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a  b  s  t  r  a  c  t

Relative  concentrations  of nickel  and  copper  at the  surface  of  the ring  and  centre  parts  of 1-peso  and
2-pesos  Argentine  coins  have  been  studied  by means  of X-ray  photoemission  spectroscopy  (XPS).  It has
been observed  Ni-enrichment  at the  surface  of  the  ring  (silvery)  part  of a 1-peso,  minted  in  1994,  whereas
the  XPS  data  reveals  lack  of  nickel  at the  surface  of the centre  (silvery)  part  of  a 2-pesos,  minted  in  2016.
This  discrepancy  is explained  by  analyzing  the  XPS  peaks  of  oxygen  and  carbon,  and  is  suggested  to be
eywords:
PS
urface segregation
u(I) oxide
u(II) oxide
i oxide

related  to  the  contamination  layer  on  the  surface  of the  coins.  The  XPS  analysis  of  the  golden  parts  of
the  coins,  namely  the  centre  part  of  the  1-peso  and  the ring  part  of  the  2-pesos  coins  were  inconclusive,
due  to  the  small  amount  of the  Ni (nominally  %2)  used  in those  parts.  The  possible  oxidations  states  of
the  metals  at  the  surface  of  the  untreated  and  treated  coins  with  the artificial  human  sweat  were  also
identified.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Due to the physicochemical properties of the nickel, and its sil-
ery bright finish, this metal is used in different daily objects, such
s jewelry, buttons, belt buckles, and door handles and so on. It has
lso been used heavily to mint coins all over the world, since it has
ome advantages in comparison to the other silvery metals, such
s price, color, density, and the ease of minting. However, the com-
unity of contact dermatologists has been alarmed that eczema

elated to Ni allergy has been on rise due to usage of these coins. It
as been estimated that around 10-30% of women and 1-3% of men
uffer of Nickel allergy [1]. The difference between the prevalence
f nickel allergy in men  and women is explained by the fact that the
omen are using more objects containing nickel than the men  do

2]. The American Contact Dermatitis Society, in 2008 named the
ickel as the Ällergen of the Yeard̈ue to abundant cases of contact
llergy with nickel [3].

The problem with the nickel release from the Ni-containing
oins is not new. To our knowledge nickel release from silver/nickel

lloy of Swedish coins were reported for the first time in 1974 [4].
n this reference, the authors reported not only the Ni release from
he coins that contain nickel, but also inform the Ni contamination

∗ Correponding author.
E-mail address: fsgard01@gmail.com (F.S. Gard).

ttps://doi.org/10.1016/j.apsusc.2017.12.052
169-4332/© 2017 Elsevier B.V. All rights reserved.
on the other coins (not containing Ni) and even on the bank notes.
Nevertheless, a serious debate over the Ni release of the coins and
its health hazardous was  triggered after circulation of euro coins
in all twelve EU countries, in January 2002, and by publication of a
brief communication in the journal Nature [5] in September 2002.
The authors, in this reference, report a release of 240 to 320 times
more nickel than it is allowed under the European Union Nickel
Directive [6]. This phenomenon is explained by the fact that the
coins central part and the ring part contain different amounts of
nickel, copper and zinc, (see Table 1). This fact encourages galvanic
corrosion process during prolonged exposure to human sweat. This
was confirmed by submerging a one Euro coin and a Swiss one-franc
coin, which contains 25% nickel and 75% copper, in artificial human
sweat for 36 hrs: The 1- euro coin was visibly corroded, whereas a
Swiss 1-franc coin was not.

Medical aspects of the Ni release from the coins, containing Ni,
from different currencies have been heavily studied [8], and the ref-
erences therein. However to our knowledge, there has been only
one study which XPS as the main technique was  used to investi-
gate the metallic composition on the surface of the Euro coins [9].
The authors, in this reference, present XPS studies of the central
and the ring part of two Dutch 1-euro coins. The results from the

untreated coins, directly off the normal circulation, are compared
with the polished and oxidized bulk alloy surfaces. They report sig-
nificant nickel enrichment on the surface of both the ring and the
centre parts of the untreated coins. The coins used in that study was

https://doi.org/10.1016/j.apsusc.2017.12.052
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.12.052&domain=pdf
mailto:fsgard01@gmail.com
https://doi.org/10.1016/j.apsusc.2017.12.052
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Table  1
Metallic concentrations of euro coins [7].

Coin Composition

1 euro-ring (golden) part
1 euro-central (silvery) part

1-layer: Cu 75, Zn 20, Ni 5
3-layers: Cu 75, Ni 25//Ni 100//Cu 75, Ni 25

1  euro-ring (golden) part
1 euro-central (silvery) part

1-layer: Cu 75, Zn 20, Ni 5
3-layers: Cu 75, Ni 25//Ni 100//Cu 75, Ni 25

Table 2
Atomic concentration of Ni, Cu and Zn metals measured by XPS on the ring and
centre part of two Dutch 1-euro coins (A and B), reference [9].

Ring centre

Ni Cu Zn Ni Cu

Bulk (official composition) 5.4 75.1 19.5 26.5 73.5
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Untreated surface (A) 9 58 33 55 45
Untreated surface (B) 10 65 25 42 58

inted in 1999. The paper was published in 2004, so we  estimate
hat the coins had been in circulation for almost to 5 years. Table 2
elow summarizes their results from reference [9].

