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Mott-Schottky Analysis of Historical and Archaeological

Copper-based Objects

Antonio Doménech-Carbé,*™ Marianne Médlinger,” Laura Osete-Cortina, and

Maria Teresa Doménech-Carbo™

The application of Mott-Schottky (M-S) analysis of impe-
dance data to sub-micro samples extracted from the
corrosion patina of copper, bronze, and brass archaeological
artifacts attached to graphite electrodes is described. The
corresponding theoretical approach is developed to account
for the contribution of the composition and structure of the
corrosion patina and the effect of the bare graphite
substrate. Experimental data in contact with 0.10 M Na,SO,
aqueous solution at pH 6.28 are consistent with the p-type
semiconducting nature of the main copper corrosion prod-
ucts, cuprite, and tenorite. The values of the apparent flat
band potential and the slope of the M-S plots allow

Introduction

Obtaining information on the provenance, manufacturing
technology and age of archaeological metal objects is impor-
tant for archaeometric purposes.” This information is available
from well-established microscopy, spectroscopy, and diffraction
techniques.”™ However, in most cases, several factors limit their
application to valuable, often unique, artifacts, in particular
when the metallic core has to be accessed. As a result, there is
increasing interest in the development of techniques that focus
on the conservation and analysis of the corrosion patina of
archaeological objects.*"

To complement existing techniques, several patina-based
electrochemical techniques have been proposed in the field of
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archaeological samples to be grouped according to their
M-S parameters (slopes and intercepts). Assuming equivalent
conditions of corrosion, the resulting grouping is judged to
be dependent on the composition, and/or method of
manufacture, and/or age. Studied samples include Renais-
sance statues from the Hofkirche in Innsbruck and a variety
of objects from museums and Archaeological Heritage Office
(soprintendenza) in Austria (Bad Aussee, Johanneum Graz,
and the Tyrolean State Museums), and Italy (Genoa and San
Remo), dating from the Bronze Age to the 18™ century.
Complementary data are provided by voltammetry of immo-
bilized particles.

cultural heritage. These include in-situ electrochemical atomic
force microscopy,'? photoelectrochemical,™ electrochemical
impedance spectroscopy,*' open—circuit potential
measurements,'®'”" and voltammetry of immobilized particles
(VIMP),'"®2" coupled to other techniques such as electron
microscopy’®?" and Raman spectroscopy.”? Following its
development by Scholz et al.**?¥ the latter technique has been
widely used in the study of cultural heritage due to the need
for nanogram levels of sample.”** VIMP sampling on copper/
bronze objects allows the transfer of a series of micro-sheets
from the patina adhering to the surface of graphite
electrodes.’”?® Application of multiple-scan procedures has
been recently applied to obtain archaeometric information on
coppetr/bronze artifacts.”’ >

Here, we report a study of the application of a novel
technique, Mott-Schottky (M—S) plots, derived from impe-
dance measurements, to the study of archaeological metal
patinas. This method exploits the semiconducting nature of
the most common copper corrosion products (and eventually
other patina components such as Sn and Zn oxides), cuprite
(Cu,0) and tenorite (CuO), both of which are p-type semi-
conductors with direct band gaps of 2.2 and 14eV,
respectively.B%*"

The study is ultimately aimed to face a frequent problem in
the historical and archaeologic domain: the grouping/screening
of samples provided from insufficiently defined historical and
archaeological contexts according to their composition and/or
other factors such as provenance, manufacturing procedure,
age and/or corrosion history. The basic idea is that, under
equivalent ageing conditions, the differences in the composi-
tion and/or textural properties (compactness, crystallinity,
porosity, ...) of the patina reflect the differences in original
manufacturing, composition, etc. We hypothesize that such

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-5284-2811
http://orcid.org/0000-0002-7813-7846
http://orcid.org/0000-0003-0709-5885
http://orcid.org/0000-0003-3660-2161
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcelc.202300639&domain=pdf&date_stamp=2024-03-20

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202300639

differences will be reflected in the semiconducting properties of
the patina and, consequently, in the values of the M-S
parameters. Accordingly, the values of these parameters should
allow the grouping of homogeneous sets of samples.

The application of this technique for archaeometric
purposes is discussed based on its application to many
samples from Austrian museums (Bad Aussee, Joanneum
Graz, Tyrolean State Museums (Hall deposit and Renaissance
statues in the Hofkirche in Innsbruck)) and Italian museums
and Archaeological Heritage Office (soprintendenza) (Genoa
and San Remo). Most of these objects have previously been
studied using conventional techniques.’=® The M-S data
are complemented by electrochemical impedance spectro-
scopy (EIS) and VIMP measurements carried out on the same
set of samples.

