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Abstract

This comprehensive analysis examines the oxidation state quantification and binding energy assignments in copper minerals, with particular
emphasis on azurite [Cus(CO3) »(OH);] and malachite [Cu,CO3(OH);], using X-ray photoelectron spectroscopy (XPS). The primary objectives
of this work are to: (1) establish precise binding energy values for distinguishing between copper oxidation states (Cu* and Cu?*) and
correlating these values with crystal structure variations; (2) document and interpret photo-induced reduction phenomena occurring during
XPS measurement; (3) characterize how complex overlapping carbon and oxygen spectra reflect structural differences between mineralogically
similar phases; (4) elucidate binding energy changes during corrosion, patina formation, and thermal degradation processes; and (5) develop
practical quantification methodologies and best practices for analyzing aged pigments and archaeological copper-bearing artifacts. The work
integrates empirical XPS data with theoretical understanding of how crystal field effects, local coordination geometry, and interfacial charge
transfer modulate core-level binding energies. By providing detailed comparative analysis of azurite and malachite spectral features, including
shake-up satellite structures, elemental atomic percentages, and deviations from theoretical stoichiometry, this study establishes a rigorous
framework for XPS-based phase identification and compositional analysis of complex copper systems encountered in cultural heritage materials,
corrosion studies, and heterogeneous catalysis applications.

Keywords: Azurite; Malachite; X-Ray Photoelectron spectroscy (XPS); Copper carbonate; Heritage conservation; Corrosion patterns; Pigments

Abbreviations: XPS: X-ray photoelectron spectroscopy; Cu20: copper oxide; FTIR: Fourier Transform Infrared Spectroscopy; ATR: Attenuated
Total Reflection; DRIFT: Diffuse Reflectance Infrared Fourier Transform; SORS: Spatially Offset Raman Spectroscopy; XRF: X-ray fluorescence
spectroscopy; XRD: X-ray diffraction; EDS: Energy Dispersive X-ray Spectroscopy; SEM: scanning electron microscopy

Introduction

sedimentary copper deposits, copper mineralization is localized
to areas of reduced siliciclastic facies where paleo-permeability
features enhance sulfide precipitation [4]. The precipitation of

Azurite and malachite Figure 1 form from the supergene
oxidation of primary copper sulfide assemblages (chalcopyrite,

bornite, chalcocite) that precipitate in structurally controlled . . . . . .
) precip Y secondary copper minerals is a function of oxidative dissolution

of primary copper sulfide minerals that have been transported
to an oxidizing environment above the water table, where their
thermodynamic stability is controlled by pH and redox conditions
[5]. The secondary copper minerals azurite (Cus(CO3) »(OH),)
and malachite (Cu,CO3(OH),) precipitate under lower pH (4-
6) and higher pH (7-9) conditions, respectively [5]. Malachite
is a secondary copper mineral that is more thermodynamically

shear zones and fractures [1]. This has been responsible for
some of the largest copper ore deposits in the world, where
supergene enrichment has significantly enhanced copper grades
in porphyry deposits, such as Bingham Canyon in the United
States [2]. The vertical distribution of oxidation minerals is
also a function of fluctuating groundwater levels and climatic
cycles, where malachite and azurite define the upper parts
of oxidation zones above primary sulfide assemblages [3]. In
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stable under Earth surface conditions and replaces azurite under
prolonged weathering [6]. The formation of malachite is also

enhanced by microbial-induced precipitation of carbonates, which
facilitates copper immobilization from solution [7].

Ve

Figure 1: azurite from Malbunker Copper Mine, Western Aranda Country, Areonga, NT, Australia (left), slice of policed malachite from the
Kason Pi Mine, Dem. Rep. Congo (right). Both in the author’s collection under catalogue number C44 and C57.

The secondary copper mineral assemblages such as azurite,
malachite, native copper, cuprite, and copper chlorides are the
result of multi-stage supergene evolution processes [8]. The
copper (II) oxide components of the azurite and malachite minerals
are responsible for the characteristic blue and green colors of the
minerals, respectively, by selective absorption of light of particular
wavelengths [9,10]. Isotopic signatures of secondary carbonates
indicate interaction with marine carbonates and meteoric waters,
whereas the isotopic signatures of primary and secondary sulfides
indicate mixed sources of ophiolitic and volcano-sedimentary
rocks [1]. The isotopic signatures of the sediment-hosted deposits
indicate diagenetic origins of the deposits from framboidal pyrite
in the presence of reducing micro-environments that facilitate
oxidation and secondary mineralization processes [4]. The
geochemical and isotopic signatures indicate that the formation of
azurite and malachite has occurred through multi-stage fluid-rock
interaction processes under changing redox conditions [6].

The two most common types of basic copper carbonates are
azurite, Cuz(CO3) »(OH),, and malachite, Cu,CO3(OH),, both of
which crystallize in the monoclinic system with the P2,/c space
group, though they differ in the arrangement of the layers and
the degree of hydration. Azurite contains three copper atoms per
formula unit and has less water of crystallization than malachite,
which contains two copper atoms per formula unit. The differences
in the coordination environment of the copper atoms control the
reactivity of the mineral and the color of the mineral, as well as the
characteristic hydroxyl absorption bands in the infrared region of
the spectrum. Malachite contains two different hydroxyl groups
in the structure, resulting in the presence of two characteristic
OH stretching absorption bands at 3314 and 3402 cm™ in the
infrared region of the spectrum [9-12]. Azurite contains only one
type of hydroxyl group, resulting in only one characteristic OH

stretching absorption band at 3424 cm™ in the infrared region of
the spectrum [9-12]. The differences in the structures of the two
minerals are reflected in their thermal stability: malachite is stable
up to 280°C due to the presence of hydrogen bonding between
the hydroxide and carbonate groups, whereas azurite loses water
at lower temperatures and begins to dehydrate at temperatures
below 280°C [13]. Azurite has lower thermodynamic stability than
malachite and can transform to malachite under moist conditions,
explaining the association of the two minerals in the weathered
zones of copper deposits [14]. The differences in the coordination
environment of the copper atoms control the color of the mineral:
whereas malachite has a green color, azurite has a deep blue color,
and the differences in the structures of the two minerals control
their reactivity in the supergene environment.

Both azurite and malachite have been prized by artists for
at least two millennia, making them two of the most important
and widely used artistic pigments. Azurite was the source of the
characteristic blue pigment used in the illuminated manuscripts
of the Middle Ages, where the pigment was used in the form of a
finely ground powder mixed with a binder like egg yolks or animal
glue [15]. The exceptional ability of the blue pigment derived from
azurite, used in the illuminated manuscripts of the fifteenth and
sixteenth centuries, can be attributed to the optical properties
of the mineral and the advanced technology used in pigment
processing during the Middle Ages [15] Figure 2a. Malachite, with
its characteristic green color, provided the green pigment used in
Russian icons and was used extensively in the Eastern Orthodox
artistic traditions of the Middle Ages [16]. In addition to the use
of the two copper carbonate hydroxide minerals in the artistic
traditions of the Middle Ages, the use of the two minerals has been
prominent in the polychrome paintings used in the architecture
of the Ming dynasty, where the use of azurite for the blue and
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malachite for the green pigment, has been identified in the early
Ming dynasty polychrome paintings of Yuzhen Palace, along
with vermilion and hematite for the red pigment, indicating the
advanced technology used in the Ming dynasty pigment processing
traditions [16]. Azurite and malachite were also used in the

Byzantine iconography and other important artistic traditions of
the past, spanning several centuries and several continents of the
world Figure 2b, and are still used in the present day, as reported
by [17].