Nevertheless, we believe that a much more detailed XPS studies
f the Ni-containing coins is needed in order to present a compre-
ensive view of the Ni segregation from the alloy used to mint the
oins. In the present work, we have used XPS to study Argentine
- and 2- pesos coins. The main components of these coins, similar
o euro coins, are copper and nickel, with an exception that in the
rgentine coins, zinc is replaced by aluminum in comparison to the
uro coins, see Table 3. High resolution XPS spectra were collected
rom the untreated coins and treated coins with the artificial sweat.
he possible corrosion products of the alloys were identified.

The official atomic concentration of the metals used to mint
rgentine coins as published by the Central Bank of Argentina

CBA) are listed in Table 3. Nevertheless, we have also measured
he actual composition of a 1-peso coin using Arc-Spark Optical
mission Spectroscopy (Arc-Spark OEM) technique. We  followed
he standard operation procedure of ASTM E415-99a: Standard
est Method for Optical Emission Vacuum Spectrometric Analysis
f Carbon and Low-Alloy Metals. The uncertainty in our measure-
ent was estimated to be 0.1%. The results are also given below

n Table 3. There are some small discrepancies between the offi-
ial information and our measurements. We  have no knowledge of
he process and the accuracy of preparing the alloys to mint the
oins, and our inquiries from the (CBA) are unanswered. Therefore,
e cannot comment on these discrepancies, except that, similar to
rgentine coins, the values of the official composition of the euro
oins reported in ref. [9] are also different than those, published by
he European Central Bank (ECB), see Table 1 in comparison to the
able 2.

. Experimental method
A 1-peso coin from 1994 and a 2-pesos coin from 2016, with-
ut any ex situ cleaning or pretreatment with the artificial human
weat, along with the standard samples of pure copper and nickel
ere introduced to the XPS chamber. XPS analysis was  carried out

able 3
fficial metallic concentration (in % weight) of Argentine coins published by the CBA, and

Coins Color 

$1-pesoa Silvery (ext. part) / Golden (central part) 

$2-pesosa Golden (ext. part) / Silvery (central part) 

$1-pesob Silvery (ext. part) / Golden (central part) 

a According to the official information the Central Bank of Argentina (CBA).
b Measured by Arc-Spark OEM, the uncertainty estimated to be 0.1%.
ience 436 (2018) 720–731 721

in a PHI 5000 VersaProbeII. The base pressure in the chamber was
in the range of 10-7 - 10-8 Pa. A monochromatic aluminum K� X-
ray source (100�, 25W, 15 kV) was used to probe the samples. An
Argon-etched, polished fine grained silver sample was used earlier
to measure resolution of the system. The Full Width at Half Maxi-
mum  (FWHM) of the 3d5/2 peak of the silver sample was  measured
to be 0.49 eV. All the Survey scans were collected under the fol-
lowing conditions; Energy Range: 0-1100 eV, the Pass Energy (PE):
187.85 eV, the step size: 0.8 eV, and the time per step was  50 ms.
For the high resolution scans the PE was  set to be 23.5 eV and the
step size changed to 0.1 eV. Spectra were analyzed using CasaXPS
software version 2.3.18.

3. Experimental results

In order to eliminate any ambiguities in the identification of the
metals (Ni, Cu) and their relevant states of oxidations on the surface
of the coins, XPS spectra under the same experimental conditions
were collected from Cu- and Ni-standard samples. The XPS spectra
collected from the standard samples are particularly essential to
analise XPS spectra from the metallic alloys of copper and nickel
used to mint the coins. The 2p3/2 XPS peak of the Cu(0), Cu(I) oxide,
Cu(II) oxide, and Cu(II) hydroxide are reported in a narrow range of
binding energy of (932.6 -934.6) eV [10]. The 2p region of the XPS
spectra of Ni and Ni oxides is rich in features. This can make the
chemical quantification of Ni and its oxides, based on the position of
the XPS peak, more demanding. The spectra consist of asymmetric
peaks, shake-up satellites, and high intrinsic background. The peak
fitting process of the samples containing Ni is potentially complex
due to multiplet splitting of the Ni 2p3/2 XPS peak of Ni(0), Ni(I)

oxide, and Ni(II) oxide [11].
The standard samples were etched for 10 min  by 2 KeV Ar+ ions,

in order to remove the native oxide or hydroxide and carbon from
the surface. The raster size was set to be 2 × 2 mm.  The Ni 2p3/2
XPS spectrum collected from a Ni 99.98% sheet of 0.5 mm,  provided
by Sigma-Aldridge, is shown in Fig. 1. Two  satellite peaks and their
binding energy above the main peak of Ni(0) at (852.5 ± 0.1) eV are
indicated in the graph. The position of the binding energy of the
main line and the additional satellites above the main emission
line are in good agreement with the reported values in reference
[11], within the uncertainty of our measurements. These satellite
structures are suggested to be associated to the energy losses cor-
responding to the surface and bulk plasmons [11], in contrast to the
previous study, where it is suggested that they are related to the
holes in the final state of c3d94s2 (c is a core hole) [12].

Fig. 2 shows the photoemission spectrum of Cu 2p3/2 collected
from a Cu 99.98% foil of 0.5 mm,  provided by Sigma-Aldridge, in
the range of 928-938 eV. A single Gaussian (70%)-Lorentzian (30%)
peak defined as GL(30) in CasaXPS is fitted at binding energy of
(932.59 ± 0.05) eV with a FWHM of 1.3 eV. This was expected, as we

routinely calibrate the energy analyzer based on the values of the
binding energies for Cu 2p3/2 and Au 2p3/2 peaks, namely 932.62 eV
and 83.96 eV, respectively, as recommended by ISO standard pro-
cedure.

 measured by Arc-Spark OEM.