Results and discussion
Preliminary Impedance Measurements

The classical electrochemical approach to the study of semi-
conducting materials is based on the determination of the
space charge capacity of films of the materials put in contact
with aqueous electrolytes. As described in the following section,
under certain conditions,®” the Mott-Schottky equation applies
to experimental electrochemical impedance data leading to the
characterization of semiconducting materials. Concerning the
potential application of this technique to the study of samples
from metal patinas adhered to graphite electrodes, it is
convenient to explore previously the suitability of impedance
measurements for testing the semiconducting behavior of bare
graphite and patinated metals.
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Figure 1. Impedance measurements on a bare graphite electrode (solid
figures) and the same after sampling on a eurocent coin (empty figures).
Electrolyte 0.10 M Na,SO, (pH 6.28). a) Mott-Schottky plots at a frequency of
10* Hz; b) variation of the (minus) phase angle with the applied potential at
a frequency of 10* Hz; c) variation of the averaged (minus) phase angle with
the frequency (circles: the difference between eurocent-modified and
unmodified electrode); d) variation of the apparent M-S slope with the
frequency in the 0.5 to 1.1 V potential range.
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Figure 1a shows the M-S plots obtained from impedance
measurements carried out on a bare graphite electrode and the
same after sampling a eurocent coin in contact with
0.10 MNa,SO, aqueous solution at pH 6.28 and a frequency of
10* Hz. The capacitance values of the bare graphite show a
slight variation in the range of potentials between 0.0 and 1.1V
vs. Ag/AgCl. In contrast, electrodes modified with samples
extracted from the patina of Eurocent coins show a significant
variation of capacitance with applied potential. In turn, the
(minus)phase angle recorded at the same frequency for the
sample-modified electrode remains essentially independent of
the applied potential and differs significantly from the phase
angle recorded for the bare graphite (Figure 1b). Repeated
experiments give consistent results as shown in Figure S.1 of
Supplementary Information. This results in 1/C* vs. E plots that
appear to be composed of two linear branches with similar
negative slopes. These negative slopes are consistent with the
p-type nature of the semiconducting components (cuprite and
tenorite) of the corrosion patina.

The potential range used in impedance measurements was
far from the potentials where the reduction of cuprite and
tenorite oocur.

Cu,0 (solid) + 2H* (aq) 4+ 2e~ — 2Cu (solid) + H,0 m

CuO (solid) + 2H* (aq) + 2~ — Cu (solid) + H,0 )

These processes yield signals at —0.1 and —0.4 V.25%)
However, this second signal is superimposed by some back-
ground current associated with the reduction of dissolved
oxygen. When the potential scan is subsequently reversed, an
anodic peak, often with peak splitting, is recorded at ca.
0.0 V.2¢?% This peak corresponds to the oxidative dissolution of
the previously formed copper metal deposit to Cu**™ (aq) ions in
the solution phase. In general, tin-localized voltammetric signals
were absent, a result of the well-known destannification
phenomenon®'”

Repeated impedance measurements in the same range of
potentials at frequencies between 10° and 10? Hz revealed
qualitatively similar characteristics. The variation of the
averaged (minus) phase angle and the apparent M-S slope
with the frequency are shown in Figures1c and 1d,
respectively. It can be seen that both parameters coincide for
unmodified and sample-modified graphite electrodes at
frequencies below 500 Hz. The difference in impedance
parameters between unmodified and sample-modified elec-
trodes increases rapidly at higher frequencies and tends to
stabilize at frequencies between 10* and 10° Hz. Accordingly,
these frequencies can be considered as indicative of obtain-
ing information on the corrosion patina of archaeological
samples adhered to graphite electrodes under our exper-
imental conditions.

To model impedance measurements, it must be taken into
account that the studied sample-modified working electrodes
consist of a series of micrometer—sized laminations” % depos-
ited on a graphite base. For modeling purposes, EIS experi-
ments were carried out at the OCP. Figure 2 shows the Nyquist
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Figure 2. Impedance spectrum recorded at the OCP for a eurocent-modified
graphite electrode in contact with 0.10 MNa,SO, (pH 6.28). a) Nyquist plot of
(Minus)Zin.g Vs. Zeeai; b) Bode plot of (minus)phase angle vs. logf; c) Bode plot
of log|Z| vs. logf; d) Equivalent circuit (see text). Experimental data points
(circles) are superimposed to the theoretical spectrum (continuous line)
taking R, =87 Q, C;,=0.014 puF, R, =342 Q, C,,=1.0x107° puF, R, =12.9 kQ,
Q=74 Qs " (n=0.78), and W=0.072 uQs "2

plot of the (minus)imaginary component of the total impedance
(Zimag) Vs. the real component of the same quantity (Z.,)
corresponding to the impedance spectrum recorded at the OCP
for a eurocent-modified graphite electrode in contact with
0.10 MNa,SO, solution at pH 6.28.

The experimental data points in Figures 2a-c can be
satisfactorily fitted to the equivalent circuit shown in Fig-
ure 2d. Here, R represents the solution resistance and Cy
represents the double-layer capacitance associated with the
interface between the electrolyte and the exposed graphite
surface. The effect of the semiconducting sheets adhering to
the graphite surface can be modeled by two parallel units of
resistance plus capacitance. One corresponds to the double-
layer capacitance (C,) and charge transfer resistance (R.)
across the semiconductor/electrolyte interface. The second
corresponds to the capacitance (C,) and its associated
resistance (R,) of the semiconducting patina. The best fit of
the data was obtained by replacing the capacitor C,, by a
constant phase element (Q,) and adding the Warburg
impedance (W) in series with R,. This situation is parallel to
that described in the impedance analysis of microparticulate
deposits and porous electrodes.*®

Theoretical background

General aspects

As previously advanced, the type and density of charge carriers
and the flat band potential of semiconducting materials can be

determined from impedance data based on the Mott-Schottky
equation:®”
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1 2 kT
G2 = ThNpese (E ~ fre *T) )

This equation predicts a linear variation of the inverse of the
square of the space charge capacitance Csc (F) with the applied
potential, E. In this equation e is the electron charge, E; is the
flat band potential, S is the electrode area (cm?, and k; is the
Boltzmann constant. N, is the density of charge carriers (cm™),
corresponding to the electron donor concentration for an n-
type semiconductor or the hole acceptor concentration for a p-
type semiconductor. € (F cm™') is the permittivity of the material
equal to the product of the vacuum permittivity, &, (=
8.854x107* Fcm™') and the relative permittivity (the ‘dielectric
constant’) of the material, €.

