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Abstract An electrochemical Quartz Crystal Microbal-

ance (EQCM) was used to characterize a mixed metal oxide

electrocatalyst, Ir0.15Sn0.85O2, for the Oxygen Evolution

Reaction (OER) in acidic medium in the potential range of

the pseudo-capacitance reaction, from 0.4 to 1.2 V versus

Reversible Hydrogen Electrode (RHE). The EQCM gold tip

was characterized in H2SO4 0.05 M and HClO4 0.1 M.

Subsequently, Ir0.15Sn0.85O2 powder, synthesized by a sol–

gel route, was supported on the tip gold surface for investi-

gations in the same media. The simultaneous measurements

of mass variation and current density as functions of poten-

tial led to the identification of the chemical species involved

in the mass transfer between the oxide and the acidic solution

during the pseudo-capacitance reaction.

Keywords EQCM � Oxygen electrocatalyst �
Oxygen evolution reaction � Iridium

1 Introduction

Fossil fuel consumption and global climate changes [1] in

connection with air pollution have prompted research for

alternative and clean energy sources [2–5]. The challenging

theme of the ‘‘hydrogen economy’’ [6–10] has experienced

a wide interest due to the possibility of direct conversion

between chemical and electrical energy through an elec-

trochemical reaction, a truly ‘‘green process’’. Since

hydrogen is an energy carrier and it is not directly available

in nature, the energy conversion is a ‘‘green process’’ only

if hydrogen is produced using non-fossil primary energy

sources, e.g. through electrochemical processes [11]. These

are of particular interest due to their intrinsic harmless

operational conditions and low running costs, provided that

renewable energy sources, such as solar or wind energy

[12–14], can be used to supply electricity to the electro-

lyser. Up to now, industrial water electrolysis has been

carried out in aqueous media containing an alkaline elec-

trolyte, a mature and robust technology that nonetheless

presents some disadvantages, mainly safety issues, due to

the presence of caustic media, and low specific production

rates combined with the necessity of hydrogen purification

from alkaline ‘‘fogs’’. Recently, water electrolysis in acidic

media, using demineralized water and polymer electrolyte

membranes (PEM) in an arrangement similar to that of fuel

cell systems, has gained interest for several reasons: greater

safety and reliability, high operating current density and

efficiency and construction simplicity [15, 16].

In this context, the development of new electrocatalytic

materials for the OER is necessary both for improving the

anode chemical stability in acidic medium and for reducing

power consumption [15].

Since the 1970s, with the introduction of Dimensionally

Stable Anodes, DSA�, in the chloralkali process, studies on

noble metal oxide electrodes have led to the development

of new electrocatalytic materials both for the OER [15, 17]

and for the Hydrogen Evolution Reaction (HER) in acidic

media [18]. It was demonstrated that among noble metal
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oxides IrO2 has good corrosion resistance in strong acidic

solutions [19, 20], even though its activity is slightly lower

than RuO2 and its cost is prohibitive for industrial appli-

cations. However, new composite materials, based on IrO2

dispersed in a less costly metal oxide as matrix, can lead to

the development of new electrodes with good chemical

resistance to the acidic environment and good electronic

conductivity [17, 21]. A large number of oxidic systems

have been obtained by changing the dispersing agent, the

metal, the synthetic procedure and the mass ratio between

components [17, 21–29].

Our research group has recently synthesized nanocrys-

talline binary (Ir + Sn) and ternary (Ir + Sn + Ta) mixed

oxides based on SnO2 as dispersing matrix [30, 31]. The

sol–gel synthetic methodology was chosen for all materi-

als, since this technique allows definition of, a priori,

morphology, bulk and surface composition of the oxides by

controlling the synthesis parameters. Both SnO2–IrO2 [32,

33] and SnO2–IrO2–Ta2O5 [34] mixtures, the latter exhib-

iting Ir enrichment at the nanoparticle surfaces, are very

stable under prolonged O2 evolution. In addition to this,

electrodes containing more than 10% of precious metal

oxide have kinetic parameters very similar to those of pure

IrO2, in acidic media [17, 27]. Therefore the selected

stoichiometry, Ir0.15Sn0.85O2, offers the possibility of

retaining good electrode performances while reducing the

Ir content.