NEES

10 mm

Figure 2: (left) llluminated manuscript leaf (15th century) showing the application of azurite (blue) and malachite (green) pigments in
medieval book arts. Azurite can be seen in the blue regions such as the robe of the praying figure, the sky, and blue decorative elements
in the border, while malachite was used for the green foliage and green marginal motifs. Image is in the public domain; source: The British
Library (public domain via Wikimedia Commons); (right) Neoclassical malachite obelisks (19th century), reflecting the use of this copper
carbonate hydroxide mineral in Russian decorative arts. The swirling green banding patterns are characteristic of polished malachite, and
the gold double-headed eagle emblems highlight its ceremonial application. Image is in the public domain; source: Metropolitan Museum of

Art (public domain via Wikimedia Commons).

J

Investigations carried out on prominent archaeological sites
such as Xi’an, Pompeii, and Vienna have shown that there is
substantial evidence that azurite and malachite have been present
as a coating on copper and copper alloy objects. The archaeological
studies carried out on various objects have shown that beads,
plaques, decorative objects, and wires have been found with a thin
layer of azurite and malachite [18]. The wooden objects from the
Tang Dynasty, which were retrieved from the tomb of Princess
Yongtai, were found to have pigments containing both azurite and
malachite [18]. The azurite and malachite present on the objects
from archaeological sites have been formed by slow chemical
reactions between water containing dissolved carbon dioxide and
organic acids and copper alloy objects over a long period [19]. The
chemical reactions between water containing carbon dioxide and
copper alloy objects produce a series of chemical compounds that
result from the interaction between copper and carbon dioxide,
which is present in water [19]. The initial compound that is formed
is copper oxide (Cu,0), which is followed by the formation of a

series of basic copper carbonates and copper sulfates that result
from the interaction between copper and carbon dioxide, sulfur
oxides, and chloride ions that penetrate the burial environment
[19]. The final product that is formed is a stable compound of
copper, i.e. malachite (Cu,CO,(OH),), which is a green mineral that
protects the object from any further chemical reactions [19]. The
chemical product that is formed on copper objects is a mixture
of copper and other chemical compounds that have been formed
over a long period.

A major challenge for modern heritage science is that the
artifacts with these archaeological and artistically important
corrosion products and pigment materials demand fast and non-
destructive analytical techniques with the ability to analyze the
spatial distribution of minerals and their chemical stability for
appropriate conservation treatment. Destructive sampling of
unique artifacts is not only unethical but also scientifically not
desirable, as it involves the loss of irreplaceable material evidence
[20]. Instead, a set of non-invasive and minimally invasive
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spectroscopic techniques has been developed and increasingly
employed to characterize complex minerals and corrosion
products in their original context.

Fourier Transform Infrared Spectroscopy (FTIR) has been
employed as an important tool for identifying the characteristic
vibrational modes of azurite, malachite, and other copper
minerals [21,22]. FTIR, which can be used in both portable and
laboratory versions, has been employed to identify and distinguish
between azurite and malachite on the basis of characteristic
vibrational bands in the IR spectrum. Azurite has been identified
by characteristic bands in the carbonate and hydroxide regions of
the spectrum, while malachite has been identified by a similar but
distinctive vibrational pattern [11,22]. FTIR has been particularly
useful for identifying natural and synthetic differences between
these minerals [23] and for identifying degradation products
of these minerals that occur upon aging and/or conservation
treatments [24]. The ATR (Attenuated Total Reflection) and
DRIFT (Diffuse Reflectance Infrared Fourier Transform) versions
of FTIR spectroscopy have been found to be effective for
identifying historical pigments [25]. DRIFT spectroscopy has been
particularly useful for in-situ, portable spectroscopic analysis
of unknown materials in the field, which makes it particularly
useful for evaluating the conditions of archaeological sites [22]. A
database of FTIR spectra of historical pigments such as azurite and
malachite has been developed to enable the rapid identification of
unknown materials [22].

Raman Spectroscopy, in its portable, micro-scale, and micro-
SORS (Spatially Offset Raman Spectroscopy) forms, is capable
of offering supplementary molecular information, thereby
aiding in the comprehensive characterization of mineral phases
present in complex multilayered paint systems and corrosion
crusts [26]. Raman spectroscopy has been effectively used to
differentiate between azurite and malachite on the basis of their
Raman vibrational bands, where the Raman spectrum for each
mineral phase is unique [9-11, 21]. More in-depth Raman studies
have also been able to identify the asymmetric and symmetric
stretching vibrations of the carbonate anion, in addition to
resonance Raman features due to Cu (II) transitions [27]. This is
particularly useful in identifying degradation products, which may
be present in addition to the original mineral phases. Portable
Raman spectrometers have been effectively used in the analysis
of medieval illuminated manuscript paintings, where Raman
spectra were able to identify the presence of azurite and malachite
pigments, in addition to other pigments, thereby showing its
potential in the non-destructive analysis of original works of art
[28]. The high spatial resolution offered by Raman spectrometers,
in particular, allows for the mapping of distinct pigment domains
in complex multilayered paint systems, thereby revealing the
complex use of pigments and binders in works of art created over
the ages [29]. Raman mapping techniques have also been used in
the non-destructive analysis of complex mural paintings, where
the distribution of pigments, in addition to identifying degradation
products and conservation materials, has been characterized [26].

The recent advent of micro-SORS spectrometers has also enabled
Raman spectrometers to non-destructively probe complex works
of art, where layers may be present beneath the surface, due to
subsequent restoration or mechanical damage [30,31].

X-ray Photoelectron Spectroscopy, although requiring the
removal of a small sample (milligrams or less), offers unparalleled
chemical information, including the ability to determine the
oxidation state of elements, the composition of the material, and
the shift in the binding energy, which can be used to diagnose
the presence of particular mineral phases and their degradation
mechanisms. Although a laboratory technique requiring the
transportation of the sample, the ability of XPS to determine the
oxidation state of copper, whether Cu* or Cu?*, and the ability
of the technique to determine the presence of surface-enriched
degradation products make the technique invaluable for the
investigation of the corrosion mechanisms of archaeological
copper and bronze objects. In addition, the ability of the technique,
with the use of depth profiling, to determine the compositional
changes through the patina layers, which are directly related to
the environmental history of the artifact, makes the technique
particularly useful for the investigation of the history of the
artifact [20].

Complementary techniques, like X-ray fluorescence
spectroscopy (XRF), which helps determine the elemental
composition of a material, X-ray diffraction (XRD), which helps
determine the crystalline mineral composition, and scanning
electron microscopy with EDS (Energy Dispersive X-ray
Spectroscopy), which helps determine the microstructure of
a material, provide important supplementary information, as
suggested by [20]. This multi-technique approach, employed
through a series of protocols from initial rapid and portable
techniques like portable Raman and portable XRF, to subsequent
in-depth analysis like micro-FTIR, micro-Raman, XRD, SEM-
EDS, and XPS, helps ensure a comprehensive analysis of the
archaeological and artistic objects without compromising the
ethics of minimal intervention, as suggested by [20]. By correlating
the chemical data obtained from the various spectroscopic and
microscopic techniques with historical, archaeological, and artistic
information, important insights into the ancient manufacturing
and trade practices, and restoration and preservation strategies,
are provided, as suggested by [20].