The 1/Cs* vs. E plot can be used for identifying the type of
semiconductor: the slope is positive for n-type and negative for
p-type, and for estimating the value of the flat band potential
and the carrier density in the material. In practice, M-S plots are
obtained from impedance measurements on solid films in
contact with aqueous electrolytes using potential ranges where
no faradaic processes occur. Usually, two simplifying hypoth-
eses can be applied:

a) Strictly speaking, there are two capacitances to consider,
that of the space charge region of the semiconducting
material and that of the double layer at the material/
electrolyte interface. As these capacitances are in series, the
inverse of the total capacitance is the sum of their
reciprocals. Since the space charge capacitance is much
smaller than the double layer capacitance (typically 2-3
orders of magnitude), the contribution of the double layer
capacitance to the total capacitance is negligible. Therefore,
the capacitance value calculated from this model is assumed
to be the value of the space charge capacitance.

b) The capacitance element is connected in series with a
resistor so that the instrumentation provides the imaginary
part of the total impedance. To minimize the contribution of
the resistance to the total impedance, it is convenient to
make measurements at frequencies in the kHz range.

Figure 3a shows a scheme for the band diagram of cuprite
and tenorite. It should be noted that the E is approximately
equal to the conduction and valence band edges for n-type and
p-type conductors, respectively,®?” but can vary significantly
depending on the material structure. For example, the Eg for
pure cuprite under similar experimental conditions to those
used here was 0.55V vs. RHE but becomes 1.13 V vs. RHE for
Cu,0—CuO heterojunctions.”" In addition, we assume that band
gap broadening due to quantum size effects®**" and those due
to the variation of the donor/acceptor density with the applied
potential® are negligible.

Continuous patinas
Let us assume that the electrode is formed by a homogeneous

semiconducting band consisting of a mixture of cuprite and
tenorite as schematized in Figure 3b. Ideally, the composition
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The capacity of this system, relative to the charge separation
T 24eV ©) between the cuboid-cuboid interface can be estimated as the
- result of the parallel combination of S/a*> columns each one
T 0 ..., containing the series association of d/a cuboids. In each

Tenorite

E / Vvs. RHE

Figure 3. a) Energy band diagram for cuprite and tenorite based on data
from.*2*¥ The dotted lines mark the valence band edges, corresponding
approximately to the respective flat band potentials. The double arrows
correspond to the forbidden energy band. b-d) Schematic representations
of the corrosion patina as a continuous layer (b) and as a set of cuboids of
equal size (c) and different sizes (d) distributed in columns separated by
intergranular material.

will be reflected in the value of the relative permittivity, €'. In
the simplest view, this would be intermediate between those
reported for cuprite (£'¢yp=16.2) and tenorite (€1 =18.1),"*

/

g = amneren + (1 — amen)€ e (2)

where ay represents the molar fraction of tenorite in the
corrosion layer assumed to be homogeneous. Since €'y > € cup,
one would expect the slope of the MS plot to be greater in the
inner (tenorite—poor) region of the patina than in the outer
(tenorite-rich) region. However, given the similarity between
the values of €y, and €, no significant changes in the
capacitance (and hence in the MS slope) associated with the
compositional change in the corrosion patina can be expected.
This ‘macroscopic’ view ignores the fact that cuprite and
tenorite are formed as separate phases and a contact potential
difference is necessarily established between them.

Granular patinas

The above ‘homogeneous’ view also ignores that the patina is
formed by the aggregation of grains (microcrystals) of the
mineral components. Among other possibilities, studies of
tenorite enrichment on multiple entropy-stabilized oxides™”
reveal that a secondary phase of tenorite has formed occupying
intergranular spaces between the cuprite grains. The effect is to
create a conductive percolation path which increases charge
transport and the effective dielectric constant.

The simplest way to model this system is to represent the
corrosion patina as a series of homogeneous cuboid grains of
equal size distributed in columns separated by intergranular
deposits as schematized in Figure 3c. The total number of
cuboids, N, can be estimated as the product of the number of
layers, 8/a, and the number of cuboids per layer, S/d i.e.,

ChemElectroChem 2024, 11, €202300639 (4 of 11)

column, we can consider the capacitance associated with each
cuboid, the capacitance associated with the intergranular
component (possibly tenorite occupies intergranular locations),
and the capacitance associated with the contact grain/
intergranular material. The capacitance associated with each
cuboid is,

aZ
Ccub = Eub z = A€qyp (4)

where ec,, represents the dielectric permittivity of the cuboids.
In turn, the capacity of the intergranular regions interposed
between the cuboids is,

aZ

Cint1 = Eint 7 (5)

where ¢, is the dielectric permittivity of the intergranular
material assumed to be homogeneous and A the intergranular
distance. In addition, we can consider a capacitance term
associated with the contact between the cuboid and intergra-
nular regions, Cy. In a column, all these capacitors are in series
so that the total capacitance of one column is:

11
c—=c+

column C

1
Cint + C_X (6)

cub

Assuming that a second portion of the intergranular
material forms columns interposed between the columns of
cuboids, the capacitance of each column of intergranular
material is,

Aa
CIatZ = gint? (7)

Since the columns of cuboids and intergranular material are
located in parallel between them, the total capacitance is (see
Figure 3¢),

S
C= E (Ccolumn + 4CIat2) (8)

Combining the above equations, the total capacity of the
patina can be expressed as,

S EaunlintCxa Al S
€= 5 eintCXa + gcubCX/‘L + ‘Scubginta2 * 4£ima B 89“5 (9)
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Here, €. is an effective dielectric permittivity function of the
cuboid size a, the intergranular distance, the dielectric
permittivities of the respective materials. In principle, one can
assume that A < a and ¢, ~ €, so that Eq. (9) becomes,

C~

S |: gcubgintCX :| (1 0)

5 SintCX + Scubginta
If the term Cy does not apply the capacitance is,

Ecub€int

c~2 A\
~3 [om + ean(ija) ™\a (1)

This means that neglecting possible contact effects, the
total capacitance depends on the A/a ratio. As previously noted,
under our experimental conditions, A <a and &~ €., SO that
one can approximate to,

~ S ecub
=5 {1 T u/aj (12)

This means that the total capacity will decrease as the 1/a
ratio decreases. The above equation reduces to that for a
homogeneous patina (C=¢,5/d) when 1=0.

Discontinuous Deposits

The above treatment applies to continuous films of the semi-
conducting material forming the working electrode. Our
systems, however, consist of a series of micrometer-sized
laminations®”2? deposited on a graphite base electrode
forming a discontinuous deposit. This can be described by the
equivalent circuit in Figure 2.

According to the simplified scheme in Figure 4 (inset), the
measured capacitance C results from the contribution of the

C

o 7_8 | . se [ R

o c

‘; graf:: ==CSC

Lo 7.2 I

P SL,
6.6

°
°
_.,.l—-.—.’.'../ SLZ
1.0 0.8 0.6 0.4 0.2 0.0
E / V vs. Ag|AgClI

6.0+

Figure 4. 1/C* vs. E plot for Graz sample 2862 (axe, Buchkogel/Wildon 2480,
02480; Archaologiemuseum, cat. no. 312, dated back to late Urnfield Culture,
1200-900 BCE) in contact with 0.10 MNa,SO, (pH 6.28). Frequency 1000 Hz.
Experimental data points (black circles) and straight trend lines illustrate the
corresponding M-S parameters. Inset: Simplified combination of capacitan-
ces.

ChemElectroChem 2024, 11, €202300639 (5 of 11)

parallel combination of the exposed graphite and the patina
layers. The latter in turn results from the series combination of
the space charge and the double layer capacitances. We can
assume that the patina plates cover a small fraction of the
graphite surface so that C,, can be considered constant.
However, the space charge capacity will depend on the size
and number of patina sheets. Assuming that our sample-
modified electrode contains K identical sheets extracted from
the patina of the metal object, the measured capacitance, C,
will be:

C = KCSC + Cgraf (‘I 3)
where Cgc is the space charge capacitance of a single plate.

According to the M—S model (Eq. (1)), this quantity varies with
the applied potential as,

1 2 kT
C_ﬁc = iNDgeﬁe (E_EFB_T) :i[A—i_B(E_EFB)}
(14)
Then, combining Egs. (13) and (14)
1T A+ B(E — Egp)
Cz KZ + Céraf [A + B(E - EFB] + 2KC9raf[A + B(E - EFB)]”2 (1 5)

At potentials where Cy.¢<[A+ B(E-Egg)] 7,

1 A+B(E—Eg)
<IN R (16)

Then, the 1/C* vs. E plot will tend to a straight line with
slope B/K* and intercept (A—BEg)/K>. The intercept/slope ratio
will be A/B—Eg, a K-independent quantity. At potentials where
E-E;z =~ 0, one can approximate,

1T A+ B(E — Eg)
C K+ C A+ 2KCoyuA2 (17)

Now, the plots of 1/C* vs. E will give straight lines of slope
SL given by,

B

SL
A + 2KCy A2 (18)

K>+

raf’
and intercept OO,

A — BEqy

00
A+ 2KCouA2 (19)

K+

raf’

The ratio between these two quantities is independent on
K, so that there will be a linear relationship between OO and SL:

A
00 = (E - EFB)SL (20)

It is worth noting that the contribution of the different
capacitance elements depends on the frequency used in the
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impedance measurements. The data in section 3.1 shows that

at low frequencies (approximately below 500 Hz) the Cg.¢ term

dominates over the KC, term in Eq.(13). This means that
impedance measurements at low frequencies will become
insensitive to the properties of the patina sheets. Accordingly,
high-frequency impedance measurements should be used to
group/discriminate archaeological metal samples.

