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KEYWORDS Abstract This work presents the perspective of applying the laser desorption/ionization mass spec-
Corrosion; trometry (LDI MS) for characterization the anode film of the AggyCuseZn 4, Agss sCusz; sPdg, and
LDI MS; Age3CusysIngg alloys (at high concentrations of chloride ions in solutions). The reference LDI mass
Clusters; spectra of anode films of pure Ag and Cu have been used for the identification of product corrosion.
“superhalogen”; Knowing the clusters detected in the reference spectra lead to the facilitating identification of the
Ag-Cu alloys LDI mass spectrum of the sample and reduces the analysis time. The LDI MS analysis of these

alloys revealed that the predominant corrosion product are AgCl (from Ag,Cl %%, n = 1-3),

and CuCl (from “superhalogen” Cu,,Cl; clusters, m = 1-2, n = 2-6); it also revealed Cu(OH);-
ClI (from Cu,(OH)(H,0),) and Cu,O (from Cu(H,0) ", Cu,O doped with chlorine). These results
are in accordance with the X-ray diffraction and Raman analysis. The LDI MS spectra of alloys
contain the additional peaks formed due to the mutual influences of different metals in the alloys
(AgCuCl; (AgCl-CuCly), AgCu,Cly (AgCl-CuCl-CuCly), and Ag,CuCly (AgCl-AgCl-CuCl),
which is consistent with the identified corrosion products. It should be noted that the LDI MS sug-
gest the presence of CuCl,, which can be interpreted as the corrosion products retained in the por-
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ous films of alloys, and not detected by the other methods due to a small amount. The future the-
oretical and experimental studies of metal clusters, significant for metallurgy, can contribute that
the LDI MS is becoming a powerful analytical tool for characterization the metal surfaces.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The silver-based alloys are widely used as the technical materials in
various industries. Primary, they are the general-purpose soldering
materials. The unique feature of these alloys is that they can exception-
ally join various types of materials, for example, copper with stainless
steel or most metals with ceramic materials (Haynes, 2014; Wang and
Xue, 2016; Zhang et al., 2019). Particular categories of soldering alloys
are the three-component and four-component alloys based on the Ag-
Cu system, where the third or fourth component is: zinc, palladium,
indium, tin, or nickel. It has been revealed that these systems are the
best substitute for the Ag-Cu alloys with cadmium, because the cad-
mium alloys are prohibited for the general use in the EU for concen-
trations higher than 0.01 % (Commission Regulation (EU) No.
494/2011) due to a high toxicity of cadmium vapors during soldering,
and the general toxicity of this heavy metal (Wierzbicki et al., 2011).

The Ag-Cu systems have a high corrosion resistance compared to
the cheaper copper alloys. However, corrosion occurs in seawater,
especially in the form of dezincification of these alloys, which are resis-
tant only if the silver content is high (over 43 % for the Ag-Cu-Zn sys-
tem). It should be noted that this resistance is conditional and
insufficient at the high electrode potentials where porous surface films
are formed (Dimitrijevic et al., 2015; Way et al., 2020). Because corro-
sion is a complex physical and chemical process that significantly
affects the economic viability of the application of these alloys, many
methods are used to study this phenomenon, such as a scanning elec-
tron microscopy with the energy dispersion spectroscopy (SEM-EDS)
(Cao et al., 2021), X-ray diffraction (XRD) (Saud et al., 2015), Raman
spectroscopy (Dimitrijevic et al., 2016) and atomic force microscopy
(AFM) (Ma et al., 2015). Despite this, the development of new meth-
ods and expanding the application of existing methods to characterize
this complex physicochemical process remains an important task. Pre-
vious research has opened the possibility of applying a laser desorp-
tion/ionization mass spectrometry for that purpose.

The laser desorption/ionization mass spectrometry was discovered
50 years ago. From then until today, this method has constantly been
evolving, culminating in discovery a matrix-assisted laser desorption/
ionization (MALDI). The introduction of matrices, organic com-
pounds that absorb laser wavelengths, has enabled the MALDI MS
to become the leading analytical method for various applications rang-
ing from detection the small-bioactive to large macromolecules com-
pounds and their distribution in tissue (ranging from plant to
animals, and human tissue, so even inorganic samples) (Hillenkamp
et al.,, 1986; Tanaka et al., 1988; Cody et al., 1990; Carre et al.,
2005; Eriksson et al., 2013; Yang et al., 2015; Mandal et al., 2017,
Duan et al., 2022). Commercial MALDI MS instruments are very easy
to use and have the ability to put a large number of samples (from 100
in some instruments and 360 spots) in one set of measurements there-
fore the active researches are focused on expanding the field of appli-
cation of these instruments. A part of research is focused on examining
the possibility of replacing the organic matrices with the other com-
pounds of inorganic nature (surface-enhanced LDI MS) (Tomer
et al., 1983; Johnson et al., 1987, Miladinovic et al., 2010; Tata
et al., 2012). On the other hand, there are the intensive researches
for possibilities of application the commercial MALDI instruments
without the use of matrices. The results have shown that the matrix-
assisted, surface-enhanced and LDI mass spectrometry can be the
methods that estimate the state of metal surface upon various treat-
ments and conditions (Pytskii and Buryak, 2011b; Pytskii and