In this paper, SnO2–IrO2 nanoparticles were character-

ized by Cyclic Voltammetry (CV) and also with

Electrochemical Quartz Crystal Microbalance (EQCM)

measurements. In particular, chemical species involved in

the pseudo-capacitance reaction,

MeOxðOHÞy þ de� þ dHþ�MeOx�dðOHÞyþd ð1Þ

which can modify the oxide surface [34, 35], were

investigated by cycling the electrode between 0.4 and

1.2 V versus the Reversible Hydrogen Electrode (RHE)

and by coupling CV experiments with QCM measure-

ments. The results suggest the presence of the Ir(III)/

Ir(IV) transition, characterized by a wide peak at 0.9 V,

and show that the hydrated proton is the exchanged

chemical species during the charge/discharge capacitive

process, thus emphasizing the importance of the hydra-

tion level of the powder.

2 Experimental

All the chemicals were of reagent grade purity and were

used without further purification; doubly distilled water

passed through a Milli-Q� apparatus was used to prepare

solutions and suspensions.

2.1 Electrode preparation

SnO2–IrO2 electrocatalytic nanoparticles were prepared as

described elsewhere [30–32, 34], from Sn(C4H9O)4 and

IrCl3�3H2O salt precursors, in order to obtain the

Ir0.15Sn0.85O2 mixture. The specific surface area of the

powder was 80 m2 g-1, determined by the classical BET

procedure using a Coulter SA 3100 apparatus. The average

diameter of the crystallites, \d[ = 4 nm, was estimated

using the Scherrer equation from the most intense reflec-

tion (101) of the SnO2 cassiterite phase obtained on the

basis of room temperature X-ray powder diffraction

(XRPD). By elaborating the crystallite size a ‘‘calculated’’

surface area of 215 m2 g-1 can be obtained. By comparing

the calculated surface area with the experimental one a

relevant degree of aggregation/sintering between the pri-

mary particles is expected. SEM pictures (see Fig. 1)

confirmed that the particles are actually round-shaped

aggregates of 10–20 nm diameter.

To perform EQCM tests, the calcinated powder was

suspended in Milli-Q water (0.37 g dm-3) using an ultra-

sonic bath for 30 min. Seventeen microliter suspension

drops (sampled under sonication) were deposited on the tip

gold surface. The tip was dried in air until complete solvent

evaporation. This procedure allows sampling of the finer

fraction of the powder, thus ensuring a highly homoge-

neous particle size distribution of the deposits.

2.2 Instrumentation

The electrochemical properties were investigated using a

Picobalance V3.0 microbalance (Technobiochip, Italy),

whose oscillator was a planar AT-cut quartz crystal (ICM,

OK, USA) partially covered with sputtered gold (geometric

area = 0.20 cm2) and operated at a resonant frequency of

10 MHz, measured with an accuracy of 1 Hz. According to

Fig. 1 SEM micrograph of Ir0.15Sn0.85O2 powder
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the Sauerbrey equation [36], frequency was converted into

mass variation (Dm) by means of a numerical constant,

which was determined through Ag deposition/dissolution

chronopotentiometric experiments as described by Conway

[37]. The value of the calibration constant obtained was

4.9 ± 0.4 ng Hz-1 cm-2. The tip was connected to an

AMEL 551 potentiostat/galvanostat coupled with an

AMEL 566 function generator. All signals were recorded

with a CIO-DAS1402/16 acquisition PC-board (Measure-

ment Computing Corp.) and were treated by CorrWare

(Scribner Associates, NC, USA). The filtering procedure of

the EQCM data [38] was performed using Origin 6.0

software (OriginLab Corp., MA, USA).

Measurements were carried out in a 3-electrode cell

equipped with a Pt counter-electrode and a Saturated Cal-

omel Electrode (SCE), periodically calibrated against a

Reversible Hydrogen Electrode (RHE) to which all quoted

potentials are referred. All measurements were carried out

in 0.05 M H2SO4 and 0.1 M HClO4 solutions, previously

degassed by N2 bubbling, in the potential windows 0.4/1.2

or 0.4/1.7 V (RHE).