For our purposes, there are several aspects to underline:

i) The net amount of patina adhering to the graphite surface
will vary in each experiment. Therefore, the absolute values
of C will vary in replicate experiments on the same patina.
However, the OO/SL ratios will be the same.

i) The values of the M—S parameters A and B in the preceding
equations reflect the charge carrier density and the
dielectric permittivity of the patina. Accordingly, they will
depend on the composition and structure of the corrosion
patina.

iii) The flat band potential reflects the bending in the band
structure of the semiconductor and can also be considered
as a patina characteristic. As judged from recent studies on
Cu,0-CuO  heterostructures®"  and  cuprite-based
patinas,™¥ the FEg is significantly influenced by the
structural properties of the junctions. Accordingly, it is
reasonable to expect that Eg values will differ in corrosion
patinas containing cuprite and tenorite with different
degrees of compactness and crystallinity.

Historical and Archaeological Samples

In all cases, well-defined-M-S plots of C™* v.s E were obtained.
As a representative example, Figure4 shows the M-S plot
generated from the experimental impedance data for Graz
sample 2862 (axe, Buchkogel/Wildon 2480, 02480; Archdologie-
museum, cat. no.312, dated back to the Late Bronze Age
(1200-900 BCE) in contact with 0.10 MNa,SO, (pH 6.28). In this
figure, the experimental data points (black circles) are accom-
panied by the straight trend lines (1 and 2) at low and high
potentials. To compare different samples we will use the slopes
(SL,, SL,) and intercepts (00,, OO,), defined according to the
criteria in Figure 4) of these straight lines.

First, we compared the M—S parameters for a set of samples
that can be considered as highly homogeneous, the 24 brass
statues of the Hofkirche Innsbruck. This corresponds to a series
of statues made in several workshops during the first half of the
16™ century CE whose production is well known from the
historical documentation.***® The composition was studied by
surface XRF®® suggesting a relatively homogeneous composi-
tion. This is a common feature in historic and archaeological
metal, whose elemental composition usually varies within
narrow ranges.”"

It is worth noting that surface XRF analyses cannot provide
the composition of the metal core of the objects.”*? XRF
analyses carried out in different regions of the same statue (4-
12 data points were taken depending on the shape and size of
the statue) revealed large variations in the Cu and Zn
contents.*® This is illustrated in Figure 5a where the entire set
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%wt Zn

(%wt Zn)/(%wt Cu)

70 80 90 100 70 80 90 100
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Figure 5. a) Values of the percentages of Cu and Zn from XRF data of
Hofkirche in Innsbruck statues (sampling in 4-12 different regions of each
statue) in this study. b) The same representation for statues HKO1 (rhombs),
HK10 (squares), and HKO9 (triangles). c) Variation of the (% wtZn)/(% wt Cu)
ratio on the percentage of copper determined from XRF data measured in
several points of Hofkirche in Innsbruck statues HKO1 (rhombs), and HK10
(squares). D) The same representation for sample HK11 (rhombs) and the
brass plaques (squares) at Hall deposit of the Tyrolean State Museums.
Continuous lines correspond to polynomial functions of degree 3.

of composition data is summarized by plotting %wtZn vs.
% wt Cu.

Surface XRF data show large variations in the Cu and Zn
contents in different regions of each statue. This is due to the
fact that this technique provides an averaged composition of
the outer region of the object more or less deep depending on
the local X-ray penetration. Figure 5b compares the results for
three statues showing the variation in the Cu and Zn contents.

In these circumstances, an estimate of the composition of
the metallic core of the objects can be made by assuming that,
due to the general phenomena of destannification and
dezincation,'” one can assume that the percentage of Zn (Sn in
the case of bronze) will be depleted from the inner to the outer
layers of the patina. Figure 5c illustrates a potential way of
estimating the Zn/Cu ratio in the metal core from XRF data.
Plotting the (%wtZn)/(% wtCu) ratio vs. the %wtCu, the data
points can be approximated to s-shaped curves that tend
towards a maximum Zn to Cu ratio. The plateau in the above
plot will correspond to the composition of the metallic core.
Our data reveal a quite similar composition of the statues (17 +
2%wtZn). As can be seen in Figure 5¢, where data for statues
HK 01 and HK 10 are superimposed, the only relevant difference
between them corresponds to the profile of the curved path,
not to the base metal composition.

Given the similarity in the composition of the metallic core
and the similarity in the corrosion conditions, such differences
can be attributed mainly to differences in the manufacturing
procedure. The above data can be compared with those
obtained for brass plaques from the deposit in Hall of the
Tyrolean State Museums. Note that, in this case, due to the
small size of the objects a unique XRF data point was obtained
for each plaque. The resulting (%owtZn)/(%wtCu) vs. %wtCu

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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plot (Figure 5d) can be approached to an s-shaped curve with
the same plateau as the statues in the Innsbruck Hofkirche but
a different dezincation profile (illustrated for statue HK11 in
Figure 5d). This result suggests that the base metal was of the
same composition for both sets of samples, but that the statues
and the plaques differ in their respective manufacturing
procedures and/or corrosion history.

To test whether these differences are reflected in the M-S
response, the variation of the apparent flat band potential
corresponding to the intercept of the first trend line, OO,, on
the slope of the same line, SL, was tested for the above
samples. Figure 6 shows the data points recorded for the brass
statues from Hofkirche in Innsbruck and the brass plaques from
the Tyrolean State Museums fabricated between the 15™ and
17™ centuries CE. These samples can be grouped around two
different almost linear tendency lines (except for sample HK10)
separating the statues and the plaques. This denotes that,
consistently with XRF data, M—S parameters are sensitive to
differences in the manufacturing technique and/or corrosion
history of the objects.

