Journal of Solid State Electrochemistry (2019) 23:771-781
https://doi.org/10.1007/s10008-018-04182-5

ORIGINAL PAPER

@ CrossMark

Crossing VIMP and EIS for studying heterogeneous sets

of copper/bronze coins

Francesca Di Turo'

- Rafael Parra? - Joan Piquero-Cilla® - Gabriele Favero” - Antonio Doménech-Carb6?

Received: 31 October 2018 /Revised: 17 December 2018 / Accepted: 18 December 2018 /Published online: 3 January 2019

© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Electrochemical impedance spectroscopy (EIS) and voltammetry of immobilized particles (VIMP) measurements using air-
saturated mineral water and 0.10 M NaClO4 aqueous solution as electrolytes were applied to eurocent coins and a set of
copper/bronze coins from the late nineteenth century exhibiting significant heterogeneity in their degree and type of corrosion.
The obtained data presented satisfactory repeatability being fitted to relatively simple equivalent circuits which were dependent
on the electrolyte and bias potential, the more satisfactory conditions being obtained using the reduction of dissolved oxygen as a
redox probe. Consistent data were obtained using VIMP and EIS characterizing different corrosion patterns, and establishing the
possibility of discriminating different monetary emissions in favorable cases of high level of corrosion.

Keywords Electrochemistry - Archaeology - Electrochemical impedance spectroscopy - Copper - Bronze

Introduction

Non-destructive and non-invasive techniques are in general
required for the analysis of cultural heritage samples as the
investigations on the materials have to respect several limita-
tions mainly due to the unicity of the piece. Moreover, in the
case of metal artefacts, the corrosion processes and the studies
about the patina formation have to be considered. Although it
is not possible to stop the corrosion process, it is possible to
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monitor it and characterize the products formed on the surface
of the metals. Accordingly, the patina has been subject of
several scientific studies because the formation of a noble
one can help the conservation of the metal without (or mini-
mal) additional intervention, as demanded by the philosophy
of the modern conservation [1-7]. However, the surface of a
metal is presented as a heterogeneous multi-layer structure
where it is often possible to distinguish a primary, a secondary
and a tertiary patinas [8, 9].

There are several techniques, optical and electron micros-
copies, X-ray diffraction, and different spectroscopies, appli-
cable to the characterization of the patina [10-13], but elec-
trochemical techniques have contributed to a better under-
standing the evolution of corrosion processes on ancient
metals [5, 7, 14, 15] as well as they have been shown to be
useful into the archaeometric field [8, 16-20]. In particular,
electrochemical impedance spectroscopy (EIS), which is a
consolidated technique for studying corrosion phenomena
and coating performances on modern materials [21-27], is
being increasingly applied to the study of archaeological sam-
ples [5, 7-9, 16, 28-36].

In general, impedance spectra are recorded at the open
circuit potential (OCP) with the aid of a redox probe which
behaves reversibly, typically the Fe (CN)s® '*~ couple. The
use of this probe as well as aggressive electrolytes (acidic,
alkaline and/or chloride-containing), usual in studies on pro-
tective coatings of metal artefacts, is obviously hindered for
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studying archaeological objects and works of art. In order to
apply EIS for studying archaeological objects, several diffi-
culties have to be accounted: i) the need of using operation
conditions able to yield archacometric information without
damage to the pieces; ii) the area normalization commonly
used in studies on protective coatings cannot be directly ap-
plied here because the objects frequently present irregular and
porous and/or anfractuous surfaces. Additionally, it is perti-
nent to note that the system should operate under steady state
conditions accomplishing the demands of the linear systems'
theory [37, 38]; i.e. the system should be time-invariant during
the acquisition of the impedance data satisfying the Kramers-
Kronig (K-K) transfer functions [39, 40]. Under these condi-
tions, EIS allows monitoring the resistance, porosity, rough-
ness of the patina and/or protective coatings on metallic
surfaces.