Methodological Foundation

X-ray photoelectron spectroscopy (XPS) is an essential
analytical technique for the study of the surfaces of copper-
bearing minerals and their derivatives. This technique is of
profound significance in the study of the flotation of ores and the
conservation of cultural heritage. XPS is a powerful tool for gaining
vital knowledge about the chemical composition of the surfaces of
azurite and malachite at the nanometer scale [32]. However, the
analysis of the surfaces of these two compounds using XPS is a
challenging task. This review critically examines the findings from
the XPS analysis of the surfaces of the two compounds in order to
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understand the strengths and weaknesses of the technique in the
analysis of the compounds.

XPS Characterization of Azurite and Malachite as
Primary Minerals

ThepioneeringXPSworkonthe chemical compositionofazurite
(Cus(CO3) 2(0OH)2) and malachite (Cu,CO3(OH);) minerals hasbeen
largely driven by flotation research with the aim of enhancing the
efficiency of recovery and separation of these minerals and other
gangue minerals. Such research has clearly demonstrated that
XPS has been highly effective in identifying the surface chemical
states and adsorption mechanisms of flotation collectors on
these minerals. In a recent study on a novel thiophosphate-based
collector, namely dibutoxy-thiophosphorylsulfanyl-acetic acid
(CDDP), for instance, it was demonstrated that this new collector
had enhanced collecting efficiency on the surfaces of azurite, with
evidence obtained by XPS that this new collector could easily
chemically react with copper ions on the surface of the minerals
[33]. Similarly, XPS results on the surfaces of azurite and malachite
minerals treated with various phosphonic acid-based flotation
collectors, namely BTPA, DEPA, and DPPA, demonstrated that
the chemical adsorption characteristics of these collectors on the
surfaces of these minerals could be clearly distinguished on the
basis of the difference in binding energies, with charge transfer
between oxygen atoms of the collectors and d orbitals of copper
atoms identified as the key factor for adsorption strength [34].

The strength of the mineral-focused XPS studies lies in the
level of detail provided for the analysis of surface reactivity and
complex chemical interactions. However, a major limitation of
the studies becomes apparent when considering the purity and
homogeneity of the mineral samples used for the analysis. Natural
azurite and malachite samples often contain trace amounts of
various elemental impurities, such as lead, zinc, arsenic, cadmium,
manganese, and uranium, depending on the geological source
of the mineral, as identified by [35]. In the case of XPS analysis
of natural mineral samples without considering the presence of
impurities, the overall shape of the X-ray photoelectron spectra
might be affected not only by the presence of the carbonate and
hydroxide phases but also by the presence of secondary mineral
phases and impurities on the surface of the mineral particles.

Azurite and Malachite as Historical Pigments: Distinct
Compositional and Surface Characteristics

The shift from viewing azurite and malachite as ore minerals to
viewing them as historical pigments adds substantial complexity
to the interpretation of the data obtained from the XPS analysis.
The historical pigments of azurite and malachite exhibit changes in
composition related to the geological source of the mineral ore and
the processing techniques used by the artists [35]. The historical
pigments of azurite and malachite may include adventitious
malachite as an impurity in the azurite pigments, which plays
an important role in determining the elemental composition

of the sample obtained from the XPS analysis. For example, the
elemental composition of the azurite pigments obtained from the
ore deposits of Central Europe exhibits characteristic fingerprints
of the presence of lead and rare earth elements, but the presence
of increased malachite as an impurity in the azurite pigments
changes the elemental composition of the sample considerably.
This is a fundamental problem in the interpretation of the data
obtained from XPS analysis, as the data obtained from a single
analytical technique cannot easily distinguish between the
primary pigments and secondary minerals present in the sample
if the surface chemistry is similar [35].

XPS analysis has also revealed that, in terms of surface
chemistry, both azurite and malachite experience significant
changes due to their exposure to photochemical and thermal
degradation. The pigments were exposed to ultraviolet radiation,
causing considerable variations in the transmittance spectra and
elemental composition, with azurite showing greater changes
in terms of color, even if the changes in the spectra were not so
significant compared to malachite, suggesting that changes in
composition do not necessarily result in changes in color, thereby
emphasizing the need for correlation between XPS analysis and
other analytical tools [24].

Comparative Analysis: Mineral, and

Corrosion Product Distinctions

Pigment,

One of the critical difficulties associated with interpreting XPS
results for azurite and malachite samples is that the same chemical
formula can have dramatically different surface chemistry. The
pristine surfaces of synthesized azurite and malachite minerals
used for flotation studies have well-defined Cu®* oxidation
state features and characteristic carbonate-hydroxide-related
01s features [33], while azurite and malachite pigments from
a historical context may have partially degraded, variable
composition, and variable composition from substrates or binding
media Figure 3. The copper corrosion products that form on
exposed copper surfaces, including cuprite (Cu,0), brochantite
(CusS04(0OH)4-2H,0), atacamite (Cu,Cl (OH)3), and copper oxide-
sulfide combinations, also have very different oxidation state
compositions when analyzed by XPS. The XPS analysis of the
corrosion products that formed on copper exposed to hot spring
environments has been determined to be a mixture of Cu,0 and
Cu,S with a difference in copper chemical state in the uppermost
surface region, which would appear qualitatively similar to
degraded azurite or malachite samples but is fundamentally
different from their formation mechanisms [36].

Architectural Copper and Patina Formation:

Complexity of Field-Exposed Surfaces

The nature of the XPS problem for architectural copper and
copper alloys is arguably the most challenging of any of the XPS
applications thus far. The heterogeneous, multi-layer nature of the
corrosion products on architectural copper and its alloys is the
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cause of the problem. The natural patina that develops on copper
exposed in urban, rural/coastal, and hot spring environments
has been found to have distinctly different phase compositions.
In urban and rural/coastal environments, the composition is
hydrated sulfate and cuprite, while the hot spring environment,
which is dominated by H,S, has Cu,S-rich corrosion products
[37]. The identification of the composition of the corrosion
products on architectural copper and its alloys is complicated
by a number of factors. The nanometer-scale spatial variability
of composition is one factor. The presence of sulfur, chlorine,
and other contaminants is another factor that contributes to the
complexity of the XPS problem. The time-dependent nature of
the transformation of primary corrosion products into secondary
phases is also a factor. For example, the initial corrosion product
formed on copper exposed in urban environments is posnjakite,
which is converted into brochantite during extended exposure.
However, the composition of posnjakite and brochantite is
identical: Cu®* and sulfate [37].

The artificial patination of copper by exposure to humid
environments containing SO, has been studied, and the
development of the patina has been monitored kinetically by
XPS, confirming the formation of brochantite [38]. However,
the question of the relevance of the XPS data from the artificial
patination of copper, which yields a more homogeneous and
chemically well-defined patina, to the naturally aged copper
surfaces must be addressed. A parallel question of relevance
arises from the comparison of the XPS data from the artificial and
natural aged azurite/malachite pigment surfaces and the copper
surfaces: the relevance of the XPS data from a single point on a
copper roof or copper sculpture, exposed to the atmosphere, to
the overall composition of the patina on the copper surface, owing
to the variability of the microenvironment.