Composition

Cu 75, Ni 25 / Cu 92, Al 6, Ni 2
Cu 92, Al 6, Ni 2 / Cu 75, Ni 25
Cu 76.1, Ni 23.9 / Cu 90.9, Al 7.5, Ni 1.6
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Fig. 1. Ni 2p3/2 spectrum from the nickel standard sample.
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Fig. 2. Cu 2p3/2 spectrum fr

.1. XPS spectra of the untreated coins

The coins were etched for 1 min  with high energy of Ar+ of 2 keV
n order to sputter the most top layer of the contamination (oxy-
en and carbon in form of organic and inorganic) off the surface. A
oderate erosion time has been chosen to minimize the erosion of

he metals and metal oxides of the coin. The raster size was set to
2 × 2 mm).  The energy of the Ar+ ions was then reduced to 1 keV
nd a depth profile was acquired with the steps of 2-minute inter-
al. A lower energy of the Ar+ ions was chosen in order to achieve

 moderate erosion rate. It is also important to reduce the reduc-
ion effect of metal oxide due to Ar+ ion bombardment. The erosion
ate of the Ar+ ions was pre-calibrated using a Si standard sample

ith a 100 nm thick SiO2 overgrown layer. The erosion rate of Ar+

ons with an energy of 1 keV and raster size of (2 × 2 mm)  was esti-
ate to be (1.0 ± 0.2) nm/min. A typical Cu 2p spectrum is shown
e copper standard sample.

in Fig. 3. It is collected from the ring part of the 1-peso coin of
1994 after 5 cycles of (2 min) of 1 keV Ar+ ions sputtering. The main
transition line is fitted with a major peak at (932.60 ± 0.05) eV cor-
responding to Cu(0) and a smaller peak at (933.8 ± 0.1) eV, which
is assigned to be due to existence of Cu(II) oxide on the surface. A
Shirley background type was applied to remove the contribution of
the inelastic electron scattering. We  have employed GL(30) peak
shape to fit both components of Cu 2p3/2. Two additional small
structures (Shake-up satellites) are observed in the range 940-
947 eV in the Cu 2p spectrum. Many authors use these structure
as an evidence of existence of Cu(II) rather than Cu(I) [13,14,15].

Table 7 in Ref. [16] lists the binding energies of Cu(0), Cu(I), Cu(II)

compiled from a survey of the references in the NIST database [10].

The authors also present their own  results from a series of standard
samples in Table 8 in Ref. [16]. We  have summarized those values
in the Table 4. Remarkably, the authors achieved a statistical sepa-
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Fig. 3. Cu 2p XPS spectrum of the 1-peso coin of 1994.

Table 4
Peak positions of Cu 2p3/2 binding energy compiled from reference 10, and 16.

Compound Cu 2p3/2 [eV]a Cu 2p3/2 [eV]b

Cu(0) 932.61 932.63
Cu(I) 932.43 932.18
Cu(II) oxide 933.57 933.76
Cu(II) hydroxide 934.75 934.67
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Table 5
Ni 2p3/2 values for Nickel from current study and compiled from reference [18].

Compound Peak 1 Peak 2 Peak3 Peak4

aNi(0) 852.6 856.3 858.7 N/A
aNi(II) 853.7 855.4 860.9 864.0
bNi(0) 852.5 856.3 858.7 N/A
bNi(II) 853.7 855.0 861.2 Not detected

a
a From reference [10].
b From reference [16].

ation of the peak positions for Cu(0) and Cu(I), in comparison to the
eported values in ref. [10]. It can be seen that, within the uncer-
ainty in our measurement, the positions of the Cu 2p3/2 of Cu(0)

nd Cu(II) peaks of the untreated 1-peso are in a good agreement
ith the reported values in [16].

Identification and quantification of the nickel oxide and nickel
ydroxide, like other transition metals, based on the XPS spec-
ra comes with a large uncertainty. The Ni 2p transition lines of
he oxide and hydroxide are relatively complex, they can contain

ultiplet splitting of the main line and the contributions of the
atellite structures [11]. Therefore, many authors are using a simple
eak identification technique based on a three-peaks model namely
i(0), Ni(I), and Ni(II) to interpret the Ni 2p3/2 XPS spectra [17]. In the

urrent study, we interpret and fit the Ni 2p spectra based on the
tudies done by M.  C. Biesinger et. al. [18]. The authors compiled a
omprehensive list of possible peaks associated to Ni metal and Ni
xide and hydroxide, Table 1 in Ref. [18].

Fig. 4 shows the spectrum of Ni 2p3/2 collected from the ring
art of the 1-peso of 1994 after 5 cycles of (2 min) of 1 keV Ar+ ions
puttering. A Shirley background type was applied to remove the
ontribution of the inelastic electron scattering. The spectrum is
tted with an asymmetric line shape both for Ni and Ni oxide and

ts respective plasmon loss peaks. The parameters of the compo-
ents of the Ni metal peak and its plasmon loss peaks are compelled

rom the standard sample presented above. An empirical fitting
rocess was applied using all the possible options suggested in ref-
rence [18] for Ni oxide and Ni hydroxide. The absolute values of

inding energy were constrained within a range of ± 0.3 eV of the
uggested values in the reference [18], and the best possible fit-
ing was achieved using the multiplet splitting of Ni(0) and Ni(II),
From [18].
b Current study.

namely NiO line and its respective satellite lines. The analysis of
the O 1s transition line, which is presented below also confirms the
existence of the Ni oxide in a chemical state of Ni(II).