One way of application of EIS for archacometric purposes
consists of the determination of the impedance response of the
archacological object used as a working electrode in contact with
a suitable electrolyte. In previous works, we used an electro-
chemical cell adapted for testing coins and other metallic objects
[31] for discriminating monetary emissions of relatively high
homogeneity [8, 16], incorporating air-saturated mineral water,
recommended ensuring the morphological, structural and chem-
ical integrity of the archaeological objects [41], and using the
reduction of dissolved oxygen a redox probe [8, 16]. As far as
this last condition implies the application of a bias potential in
general separated from the OCP, and that potential (ca. —0.6 V vs.
Ag/AgCl) makes possible the electrochemical reduction of some
corrosion products, the system operates, strictly, under non-
stationary conditions, a situation used to study electrochemical
reaction pathways [42, 43].

The current report presents a study aimed to: 1) investigate
the suitability of impedance measurements for characterizing
archaeological metals, and, ii) optimizing the experimental
conditions (electrolyte, bias potential) in order to study ar-
chaeological metal objects having large heterogeneity in their
‘corrosion history’. As far as the maintenance of the integrity
of the object and the electrochemical operation conditions
during EIS experiments are essential requirements, we have
used the voltammetry of immobilized particles methodology
(VIMP) for testing the possible alteration of the patina. The
VIMP is a solid-state electrochemical technique developed by
Scholz et al. that permits the performance of localized analy-
ses using amounts of sample at the sub-microgram level [44,
45]. Due to its inherently high sensitivity, the VIMP is partic-
ularly useful in the field of cultural heritage [46, 47] and has
been extensively used to study archaeological metal patinas
[8, 16, 48]. In this study, VIMP and EIS have been used to
characterize the impedance response of two series of copper/
bronze coins, contemporary eurocents and a heterogeneous set
of Spanish chavos produced in 1885—-1895, using air-saturated
mineral water and 0.10 M NaClQy, as electrolytes.
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Experimental
Samples

A series of six Spanish 5-eurocent coins and a set of bronze
coins produced at the late nineteenth century and beginning of
the twentieth century were studied. These were as follows: C1,
C3, C5: 10 cts. Alphonse XII, Spain, 1877; C2: 10 cts. French
Republic, 1912; C4 and C6: 10 cts. Spanish Republic, 1870.
The eurocents were selected as showing a uniform, smooth
corrosion characterized by a brownish patina. The nineteenth
century coins exhibited quite different condition of conserva-
tion, from a brownish uniform surface to a black-greenish
patina presenting locally deposits of green-powdered corro-
sion products. The whole group of analyzed coins is shown
in Fig. 1.

Electrochemical instrumentation and procedures

All electrochemical experiments were carried out using a
three-electrode arrangement connected to a CH 660c
potentiostat with a Pt mesh auxiliary electrode and an Ag/
AgCl (3 M NaCl) reference electrode. VIMP experiments
were performed upon abrasive transference of sub-
microsamples from the corrosion patina of the coins to
paraffin-impregnated commercial graphite bars (Alpino CH
type, surface area of 0.0314 cm?) using air-saturated 0.25 M
HAc/NaAc aqueous acetate buffer at pH 4.75. No deaeration
was performed in order to mimic the conditions usable in ‘in-
field” analysis of cultural heritage. For each coin, three to five
replicate measurements were performed sampling on different
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Fig. 1 The set of the studied ancient bronze coins showing a different
degree of surface deterioration
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spots of the coin surface. The sample-modified graphite elec-
trodes were placed in the electrochemical cell so that only the
lower electrode end came into contact with the electrolyte
solution and then the voltammetric measurements were car-
ried out. Square wave voltammograms (SWVs) were recorded
in both negative- and positive-going potential scans using po-
tential step increments between 4 and 10 mV, square wave
amplitudes between 25 and 100 mV and frequencies between
2 and 500 Hz.

EIS experiments were performed in the same electrolytes
using a modified cell, adapted for partial immersion of metal-
lic objects, already described [8, 16, 31]. Spectra were record-
ed in the 0.1 and 100,000 Hz frequency range with amplitude
of 5 mV at different bias potentials: 0.2, 0.0, —0.2, —0.4, —0.6,
and — 0.8 V vs. Ag/AgCl after 2 min of equilibration time. The
time for recording each spectrum was of 5 min. For each coin,
three-five replicate experiments were performed varying the
position of the clamp and the immersed region but maintain-
ing an immersed area of ca. 1 cm®. As electrolytes, air-
saturated mineral water from Bejis (Comunitat Valenciana,
Spain) and sodium perchlorate (Merck) 0.10 M have been
used. The chemical composition of the mineral water is dry
residual (159 mg L', HCO; : 163 mg L™, SO,>: 16 mg L™,
Cl:12mgL™" Si0y: 43 mgL!, Ca**: 47 mg L™, Mg**:
6.2 mg L-1, Na™: 2.8 mg L™"). This composition is taken as
reported from the water producer as not being measured in the
present study.