Oxidation State Quantification and Binding Energy
Assignments with Detailed Analysis of Crystal
Structure Effects, Chemical Reactions, and Thermal
Degradation

One of the most important considerations for XPS analysis
of these copper materials is the identification of the oxidation
states of the copper, the identification of the binding energies of
the photoemitted electrons with the chemical species of interest,
and the identification of how the binding energies are related
to the crystal structure of the material. The photoemission
spectrum of copper is complex due to multiple splitting caused
by the interaction of the photo hole and the unpaired d electrons.
The binding energies of the core electrons for copper are highly
dependent on the local environment, oxidation state, and structure
of the material. XPS is a useful technique for identifying different
phases of copper. However, for proper identification, knowledge
of how the binding energies change with structure is necessary.

Binding Energy Values
Relationships

and Crystal Structure

The fundamental Cu 2p,/2 binding energies of the azurite
and malachite are of great importance in the understanding of
the relationship between the crystal structure of the materials
and the resulting photoemission spectra. From the Handbook
of Mineral Spectroscopy by [39], azurite, with the chemical
composition Cu,(CO,),(OH),, has a primary Cu 2p,, peak at 934.6
eV corresponding to the Cu?* ion, with characteristic shake-up
satellite structures at 940.3 eV and 943.6 eV corresponding to
the final state of the Cu?* ion, resulting from the interaction of the
photo hole and the unpaired d-electrons of the ion [40,41]. The
oxygen 1s core-level spectrum of the azurite mineral has distinct
peaks at 531.4 eV corresponding to the carbonate ion and at 532.1
eV corresponding to the hydroxyl ion, resulting from the trigonal
pyramidal coordination of the copper ion in the monoclinic crystal
structure of the mineral. The carbon 1s core-level spectrum of
the mineral has a primary peak at 289.3 eV corresponding to the
carbonate ion, with the theoretical value of the atomic percentage
being 15.4%, while the experimental value is 13.8%, giving a Cu:C
ratio of 2.4:2.0 [40]. The minor differences between the theoretical
and experimental values of the atomic percentages are attributed
to the surface-sensitive nature of the XPS technique and the
presence of impurities such as sodium and silicon in the sample.

In contrast, formalachite, Cu,CO,(OH),, withits different crystal
structure and layer stacking and coordination environments for
copper, a very distinct XPS spectrum is observed. The dominant
Cu 2p,, peak is observed at a binding energy of 935.1 eV for
Cu?*, a value that is shifted by approximately 0.5 eV from that
observed for azurite at 934.6 eV, a very small but extremely critical
difference that is directly indicative of the unique coordination
environment around copper in each compound [40,41]. Although
a small binding energy shift is observed, such a value is easily
measurable with modern XPS analysis techniques and is critical
for differentiation between these two copper carbonates, even
when present as a mixture or degradation product in an artifact.

One of the most remarkable and significant findings that are
evident from the Handbook data is the presence of Cu* in the
malachite sample, indicated by the presence of a Cu 2p peak
at 932.9 eV, along with the main Cu?* peak at 935.1 eV [40]. The
Handbook explicitly states that “a small amount of the copper in
malachite changed from Cu®* to Cu* under the X-rays of the XPS
instrument.” This is an important phenomenon that is of critical
interest while interpreting XPS results for copper-containing
minerals and pigments. This finding shows that an apparently
pure and well-ordered malachite mineral is capable of undergoing
partial redox transformations during XPS analysis owing to
the X-ray energy employed. This indicates that the XPS results
obtained are for a mixed oxidation state of copper, derived from
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what is theoretically a pure Cu**containing mineral. The Cu* peak
is found at 932.9 eV, along with satellite peaks at 938.9 eV, 941.7
eV, and 943.9 eV [40]. This is an important finding that serves to
underscore the importance of standardization of XPS results. The
presence of mixed Cu(I) and Cu (II) states in what is theoretically
a pure Cu (II) state is an important indicator of the complexity of
real samples and the potential for photo-induced reduction during
XPS analysis. The photo-induced reduction phenomenon has
significant implications for the interpretation of aged pigments
and archaeological samples, where such transformations may
have occurred during or after analysis.

The carbon 1s region in malachite is also more complex
compared to that in azurite, with the carbonates having a peak
at 289.2 eV, the carbon in the C-O bond having a peak at 286.3
eV, and the reference peak at 294.8 eV [40]. The peak at 286.3 eV
is attributed to carbon in the C-O bond, which may indicate the
existence of variations in the bonding environment compared to
the carbonates. The oxygen 1s region in malachite also shows
peaks at 531.3 eV, attributed to carbonates, and at 532.0 eV,
attributed to hydroxyl groups, with an additional peak at 532.9 eV
attributed to O-C [40]. The atomic composition in malachite is also
very different from the calculated composition, with the measured
Cu at 14.0% compared to the calculated 25.0%, the measured C
at 13.4% compared to the calculated 12.5%, and the measured O
at 34.9% compared to the calculated 37.5% for carbonates [40].
These larger variations may be attributed to the surface sensitivity
of the XPS technique, as well as the presence of Si-based silicates,
which were also present in very small amounts in the sample.

The difference between Cu(I) and Cu (II) becomes significant
when analyzing the composition of aged pigments or corrosion
products, as suggested by [42]. In fact, the Handbook’s evidence of
coexisting Cu* and Cu®* in a single sample of malachite, measured
at 932.9 and 935.1 eV, respectively, provides a useful reference
standard for peak fitting of Cu 2p spectra in more complex
samples. Pure Cu(I) oxide, Cu,0, has a Cu 2p,, core level with a
binding energy of 932.5-933.0 eV [42] placing it at or very near
the Cu* position of 932.9 eV measured for the malachite pigment
sample analyzed by [39]. By comparison, the Cu (II) oxide, CuO,
has a Cu 2p,, core level measured at 933.8-934.0 eV, and the
pure Cu (II) in hydroxide or carbonate has a Cu 2p, , core level
measured at 934-935 eV, as suggested by the Handbook and
recent literature [40,43]. In the case of a mixture of Cu(l) and
Cu (II) oxidation states, coexisting in a corroded surface or on a
particle of aged pigment, the Cu 2p photoemission spectrum will
be a composite of the two features. For accurate analysis, the
use of high-resolution spectra of reference materials, like those
provided in the Handbook of Mineral Spectroscopy, makes peak
fitting with reference standards a necessary step for accurate
analysis. In fact, in many historical pigment and archaeological
material samples, Cu(I) and Cu(Il) are expected to coexist, and for
example, in the case of the aged surface of a sample of the pigment
azurite, Cu(Il) carbonate, some Cu(I) might be present, resulting
from a degree of reduction and/or photochemical alteration of the
Cu(Il) component, making the analysis particularly difficult, as
suggested by [44] Table 1.

Table 1: Comparative XPS Data for Azurite and Malachite from High-Resolution Spectroscopy.