The main transition line is fitted with a major peak at
(852.5 ± 0.1) eV corresponding to Ni(0). The corresponding bind-
ing energy values of the plasmon loss peaks of Ni(0), along with the
those of the Ni(II) are listed in the Table 5. The respective binding
energies of Ni(0) and Ni(II) taken from reference [18] are also pre-
sented. In the current study, the plasmon loss peak of the Ni(II) at
binding energy of 864.0 eV was  not detected. It is expected, as the
amount of NiO on the surface of the coins is small in comparison of
the pure NiO standard sample used in reference [18].

Depth profiling was  performed on three different locations on
the surface of the silvery part of the 1-peso and 2-pesos coins, in
order to achieve a better statistical evaluation of the ratio of Cu to
Ni. Fig. 5 shows part of the depth profiling (15 nm)  of the 1- and
2- pesos coins. The evolution of the relative atomic concentration
of Cu and Ni for the ring (silvery) part of the 1-peso of 1994 and
the centre (silvery) part of the 2-pesos of 2016 are compared in the
diagram.

It has been estimated that the relative concentration of Cu/Ni
at the surface just after removing the first layer of the contami-
nation, with 2 keV Ar+ ions for one minute, is about (67%/33%) for
the 1-peso coin of 1994, whereas for the coin of 2-pesos of 2016 is
about (93%/7%). The concentration of Ni reaches a maximum value
of ∼36% for the 1-peso coin at the depth of 4-5 nm.  The values which
are plotted in the Fig. 8 are the average values of the results obtained

from three different locations on the coins. The relative concentra-
tion ratio is getting close to the official data of 75%/25% in the range
of 10 to 15 nm depth. In our calculation of the metal concentrations,
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Fig. 4. Ni 2p spectrum from the silvery part of the 1-peso coin of 1994.
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Fig. 5. Depth profiling (15 nm)  of th

e have included the contribution of the Ni oxide, and Cu oxide but
xcluded the Ni satellite and Ni oxide satellite peaks.

A Ni-enrichment was observed at the surface of the 1-peso coin,
hich has been in circulation more than 20 years, whereas we

etected a lack of nickel at the surface of the 2-pesos coin of 2016.
e have not been able to monitor similar Ni enrichment on the

entre (golden) part of the 1-peso coin and the ring (golden) part
he 2-pesos coin. It was expected as the nominal value of the Ni
oncentration on the golden part of the coins is 2% of the total.

Fig. 5 reveals that, at least to a depth of ∼ 10 nm,  the amount
f Ni, for the 2-pesos coin, is much less than that of the official
ata, whereas for the 1-peso coin is the reverse. This discrepancy

etween the Ni/Cu atomic ratio for the new and the old coins can
e explained by considering the layer of contamination containing
ainly carbon (C) and oxygen (O) (in different forms of organic and
ry part of the 1- and 2-pesos coins.

non-organic), which has accumulated on the surface of the coins
during the circulation time. We  have discussed this in details below
in the Discussion section.

The high resolution spectra of the C 1s and O 1s peaks of the
new and the old coins show totally different characteristics. We
estimated that the thickness of the contamination layer on the old
coin is significantly greater than that of the new coin. Visual inspec-
tion of the coins also confirmed our finding. The 1-peso coin lost its
shine and it looked more dull than the new 2-pesos coin of 2016.

Fig. 6(A, B) shows the C 1s transition lines of the adventitious
carbon (AdC) collected from the silvery part of the 2-pesos of 2016
and the 1-peso of 1994 coins, respectively. They are collected after

sputtering the sample with the 2 keV Ar+ ions for a period of 1 min.

A quantitative comparison of the XPS transition lines from two
different samples is not a good practice, and we are not attempting
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Fig. 6. C 1s spectra from silvery part of the 1-p

o do that. However, by a rough assessment of the C 1s peaks, we
an estimate that the AdC on the surface of the 1 peso coin is at
east 50% more than that of the 2 pesos coin.

It is a widespread practice to use the dominant peak of AdC
amely (C-C/C-H) signal to calibrate the binding energy scales for
he other XPS peaks. The (C-C/C-H) peak of AdC is set to be at a cer-
ain value in the range of 284.0–285.2 eV, and all other spectra are
ligned accordingly [19]. This method was proposed by Siegbahn
t al. [20] for the first time, and it was set to be at 285.0 eV by him,
nd it is still a common practice in many labs around the world to
hoose this reference point to calibrate the location of other core-
evel transition lines. However, by increasing the resolution of the
ommercial XPS system, it was revealed that C 1s binding energy,

or example, could be related to the thickness of the hydrocarbon
ayer [21]. Therefore other reference points such as the Au 4f tran-
in of 1994 (A) and the 2-peso coin of 2016 (B).

sition line [22,23] are suggested to be used to calibrate the binding
energy.

In this study, the peak-fitting process of the AdC signal from the
1- and 2-pesos coins gave the value of 284.7 eV for the dominant
peak (C-C/C-H) of the carbon, therefore we did not find any reason
to calibrate the energy scale. In addition, the binding energy of Cu(0),
Ni(0) peaks obtained from the coins coincide with those from the
standard samples within the uncertainty of our measurements. The
values of the other components of the AdC lines of the 1- and 2-
pesos coins are listed in the Table 6 and are compared with the
published values in reference [24]. In the case of the 1-peso coin,
in addition to the other AdC lines component, we  have detected an
extra peak, which it is assigned to be related to metal-carbonate.
Fig. 7(A, B) shows the O 1s transition lines collected from the
silvery part of the 1-peso of 1994 and that of the 2-pesos of 2016
coins, respectively. They are collected after sputtering the samples
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Fig. 7. O 1s spectra from silvery part of the 1-peso co

Table 6
Adventitious carbon (AdC) line components of the 1- and 2-pesos coins in compar-
ison  to the published values in reference [24].