Buryak, 2014; Dimitrijevi¢ et al., 2020; Pavlov and Attygalle, 2012;
Pytskii and Buryak, 2011a; Pytskii and Buryak, 2011b; Pytskii and
Buryak, 2014). Also, the LDI MS was used to characterize the numer-
ous inorganic systems, and has proven to be very successful in identi-
fying the heterogeneous and homogeneous metal clusters. These
processes are very often closely related (Pangavhane et al., 2010;
Prokes et al., 2014; Pefia-Méndez et al., 2008; Kruegel et al., 2013;
Attygalle et al., 2018; Mehta et al., 2019; Pavlov et al., 2020).

This paper is a continuation of our systematic studying the possibil-
ity of this method application for characterization the anode film of Ag-
Cu alloy. Previously, the LDI MS method in the positive mode was suc-
cessfully applied to detect and characterize the corrosion products on
the surface of Ag-Cu-X (X = Zn and Pd) alloys (Vurdelja et al.,
2017; Dimitrijevic et al., 2020). However, the results of a negative mode
of the LDI MS are missed; hence, here the application of this mode for
characterization the corrosion products of the AgsoCusreZn;s, Agsss-
Cus; sPdyg, and Age;CuysIngg alloys was investigated. The LDI mass
spectra of an anode film of pure silver and copper are used as the refer-
ence mass spectrum to study the mutual influences of different metals in
the alloys on the LDI MS analysis. These reference spectra should con-
tribute to a better understanding of cluster-ions formation from the
products corrosion of pure Ag and Cu, which could improve the ability
to interpret the LDI mass spectra of alloys. The missing results for Ag-
Cu-In, such as the positive mode LDI MS, the potentiostatic curve
analysis, XRD analyses, phase and microstructure analyses (SEM/
EDS), are also presented in this paper. These results are necessary to
consider the advantages and limitations of the LDI MS method.

2. Experimental

Anode films on the surface of AggyCuseZn 4, Agss sCuszy sPdo,
and AggCuysIng alloys were obtained by the potentiostatic
polarization in 3.5 % NaCl solution at temperature of
25 + 0.5 °C. The constant potential of + 500 mV versus the
SCE (Saturated Calomel Electrode) in a time interval of five
minutes was applied, and the measurement of current tran-
sients was recorded on an Interface 1000 Gamry potentiostat/-
galvanostat/ZRA (Zero Resistance Ammeter) controlled with
Gamry Framework 6.25 software (Gamry Instruments Inc.,
Philadelphia, PA, USA). Chemical analysis of bulk solution
was performed by the SpectroBlue (Spectro Analytical Instru-
ments, Germany) ICP-OES instrument.

2.1. SEM/EDS studying

The microstructure and phase compositions were studied using
a scanning electron microscope operated at 20 keV (model:
JSM IT 300LV, JEOL, Tokyo, Japan) with an EDS detector
(model: X-max, Oxford Instruments, Abington, UK; 126 eV
resolution).

2.2. X-ray diffraction

The X-ray diffractometer Explorer (GNR Analytical Instru-
ments Group, Novara, Italy) was used for the XRD analysis.
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The operating parameters for XRD were CuKo,, radiation
(A = 0.1542 nm) at 40 kV and 30 mA, 20 ranging from 3°
to 90° with a 0.02° step. The resulting diffractograms were
compared with data from the database ICDD (PDF-2 Release
2015 RDB) using the software PDXL 2 Version 2.4.2.0.

2.3. Laser desorption/ionization mass spectrometry

The mass spectra in this work were obtained on a commercial
matrix-assisted laser desorption / ionization mass spectrometer
(MALDI MS), Voyager-DE PRO (Sciex, USA)). A mass ana-
lyzer is a time of flight (TOF) analyzer operating in the linear
or reflector mode as the standard. A nitrogen 20 Hz pulse laser
with a wavelength of 337 nm, with pulse duration of 3 ns, was
installed in the mass spectrometer. All mass spectra were
recorded under the following instrumental parameters: acceler-
ating voltage 20000 V, grid voltage 94 %, laser intensity 3400
a.u., and number of laser beats 300. The experiments in this
work were performed in the negative reflectron, with a delayed
extraction time of 100 ns for all samples.

In particular, the experimental isotopic pattern was com-
pared with the theoretical model for the supposed compound.
The experimental isotopic pattern was determined based on
values of the signal-to-noise ratio for individual signals in a
particular group of peaks; the paper presents the mean values
obtained on the basis of five measurements on one spot under
previously determined optimal conditions.

The non-standard methods for sampling are often used in
the LDI MS method, in the characterization the inorganic sys-
tems; for example, a sample can be mechanically removed
from a specific surface with a wooden stick and put to a plate
without the use of solution (Pavlov et al., 2009; Pavlov and
Attygalle, 2012; Zheng et al., 2017). In this work, a sample
for the LDI measurements was obtained by mechanically
removal a part of the anode film from the electrode using
the abrasive corundum polishing paper (P2000), placed in a
laboratory beaker and introduced into an ultrasonic bath for
ten minutes. This obtained sample was suspended in 10 pl of
deionized water; 1 pl was applied to a MALDI stainless steel
plate and dried at room temperature before being introduced
into the instrument.