Binding . - .
_ | Binding Energy (eV) - . Atom% Azurite Atom% Malachite (Mea-
Element Peak Type Energy !eV) Malachite Assignment (Measured) sured)
Azurite
Cu 2ps/» Primary 934.6 (Cu*) | 935.1 (Cu?*); 932.9 (Cu*) C"ppe;t‘:t(;dat‘o“ 9.6 1.2 (Cu™); 6.5 (Cu?*)
Cu 2ps/» Satellite 1 940.3 938.9 Shake-up struc- 3.2 16
ture
Cu 2ps/» Satellite 2 943.6 941.7; 943.9 Shaket'l‘;f:tr”c' 3.7 2.3;23
C1s Primary 289.3 289.2 Carbonate carbon 13.8 5.7
(CO3)
C1s Secondary — 286.3 C-0 species — 7.7
C1s Reference — 294.8 Reference/adven- — 27.2
titious carbon
01s Primary 531.4 531.3 Carbonate oxygen 55.7 21.8
(CO3)
Hydroxyl oxygen
01s Secondary 532.1 532 _ 139 13.1
(OH7)
01s Tertiary — 532.9 0-C species — 10.6
Elemental . . 2.5:1.0:6.1 (Cu®*); Vari-
Ratio Cu:C:0 2.4:2.0:8.1 able (Cu")

Source: Kloprogge and Wood [40], Handbook of Mineral Spectroscopy Volume 1: X-ray Electron Spectra. Note: Azurite theoretical formula Cus(CO3)
2(OH),; Malachite theoretical formula Cu,CO3(OH),. Trace amounts of Na and Si present as impurities in both samples. The presence of Cu* in malachite

was attributed to photo-induced reduction during XPS measurement.
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Photo-Induced Reduction: A Critical Consideration
for XPS Analysis of Copper Minerals

The observation of Cu® generation in malachite during
XPS measurement, as observed by Kloprogge and Wood [40],
is an especially notable phenomenon that requires a detailed
discussion. The phenomenon of photo-induced reduction,
where Cu?* is partially reduced to Cu* by X-rays used during
XPS measurement, is an especially notable phenomenon with
importantimplications for understanding spectroscopic data from
copper-bearing minerals and archaeological objects. Although
the handbook specifies that “a small amount of the copper in
malachite changed from Cu?* to Cu* under the X-rays of the XPS
instrument,” a discussion of the extent and mechanisms involved
is necessary [40].

There are several possible mechanisms for the photo-induced
reduction in XPS. Firstly, the X-ray used in XPS, with a typical energy
of 1.487keV for Al Ka or 1.254keV for Mg Ka, has sufficient energy
to produce, in addition to the initial photoelectrons, secondary
electrons, Auger electrons, and other energetic particles within the
sample. If the sample contains carbonaceous or reducible matter,
then the conditions for reduction are locally produced. In the
case of the mineral malachite, the presence of the carbonate ion,
with carbon in the +4-oxidation state and inherently susceptible
to electron transfer, might provide pathways for the electron
transfer, resulting in the reduction of Cu®* ions to Cu* ions. That
the Cu* ions are produced “under the X-rays,” as suggested by the
handbook, implies a dynamic and ongoing process during the XPS
measurement, and not a static condition in the pristine mineral
sample [40].

The amount of photo-induced reduction present in the
malachite sample was relatively small but not insignificant. As
demonstrated by the handbook data, there was a measured
Cu® peak present with 1.2% atomic percentage, appearing
alongside 6.5% Cu®* in the same measurement, indicating that
approximately 15.6% of the copper atoms present had been
reduced to the +1 state (calculated as 1.2/ (1.2+6.5) = 0.156 or
15.6%) [40]. Although this represents a minority of the total
copper present, it is significant enough to be readily identifiable
in high-resolution spectra. The fact that Cu* and no other reduced
species (such as metallic Cu®) are produced indicates that this
process is controlled and limited in some way, likely due to kinetic
factors and/or the availability of appropriate electron-accepting
sites in close proximity to the Cu®* centers under measurement.

The implications of photo-induced reduction are considerable.
In analyzing aged azurite and malachite pigments from paintings
and other objects, XPS analysts must be aware that, to some
degree, the detected Cu® levels are not necessarily due to real
compositional changes but might have occurred due to photo-
induced effects. It is not easy to differentiate between these
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two effects. However, there are several options to reduce this
uncertainty: (1) to carry out XPS analysis using different X-ray
sources (Al Ka and Mg Ka) and varying X-ray flux intensities to
investigate the effect of photon dose on Cu* photo-reduction; (2)
to use lower X-ray energies and shorter analysis times per specific
sampling area to reduce the total dose of X-rays absorbed by
the sample; (3) to apply other analytical methods, e.g., electron
paramagnetic resonance spectroscopy, which detects Cu?* but not
Cu*, and X-ray diffraction, which detects Cu,0 but not Cu*; and (4)
to measure several samples of the same material, including fresh
and aged materials, to determine a reference photo-reduction
rate, which can be subtracted from the total detected amount [40].

The data presented in the handbook also demonstrates a subtle
point with respect to the standardization of reference spectra,
namely, if the reference material used for Cu (II) analysis, namely,
the mineral malachite, is used without correcting for the formation
of Cu* from Cu?* due to the X-ray exposure, then incorrect Cu*
peaks would be introduced into the reference spectra, resulting in
errors for unknown spectra. This demonstrates the importance of
either: a) the use of reference materials measured under specified
conditions of X-ray flux and exposure, or b) the use of calculated
values of the binding energies, typically from high-level quantum
chemical calculations, for mineral systems. The documentation
of the observation of the photo-reduction of Cu®* to Cu* in the
handbook provides a useful reference for the expected baseline
behavior of the mineral, particularly for the case of the mineral
malachite [40].

Comparative Spectral Features: Complex Overlapping
Signals and Structural Distinctions

Apart from the major binding energy values for the Cu,p
level, an in-depth investigation of the carbon and oxygen levels
shows significant structural and compositional differences
between azurite and malachite that further emphasize the impact
of crystal structure on XPS spectra. Although both are copper
carbonate minerals, the difference in their crystal structure
results in measurable differences in their photoemission spectra
for chemically similar species [40]. This comparison is vital to
understanding how XPS can identify differences between minerals
and their alteration products.

A comparison of this type is particularly instructive. For
azurite, there is a clear and distinct primary peak at 289.3eV
due to carbonate carbon. In addition, there is excellent
agreement between the atomic percentage calculated from this
XPS measurement (13.8%) and the theoretically calculated
stoichiometry (15.4%). This gives a Cu:C ratio of 2.4:2.0, or 1.2:1
[40]. The simplicity of this XPS spectrum reflects the crystal
structure of azurite, where there are no differences in crystal sites
occupied by carbonate. In stark contrast, there are three peaks

in the carbon 1s XPS spectrum of malachite: a main carbonate
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carbon peak at 289.2eV, similar to azurite. In addition, there are
peaks due to C-0O at 286.3 eV and adventitious carbon at 294.8eV.
The atomic percentage values calculated from these peaks (5.7%,
7.7%, and 27.2%, respectively) are considerably different from
those calculated from the stoichiometry of Cu,CO,(OH),.