3 Results and discussion

EQCM bare gold tips were studied into two different

electrolyte solutions, H2SO4 0.05 M and HClO4 0.1 M,

using two potential ranges: 0.4–1.2 and 0.4–1.7 V versus

RHE. While the former potential range is typically used for

the electrochemical characterization of Ir-based oxide

electrocatalysts [15, 34, 39], since it embraces the region of

the pseudo-capacitive reaction, the latter is chosen in order

to verify the behaviour of our EQCM tips in comparison

with literature data. Our gold tips, studied in the widest

potential range, present the well-known features of anion

adsorption, concurrent anion expulsion and oxide forma-

tion, and phase-oxide growth [40, 41]. These processes are

evident in Fig. 2, which shows CV and frequency variation

(frequency decrease corresponds to weight increase) versus

potential, recorded simultaneously, of an as received gold

tip in H2SO4 0.05 M. The CVs obtained in HClO4 0.1 M

are similar to those described in [40]. The different changes

in frequency variation (Fig. 2 right axis) during the

potential scan are evidence of the described phenomena

[40]. By limiting the positive end-point to 1.2 V, the only

evident process is the adsorption/desorption of sulphate

anions (see Fig. 3a), which takes place in the 0.8–0.9 V

interval. It is worthwhile underlining that this feature is not

appreciable unless the tip is electrochemically activated by

preliminary cycling up to 1.7 V, during which the forma-

tion and successive reduction of oxide layer(s) provide a

reproducibly reconstructed gold surface [42]. In the

absence of the electrochemical etching or just 1 day after

the treatment, irrespective of storing the tip either in air or
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Fig. 2 Current intensity (left axis, full line) and frequency variation

(right axis, dashed line) versus E characteristics, recorded simulta-

neously, of a gold tip in H2SO4 0.05 M; scan rate 20 mV s-1
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Fig. 3 (a) Current intensity (left axis, full line) and frequency

variation (right axis, dashed line) versus E characteristics, recorded

simultaneously, of a gold tip in H2SO4 0.05 M after CV presented in

Fig. 2; scan rate 20 mV s-1. (b) Mass variation (Dm) versus

cumulative charge (Q) obtained by integrating the CV of Fig. 3a;

empty squares: anodic scan; full triangles: cathodic scan
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water, the adsorption/desorption features of both current

and frequency signals are completely lost, thus pointing to

the deactivation of the gold sites on which sulphate anions

can adsorb.

It is possible to investigate the adsorption/desorption

process by means of a mass to charge ratio analysis, by

integrating CVs, from 0.4 to 1.2 V, and coupling the cal-

culated charge (Q) with the mass variation (Dm) obtained

from EQCM measurements. Figure 3b shows mass varia-

tion (Dm) versus cumulative charge (Q), calculated by

integrating the CV represented in Fig. 3a. Mass and charge

show a linear relationship, whose slope of 1430 ng mC-1

corresponds to a variation of 138 g (mol of electrons)-1,

which can be justified by the injection (anodic sweep)/

expulsion (cathodic sweep) of 1 mol of doubly hydrated

HSO4
- per mole of electrons [40]. As already discussed,

this process is operative only on a freshly activated surface.

Likewise, anion adsorption in HClO4 0.1 M requires the

etching procedure.

When Ir0.15Sn0.85O2 is deposited on the gold tip surface a

large increase in current is obtained, both in H2SO4 and

HClO4 solutions, due to the roughness of the electrocatalytic

deposit. Broad peaks, connected with the pseudo-capaci-

tance reaction, appear at typical potentials between 0.8 and

0.9 V versus RHE [23, 39, 43], Fig. 4 in 0.05 M H2SO4.

When the frequency variation is concomitantly recorded

(Fig. 5a) a mass increase (frequency decrease) is observed

up to 1 V, followed by a decrease at higher potentials.

Mass variation (Dm) versus cumulative charge (Q),

obtained by integrating the CV of Fig. 5a, is presented in

Fig. 5b (anodic scan): two trends are clearly visible. Up to

0.05 mC the curve shows a slope of 271 ng mC-1,

resulting in a mass increase of 26 g (mol of electrons)-1.

This trend can be explained by the injection of 1 mol of

SO4
2- (theoretically + 48 g (mol of electrons)-1) and the expulsion of 1 mol of H3O+ (theoretically - 19 g (mol of

electrons)-1) per mole of electrons. After 0.06 mC, a

negative slope of -174 ng mC-1 is clearly observable,

which points to a mass loss of 17 g (mol of electrons)-1,

that is compatible with the expulsion of 1 mol of H3O+ per

mole of electrons. Then, the sulphate adsorption on the

oxide surface seems to stop at potentials lower than the

onset of OER. This feature is still under investigation, to

elucidate the possible role of the anionic partner under both

proton exchanging and oxygen evolving conditions.