Restricting the M—S analysis to the Hofkirche in Innsbruck
brass statues, the main group of samples corresponds to statues
cast in the workshops of Godl, Sesselschreiber, P. Vischer the
Younger, and G. Loffler (see also Figure S.2 of Supplementary
Information). The ‘anomalous’ data point corresponds to sample
HK10, just the unique sculpture cast by P. Loffler/Leiminger in
1509 (see Tables S.1 and S.2). Given the common metal base
composition derived from the XRF data and the uniformity of
the corrosion history (from historic information), the M-S data
analysis suggests that the earlier workshops used quite similar
casting techniques, different from those used in the Loffler/
Leiminger workshop. The sensitivity of M-S data to subtle
changes in the properties of the objects is in agreement with
previous voltammetric studies on ancient coins allowing us to

00, / V vs. Ag|AgCI

0 2 4 6 8 10
SL,/F2V-1x 102

Figure 6. Variation of the OO, on SL, of the M-S representations correspond-
ing to brass samples from the Renaissance statues from the Hofkirche in
Innsbruck produced in the first half of the 16™ century CE (solid circles) and
plaques (circles) from the Tyrolean State Museums fabricated between the
15" and 17" century CE. The grey circle corresponds to sample HK10 (see
text). The continuous lines correspond to the fitting of experimental data to
potential functions. From impedance measurements such as depicted in
Figure 4.
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discriminate different series of coinages.”®?? Voltammetric data
were found to be entirely consistent with Raman spectroscopy
for discriminating historic mints.['”??

The data recorded for a series of brass plaques in the Hall
Museum dating from the 15" to 17" centuries CE (see
Tables S.3 and S.4 in the Supplementary Information) are also
shown in Figure 6. Interestingly, this data set falls within a
potential trend curve with an exponent of 0.83. Given the
similarity in composition and the relative similarity in age, the
difference between the two data sets can be mainly attributed
to differences in manufacturing and ‘corrosion history’.

Figure 7 illustrates the influence of the frequency used in
impedance measurements. It shows the OO, vs. SL; plots for
archaeological bronze samples of Roman (1%-2" century CE)
and Bronze Age/lron Age samples from the sopraintendenza of
Genoa and bronze samples of Roman (1°-2" century CE) and
Bronze Age from the museo civico of San Remo recorded at
frequencies of 10* and 10% Hz (see Tables S.7 and S.8). These are
relatively homogeneous sets of samples. Samples GE02, GEO5,
GE10, GE11, GE12, GE24 come from different archaeological
sites around the city of Albenga, all Roman age (1%-2™ century
CE), and samples GE13-GE23 were recovered in the site of
Sassello, assigned to the Bronze Age/lron Age. In turn, SR02-
SR08 samples correspond to Roman, objects from the sites of
Promontorio dell’/Arma, Castellaro di Monte Colma, and the
Necropoli di San Lorenzo all in the close vicinity of San Remo,
and dated to 1%-2™ century CE, whereas samples SR11a-SR11 h
correspond to a unique Bronze Age bracelet from the site of
Buco del Diavolo (Realdo).

It can be seen that experimental data points recorded at
10’ Hz show a relatively large spread and no discrimination
between Bronze Age and Roman Age samples. This is
consistent, as previously discussed, with the predominance of
the contribution to the total capacitance at low frequencies
from the exposed graphite/electrolyte interface. In contrast, the
impedance data at 10*Hz, grouped the experimental data

120 O
3 o, 5 ]
2 oLl S .
g Dl o
60 5&’ 2 0 %
o K
22 5 %
R
QCce
0 ) .
5 1 0.0 03 0.6
SLIF2V1x10% SLIF2V1x 102
14
o
3 . -7 5 2 o
H S ]
2 P 2
.
3, @’ 8
~ 1 o o
] @
- 00 °
[ O’.o
0+ o .
3 6 0 0.4 02 )

SLIF2V1x1012 SLIF2V1x 1012

Figure 7. Plots of OO, vs. SL, for archaeological bronze samples, a,b) GE02,
GEO5, GE10, GE11, GE12, GE24 (Roman 1"-2" CE, solid circles) and GE13-
GE23 (Bronze Age/lron Age, circles) from the sopraintendenza of Genoa, and
c,d) SR02-SR08 (Roman, 1""-2" CE, solid circles) and SR11a-SR11 h (Bronze
Age, circles) from the museo civico of San Remo. Impedance measurements
in conditions such as previous figures at a,c) 10* Hz, b,d) 10? Hz. The dotted
lines represent the approximate fit of experimental points to straight lines.
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points into well-defined trend lines, distinguishing between
Bronze Age and Roman Age samples. In Figure 7, the approx-
imate trends consistent with Eq.(20) are shown as dotted

These results are consistent with VIMP data for the same

sample sets. Similar to previously reported studies on archaeo-
logical copper, brass, and bronze artifacts,***>" square wave

straight lines.

This sensitivity can also be seen when considering a series
of samples of binary (Cu—Sn) bronze and almost pure copper
from the Urnfield Culture (1200-900 BCE) from the Johanneum
of Graz (see Supplementary Information, Tables S.5 and S.6). As
can be seen in Figure 8, the corresponding E,**" vs. SL, plot,
the data points for both series of objects define potential trend
curves whose respective exponents, 0.80 and 0.77, differ from
the series in Figure 6.