The appearance of the C-O peak at 286.3 eV in malachite
but not azurite is particularly interesting. This C-O peak is likely
associated with carbon atoms bonded directly to oxygen and is not
characteristic of a simple carbonate (CO3%”) group. The C-O peak
may be associated with: (1) bridging carbonates that coordinate
to multiple copper centers, thereby weakening the C-O bonds and
resulting in a lower binding energy value; (2) partially degraded
carbonates; or (3) defects or disorders present in the malachite
lattice [40]. The C-O peak observed at 286.3eV is significantly
lower in binding energy compared to the main peak corresponding
to a carbonate group at 289.2 eV, with a difference of 3.0eV. This
is a very electron-rich environment compared to the environment
associated with the main peak corresponding to a carbonate
group. The carbon atom associated with the C-O peak is therefore
experiencing a much weaker electrostatic attraction to its nucleus
compared to a carbon atom associated with a carbonate group.

The oxygen 1s spectra also support this analysis of structural
complexity in malachite. The oxygen spectra for azurite consist of
only two oxygen environments: one corresponding to oxygen from
carbonates at 531.4 eV and a second corresponding to oxygen
from hydroxyls at 532.1eV, with measured percentages of 55.7%
and 13.9%, respectively, which is very close to the theoretical
ratio expected for a Cu,(CO,),(OH), formula (theoretical oxygen
1s: 46.2% for CO3 and 15.4% for OH) [40]. The measured oxygen
percentages being slightly above theoretical (55.7% measured,
46.2% theoretical) is attributed to the higher ionization cross
section for oxygen and the presence of small amounts of impurity
phase silicates that were also present in the sample. The oxygen
spectra for malachite consist of three oxygen environments:
a peak corresponding to oxygen from carbonates at 531.3eV
(21.8%), a second corresponding to oxygen from hydroxyls at
532.0eV (13.1%), and a third corresponding to a tertiary O-C bond
at 532.9 eV (10.6%) [40]. The presence of a third oxygen peak
at 532.9eV is again unique to malachite and suggests that some
oxygen is present in a bonding environment that is neither simply
carbonates nor hydroxide, which is consistent with the C-O bond
observed in the carbon spectrum.

These specific spectral variations between azurite and
malachite serve to illustrate an important general principle in the
interpretation of XPS spectra, whereby minerals with ostensibly
similar chemical composition and identical initial oxidation states
may show significant variations in their XPS spectra, depending
on variations in crystal structure. The spectra provided in the
handbook serve to illustrate this point, in that variations in crystal
structure are seen to affect not only the principal features of
element-specific spectra but also the fine detail, satellite features,

and the presence of subsidiary peaks corresponding to alternative
bonding configurations [40].

Additionally, the discrepancies in the theoretical and calculated
percentages for the elements in both minerals, especially in
malachite, underscore the sensitivity of the technique to the
surface layer of the sample and the effect of heterogeneity in the
sample. It is stated in the handbook that Na and Si impurities in
the mineral are present in the form of silicates. However, the large
discrepancies in the calculated and actual percentages indicate
the possibility of other factors influencing the XPS spectra, such
as the segregation of elements to the surface layer of the sample.
This is especially true for the Cu content in malachite, which is
significantly lower in the actual measurement (1.2%) than in the
calculated percentages (25.0%), indicating the possibility of the
surface layer being depleted in Cu content relative to the bulk
phase of the mineral. This type of analysis does not only show the
chemical composition of the mineral but also its reactivity.

Binding Energy Changes During Corrosion and
Patina Formation

The formation of patinas on copper surfaces exposed to the
environment is characterized by changes in the oxidation states
and chemical environment of copper, which is observable using
XPS analysis and understanding the changes in binding energies
during the degradation process Figure 3. During the initial
corrosion process, metallic copper (Cu®) is converted to Cu,0
(cuprite). The Cu 2p core level spectrum is characterized by
binding energies around 932.5eV [45]. The XPS analysis on copper
surfaces exposed for long durations in different atmospheric
conditions showed that during the initial stages, cuprite is the
dominant corrosion product, where copper in Cu,0 has a lower
binding energy compared to Cu (I1I). When copper is exposed to the
atmosphere for long durations, the corrosion products gradually
change due to the presence of sulfur dioxide in the atmosphere.
During this period, copper is converted from Cu,0 to brochantite
(CusS04(OH)4-2H,0). The Cu (II) in brochantite is characterized
by binding energies ranging from 934-935eV, showing an increase
in the copper oxidation state, similar to the binding energies in the
azurite and malachite minerals, as discussed in the literature by
Kloprogge & Wood [40].

A particularly illustrative case of the evolution of binding
energies during the process of corrosion can be exemplified
by the depth profiling of multi-layered systems of patina. In the
urban atmospheric environment with mixed acid rain-induced
acceleration of the corrosion process, the top layer of the patina
contains Cu (II)-based compounds such as sulfates, oxides, and
hydroxy oxides. In the interfacial region of the corrosion product
layer and the underlying Cu metal, Cu,0 is found to be favored. In
the XPS depth profiling of such multi-layered systems of the patina,
the binding energy shifts are found to be indicative of the position
of the Cu species in the layered structure. Lower binding energies
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at the metal-oxide interface (~932eV) correspond to Cu(I). In the
top layer of the corrosion product layer, higher binding energies
(~934 to 935eV) are indicative of Cu (II) in the forms of Cu sulfate
and Cu hydroxy carbonate. The gradient in the binding energy
in the single layer of the patina thus provides direct evidence of

the oxidation-reduction gradients in the atmospheric corrosion
process. The binding energies in the corrosion layer are similar
to the reported values by Kloprogge & Wood [40] for malachite
(~935.1 eV for Cu?* in malachite) and for the partially reduced
malachite (~932.9eV for Cu* in the reduced malachite).
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Figure 3: Distinct XPS signatures of azurite and malachite across mineral, pigment, and patina contexts. (A) Azurite and malachite
minerals transformed into historical pigments exhibit compositional variability due to impurities and processing history. (B) Comparative
XPS spectra of azurite, malachite, and copper corrosion products show overlapping Cu?'! and carbonate-hydroxide signals, complicating
phase identification based on Cu 2p and O 1s regions. (C) Patina and corrosion contexts illustrate how malachite patinas (C1), malachite
corrosion products (C2), and azurite—malachite pigment mixtures can produce XPS signatures that resemble one another, especially in
field-exposed or degraded surfaces (C3).
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In the presence of hydrogen sulfide in hot spring environments,
the chemistry of the corrosive process changes considerably.
In this case, the major corrosion products are Cu 2S, known as
chalcocite, where copper has an oxidation state of +1 and has
lower binding energies [46]. In cases where both Cu,0 and Cu,S
are present on the same corroded surface, as has been noted in
environments with mixed chemistry, it has been established that
the distinction between these two compounds can be made by

closely examining the Cu2p spectrum, where there are slightly
differing satellite features and peak shape for the presence of
Cu,S compared to Cu,0 [46]. The binding energies for the Cu* in
the three compounds, namely Cu,0, Cu,S, and the photo-reduced
malachite phase identified by Kloprogge & Wood [40] and having a
binding energy of 932.9¢V, fall in a narrow range of approximately
932.0 to 933.5eV.
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Binding Energy Changes During Thermal Degradation
and Decomposition

Thermal degradation of the azurite and malachite pigments
involves sequential oxidation-reduction reactions, which result in
specific and measurable changes in the binding energies Figure
3. The specific binding energies for these pigments, provided in
the study by [40], serve as an initial basis for understanding the
impact of thermal degradation on these minerals. The thermal
degradation process for the copper pigments, when subjected
to increasing temperatures, initially involves dehydration at
temperatures less than 200°C, which may result in specific Cu
2p binding energy changes due to the alteration in the hydroxide
coordination environment around copper [47]. At temperatures
between 200-300°C, the copper carbonates dehydroxylate,
leading to structural changes in the compound. The XPS spectrum
obtained from copper carbonates, which have been subjected to
thermal degradation, indicates that during dihydroxylation, the Cu
2p binding energies change, reflecting changes in the coordination
environment around copper, from hydroxide-rich to oxide-rich
coordination [48]. At 300°C, copper oxide and copper carbonate
may coexist, leading to complex XPS spectra, where multiple
features may be present. The binding energies for these copper
pigments at intermediate stages will be between the main features
in the handbook spectra for the pure copper carbonates (934.6eV
for copper in azurite and 935.1eV for copper in malachite) and the
binding energies for CuO [48].