3. Results and discussion

This study added a new alloy from the Ag-Cu-Metal (where
the metal is less noble metal than copper) system. The silver
alloy Agg;CuysIngg has a similar microstructure as the palla-
dium and zinc bearing alloys and belongs to the silver brazing
alloys. Fig. 1 shows the microstructure of this alloy.

From Fig. 1, a two-phase microstructure could be identified
and is consistent with the XRD analysis (given below) and
phase diagram of this ternary system (Muzzillo and
Anderson, 2018). Numbers in Fig. show the places where the
EDS analysis was performed. The EDS chemical analysis of
both phases has confirmed the existence of Ag-rich and Cu-
rich phases, and their average composition is given in Table 1.

It is interesting to underline that the alloy tends to concen-
trate the whole copper in its phase, with the Cu content higher
than 99.99 % at room temperature equilibrium and about
0.01 % in Ag rich phase (which then becomes a pure two-
component phase). It is also illustrated with the calculated
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Fig. 1

SEM micrograph of the Agg;CussInyg alloy.

equilibrium at 350 °C given in Table 1. This temperature is
chosen as the lower part of experimental phase diagrams and
temperature far below any (theoretical) multiphase phase
transformation reaction in the Ag-Cu-In ternary system
(Chang et al., 1977).

Naturally, the composition on the right side of Table 1 has
not been reached. Still, the compositions of the phases are very
similar, with nearly 95 % pure copper in one phase and
another as almost pure Ag-In phase (with just about 5 % of
Cu). It is worth saying that the measurement of the phase com-
position was difficult since the areas of pure phases were only a
few micrometers in any direction. Thus, the influence of
another phase is almost inevitable (including the depth of the
X-ray penetration at 20 kV).

The marked surfaces in Fig. 1 present the eutectic areas.
They are characteristic of the ternary silver-copper alloys; this
is particularly pronounced in the Ag-Cu-Zn alloys (-
Dimitrijevicet al., 2018) and also present in the tested Ag-
Cu-Pd alloy (Dimitrijevic et al., 2020). Their composition
was very similar to the whole alloy composition. The compo-
sition range was: Ag 65-68 %, Cu 23-36 %, and In 7-11 %.
The largest area of that type is in the lower-left corner, marked
with the ellipse (rectangle inside of it presents the site of inter-
est for the EDS analysis). The silver content was higher, and
lower concentrations of the other two components were
obtained, especially for copper. Small dimensions of the struc-
tures (copper-rich areas) can explain these results.

Potentiostatic polarization curves for the Ag-Cu-Zn and
Ag-Cu-Pd alloys were published in the previous paper (-
Dimitrijevicet al., 2018), and now have been completed with
the measurement for the Agg;Cuy;In;g alloy, whose potentio-
static current transients are present in Fig. 2.

In Fig. 2, an apparent similarity can be seen between the
indium alloy and the other two alloys of the Ag-Cu-X system.
Characteristically the pseudo steady state was the feature for
all three alloys; here, the current density (j) value was the high-
est among them (about 2 mA /cm?). However, this flattening of
the curve for j has started earlier than for both other alloys.
Additionally, the maximum value of j was between values
for the alloys containing Pd and Zn, indicating that the corro-
sion resistivity of the In-containing alloy is just between them.

The bulk concentrations of metals in solution after the
potentiostatic polarization are 297 ppb for Cu, 32 ppb for
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Table 1 Metallurgical phase compositions for the Age;CuysIng alloy determined by the EDS, compared to the thermodynamic

equilibrium at 350 °C.

Measured Thermodyn. equilibrium at 350 °C
Phase/Metal (Ag) (Cu) (Ag) (Cu)
Silver, Ag 82.59 3.78 85.22 0.16
Copper, Cu 5.27 94.32 1.49 99.15
Indium, In 12.14 1.90 13.29 0.69
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the detection limit, and since the analyses were performed in 5 ® Cu,(OH) CI
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below that value. These results indicate a rapid formation of =
surface layers, preventing the initial dissolution of all metals é .
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in the Ag rich phase, which are significant subjects discussed
in the explanation of Fig. 3.

The XRD analysis has provided a significant insight into
the alloy structure and primary constituents of anodic film
on the alloy surface. The XRD diffractograms of Agg;CussIngg
before and after anodic polarization at the studied conditions
are given in Fig. 3.