Results and discussion

ViMP

Figure 2 compares the negative-going potential scan square
wave voltammograms for sub-microsamples from the corro-
sion layers of a) eurocent coin (three replicate experiments), b)
coin Cl, ¢) coin C3 and d) coin C4, attached to graphite
electrode in contact with air-saturated 0.25 M aqueous acetate
buffer at pH 4.75. The selected conditions resulting from com-
promise between repeatability and peak resolution were po-
tential step increment 4 mV, square wave amplitude 25 mV,
frequency 5 Hz. In the case of coins C3—C6, the sampling was
performed in brown-black areas of the coins, by passing re-
gions were deposits of green corrosion products were accu-
mulated. The voltammetric response, in agreement with that
described in previous reports [8, 16], consists of a main ca-
thodic signal at —0.10 V vs. Ag/AgCl (I) followed by a more
or less defined shoulder at ca. —0.45 V (II) which precedes the
prominent rising current due to the hydrogen evolution reac-
tion (HER). The signal I corresponds to the reduction of cu-
prite (Cu,0) and other accompanying copper corrosion prod-
ucts (azurite, malachite, brochantite, atacamite) whereas the
signal II can be attributed to the reduction of tenorite (CuO).

In agreement with the expectances, the ratio between the in-
tensity of the signals II and I, /(IT)//(I), measured using the
baseline depicted in Fig. 2b—d, increases on increasing the
degree of alteration of the coin. This ratio can be considered
as representative of the averaged tenorite/cuprite ratio in the
corrosion patina. No background subtraction was carried out
because of the abrasive transference of the solid sample onto
the graphite electrode, its surface becomes scratched and the
‘true’ background differs from the blank voltammogram re-
corded at unmodified electrodes. Prior modeling of copper/
bronze coins electrochemistry assumed a variation of the
tenorite/cuprite ratio with depth following a potential law.
As a result, the ratio /(IT)/I(T) varies on the value of I/(I) as [8,
16, 48]:

AL (1)

A and « being two constants whose values are representa-
tive of the composition, manufacturing protocol, and corro-
sion level of the coin. Figure 3a depicts the plots of /(I1)/I(T)
vs. I(I) for the coins studied here based on data from five
replicate voltammograms sampling in different regions of
each coin. One can see that, in agreement with previous results
[8, 16, 48], experimental data can be fitted to different tenden-
cy lines. The eurocent coins (squares) are confined to clearly
lower I(IT)/I(I) ratios, in agreement with their expected low
proportion of tenorite. Coins C1 and C2 (solid squares) occu-
pied an essentially common curve whereas coins C3—-C6
(triangles) were distributed in a region having the higher
I(I)/I(T) ratios. The corresponding double-logarithmic repre-
sentation of I(IL)/I(1) vs. I(I) for the archaeological coins is
shown in Fig. 3b and permits their discrimination in close,
but separate, tendency lines. One can see in this figure that
the plots of log [/(II)/I(D)] vs. log [/(I)] show a satisfactory
linearity permitting to define the ordinate at the origin (formal-
ly equal to log A) and the slope (given by the exponent « in
Eq. (1)) as a parameters representative of each coin.
Accordingly, these two parameters can be taken as represen-
tative of the current state of the metal patina, depending on the
chemical composition of the original metal, the metallograph-
ic treatment used in the coin manufacturing, and the ‘corrosion
history’ of the piece.