Further heating to 400°C and above leads to the complete
transformation of azurite to tenorite (CuO) or malachite to a
combination of tenorite and finally copper(I) oxide in a reducing
environment [48]. The Cu 2p3/2 binding energy for the pure CuO
phase is centered at 933.5 to 934.0eV, which is slightly lower than
the Cu 2p,, binding energy for the hydroxycarbonate compounds.
This is due to the absence of hydroxyl groups and the square planar
coordination geometry of the Cu?* ions in the CuO crystal. This
Cu 2p binding energy for CuO at 933.5 to 934.0€V is significantly
lower than the Cu?* peak for malachite at 935.1eV and is even
lower than the Cu?* peak for azurite at 934.6eV [40]. This shows
that the removal of the hydroxide ligand during the thermal
decomposition leads to a decrease in the Cu 2p binding energy
due to a reduction in the electrostatic potential around the Cu?*
ion. The presence of multiple Cu 2p peaks during the intermediate
stages of heating, such as the simultaneous presence of Cu?* from
the carbonate and oxide compounds, makes the temperature-
dependent XPS technique particularly useful for the study of the
thermal decomposition of the compounds [47].

A crucial point of distinction arises in the case of the effect of
the different electronegativities of the anion sites on the binding
energies of the copper atoms in the minerals of interest [40]. The
carbonate minerals of interest include azurite, with copper at
934.6 eV, and malachite, with Cu?* at 935.1eV. The effect of the
oxygen ligands of the carbonate CO3;*" anions on the electron

cloud of the copper atoms is naturally different from the effect of
the hydroxyl OH™ ligands in the case of the malachite mineral or
the oxide ligands of the 0~ anions present in the case of the cupric
oxide mineral, with copper at 933.5-934.0eV. The shift in the Cu 2p
binding energies of the malachite mineral, with Cu®* at 935.1eV,
and the CuO mineral, with copper at 933.5-934.0eV, can be as
much as 0.5-1.6eV, demonstrating the fundamental shift in the
electronic environment of the copper atoms during the thermal
decomposition of the malachite mineral. The study of the changes
in the binding energies of the copper atoms in the malachite
mineral during the thermal decomposition process, carried out at
increased temperatures, indicates that the changes in the binding
energies of the copper atoms during the thermal decomposition of
the malachite mineral are not static but occur in real-time during
the thermal decomposition of the malachite mineral [49].

Multicomponent and Quantification

Challenges

Systems

In the case of partially degraded azurite and malachite
pigments, the surface of the historical objects might be a mixture
of the original pigment, partially degraded products, and
secondary products of the degradation reactions. For instance,
the partially degraded hydroxycarbonates might be present,
and the secondary products might include tenorite and copper,
resulting from the reduction of the copper ions in the presence of
reducing agents. In the presence of a complex mixture of copper-
containing components, the Cu 2p photoemission spectrum might
be a convolution of the spectra of the individual components, each
contributing copper with a different core-level binding energy. A
good example of the complexity of the Cu 2p spectra of the mixed
components, and the relevance of the handbook data, might be the
observation of the coexistence of Cu?* and Cu* in the same sample
of the pigment, with Cu?* present at a binding energy of 935.1eV
and Cu* present at a binding energy of 932.9¢eV, as suggested by
the handbook data for the pigment, according to the work of [40].
In the case of a quantitative analysis, the Cu 2p spectrum of the
mixed components might be analyzed either by peak fitting, using
reference spectra of the individual components, or by performing
a depth profile analysis of the sample.

Peak fitting for such complex spectra can be particularly
problematic, especially considering the potential for shake-up
satellites associated with the Cu (II) species to fall into the binding
energy range of the Cu(I) species. In this case, the handbook values
are particularly useful, with the shake-up satellites for the azurite
appearing at 940.3 and 943.6eV, and for malachite appearing at
938.9, 941.7, and 943.9eV [40]. These are considerably shifted
from the binding energy of the Cu® peak (which appears at
932.9eV in the malachite spectrum). However, should there also
be other peaks associated with other Cu (II) species with slightly
shifted binding energies, or should there be other features
associated with other elements (such as impurity elements with
Auger features or other shake-up satellites), it should not always
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be possible to separate the spectra to this extent. In fact, the best
approach to this problem involves the acquisition of high-quality
XPS spectra for pure azurite, pure malachite, pure Cu20, pure CuO,
and pure tenorite, and then performing a linear combination fit to
the spectrum of the aged sample. Such an approach will only work
effectively if it can be ensured that the reference spectra have
been acquired under the same conditions of measurement (i.e.,
the same analyzer setting, pass energy, etc.) and under controlled
X-ray flux to minimize any potential for photo-induced effects such
as the reduction of Cu®* to Cu* that was noted by [40].

Binding Energy Shifts as Indicators of Charge Transfer
and Interfacial Effects

Within composite materials or copper-containing pigments
with multiple copper-containing phases in physical contact
with one another, charge transfer between interfaces can occur
and modify the binding energies beyond those expected for the
individual phases (Wang et al., 2026). For example, in materials
where both copper(l) oxide and copper (II) oxide are in physical
contact, either through electrostatic or epitaxial interactions
(which might occur in some degradation products or in composites
synthesized for other purposes), the binding energies of the Cu2p
peak might not reflect those of the pure phases due to charge
transfer between copper(I) and copper (II) species. Such binding
energies can give insight into the strength of interaction between
phases and even whether there are any structural coherences
between them. In the documentation of this handbook, for
example, it has been noted that photo-induced formation of Cu*
occurs atabinding energy of 932.9eV in malachite [40]; if there are
large changes in this binding energy for the Cu* peak, this might
reflect strong interactions between copper-containing species.

In a similar fashion, when copper oxides are in contact with
carbon substrates, as might be the case if the copper oxides
of azurite and malachite are used as pigments on a substrate
containing charcoal, the Cu,p core level might be lowered in terms
of binding energy due to electron donation from the substrate,
yielding characteristic spectroscopic signatures of these interfacial
interactions [50]. The ability to distinguish these changes from
the inherent differences in the core level binding energies of the
different minerals, such as the 0.5eV difference between the two
copper oxides of azurite and malachite, as measured by Kloprogge
and Wood [40], critically depends on the availability of reference
values and the expected range of these interfacial effects.