The indium-bearing silver-copper alloy is the typical two-
phase alloy. From a phase diagram of the Ag-Cu-In system,
the alloy is deep in a region where the silver rich (Ag) and cop-
per reach (Cu) phases are stable (Muzzillo and Anderson,
2018). Due to the better solubility of indium in silver, it has
a higher concentration in the (Ag) phase, besides that both
metallurgy phases contain all three metals. Fig. 3 a) is just
an explicit confirmation of the previous. Fig. 3 b) reveals that
AgCl and CuCl are the main products at the alloy surface. The
XRD pattern of CuCl was weak, probably due to its high

20(9)

Fig. 3 XRD pattern of Agg;CuysIng alloy; a) untreated, b) after
anodic polarization.

porosity and lower thickness than AgCl film, since the intensity
of XRD peaks is highly influenced by both (Singh et al., 2014;
Serafinczuk et al., 2020). Contrary to this, the AgCl XRD pat-
tern was apparent, suggesting that a silver chloride film was
more compact and thicker than the film from copper (I) chlo-
ride. It further explains a lack of indium in bulk solution and
supports the previous explanation in the paragraph.

In contrast to the other two alloys, the anodic oxidation on
the surface of indium bearing one produces two valent copper
in the form of Cu(OH);Cl. Although it had no pronounced
peaks, copper oxychloride features a full diffractogram pat-
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tern, suggesting that the presence was not questionable. The
XRD results, together with the chemical analysis of solution,
indicate that the CuCl oxidation to Cu2 + ion was the main
reaction that produced two valent copper. The authors
detected copper(I) oxide in Fig. 3, but it was characterized
by the featureless pattern and absence of significant peaks.
The only clear peak for Cu,O at about 36.5° was very weak,
and no convincing evidence of its existence on the alloy sur-
face. The second peak was even less noticeable, supporting
the previous conclusion that Cu,O could be present just as
the trace component.

3.1. LDI MS analysis

The LDI MS analysis consists of two parts. First, the reference
mass spectra of anode films of pure Ag and Cu are shown indi-
vidually. In the second part, the LDI MS of samples contains
results from the negative mode of the anode films of AggoCuye-
Znyy, AgsgsCuspsPdig, AgesCussIngy, and positive mode of
Ags3CuyyIng (since the results of the positive mode of two
other alloys have been discussed earlier (Dimitrijevi¢ et al.,
2020).

Generaly, varying the laser intensity can lead to a small
change in the intensity ratio of detected peaks. The spot inho-
mogeneity on the MALDI-plate can also cause the same effect.
However, since the aim of this paper was not to determine the
optimal conditions for obtaining and stability of the detected
clusters, the mass spectra illustrating these observations have
not been presented. It is known that the LDI mass spectra
are not entirely indifferent to the solvent used for sample
preparation, which is why water and ethanol are used as sol-
vents in our research (Pavlov and Attygalle, 2012). The mass
spectra recorded from both solvents differ slightly; the spectra
obtained with water are presented in this paper.

3.1.1. LDI MS analysis of the reference mass spectra

As alredy mentioned, the interaction of laser radiation with sil-
ver and copper salts or oxides can lead to the formation of
their heterogeneous clusters (Qin et al., 1997, Rashidzadeh
and Guo, 1999). For example, the LDI mass spectrum of AgCl
salt includes peaks of Ag', Agy, Ag,Cl™H, AgsClH, Ag,Cly
and AgzC13 clusters (Qin et al., 1997). On the other hand, dif-
ferent types of lasers were used for characterization the clusters
of copper (I) chloride, copper (II) chloride, and copper
trihydrog-chloride by the LDI MS: in the case of the LDI
Fourier transform ion cyclotron resonance mass spectrometer
(LDI FT ICR MS) was used an internal Nd:YAG laser at
355 nm; the laser microprobe mass analyzer (LAMMA) was
equiped quadrupled Nd:YAG laser at 266 nm; the LDI Four-
ier transform mass spectrometer (FTMS) was equiped excimer
laser at 248 nm, and the LDI TOF MS with nitrogen laser at
337 nm.

It should be noted that the LDI mass spectra for three com-
pounds contain very similar clusters, such as Cu,Cl™ and
Cu;Cly in the positive mode, and Cu,Cl, (m = 1-2,
n = 1-5) in the negative mode, while Cu,OH * is only detected
on copper trihydroxy-chloride (Colin et al., 1998; Zhang et al.,
2003; Ruttink et al., 2011). Despite these facts, Colin et al.
have used the LAMMA and LDI FTMS to characterize the
corrosion layer formed on the surface of copper-nickel alloys.
They have identified the corrosion products by comparison the

mass spectra of sample with the mass spectra of copper (I)
chloride, copper (II) chloride, copper (I) oxide, and copper
trihydroxy-chloride solution (Colin et al., 1998).

In this work, the referent mass spectra were the LDI MS
(the negative and positive mode) of the anode films of pure
Ag and Cu (Figs. 4 and 5). Analysis of the anode film of Ag
using the LDI MS produced the following peaks in the positive
mode (Fig. 4a): Ag*t (m/z 107.14, 109.15 caled 106.90, 108.90),
AgCl-Na* (m/z 165.20, 167.22, 168.21 caled 164.86, 166.86,
168.86), Agy (mjz 214.19, 216.18, 21821 caled 213.81,
215.81, 217.81), AgCl-Na,C1* (m/z 223.24, 225.25, 227.26,
229, 29 caled 222.82, 224.82, 226.82, 228.82), Ag,Cl" (m/z
249.23, 251.24, 253.21, 255.15 calcd 248.78, 250.78, 252.78,
254.78), Ag,ClL,-Na™ (m/z 307.28, 309.29, 311.30, 313.29 caled
306.78, 308.73, 310.73, 312.73), and AgszCly (m/z 393.29,
395.37, 397.31, 399.23 caled 390.65, 392.65, 394.65, 396.65,
398.65, 400.65).