1.6
o
(o))
<
2 12
%)
>
>
~ 08
o @)
O O

0.4

0.0

0 1 2 3 4 5 6

SL,/F2V-1x 102

Figure 8. Variation of the OO, on SL, of the M-S plots corresponding to
binary Cu—Sn bronze (solid circles) and copper (circles) samples dating to
the Urnfield Culture (1200-900 BCE) and stored in the museums of Graz

voltammograms of sample-modified graphite electrodes in
contact with aqueous acetate buffer show the signals corre-
sponding to the reduction of cuprite and tenorite. Typical
voltammograms are shown in Figure 9 for samples AU06 (a
casting cake sample from Obertraun-Traunweg, cat. no. 36) and
Graz02 (a bronze axe from Buchkogel/Wildon dating to the Late
Bronze Age (1200-900 BCE)).

When scanning the potential in the negative direction, a
cathodic peak is recorded at ca. —0.15V vs. Ag/AgCl (C,). This
corresponds to the reduction of cuprite to copper metal and is
followed by a more or less intense shoulder at ca. —0.36 V (C,)
representing the reduction of tenorite to copper. The corre-
sponding peak currents (i,(N), i,(N)) were measured at the N"
scan using the criterion shown in Figure 9a. When scanning the
potential in the positive direction, a prominent anodic peak at
ca. 0.0V (A,) marks the oxidation of the previously formed
metallic copper deposit to Cu(ll) ions in the solution phase. As
previously described,””?* successive negative-going voltammo-
grams provide information on progressively deeper regions of
the corrosion patina of the objects studied using the accumu-
lated peak currents recorded for the processes C, and G, in
successive scans, ,(N), L(N) (L(N)=i,(1)+i,(2)+... +i,(N). As in
the case of the M-S representations in Figures 5-7, the values
of 1,(6) and /,(6) allow a distinction to be made between the
copper and bronze samples of the Late Bronze Age (Urnfield
Culture, 1200-900 BCE) from the museums of Graz (Johanneum)
and Bad Aussee. As can be seen in Figure 10, despite the
relatively large scatter, the data points for the bronze and
copper samples can be grouped around two distinct trend
lines.

(Johanneum) and Bad Aussee. The continuous lines correspond to the fit of
experimental data to a potential function. From impedance measurements
such as shown in Figure 4.

These VIMP results are consistent with the M-S analysis in

0.0 -0.5

0.0 -0.5

0.5 0.5
E I Vvs. Ag|AgCl E I Vvs. Ag|AgCl
0 0
C— —
<
E S
2 Y
A
b) d) A
-4 : -4 .
0.5 0.0 0.5 0.5 0.0 -0.5

E I Vvs. Ag|AgCI

E | Vvs. Ag|AgCI

Figures 6-8 based on 0O, vs. SL, plots. A second sample
grouping criterion based on M-S plots is shown in Figure 11.
Here, 00, vs. OO, plots are depicted for samples of a) brass
statues from the Hofkirche in Innsbruck, b) brass plaques
(Tyrolean State Museums) and bronze samples from the Graz

4.0
< 3.0
=
2)
= 20

1.0

0.0

0.0 0.5 1.0 1.5 2.0

Figure 9. Square wave voltammograms of graphite electrodes modified with
samples a,b) AU06 and ¢,d) Graz02 in contact with air-saturated 0.25 M HAc/
NaAc aqueous buffer at pH 4.75. Potential scan initiated at a,c) 0.45 V in the

1,6) I pA

negative direction; b,d) —0.45 V in the positive direction; potential step
increment 4 mV; square wave amplitude 25 mV; frequency 10 Hz. Six
consecutive scans (dotted arrows) are superimposed in a) and c). The solid
arrows indicate the direction of the potential scan.
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Figure 10. Variation of /,(6) on /,(6) for binary Cu—Sn bronze (solid circles)
and copper (circles) samples of the Urnfield Culture in the museums of Graz
and Bad Aussee. From voltammograms such as depicted in Figure 7a,c. The
continuous lines correspond to the linear fit of the experimental data.
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_ 1 _ 16 b All these data support the idea that M-S plots of impedance
[*)
2 % data can be used as a source of archaeometric information. This
§ o8 ¢ 08 * technique is of particular interest because of: i) the requirement
3 S for nanogram amounts of sample, i.e., at the sub-micro and
° ° nano-levels, and ii) by the fact that, by avoiding the application
00 00 of potentials where faradaic processes occur, repeated analyses
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0 . .
00,1V vs. AglAgCI 00,1V vs. AglAgCI can be carried out successively on the same sample.
1.6 1.6
3 ©) & o
2 <
2 s Conclusi
% o £ o0 < onclusions
The application of impedance measurements to sub-micro
o o5 10 - 2 %% s " s 0 samples of the corrosion patina of copper-based archaeological

00, IV vs. Ag|AgCI 00, 1V vs. Ag|AgCI

Figure 11. Plots of 00, vs. OO, determined in Mott-Schottky plots for: a)
Samples from the Renaissance statues from Hofkirche in Innsbruck; b)
Tyrolean State Museums brass objects; c) Johanneum (Graz) bronze samples
of ca. 4000 years old; d) Johanneum (Graz) bronze samples of ca. 6000 years
old. The continuous lines correspond to the linear fit of the experimental
data. From impedance measurements under conditions as in Figure 4.