EIS

Preliminary electrochemical experiments were performed
using eurocent coins in contact with different electrolytes.
As expected, EIS experiments in NaCl solutions using dis-
solved oxygen or Fe (CN)¢* "*~ as redox probes produced
significant damage in the surface of the coins. In contrast, no
significant (apparent) damage was observed using air-
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Fig. 2 Square wave
voltammograms for sub-
microsamples from the corrosion
layers of (a) eurocent coin (three
replicate experiments), (b—d)
coins C1 (b), C3 (¢) and C4 (d),
attached to graphite electrode in
contact with air-saturated 0.25 M
HAc/NaAc aqueous buffer at

pH 4.75. Potential scan initiated at
0.75 V vs. Ag/AgCl in the nega-
tive direction; potential step in- » . ) )
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saturated NaClO,4 aqueous solutions and mineral water at po-
tentials between —0.2 and — 0.8 V vs. Ag/AgCl, which were
used to test the possibility of using the reduction of dissolved
oxygen as a redox probe. In these conditions, however, there is
possibility of producing the reduction of copper compounds in
the metal patina, thus altering the composition and structure of
the same. As previously studied, such processes involve pro-
ton insertion associated to electron transfer, so that only occur
at a significant rate at the time scale of voltammetric experi-
ments in acidic electrolytes [8, 16, 49].

Although no visual appearance of surface damage was ob-
served in EIS experiments at mineral water and NaClO,4 aque-
ous solution, in order to discard the potential damage to the
coin surface, cyclic voltammetric and controlled potential cou-
lometric experiments were performed on eurocent coins at a
time scale equivalent to that of EIS measurements. Pertinent
data are shown in Fig. 4, where cyclic voltammograms and
current/time curves recorded upon application of a constant
potential of —0.65 V vs. Ag/AgCl for eurocent coins in contact
with mineral water and 0.10 M NaClO,4 are compared with
those recorded in 0.25 M HAc/NaAc buffer at pH 4.75. In this
electrolyte, the reduction of copper corrosion products (main-
ly cuprite) to copper metal followed by its subsequent strip-
ping oxidation look likes intense, noisy responses. Such fea-
tures result from the de-aggregation of the corrosion patina
and possibly gas evolution, making this electrolyte unable to
be used in EIS measurements, where stationary, equilibrium-
like conditions are demanded.

@ Springer
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The charge passed in such experiments in both mineral
water and 0.10 M NaClO, at times below 1 min were 10-20
times lower than those passed in acetate buffer. Remarkably,
no stripping peaks corresponding to the oxidation of copper
metal formed in the reduction of copper corrosion products
were detected in these electrolytes. This means that the unique
Faradaic process occurring significantly at the time scale of
EIS experiments in mineral water and 0.10 M NaClOy, is ac-
tually the reduction of dissolved oxygen (oxygen reduction
reaction, ORR).

Figure 5 shows the Nyquist and Bode plots corresponding
to the EIS measurements on a modern 5 eurocent coin in
contact with air-saturated mineral water and 0.10 M NaClO,
at the OCP. The Nyquist representation consisted on a de-
pressed capacitive loop. As expected, due to the different con-
ductivity of mineral water and NaClOy, electrolytes, the abso-
lute values of solution resistance, in principle given by the
impedance at the extreme of high frequencies were clearly
larger in mineral water than in 0.10 M NaClO4. The Bode
plots of the (minus) phase angle vs. log (frequency) showed
a maximum at intermediate frequencies while the representa-
tion of log (modulus of total impedance) vs. log (frequency)
consisted of an s-shaped curve. These spectra can be satisfac-
torily modeled using a Randles-type circuit which is consti-
tuted by a solution resistance (Ry), a charge transfer resistance
(R¢y) in series with a Warburg element (W) and in parallel with
a constant phase element (CPEy)) representative of the non-
ideal behaviour of the double-layer capacitance (see Fig. Sla
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Fig. 3 Representation of (a) i(I)/i(I) vs. i(I) and (b) log [i (I1)/i(D)] vs. log
[i(I)] for coins in this study. Data from five-seven replicate voltammo-
grams such as in Fig. 2 sampling in different regions of each coin

in Supplementary Information). This circuit has been used to
study protective coatings on copper around OCP [50, 51].
Table S1 (Supplementary Information) summarizes the aver-
aged values determined for such elements from simulations on
three independent impedance spectra.