A smaller number of peaks were obtained in the negative
than in positive mode LDI MS, the three characteristic peaks
in Fig. 4b are: AgCl; (m/z 177.19, 179.19, 181.19, 183.16 calcd
176.84, 178.84, 180.83, 182.84), Ag,Cl3 (m/z 319.29, 321.30,
323.29, 325.28, 327.27 caled 318.72, 320.71, 322.71, 324.71,
326.71, 328.71), AgzCly (m/z 461.40, 463.40, 465.34, 467.37,
469.38, 471.36 calcd 460.59, 462.59, 464.58, 466.58, 468.58,
470.579, 472.59, 474.58). The dominant ions were: Ag" and
AgCl™Na™ in the positive mode, and AgCl5, Ag,Cl5 in nega-
tive mode, in both mode the lower-intensity peaks are also
clusters of silver and chlorine. Here, the results idicate that
the main product of corrosion is AgCl.

The positive mode LDI MS of the anode films of pure Cu
(Fig. 5a) contain folow peaks: Cu(H,0)" (m/z 81.10, 83.10
caled 80.94, 82.94), and the low-intesity CuOH,0)" (m/z
97.10, 99.12 caled 96.94, 98.93), Cuy(OH)(H,0); (m)/z
179.13, 181.13 caled 178.88, 180.88) and Cu,O(H,0); (m)/z
214.21 216.21 caled. 213.90, 215.89).

Fig. Sb demonstrates that the set of copper chloride cluster
ions are detected in the negative mode: CuCl,™ (m/z 133,14,
135.14, 137.11, 139.09 calcd 132.87, 134.86, 136.86, 138.86),
CuCl; (m/z 168.16, 170.15, 172.17, 174.15 calecd 167.84,
169.83, 171.83, 173.83), CuyCl3 (m/z 231.16, 233.19, 235.17,
237.13, 239.13 caled 230.77, 232.76, 234.76, 236.76, 238.76),
Cu,Cly (m/z 266.19, 268.21, 270.18, 272.18, 274.20 calced
265.73, 267.73, 269.72, 271.73, 273.72), CusCly (m/z 329.17,
331.17, 333.16, 335.15, 337.13, 339.14 cald 328.66, 330.66,
332.65, 334.65, 336.65, 338.65), CusCls (m/z 364.22, 366.19,
368.21, 370.21, 372.17 caled 363.63, 365.63, 367.63, 369.62,
371.62), CuyCls (m/z 427.17, 429.25, 431.20, 433.21, 435.20,
437.20 caled 426.56, 428.56, 430.56, 432.55, 434.55, 436.55),
peaks of very low intensity above m/z 450 indicate the presence
CuyClg (m/z about 468.35), CusClg (m/z 538.48), CugCly (m/z
629.12). This spectrum contains clusters of the type Cu,,Cl;,
m = 1-2, n = 2-6 which is similar to previously published
spectra (Colin et al., 1998; Zhang et al., 2003; Ko et al.,,
2011; Ruttink et al., 2011). Ko et al have shown that the CuCl,,
(n > 2) belongs in the group of “‘superhalogen” clusters, while
Cu,Cl3 and Cu,Cly also show the “‘superhalogen” properties
where the core is a (CuCl), (Ko et al., 2011). Generally, the
“superhalogen” are clusters with electron affinities higher than
that of C1 (3.6 eV is the highest electron affinities among all the
elements in the periodic table), while the “‘superalkali” are
clusters with ionization energies less than the ionization ener-
gies of alkaline atoms. This is important information, because
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Fig. 4 The positive (a) and negative (b) mode LDI mass spectrum of the anode film of Ag.

if corrosion products build the ““supehalogen” or “‘superalkali”
clusters, they are very fast and easy detection using the LDI
MS. The LDI mass spectra in Fig. 5a and b show that the cop-
per corrosion film is not composed of one dominant com-
pound. In the positive mode, the low-intensity ions copper
with oxygen (Cuy(OH)(H,0), , Cu,O(H,0), ) indicates that
Cuy(OH);Cl and Cu,O are present in a small amount in sam-
ple; while the negative mode reveals the cluster-ions copper
with chlorine which indicate the presence of CuCl and CuCl,.
The result is consistent with the XRD analysis showed that in
the case of copper, the corrosion products were CuCl, Cu,O,
and Cu(OH)CI.

Here, it is useful to emphasize that there is no overlap m/z
of clusters formed from the anode film of silver and copper
(comparing Figs. 4 and 5) indicating that both mode LDI
MS can be used for characterization the Ag-Cu alloys.

3.1.2. LDI MS analysis of AgsgCussZny, AgsssCuz; sPd;y and
Ags3Cuzrlngg

The negative mode LDI mass spectra of the anode films of
AgeoCureZny, Agss sCusy sPdyg, and AgezCusyIngg are shown
in Figs. 6, 7, and 8, respectively.