When the Ir0.15Sn0.85O2 modified gold tip is cycled in

HClO4 0.1 M, a continuous mass decrease during the

anodic sweep and an increase during the cathodic one are

observed. Typical current and frequency variation with

potential are presented in Fig. 6a: I vs. E displays the well

known features of an Ir-based mixed oxide, i.e. broad peaks

between 0.8 and 0.9 V due to (1), while the frequency

variation is monotonic in the whole region of the charge/

discharge process. The slope of -194 ng mC-1 for mass
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Fig. 4 CVs of a bare gold tip (dashed line) and of a tip covered with

Ir0.15Sn0.85O2 (full line) in H2SO4 0.05 M; scan rate 20 mV s-1
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Fig. 5 (a) Current intensity (left axis, full line) and frequency

variation (right axis, dashed line) versus E characteristics, recorded

simultaneously, of a gold tip covered with Ir0.15Sn0.85O2 in H2SO4

0.05 M; scan rate 20 mV s-1. (b) Mass variation (Dm) versus

cumulative charge (Q) obtained by integrating the CV of Fig. 5a
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variation versus cumulative charge, Fig. 6b, points to the

expulsion (anodic sweep) and insertion (cathodic sweep) of

1 mol of H3O+ per mole of electrons. Different batches of

the same powder presented similar behaviours, although

with reduced slopes, thus implying reduced hydration of

the transferred protons. In connection with this, it is worth

noting that the hydration capabilities of these kinds of

powder are usually fully developed only after prolonged

treatment under oxygen evolution conditions [34], a pro-

cedure not applicable in the present case, since it would

detach particles from the tip.

The different behaviour of Ir0.15Sn0.85O2 modified tips

in the two acidic solutions supports the occurrence of

stronger interactions between the mixed oxide and SO4
2-,

rather than ClO4
-. This phenomenon is very likely con-

nected with the intrinsic differences between the two

anions, namely the large, low charge density perchlorate

and the small, high charge density sulphate.

4 Conclusions

The combined use of EQCM and CV measurements was

applied to investigate the properties of the mixed oxide

electrocatalytic powder Ir0.15Sn0.85O2 in the pseudo-

capacitance region, 0.4 to 1.2 V versus RHE, in sulphuric

and perchloric acid aqueous solutions.

The preliminary characterization of the bare Au tip in

the same potential range (0.4–1.2 V versus RHE) and in a

wider one (0.4–1.7 V versus RHE) was performed in both

electrolytes. The extension of the positive end point into

the full oxide formation and growth region has an etching

effect on the gold surface. This activation, however, rapidly

decreases after a few hours of exposure to either air or

testing solution. The more evident consequence of this

deactivation is the complete absence of electrolyte anion

adsorption/desorption peaks and of concomitant mass

variations, in the restricted potential window. Therefore,

any contribution from exposed Au surface to the signals

recorded in the presence of the electrocatalyst can be ruled

out.

The EQCM response on the supported Ir0.15Sn0.85O2

nanoparticles at sweeping potential provides insight into

the chemical processes governing the proton exchange,

pseudo-capacitance reaction. In particular the deinsertion/

insertion of hydrated protons is observed during the posi-

tive/negative going sweeps, respectively. In addition, in

sulphuric acid solutions, the adsorption/desorption of sul-

phate anions partially masks the pseudo-capacitance

process. At E [ 1 V, SO4
2- definitely ceases to be adsor-

bed, revealing the proton exchange reaction. The observed

H2O/H+ ratio ranges from 0.33 to 1, thus pointing to a

higher hydration degree of the proton compared to the

primary hydration sphere in aqueous solutions, and to a

parallelly good hydration degree of the powder. The net

increase in current intensity with respect to the Au support

is certainly connected with the high surface area of the

deposit, which consists mainly of round-shaped particles of

10–20 nm diameter, selectively sampled thanks to the tip

preparation procedure. This ensures, on one hand, the

conditions for good adherence, high compactness and low

roughness required by the Sauerbrey equation for the fre-

quency-to-mass conversion; and amplifies on the other

hand all the electrode phenomena. This is consistent with a

well hydrated interfacial region, in which acid/base equi-

libria can easily modify the charge of the defective surface

sites, in concomitance with the transition from the less

acidic Ir(III) to the more acidic Ir(IV) oxide, thus favouring

the expulsion of the sulphate anions.
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