 341,
361 (1992).

13. S. J. Martin, V. E. Granstaff and G. C. Frye, Anal.
Chem., 65, 2272 (1991).

14. D. Plausinaitis, R. Raudonis and V. Daujotis, in
Neorganiné chemija ir technologija, (edit. A. Ancuta)
21-24, Technologija, Kaunas (1997).

15. D. Plausinaitis, R. Raudonis and V. Daujotis, in Ne-
organiné chemija ir technologija, (Ed. A. Sulius) 100-
103, Technologija, Kaunas (1998).

16. T. Okajima, H. Sakurai, N. Oyama, K. Tokuda and T.
Ohsaka, Electrochim. Acta, 38, 747 (1993).

17. M. E. Gamboa-Aldeco, E. Herrero, P. S. Zelenay and
A. Wieckowski, J. Electroanal. Chem., 348, 451 (1993).

18. Y. E. Sung, A. Thomas, M. E. Gamboa-Aldeco, K.
Franaszezuk and A. Wieckowski, J. Electroanal. Chem.,
378, 131 (1994).

19. V. E. Kazarinov, O. P. Petrii, V. V. Topolev and A. V.
Losev, Elektrokhimiya, 7, 1365 (1971) (in Russian).

20. E. K. Krauskopf, L. M. Rice and A. Wieckowski, J.
Electroanal. Chem., 244, 347 (1988).

21. K. Kunimatsu, M. G. Samant and H. Seki, J. Electro-
anal. Chem., 258, 163 (1989).

22. K. Kunimatsu, M. G. Samant and H. Seki, J. Electro-
anal. Chem., 272, 185 (1989).

23. S. Y. Vasina, V. E. Kazarinov, O. P. Petrii, Elekrok-
himiya, 14, 79 (1978).

24. G. Horanyi, J. Solt and G.Vertes, J. Electroanal.
Chem., 32, 271 (1971).

25. G. Horanyi and A. Wieckowski, J. Electroanal. Chem.,
294, 267 (1990).

D. Plausinaitis, R. Raudonis, V. Daujotis

MIKROGRAVIMETRINIS PLATINOS ELEKTRODO
TYRIMAS REMIANTIS ISSKLEISTA SAUERBREY
LYGTIMI

Santrauka

Naudojant admitansing kvarco monokristalo analize¢ eks-
perimentiskai jrodyta, kad tam tikromis aplinkybémis dau-
guma ekvivalentinés kvarciniy mikrosvarstykliy schemos
parametry priklauso nuo potencialo. Tokiu atveju elektro-
do masés kitimui apskaiciuoti tinkamesné yra iSskleista
Sauerbrey lygtis. Darbe eksperimentiskai pademonstruo-
ta, kad taikant §ig lygti gaunami duomenys, kurie labiau
derinasi su kitais metodais gautais rezultatais.

J. Ilnaymunaiituc, P. Paynonuc, B. /layiiotnc

MUKPOI'PABUMETPHYECKOE UCCJIEJOBAHUE
IVIATUHOBOI'O 9JIEKTPOJA C
HCNOJIb30BAHUEM PA3BEPHYTOI'O
YPABHEHUS 3AYJOPEPOU

Peswome

MeToaoM aJMHTaHCAa KBapIEBOIO pe30HATOpa IJKCIe-
PUMEHTANBHO OKa3aHO, YTO B OMPEACIEHHBIX YCIOBHAX
MHOTHE MapaMeTpbl SKBUBAICHTHOH CXEMBI 3aBHCAT OT
HOTEHNHMaNa 3JeKTpoxa. B atux ycnosusax Ooiee mox-
XOSIIIMM JUIsT pacyéra M3MEHEHHS MacChl JIEKTPOIa SB-
JseTcsl pa3BEPHYTOC ypaBHEHHE 3aydpOpou. DKCIEepUMEH-
TABHO JIOKA3aHO, YTO B ITOM CIIydae pPe3yJbTaThl JIydYIle
COMNIACYIOTCSl C PaMOMETPHUYSCKHMMH M CIEKTPATbHBIMH
JTAHHBIMU.
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