The mass spectrum of the anode film of AggCu,sZn 4 alloy
contains eight groups of peaks around m/z 135 and 233 (the
highest intensity), at m/z 179, 277, and 323 (the medium inten-
sity), and around m/z 325, 377, 421, 465 (the lowest intensity)
(Fig. 6). In the mass spectrum of the anode film of Ag-Cu-Pd

(Fig. 7), there are smaller numbers of a group of peaks than in
Fig. 6; the major ions are around m/z 179 and m/z 323, while
ions around m/z 135, 277, and 465 have very low intensities
(Fig. 7). The mass spectrum of anode film of Ags;CuysIngg
alloy (Fig. 8) is very similar to Fig. 6. The ions around m/z
179 and m/z 135 have the highest intensity, while around m/z
233, 277, 323 are of medium intensity, and around m/z 377,
421, and 465 have the lowest intensity (Fig. 8). The identifica-
tion of these peaks can be quickly obtained by comparison
with the mass spectra of pure Ag and Cu (Table 2).

Additionally, a detailed analysis of isotopology of these
ions is presented, in order to test our approach. The results,
obtained on the basis of data from the AggyCuysZn; 4 sample
(Fig. 6), are listed in Table 3. Similar results were obtained
from the other two samples (due to the similarity of numerical
values, they are not shown in the paper).

It can be seen from Table 3 that the differences between
experimental and theoretical values are in the range from
A0.06 to A1.26, but the difference in most cases is around or
below A0.5; this suggests that the dominant ions from the refer-
ence spectra can be easily recognized in the LDI MS of sample.

To identify the low-intensity peaks, the zoomed selected
part of mass spectrum of the Ag-Cu-Zn sample (from Fig. 6)
are presented in Fig. 9: a) m/z 328-338; b) m/z 372-381; ¢)
m/z 416-425; d) m/z 460-469. The corresponding theoretical
isotopology of the assumed ion stoichiometries is also shown
in the same Figure. Based on the reference spectra (Fig. 4b
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Fig. 6 The negative mode LDI mass spectrum of the anode film of AggyCu,sZn,4 alloy.

and 5b), it was found that the low-intensity peaks at m/z
328.7360; 330.6932; 332.7049; 334.7105; 336.7136 and m/z
460.7611; 462.7460; 464.7596; 466.7192; 468.6731 originate
from Cu;Cly (Fig. 9a), and AgsCl;y (Fig. 9d), respectively.
However, some peaks (m/z 274-282, m/z 372-381, and m/z
416-425) detected in the mass spectra of sample do not exist
in the reference spectra which require an additional verifica-
tion. It was identified that m/z 274.85, 276.83, 278.83,

280.83, 282.86 (calcd 274.74, 276.74, 278.74, 280.74, 282.74)
correspond to AgCuCl; (AgCl-CuCl;y), because the mean
experimental value of relative abundances for their individual
isotopics are in a good agreement with corresponding theoret-
ical values (exp. 15.33 £ 0.79, 36.21 £+ 0.70, 30.46 + 3.53, 11.
60 = 0.67,2.49 + 0.49 calcd 15.45, 36.27, 31.92, 13.42, 2.72).

Also, by comparing experimental with the corresponding
theoretical isotopic pattern it was identified that peaks at m/z
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Fig. 8 The negative mode LDI mass spectrum of the anode film of Agg;Cu,;Ingg alloy.

372.6994; 374.7102; 376.7030; 378.7078; 380.6421 and at m/z
416.6679; 418.6467; 420.6953; 422.7430; 424.6893 correspon
to AgCu,Cly (AgCIl-CuCl-CuCl,-) (Fig. 9b) and Ag,CuCly
(AgCl-AgCI-CuCl) (Fig. 9c), respectively.

The positive mode of anode films of the Ags3Cu,;In;q alloy
is presented in Fig. 10.

The mass spectrum of anode film of the Agg;Cusy;In, alloy
(Fig. 10) is similar to the positive mode of AggCussZn4 and
Agsg sCus; sPdyy (presented in reference Dimitrijevic et al.,
2020). The peaks around m/z 107 have the highest intensity;
while around m/z 250 and 394 are of the medium intensity.
The peak at m/z 114.94 corresponds to In™. By comparison
the positive mode of sample with the reference spectra
(Fig. 4a), the characteristic Ag" and Ag,Cl" ions were identi-
fied. The reference spectrum Cu contains Cu(H,0)", CuO
(H,0)", Cu,O(0H), (Fig. 5a), while the low-intensity Cu
(H,0)", CuO(H,0)", and Cu,O doped with chloride anion
(Cu,OCI(H,0); ) were recognized in the positive mode LDI
MS of Agg;CuysIngg. The attention should be paid in identifi-

cationh the peak around m/z 394; according to the reference
spectrum, this peak corresponds to the Ag;Cly cluster
(Fig. 4a); however its isotopology indicates on (CuCl);Cu
(OH); (Fig. 10).