Museum of c) ca. 4000 years old and d) 6000 years old. In all
cases, the data points define straight lines from the origin but
with different slopes. Brass samples from the Hofkirche statuary,
all around 500 years old, define a straight line with a slope of
0.80£0.03. This slope coincides with that of brass plaques from
the Tyrolean State Museums (0.8040.03) distributed over a
wide period (15" and 17" centuries CE). In the case of
approximately 4000-year-old bronze samples in the Graz
Museum, the slope is 0.67+0.03 while the equivalent 6000-
year-old samples have a slope of 0.64+0.03, thus suggesting
the possibility of an age dependence of the variation of OO, on
00,. This hypothesis is consistent with data for bronze samples
of the Urnfield Culture (dated back between 1200 and 900 BCE)
from the Graz Museum shown in Figure 12. Here, the plot of
Er,®P vs. E,™P can be fitted to a straight trend line with a
higher slope (0.78+0.03). These data suggest that the slope of
the linear variation of Eg,™ on Eq,°*° could be an age marker
whose value decreases with age.

12
5
< 10 of
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< 08 /
[ . 3
; /CJO/
- 0.6
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00, / Vvs. Ag|AgCI

Figure 12. Plots of OO, vs. OO, determined in Mott-Schottky plots for
bronze samples of the Urn Culture from the Johanneum (Graz) Museum. The
continuous lines correspond to the linear fit of experimental data. From
impedance measurements under conditions as in Figure 4.
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objects, abrasively attached to graphite electrodes in contact
with 0.10 M Na,SO, aqueous solution yields well-defined Mott-
Schottky plots. Consistent with the p-type semiconducting
nature of the dominant copper corrosion products, cuprite, and
tenorite, these plots can be approximated to two linear
branches with negative slopes. A simple theoretical model
allows these features to be rationalized as resulting from the
contribution of the fraction of the graphite electrode directly
exposed to the electrolyte solution.

The values of the Mott-Schottky slopes and apparent flat
band potentials obtained from the above plots allow the
archaeological samples to be grouped. This grouping can be
taken as representative of differences in the “gross” composi-
tion (mainly copper, bronze, and brass), and/or manufacturing
method, and/or age. This grouping is consistent with that
obtained from voltammetric data on the same samples in
contact with aqueous acetate buffer. Accordingly, Mott-
Schottky plots from impedance data can be seen as a new,
minimally invasive, analytical tool that complements the
existing techniques of archaeometric analysis.

Experimental

Samples were taken from various archaeological and historical
objects from museums in Bad Aussee (Kammerhofmuseum), Graz
(Johanneum), the Tyrolean State Museums (Hall deposit), and the
Renaissance statues from the Hofkirche in Innsbruck (Austria). The
list of objects (124 in total) and their characteristics is given in
Supplementary Information, TablesS.1 to S.8. These include 28
statues from the Hofkirche/Innsbruck (24 brass and 4 copper
statues), 47 brass, bronze, and Ag—Cu and Au—Cu objects from the
deposit in Hall of the Tyrolean State Museums, 26 objects from the
Johanneum Graz, 23 objects (mainly, copper casting cake) from the
Kammerhofmuseum in Bad Aussee, 26 objects from Archaeological
Heritage Office in Genoa (soprintendenza), and 14 objects from the
museo civico in San Remo. The examined samples cover a time
interval between the Bronze Age and the 18" century. Depending
on the size of the objects 1-3 samples were taken from each object.
Complementary experiments were carried out on Eurocent coins
with brown patina.

Sampling was performed by pressing a graphite bar (Faber-Castell
HB type, diameter 2 mm) over the surface of the object. The
graphite rod was previously polished on paper as is common in
VIMP.2*%! Sampling (2-3 samples per artifact) was carried out on
flat areas of the objects with a uniform brownish or blackish color.
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The samples were taken in the museums under the supervision of
the technical staff.

Impedance and voltammetric measurements were carried out at
the Department of Analytical Chemistry of the University of
Valencia (Spain) using a CH 1920c potentiostat (Cambria Scientific,
Liwynhendy, Llanelli UK). A conventional three-electrode config-
uration was used at room temperature (25+1°C). The 25 mL cell
contained the sample-modified graphite rod as the working
electrode, a platinum wire auxiliary electrode and an Ag/AgCl (3 M
NaCl) reference electrode. To obtain M-S data, impedance meas-
urements were carried out using the experimental conditions
reported by Jeong etal®" for the study of Cu,0/CuO nano-
structured architectures: electrolyte 0.10 M Na,SO, (pH 6.28) aque-
ous solution and potentials between 0.0 and 1.0V vs. Ag/AgCl.
Frequencies between 10> and 10° Hz were used. EIS experiments
were performed under the same conditions in the 0.1 to 10° Hz
frequency range with ac sinusoidal perturbation (peak-to-peak)
amplitude of 10 mV at the open circuit potential (OCP) determined
during equilibration for 5 min. The same electrode configuration
was used for the VIMP measurements, with an optional deaerated
0.25M HAc/NaAc solution (Probus Reagents) at pH4.75 as the
supporting electrolyte.

Supporting Information

List of studied objects containing relevant archaeological an
compositional data; additional voltametric records and data
processing.
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