Component 1-peso [eV] 2-pesos [eV] Reference [24] [eV]

C C/C H 284.7 284.7 284.8
C  O C 286.1 286.2 ∼286.0
O  C O 287.9 288.4 ∼288.5

w
m
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the 1-peso and the 2-pesos coins, respectively. In the case of 1- peso
Metal carbonate 290.1 288-290

ith the 2 keV, Ar+ ions for a period 1 min. For many transition
etal oxides there are two main components that can be detected
y XPS. The first one at lower binding energy is due to lattice
xide of the metals and the second one at higher binding energy

s due to defective oxide of metals as suggested in reference [18].
in of 1994 (A) and the 2-pesso coin of 2016 (B).

This interpretation has also been confirmed by other experimental
methods [25,26].

We were able to fit the spectra of O1s with the corresponding
component of oxygen due to Ni(II) lattice oxide, at binding energy
of 529.2 eV for the 1-peso and 529.3 e V for the 2-pesos coin. The
peak at binding energy of 529.8 eV is ascribed as the contribution
to Cu(II) lattice oxide for both the 1- and 2-pesos coins. In addition,
the fitting process of the O 1s reveals an extra component for each
coin owing to the contributions from the defective oxide of Ni, at
the binding energy of 531.3 eV and 531.4 eV for the 1-peso and the
2-pesos coins, respectively. The contribution of Cu defective oxide
was identified at the binding energy of 532.0 eV and 352.1 eV for
coin, we have detected an extra peak at binding energy of 533.3 eV,
which is assigned to be to the contribution of water/organic mate-
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Table  7
O 1s peaks of the 1- and 2-pesos coins in comparison to the published values in
references [16,17], the uncertainty in our measurement estimated to be 0.1 eV.

Component 1-peso [eV] 2-pesos [eV] References [16],18] [eV]

Ni(II)Lattice oxide 529.2 529.3 529.30
Cu(II)Lattice oxide 529.8 529.8 529.68
Ni(II)Defective oxide 531.3 531.4 531.10
Cu(II)Defective oxide 532.0 532.1 531.99
Water/Organic 533.3 Not detected 532.80
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Table 8
Binding energies of the Cu 2p XPS peak and its satellite peaks from the corroded
region after 4 cycles of Ar+ cleaning and those from reference [16].

Main peak [eV] Satellite peaks [eV]

Binding energy 932.3 934.8 937.9 942.6 944.5 946.5
ig. 8. Photo of a 1-peso coin before and after exposure to the artificial sweat.

ial. The outcome of the peak fitting of O 1s XPS peak for 1- and 2
esos coins are listed in Table 7. The values of the respective O 1s
omponents obtained from references [16] and [18] are also listed.

Again comparison between the graphs in Fig. 7 indicates that the
mount of metal oxide on the surface of the 1-peso coin is higher
han that of the 2-pesos coin.

.2. XPS spectra of the treated coins with the artificial sweat

Bimetallic corrosion is a well-known phenomenon, which take
lace when two metals or alloys with different potentials are in
ontact with an electrically conducting corrosive liquid, such as
rtificial sweat. A comprehensive study of the electrochemical
ehavior of the galvanic couple between the outer (ring) and the

nner part of a 1-peso Argentine coins were performed and the
esults will be published in due course.

In the present work, only the results of corrosion tests performed
nder recommendations of ISO 3160-2 standard are presented. The
est was performed by resting a cotton swab embedded in artificial
weat on a 1-peso coin for 24 hrs, see Fig. 8, and after that, the cor-
oded region were analyzed by XPS in order to identify the nature
f the corrosion products. The artificial sweat was prepared accord-

ng to the ISO 3160 [27] standard: in one liter of distilled water we
dded 20 g/L sodium chloride, 17.5 g/L ammonium chloride, 5 g/L
rea, 2.5 g/L acetic acid, and 15 g/L racemic lactic acid. The pH was
hen adjusted to 4.7 with 80 g/L NaOH solution. In all cases, the
eagents used were analytical grade

Fig. 9 shows a typical Cu 2p spectrum from the corroded part of
he 1-peso coin. Identification of the Ni or Al corrosion products was

nconclusive, as it was expected, due to the detection limit of the
PS technique. The atomic concentration of Ni and Al in the golden
art of coin are nominally %2 and %6, respectively. In addition, iden-
ification of aluminum and aluminum oxide chemical states in a
(a)Binding Energy N/A 934.67 N/A 939.30 942.20 944.12

(a) From reference [16].

sample containing copper comes with a large uncertainty due to
the interferences of Cu 3s and Cu 3p XPS peaks with the Al 2s and
Al 2p peaks.

All the components in the spectrum are fitted with GL(30) line
shapes, and a modified U2 Tougaard background type, as defined
in the CasaXPS software, was  applied to remove the contribution
of the inelastic electron scattering. A simple Shirley background
will cut through the spectra, and a simple Tougaard background
results in a background relatively far from the raw data. The Cu 2p
binding energy region comprises of two  main components, 2p3/2
and 2p1/2, due to the spin-orbit splitting. These two components
are well separated (around 20 eV), therefore only the Cu 2p3/2 peak
has been analyzed to identify the various copper chemical states.