Comparing the corroded surfaces to the reference spectrum
leads to these results. The predominance of silver element indi-
cates that the analyzed corrosion products are mainly the
silver-based compounds. It has been shown that the positive
and negative mode LDI mass spectrum of these three alloys
contains the cluster ions AgnCl;ffl (n = 1-3); hence it can
be concluded that AgCl is the predominant corrosion product,
which is in agreement with the XRD results. The LDI MS
analysis of AgegoCussZnyy and Age3CussIngg indicates the pres-
ence CuCl, CuCl, (due to detected CuCl;, Cu,Clsy, CusCly,
AgCuCly (AgCl-CuCly), AgCu,Cly (AgCl-CuCl-CuCly),
and Ag,CuCl; (AgCl-AgCl-CuCl™)), and Cu,(OH);Cl (de-
tected Cuy(OH)(H,0); ). Similar to the XRD analysis, the
presence of a small amount of Cu,O (detected Cu(H,0)",
CuO(H,0)", Cu,OCI(H,0); ) was also detected here, which
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Table 2 Summary of the experimental and theoretical values of m/z for each individual ion, their assumed stoichiometric
composition, and relative intensity of ions obtained in the negative mode LDI mass spectrum of AggoCuseZn 4, Agsg sCus; sPdyg, and

Age3Cuyylngg,

Negative ions

m[7 exp.

m/z calc.

AgeoCuzeZnyy
Fig. 4

Agsg sCuzy 5Pdy
Fig. 5

Age3Cuy7Ingg
Fig. 6

CuCly
AgCly

CuZCI_{

132.92 134.93 136.92 138.94

176.94 178.93 180.94 182.95

230.82 232.83 234.82 236.80 238.87

132.87 134.86
136.86 138.86
176.84 178.84
180.84 182.84
230.77 232.76

High intensity
Medium intensity

High intensity

Low intensity
High intensity

/

High intensity
High intensity

Medium intensity

234.76 236.76 238.76

Ag,Cly 318.85 320.86 322.85 324.86 326.80  318.72 320.72

Medium intensity ~ Medium intensity ~ Medium intensity

322.71 324.71 326.71

Cu;Cly 328.74 330.69 332.70 334.71 336.71  328.66
330.66
332.66
334.65
336.65
460.59
462.59
464.58
466.58

468.58

AgiCly 460.76 462.75 464.76 466.72 468.67

Low /
intensity

Low
intensity

Low /
intensity

Low
intensity

Table 3 Mean experimental values of the relative intensity ratio of an individual combination of isotopes in a certain group of signals,
together with the standard deviation, their corresponding theoretical values, and absolute error of experimental measurements for ions
detected in the LDI mass spectrum in the negative mode of AggCu,sZn 4 alloy.

Tons detected in the negative mode  Experimental  Theoretical values Ions detected in the negative  Experimental — Theoretical
of LDI MS for AggCussZn 4 values Absolute error mode of LDI MS for values values Absolute
(in bracket) AgsoCuyeZny error
(in bracket)
CuCly 39.72 £ 0.72  39.45 (A0.27) AgCly 30.08 £ 1.27  29.57 (A0.51)
4251 + 1.16  43.16 (A0.65) 4732 £ 0.81  46.64 (A0.68)
14.52 £ 0.54  15.54 (A1.02) 20.11 + 1.68  20.89 (A0.78)
1.52 + 0.30 1.86 (A0.34) 2.60 + 0.88 2.89 (A0.29)
Cu,Cly 21.13 £ 1.92  20.61 (A0.52) Ag,Cly 11.26 + 0.88  11.58 (A0.32)
39.65 = 1.64  38.39 (A1.26) 32.31 +£ 276 32.76 (A0.45)
26.83 + 3.56  28.45 (Al.61) 33.99 £ 0.57  34.55 (A0.56)
10.20 + 1.60  10.48 (A0.28) 16.13 = 1.78  16.89 (A.76)
2.17 + 0.67 1.92 (A0.25) 3.55 + 0.44 3.87 (A0.32)
7.35 £ 4.62 7.49 (A0.14)

is in accordance with the results of other authors (Zaky, 2006;
Hazzazi et al., 2008). Unlike the previous cases, a very low-
intensity CuCl; ion was detected in the LDI MS of Agsg s-
Cu;; sPdyg, while AgCu,Cly (AgCl-CuCl-CuCly) and Agp-
CuCl; (AgCl-AgCl-CuCl™) were not detected what suggested
the presence of trace amounts of copper chloride in sample.
The low-intensity ions, derived from copper chloride for the
Agsg sCusp sPd g alloy, are consistent with the low signal inten-
sity in the Raman analysis for the said compound, as it was
explained earlier (Dimitrijevi¢ et al., 2020). The negative mode
LDI MS shows that the presence of Zn and In in the Ag-Cu
alloys give similar results, while Pd affects the reduction of cor-
rosion products; these findings are in agreement with the pos-
itive mode results (Dimitrijevic et al., 2020), and XRD
analysis. The presence of Zn leads to the formation of a zinc
component in corrosion film (zinc oxychloride). Palladium
leads to the Cu-Pd intermetallic and Cu rich phase with a high