Figure 6 compares the Nyquist and Bode plots correspond-
ing to the EIS measurements on a modern five eurocent coins
in contact with air-saturated mineral water and 0.10 M
NaClO,4 under the application of bias potentials of —0.4 V
(black), —0.6 V (green), —0.8 V (red) vs. Ag/AgCl, all around
the peak potential for the reduction of dissolved oxygen pre-
viously determined [8, 16]. The spectra exhibited relatively
large dispersion at low frequencies, an effect which was par-
ticularly marked at —0.8 V vs. Ag/AgCl and again the imped-
ances in mineral water were clearly larger than in 0.10 M
NaClO,. Repeatability tests produced satisfactory results, with
no significant changes in the EIS spectra for 3—5 replicate
experiments on the same coin. The inclusion of a Warburg
element in the equivalent circuits (see Fig. S1) is representa-
tive of the oxygen mass transfer through the electrolyte, and

a)
1TmA
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0 100 200 300
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Fig. 4 a) Cyclic voltammograms (two potential cycles at potential scan
rate 50 mV s~") and (b) current/time curves recorded upon application of
a constant potential of —0.65 V vs. Ag/AgCl for eurocent coins in contact
with mineral water (red), 0.10 M NaClO, (green) and 0.25 M HAc/NaAc
buffer at pH 4.75 (black)

mainly, in the case of highly corroded coins, of the partially
impeded oxygen transport through the microparticulate corro-
sion products to reach the metallic surface.

Such spectra were satisfactorily fitted to the equivalent cir-
cuit in Fig. S1b, used to describe cuprite [52] and self-
assembled protective monolayers [53] on copper. These ele-
ments can be associated to the charge transfer through the
metal patina displaying a resistive effect and a capacitive
one in the patina/electrolyte interface. Fig. S3 in
Supplementary information depicts the superimposed experi-
mental and modeled Nyquist plots at a bias potential of 0.4 V
in contact with mineral water and 0.10 M NaClO,.

Application of bias potentials between 0.2 and — 0.2 V pro-
duced impedance spectra relatively more complicated (see
Fig. S2 in Supplementary Information) whose modeling can
be satisfactorily made using the equivalent circuit in Fig. Slc,
also used for describing metal corrosion a nonporous oxide
layer or ‘barrier layer’ [54, 55].

To rationalize the recorded EIS, one can assume that, at
bias potentials between —0.4 and — 0.8 V vs. Ag/AgCl, the
impedance response occurred under approximately stationary
conditions being dominated by the ‘forced’ charge transfer
associated to the reduction of dissolved oxygen. This is a
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Fig. 5 (a, b) Nyquist and (c—d)
Bode plots from impedance
measurements on eurocent coin in
contact with (a, ¢ ) air-saturated
mineral water and (b, d ) air-
saturated 0.10 M NaClO;, at the
OCEP. Black circles: experimental
data points; Red circles: theoreti-
cal spectra modeled by the
equivalent circuit in Fig. S1

multi-step electron transfer process whose first stage in neutral
and alkaline media is the one-electron reduction of O, to anion
radical superoxide which is followed by protonation and com-
peting disproportionation/electron transfer processes [56, 57].
For our purposes, the relevant aspect to underline is that this

Fig. 6 (a, b) Nyquist and (c—d)
Bode plots from impedance
measurements on eurocent coin in
contact with (a, ¢ ) air-saturated
mineral water and (b, d ) air-
saturated 0.10 M NaClO, under
the application of different bias
potentials: —0.4 V (black), —0.6 V
(green), —0.8 V (red) vs. Ag/AgCl
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circuit potential (OCP) conditions. In order to apply imped-
ance measurements to archaeological metal objects, the above
results suggested:

a) Although both electrolytes provide comparable results in
regard to repeatability and modeling of EIS measure-
ments, it seems obvious that mineral water provides minor
possibility of alteration so that it was used for studying
archaeological artefacts.

b) As far as the characterization of archaeological objects
involves the determination of parameters dependent on
the patina composition, structure and texture (roughness,
porosity), EIS spectra at potentials between —0.4 and —
0.6 V vs. Ag/AgCl appeared as the most convenient for
such purposes.