The binding energies, derived from the curve fitting of Cu2p3/2
region are listed in Table 8. Three major components are fitted for
the main peak of Cu 2p3/2: One component at binding energy of
(932.3 ± 0.1) eV, which is assigned to Cu(I), it can be attributed to
species such as cuprous chloride (CuCl), cuprous oxide (Cu2O), and
the reduction of Cu(II) products to Cu(I) under XPS analysis and Ar+

ions cleaning process. The reduction of Cu(II) to Cu(I) is well known
and has been reported previously [28,29,30]. We  have verified this
fact by collecting the spectra repeatedly after (8 cycles) of 2 min
2 keV Ar+. The comparison of spectra, (not reported here) reveals an
increase of the Cu(I) component at the expense of Cu(II) component.

The second component is located at binding energy of
(934.8 ± 0.1) eV, which is assigned to Cu(II) species. It can be in the
form of cupric hydroxide Cu(OH)2, and cupric carbonate (CuCO3).
The Cu(II) carbonate is a likely substance, since the Cu(II) hydrox-
ide is rarely found as an uncombined substance because it reacts
with carbon dioxide in the air and form a basic copper(II) carbonate,
through a chemical reaction as given below:

2Cu + H2 O + CO2+O2→ Cu(OH)2 + CuCO3

As a matter of fact, the green-bluish patina which forms on the
copper alloy statues in the cities is in principle a 1:1 mol  mixture of
Cu(OH)2 and CuCO3 [31]. Finally, a third peak was fitted at higher
binding energy of (937.9 ± 0.1), which we assigned to Cu(II) chloride
di-hydrate; CuCl2(H2O)2. We imply that Cu(II) chloride CuCl2, which
is a light brown solid, forms during the exposure of the coin with
the artificial sweat. It will then absorb water molecules to form a
blue-green di-hydrate.

In addition to the main peak, a structure seen at higher bind-
ing energy in the range of 942-947 eV which were fitted with
three satellite peaks at the binding energies of (942.6 ± 0.2) eV,
(944.5 ± 0.2) eV, and (946.5 ± 0.2) eV.

Appearance of satellite peaks due to Cu(II) above the main peaks
of Cu 2p3/2 and Cu 2p1/2, in the range of 939–945 eV and 959–964 eV
is a well-known phenomena [14,15,16].

The existence of these satellite lines are understood as a con-
sequence of a simple charge-transfer model explained in [32,33].
They suggest the main peaks are corresponding to (2p53d10C) final
states, whereas the satellite structures correspond to (2p53d9) final
states (here C core hole after the process of charge-transfer).
In the literature, a range of different shapes of satellite peaks
are reported for Cu(II) in general and Cu(OH)2 in particular, see for
instance references [34,35]. The number of peaks, which has been
used to fit the satellite structure are also different, it varies between
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F ions treatments, inset is the Cu 2p3/2 XPS peak after three cycles of Ar+ ions cleaning.
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Table 9
The Cl 2p XPS peak obtained from the corrosion product.
ig. 9. Cu 2p XPS peak obtained from the corrosion product after four cycles of Ar+

 to 3 [14,17,36]. These discrepancies could be due to the resolution
f the XPS system. For instance, M.  C. Biesinger et al. [16] reported 1
eak for the main transition line, and 3 peaks for the satellite struc-
ure for a pure Cu(OH)2 standard sample, which are listed below
n Table 8 along with our results. The authors report a peak at the
inding energy of 934.67 eV for the main transition line.

In addition to the peaks at the binding energies of 942.20 eV
nd 944.12 eV, they were also able to fit an extra peak at binding
nergy of 939.30 eV for the satellite formation. The positions of our
rst- and second-satellite peaks are comparable with the positions
f their second- and third-satellite peaks.

In some of our energy scans from the corroded region, we
eeded also an extra satellite peak, similar to reference [16], in the
ange of (939.0-940.0) eV, to be able to fit the satellite structure. We
iscovered a direct relationship between the ratio of the Cu(I) and
u(II), (which is changing due to the effect of Ar+ bombardment)
nd the appearance of this peak in particular and the shape of the
atellite structure in general, (see inset in Fig. 9). The main spec-
rum in the Fig. 9 shows the Cu 2p collected after four cycles of Ar+

leaning, whereas the inset shows the Cu 2p3/2 XPS peak after three
ycles of Ar+ ions cleaning. Not only we have observed an increase
n the intensity of Cu(I) peak after four cycles of Ar+ cleaning in com-
arison to that after three cycles of Ar+ ions cleaning, but also the
hape of the satellite structure has been changed. It is an interest-
ng fact and further investigations are needed to verify this, which
s beyond the scope of the current paper.

In order to support our findings and the identifications of the
opper chemical states, XPS spectra were also collected from the Cl
p, and O 1s binding energy regions. Fig. 10 shows the XPS spectrum
f Cl 2p binding energy. The spectrum was fitted with two pairs of
onstrained doublets. The separation of the major peak from the
inor peak in each doublet was set to be 1.6 eV and the area of the
inor peak was constrained to half of that of the major peak, as

t is expected from Cl 2p3/2 and Cl 2p1/2 peaks. The fitting process
esulted in an envelope which matches remarkably with the raw

ata. The binding energies of the components of each doublet are

isted in the Table 9. Similar values are reported in [37] and [10],
nd references therein.
CuCl-doublet [eV] CuCl2-doublet [eV]

Binding Energy 198.4 200.1 201.0 202.6

Fig. 11 presents the O 1s XPS spectra acquired from the corrosion
product after 4 cycles of Ar+ ions cleaning. It has different character-
istics in comparison to the O 1s peaks in Fig. 7 of the untreated coin
with artificial sweat. The analysis of the O 1s peak verifies our inter-
pretation of the Cu 2p XPS peak and confirms our identifications of
the Cu chemical states.