content of Pd with the consequence that the phase is more
prone to the corrosion (similar or even nobler than Ag rich
phase; here Ag rich phase act almost as pure silver, which is
actually by the composition (see Table 1). The alloy with
indium as the third component is specific in the way that the
Cu rich phase is nearly pure copper (Table 1) and consequently
has the almost identical characteristic of Cu, such as the
appearance of two valent copper chloride. It should be empha-
sized that there is a mutual influence of silver and copper com-
pounds on the peaks occurring in the LDI MS of alloys, as
evidence are AgCuCly (AgCl-CuCly), AgCu,Cly (AgCl-
CuCl-CuCly), and Ag,CuCly (AgCl-AgCl-CuCl™) ions. Also,
the peaks can be detected in the LDI MS as there are no in ref-
erence mass spectrum, such as (CuCl);Cu(OH), clusters.
However, these clusters confirm the previous observation.
The LDI MS have limitations and advantages like all meth-
ods. The advantage of the LDI MS method is that the spectra
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Fig. 10 The positive mode LDI mass spectrum of anode film of the Agg;CuysIng, alloy.

are obtained very quickly, practically without sample prepara-
tion. In our case, the introduction of reference spectra for pure
metals (where corrosion products are known) provides infor-
mation about the type of cluster that these products formed;
thus, the identification of peaks from the sample is significantly
facilitated, and hence the identification of corrosion products.
The results of the LDI MS analysis are in a good agreement
with the XRD analysis with small deviations. For example,
the LDI mass spectra additionally suggest the possibility of
CuCl, presence; hence, it is essential to consider its origin.
The formation of CuCl is followed by the second step of reac-
tion, where the copper (I) chloride complex in the form of
CuCl; is formed and generally known to be the dominant
Cu(I) spices in solution at Cl~ ion concentration below
0.7 mol/dm3 (0.6 mol/dm3 in this study) (Lee and Nobe,
1986; Zhao et al, 2013). However, at potentials of
about + 0.4 V vs SCE and higher (+0.5 V in this work),
the oxidation of adsorbed CuCl;y from surface to Cu®>” ion
becomes the most favorable reaction in the system (on Cu rich
phase of the alloys in this case), making it (finally) the domi-
nant Cu dissolved spices in solution (Lee and Nobe, 1986).
According to these data, it can be assumed that a certain

amount of copper (II) chloride is retained in a porous film;
therefore, it can participate in the formation of “superhalo-
gen” clusters that are easily detected in the LDI mass spec-
trum. On the other hand, in some cases it is difficult to
distinguish the origin of the cluster, which is a limitation of
the LDI MS method. However, further investigations into
the stability and structure of the clusters of interest may help
to overcome the problem.

4. Conclusion

The LDI MS (negative and positive mode) was used to determine the
corrosion products on the surface of the Ag-Cu-M (M = Zn, Pd, and
In) alloys, which are widely used in various fields of industry. In this
work, the identification of the LDI MS of samples was performed
using the characteristic clusters created in the reference spectra. The
reference spectra were the LDI MS (negative and positive mode) of
the Ag and Cu anode films, obtained under the same conditions like
the anode films of sample. The results have shown that knowing the
clusters appearance in the reference spectra facilitates the identification
of the LDI mass spectra of the alloys. Usually, in mass spectrometry,
the identification of organic compounds is performed using the data-
bases of their fragments (these databases are an integral part of the
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software of modern MS instruments). Therefore, formation the data-
bases of clusters from the reference spectra provide an opportunity
for the LDI MS to become a routine method in the field of corrosion.
The results also showed that the cluster ions such as, AgCuCls (AgCl-
CuCly), AgCu,Cly (AgCl-CuCl-CuCly), and Ag,CuCly (AgCl-AgCl-
CuCl") confirm that there are the mutual influences of Ag and Cu on
the LDI MS of the anode film of the Ag()0CL126ZI'l14, Ag53.5CU3].5Pd]0,
and Agg3CuysIngg alloys, which additionally facilitates the interpreta-
tion of their mass spectra.

The LDI MS analysis confirms the results obtained by the Raman
and XRD methods, but it should be noted that LDI MS requires a
much smaller amount of sample than the XRD analysis and that the
reproducibility of LDIMS spectra is much better than in the case of
Raman spectroscopy. It should also be noted that the LDI MS analysis
provides the additional information that can open up a new view of the
corrosion process. The LDI mass spectra suggest the presence of CuCl,
as a corrosion product. The copper (II) chloride complex is the char-
acteristic corrosion product for the tested alloys at high concentrations
of chloride ions but in solutions. There is a possibility that it is partly
present in porous films, but due to their extremely small concentration
(tenths of ppm), so far, it has not been detected by the standard meth-
ods such as the Raman and XRD analysis, but, due to a fact that the
CuCl, forms the ““superhalogen” clusters, it can be easily detected in
the LDI MS.

As a fast method that does not require special sample preparation,
the LDI MS method, together in positive and negative modes, provides
the important information in the field of corrosion testing. The
increase in the scope of theoretical and experimental investigation of
metal clusters can significantly contribute to solving doubts arising
during the analysis of the LDI mass spectrum.
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