Figure 7 compares the Nyquist plots for the impedance
measurements at —0.6 V vs. Ag/AgCl of coins a) C1, b) C6,
¢) C3 and d) C5 in contact with air-saturated mineral water. In
the case of coins C1 and C2, both presenting a uniform pati-
nation, the representation corresponds to a depressed semicir-
cle which is replaced, in the case of samples with gross uni-
form patination (C3 and C6), by two overlapping loops.
Remarkably, the size of the loop at high frequencies increases
on increasing the apparent degree of alteration of the coin,
being higher for coins C4 and CS5, displaying irregular gross
alteration locally accompanied by pitting corrosion.
Consistently, Bode plots (see Fig. S3 in Supplementary
Information) displayed two maxima of the (minus) phase

angle at frequencies between 500 and 100 Hz and between 5
and 10 Hz, respectively. These features indicated that there
was (at least) two relaxation processes to be accounted in the
impedance measurements. Although the dispersion of exper-
imental points in the low frequency region was also enhanced
on increasing the degree of alteration of the coin surface, thus
making difficult the modeling, EIS measurements of coins C1
and C2 were satisfactorily fitted (see Fig. 7a) to the equivalent
circuit represented in Fig. S1b, in agreement with previous
data for eurocent coins. The impedance spectra of samples
C3 and C6 (Fig. 7b, c) was fitted, however, to the equivalent
depicted in Fig. S4a (Supplementary Information), containing
a series combination of two parallel resistance plus capacitors
(optionally replaced by a CPE) sets, inspired in more compli-
cated circuits used to model the formation of oxide layers on
copper electrodes [56, 58, 59].

Discussion

Figure 8 shows for a two-dimensional diagram containing the
values of the ordinate at the origin and the slope of log [/(I)/
I(D)] vs. log [/(D] plots for a set of different eurocent coins with
apparently equivalent smooth degree of alteration, and the
archaeological coins studied here. One can see that the data
points are approximately distributed along an inclined band,
thus suggesting that both parameters are related. In this dia-
gram, the coins C3 and C6, both displaying (see Fig. 1) high
level of corrosion with local formation of agglomerates of
green corrosion products, occupy a position in this band

Fig. 7 Nyquist plots 10 1.2
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measurements of coins (a) C1, (b) ST
C6, (¢) C3 and (d) C5 in contact 9 9 X $ ‘.
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Fig. 8 Two-dimensional diagram containing the values of the ordinate at
the origin (OO) and the slope (SL) of log [i(I1)/i(1)] vs. log [i(1)] plots (see
Fig. 3b) for coins in this study

opposite to that of eurocents, whereas coins C1 and C2 are the
nearest and coins C4, C5 fall in an intermediate region of the
aforementioned inclined band.

In order to compare VIMP and EIS data, and due to the
absence of a common equivalent circuit able to describe sat-
isfactorily the different corrosion patterns, an empirical ap-
proach was used based on the use of .« logfimax and
log|Z,,w| as parameters representative of the impedance re-
sponse of the corroded metal surfaces, where f,.x represents
the frequency at which the maximum (negative) phase angle,
Ymax> appears in the region of intermediate frequencies of the
impedance spectra and |Z,,,| the absolute value of the total
impedance at the lowest tested frequency. This treatment
was inspired by that described by Chen et al. [58] in their
study of porous oxygen electrodes with discrete particles
and was previously used for characterizing coin series with
low degree of corrosion [8, 16, 48].

3.5

25

109(fnax / HZ)

154 = : :
2 4 6 8
10g9(|Zowl 1 Q)

Fig. 9 Variation of logf;,.x on log|Z,,| at different bias potentials for
eurocent coins and nineteenth century coins in this study. From five
independent replicate experiments in contact with air-saturated mineral
water at a bias potential of —0.6 V vs. Ag/AgCl
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Figure 9 depicts the logf;,.x Vs. 10g|Z;0w| plots from data in
replicate EIS experiments on the studied coins using air-
saturated mineral water as the electrolyte and applying a bias
potential of —0.6 V vs. Ag/AgCl. One can see in this figure
that C1 and C2 defined a common tendency curve close, but
separated from those of coins C4 and C5 and that of eurocent
coins. In turn, these are clearly separated from the tendency
curves of highly corroded coins C3 and C6 who also differed
between them.