The O 1s spectrum was fitted with three components. The GL(30)
line shape and a Shirley back ground was used to remove the con-
tribution of the inelastic electron scattering. The main peak in the
O 1s region centered at the binding energy of (533.5 ± 01) eV is
ascribed to the contribution of the copper carbonate and the sec-
ond larger component located at the binding energy of (531.3 ± 0.1)
eV is attributed to the copper hydroxide, and finally the component
at the binding energy of (529.2 ± 0.1) eV can be due to the possible
small amount of metal oxide at the surface.

4. Discussion

The concept of segregation of the binary metal alloys in general
[38,39] and Cu-Ni alloy in particular [40,41] is well-known and has
been studied heavily. The major part of the earlier investigations is
pointing in the direction of the Cu surface enrichment rather than
Ni surface enrichment, independent of the ratio of Cu/Ni bulk con-
centration. However, in a more recent study [42], the experimental
results of solute Ni segregation to the surface in Ni1-xCux alloys,
(X is in the range of 0.8-1.0) has been reported, in contrast to the
earlier believe that the Cu atoms always segregate to the surface.
The authors made also an interesting observation in connection
to another investigation on the catalytic activity of Ni-Cu alloys in

cyclohexane dehydrogenation into benzene [43].

In reference [43], the authors reported their measurements of
the chemical reaction as a function of Cu-Ni alloy composition. They
observed a rapid increase as Cu bulk concentration increases from
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Fig. 10. Cl 2p XPS peak obtained from the corrosion product.
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Fig. 11. O 1s XPS peak obta

 to 5%, it reaches a plateau in the Cu concentration in the range
f (10-80)%, and again decreases as the Cu bulk concentration fur-
her increases to 100%. They interpreted the initial rapid increase
n the catalytic activity is due to Cu enrichment at the surface, but
hey were not been able to explain the steep drop in the Ni solute
ange. Other evidence of the Ni segregation is presented in [44],
he authors investigated the surface segregation of Ni1-xCux alloy
where X = 3, 6, 9, 15, 20, 30, 45, 80, 90, and 95) using a Time of
light (ToF) atom probe. They observed that solute elements tend to
egregate to surface upon annealing in the temperature of 300 ◦C to
00 ◦C, namely the Ni atoms segregate in the Cu rich alloys, whereas
he Cu atoms segregate in the Ni rich alloys.
It is of interest to point out that all the investigations on the sur-
ace segregation of the Cu-Ni alloys, mentioned above, were carried
ut at higher temperatures than the room temperature. However,
he higher temperature will only increase the activation energy and
rom the corrosion product.

reduce the time of the segregation process. It means that the surface
segregation can also happen at room temperature but during longer
period of time. We  consider that Ni segregation actually take place
for the coins made of the Cu-Ni alloy, where the bulk concentration
of the Cu is higher than that of the Ni, such as the coins in the cur-
rent study, and the euro coins. In contrast to the interpretation of
the earlier study [9], we  believe that the surface segregation of Ni of
the Cu-Ni coins is actually, an intrinsic phenomenon, where exter-
nal factors during the circulation time of the coins can accelerate
the process.

To understand the reason for the discrepancy in the ratio of
atomic concentration of Cu/Ni between the particular coins used

in the current study, one has to bear in mind that what is detected
on the surface of the coins is a product of the interplay of 2 dynamic
processes that happen simultaneously to the coins during the
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irculation time, namely surface segregation of the constituent
toms and removal of Ni from the surface.

There are countless of references that confirm Ni can be removed
rom the surface of coins by rubbing and handling with hands and
hysical contact with any other objects such as a wallet or even
ank paper notes. We  have cited a few of them (references 1-5) in
he Introduction section. In a recent study [45], the author designed
nd developed an experimental strategy for assessment of short
nd frequent skin exposure to nickel containing consumer products
n daily life. The author, in this study, reports the presence of nickel
n the skin after only a single contact with all the Ni-containing
bjects. Therefore, the process of Ni-release from the surface of
he Ni-containing alloy of daily usage objects such as coins is well
stablished. It was also demonstrated that the Ni can be removed
asily from the surface by handling with hands.

The other process which defines the chemical composition of
he coin surface is the surface segregation in the bimetallic alloys,
hich depends on a few major factors, such as the atomic radii

f the metals, their surface free energy, and the oxide formation
nthalpy of the metals.

The atomic radii of Cu and Ni are very similar (128 pm and 124
m), respectively [46]. Therefore, size difference does not play an

mportant role with respect to the surface segregation in this sys-
em. One can draw a p̈arallelismb̈etween the ätomic size effectïn
he bimetallic alloys and the so called b̈razil nut effect,̈  where in a
ontainer of mixed nuts with different sizes, the bigger nuts tend
o raise on the surface. In a Cu-Ni alloy system ẗhe nutsḧave almost
he same size.

The process of surface segregation was theoretical studied by
ibbs [47]. The significant result of this study is the so called Gibbs
dsorption isotherm equation given by:

A = −
(
∂�
∂�A

)
T,P

here �A is termed the s̈urface surplusöf component A (in an arbi-
rary A-B binary system), � is the surface free energy or sometimes
alled surface tension for liquids, and �A is the chemical potential of
. In plain English, what the above-mentioned equation implies, is

hat a constituent element which can lower the surface free energy
ill be segregated to the surface and the concentration of that atom

ncreases at the surface region.
Consequently, according to the Gibbs adsorption isotherm equa-

ion, Cu is expected to segregate towards the surface due to its
ower surface free energy [48]. This would be true if the alloy was
n the vacuum, in the absence of surface adsorbates. The condition is

ore complex for the Cu-Ni alloy in the air, due to chemisorptions
nduced surface segregation. The presence of oxide and oxygen-
ontaining adsorbates such as H2O, CO2, CO, and predominantly
xygen itself in the air will change the circumstances [49].

For the bimetallic system of Cu-Ni in air, the Gibbs free energies
or NiO, Cu2O and CuO are −211.7104 kJ/mol, −146.0216 kJ/mol,
157.3184 kJ/mol [50]. The Gibbs free energy for NiO is lower than

hat of both Cu2O and CuO. This means that in the Cu-Ni alloys, the
i preferentially segregating to the surface and Cu inwards. For a

urface of any bulk bimetallic alloy, the large volume inside can act
nly as a semi-infinite source for one atom and a sink for the other
51].

The role of the oxygen chemisorptions induced segregation is
robably more important than all other gases, in which the oxygen
f the air preferentially pulls one component to the surface and thus
nriches the surface in that component. The enthalpy values for the

ormation of NiO (-239.7432 kJ/mol), Cu2O (-168.6152 kJ/mol) and
uO (-129.704 kJ/mol) (49) indicate that Ni oxide is formed more
asily than Cu oxides. In other words, the oxygen literally d̈ragsẗhe
i atoms to the surface. Based on the thermodynamically argument
ience 436 (2018) 720–731

given above one can only expect that Ni to be concentrated on the
surface of the coins.

A vast different theoretical approach and models are proposed
to describe the surface segregation phenomena in bimetallic alloys
[52], and the references therein. However, they all have one princi-
ple in common: that the surface segregation occurs in the 5-10 nm
outermost layer (selvedge) of the alloy. It is important to empha-
size that the surface enrichment phenomenon is not the same as
the diffusion of the atoms from the bulk to the surface due to the
heat and/or concentration gradient.

In our upcoming paper, we have reported that 1-peso Argentine
coins were immersed in the artificial sweat solution during 1 week
and, after that, a chemical analysis of the solution were performed
with the Inductively Coupled Plasma Optical Emission Spectrom-
etry (ICP-OES) technique. We  have measured the concentration of
Ni dissolved in the artificial sweat on average to be 2.9 ± 0.1 ppm
[53]. This means that Ni atoms not only have been segregated to
the surface but also have been released from the coins during only
one week of exposure to the artificial sweat. For the bimetallic alloy
in an aqueous environment, other factor operates that accelerate
the surface segregation of the constituent atoms, namely water-
induced surface segregation [54]. Our preliminarily XPS studies on
these coins confirm also the depletion of Ni at the surface, similar
to the results we  obtained from the coin minted in 2016.

In the light of the above argument, we  believe that it is estab-
lished that thermodynamically Cu-enrichment on the surface is not
plausible for the coins under investigation in the current study.
The Ni-depletion on the surface of the coin from 2016 can only be
explained that the Ni atoms after the process of the surface seg-
regation have been removed by physical contacts with hands or
other objects. On the other hand, the observed Ni-enrichment on
the coin from 1994 can only be explained that either it did not go
through the same removal process by the external objects as for
the coin from 2016, or the contamination on the surface which is
considerably more than that for the coin from 2016, prevented the
Ni atoms to be removed from the surface.

Finally, it is of interest to mention that the other feature, the
depth profiling of the coin from 2016 reveals, is that the diffusion
of Ni atoms from the bulk to surface did not take place during the
circulation time, despite a clear existence of concentration gradient
between the bulk and the surface. This can be explained as the
diffusion of Ni from the bulk to the surface needs more energy than
the process of the surface segregation. Therefore, for the alloys at
low temperature ambient, the diffusion process, if it is possible at
all, would take infinite time to occur.

5. Conclusion

The surface of the ring and centre part of 1-peso of 1994 and
2-pesos of 2016 Argentine have been studied by means of the XPS.
It has been observed that nickel and copper on the surface of the
untreated coins present in the form of Cu(0), Cu(II), and Ni(0), Ni(II),
respectively. Examination of the O 1s peak position and its com-
ponent confirm our identifications of the chemical states of the
metals. In addition, the fitting process of the Ni 2p XPS spectrum
also shows a multiplet splitting for Ni(0) and Ni(II). The position of
Shake-up lines also confirms the existence of the nickel oxide in the
form of Ni(II). Depth profiles were acquired from the silvery part of
the coins, and the ratio of the metallic concentration were deter-
mined within the 15 nm depth. We  observed nickel enrichment at
the expense of copper on the surface of the silvery part of the 1-peso

coin of 1994, whereas the result from 2-pesos of 2016 coin shows
the reverse, namely lack of Ni in comparison to Cu within 15 nm
depth. By comparison of the Cu 1s and O 1s XPS spectra obtained
from the coins, we proposed an explanation to this discrepancy. The
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epth profiling from the golden part of the coins is inconclusive due
o the small amount of the Ni (nominally %2).

Additionally, oxidation of the golden part of the coins with the
rtificial sweat in air for 24 hrs reveals mainly the formation of cop-
er hydroxide, and copper carbonate on the surface. By examining
he Cl 2p XPS peak, we can also conclude the formation of the Cu(I)-
nd Cu(II)- chloride on the surface.
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