These results can be considered as consistent with the idea
that, when a similar corrosion pattern appears, EIS data can be
used to discriminate between different monetary emissions.
Thus, coins C4 (Spanish Republic, 1870) and C5 (Alphonse
XII, Spain, 1877) displaying middle corrosion degree, pro-
duced impedance responses which can be separated using
appropriate parameters. The same situation was obtained for
highly corroded coins C3 (Spanish Republic, 1870) and C6
(Alphonse XII, Spain, 1877), as can be seen in Fig. 9.

It is pertinent to note that VIMP sampling was carried out
on brown-black regions of the coins and is particularly respon-
sive to the tenorite/cuprite composition of the secondary pati-
na. In contrast, EIS experiments included also the regions
presenting high local corrosion and were particularly repre-
sentative, under our experimental conditions, not only of the
composition of the corrosion layers (influencing the charge
transfer impedance), but also on its homogeneity, thickness,
porosity and roughness. Accordingly, there is possibility of
discrepancies between both techniques in relation to their
evaluation of the corrosion degree of the metallic surfaces.

Remarkably, the coins from different series appear to fol-
low parallel, but different, ‘corrosion routes’ which can be
seen in Fig. 10, in which the values of the (minus) maximum
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Fig. 10 Variation of the (minus) maximum phase angle recorded at inter-
mediate frequencies on the logarithm of the frequency at which this max-
imum appears for impedance measurements at a bias potential of —0.6 V
vs. Ag/AgCl for coins in this study. The ‘corrosion routes’ for Alphonse
XII 1877 coins (C1, C3, C5) and Spanish Republic 1870 coins (C4, C6)
are marked by grey and white arrows, respectively
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phase angle, (., recorded at intermediate frequencies are
plotted vs. the logarithm of the frequency at which this max-
imum appears. Here, the eurocent coins fall in a region of the
diagram separated from those occupied by aged coins which
in turn become progressively separated from the eurocents as
the degree of corrosion increases. Consistently with the fore-
going considerations, the corrosion route defined for the se-
quence Cl1 — C5 — C3 coins (Alphonse XII 1877, grey ar-
row) differs from the corrosion route defined by the couple
C4 — C6 of the Spanish Republic (1870, white arrow) coins
(C4, C6), thus confirming the idea that the advance of the
corrosion acts as an amplifier (in terms of electrochemical
response) of the differences between different coinage series
[8, 16].

All these results can be considered as indicative of the
capability of obtaining satisfactorily stationary EIS responses
of coins in non-aggressive mineral water and the possibility of
using these measurements for assessing the degree and type of
corrosion as well as for discriminating different monetary
emissions under conditions of equivalent aging, confirming
previous results using homogeneous series of coins [8, 16].

Conclusions

Voltammetry of microparticles measurements on sub-
microsamples from the patina of eurocent coins and highly
corroded nineteenth century copper/bronze coins in contact
with aqueous acetate buffer-produced systematic variations
of the signals for the reduction of tenorite and cuprite, group-
ing the coins for different corrosion patterns. Such variations
were consistent with those established using electrochemical
impedance measurements using the coins as a working elec-
trode in contact with air-saturated mineral water. In this case,
reasonably stationary responses were obtained mainly using
the reduction of dissolved oxygen as a redox probe. The elec-
trochemical techniques have proven to be a useful tool for the
studies on ancient metals as they give information without
compromising the conservation of the samples. In particular,
the voltammetry gives information about the composition of
the artefacts and its patina. Moreover, the voltammetric tech-
niques can be more easily understood by no-specialist public
in electrochemistry. On the other hand, EIS is a powerful and
useful technique, especially regarding the corrosion issues.
However, EIS can be of difficult interpretation for ancient
and corroded metals. So, it is desirable a combination of both
techniques as they are useful to give a comprehensive infor-
mation about the artefact. In fact, data reported her indicate
that it is possible to characterize different corrosion routes and
discriminating, in favorable cases, different monetary produc-
tions, thus defining a potentially useful analytical tool for the
study of highly altered metallic heritage.
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