Lifetime Broadening and Shake-Up Satellites as
Structural Indicators

Apart from the position of the main Cu 2p,, peak, the shape of
the satellite structures and the extent of the “shake-up” satellites
contain valuable additional information on the electronic structure
of copper. For Cu (II) compounds, the “shake-up” satellites are due
to the interaction of the photo hole created during photoemission
of an electron from the Cu 2p orbital with the 3d electrons. This

interaction leads to the creation of multiples that are observed as
satellite peaks. The position of the satellite peaks depends on the
configuration of the d electrons and the crystal field splitting of the
3d states. The latter depends on the coordination geometry and
bond lengths. The Cu 2p XPS spectrum of azurite and malachite,
given in the handbook compiled by [40], shows that for azurite,
there are two satellite peaks at 940.3eV and 943.6eV. In contrast,
for malachite, there are three satellite peaks at 938.9eV, 941.7¢€V,
and 943.9eV. The presence of an additional satellite peak for
malachite and the differences in the spacing of the satellite
peaks for azurite and malachite are due to the differences in the
crystal field environment of the Cu?* ion in the two minerals. For
azurite and malachite, where Cu (II) has a fixed position on the
crystal lattice, the Cu 2p satellite structure is reproducible and
unique. Changes in the satellite structure during storage may
indicate changes in the coordination environment of the Cu®* ion,
e.g, loss of water or replacement of carbonate by oxide during
dihydroxylation.

Additionally, effects of lifetime broadening, which are manifest
through the total width and smoothness of the Cu 2p feature, have
the potential to offer insight into the homogeneity and structural
organization of the phase. Degraded pigments with some degree of
amorphization will have Cu 2p features that are more broadened
and diffuse in comparison to those of well-crystallized minerals
like those found in the handbook. This is due to differences in
photo hole lifetimes between ordered and disordered materials.
This is particularly significant in differentiating between primary
and secondary materials.

Practical Considerations for Quantification and
Interpretation

In the context of quantitative XPS analysis of azurite, malachite,
and their decomposition products, there are some best practices
that are indicated by the literature and handbook data [40,46,49]:
The choice of binding energy scale is of primary importance.
The use of an adventitious carbon reference at 284.8eV for the
carbon 1s peak, which is standard for XPS analysis, is a possible
source of error if the carbon overlayer thickness or composition
is different for different samples. Other authors have also chosen
to use the Fermi level of the substrate or reference materials,
each of which has its own implications for the binding energies
obtained. The choice of a common reference scale for the analysis
of azurite and malachite samples in the handbook allows for the
direct comparison of binding energies for the two samples. The
difference of 0.5eV is real and is not an artifact of calibration
procedures.

Second, the Cu 2p photopeak’s must be recorded at high
energy resolution, i.e., analyzer pass energy <20eV for survey
scans and <10eV for more detailed analysis. This is because lower
resolution may not be sufficient for the resolution of closely
spaced peaks such as Cu(I) and Cu (II) or for satellite peaks. The
presence of high-resolution Cu 2p photopeak’s for azurite and
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malachite samples in the handbook indicates the level of detail
that is possible for XPS analysis.

Third, the quantification should utilize sensitivity factors
that are specific to the instruments and elements in question.
The handbook provides both calculated and measured values for
atomic percentages. This demonstrates the effect of the sensitivity
factors used in the analysis.

Fourth, in the analysis of aged pigments and corroded
surfaces, depth profiling using argon ion sputtering should be
done with caution. This is because the different elements in the
sample may be sputtered at different rates. In addition, Cu (II)
may be reduced to Cu(I) and finally to metallic Cu. This effect may
be compounded by the photo-induced reduction effect reported
by [40] for malachite. It should be noted that the effect of the ion
sputtering should be controlled.

Fifth, the analysis should be carried out with attention to the
X-ray photon flux and the dwell time per spot. This is demonstrated
in the handbook’s documentation of the photo-induced Cu®* to
Cu* reduction effect. This effect may be minimized by carrying out
the analysis at a lower X-ray power or by reducing the dwell time
per spot.

Lastly, the analysis should be complemented by other
analytical methods such as X-ray diffraction to confirm the
crystalline nature of the compounds. Raman spectroscopy may
be used to identify the vibrational modes of specific compounds.
In addition, transmission electron microscopy may be used to
determine the distribution of the compounds at the nanometer
scale. This is exemplified in the handbook’s provision of both the
XPS data and the composition of the sample.

Moreover, there are overlapping contributions from carbonate
oxygen, hydroxyl groups, and chemisorbed species like water and/
or other oxidizing species [33]. This is clearly demonstrated by the
reference handbook values, where carbonate species are reported
at 531.4eV and 531.3eV for azurite and malachite, respectively,
compared to hydroxyl groups at 532.1eV and 532.0eV, respectively
[50]. XPS analysis is based on homogeneous concentration
profiles in the sampling depth. However, this is not true for azurite
and malachite samples, particularly those with nonhomogeneous
composition and/or surface alteration. The calculated atomic
percentage values and Cu/0/C ratios based on XPS peak areas will
not agree with the stoichiometric values. This is particularly true
when surface effects are present, and this has been reported in
aged pigments where leaching of certain species is known to affect
the composition. The reference handbook values indicate large
differences between calculated and measured atomic percentage
values, particularly in malachite, where Cu was found to be 1.2%
compared to a calculated value of 25.0%.

Integration with Complementary Techniques

With these limitations in mind, best practice for the
characterization of azurite, malachite, and copper corrosion
products involves the employment of multiple techniques,
including XPS and X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, and scanning
electron microscopy (SEM). XRD offers the opportunity to identify
the crystalline phase of the material, which can be correlated
with the binding energies and peak shapes obtained by XPS. FTIR
and Raman spectroscopy can confirm the presence of carbonate,
hydroxide, and sulfate groups that often appear in the XPS
spectrum and can overlap with the oxygen signal (Bertrand et al.
2013). SEM offers the opportunity to identify the morphology of
the material, which can explain discrepancies in the XPS results
due to differences in surface area effects and/or heterogeneous
surface topography. For example, the degradation of the azurite
and malachite pigments used in historical murals has been
studied by employing multiple techniques to confirm that, indeed,
azurite can degrade to the black oxide tenorite (Cu0O), which has
the effect of changing the oxidation state of copper from a mixture
of Cu(I) and Cu (II) to pure Cu (II), with corresponding changes
in the XPS spectrum [51]. Without the aid of XRD to confirm the
presence of the tenorite phase, the XPS results could have been
misinterpreted.

Comparison of Pigment and Mineral XPS:
Implications for Conservation and Archaeological

Study

The ability of XPS spectroscopy to distinguish between
primary azurite/malachite minerals and artificially synthesized
or historically used pigments has been a challenge. Some of the
synthesized pigments are characterized by unique impurities
and crystal structure, but it has been established that XPS
spectroscopy is unable to distinguish between the two, since the
Cu (II) present in the mineral and the synthesized pigment has a
similar coordination environment. The major breakthrough in the
identification of the source of the pigment has been through trace
elementanalysis and compositional data, indicating the limitations
of XPS spectroscopy, which only provides partial information.
In the context of conservation, the ability of XPS spectroscopy
to detect secondary corrosion products, such as basic copper
carbonates, chlorides, and sulfates, which form during storage of
historical objects, has been significant, since these can be targeted
for conservation treatment.

Conclusion

XPS has thus emerged as an invaluable tool for the
characterization of the surface chemical makeup of the azurite and
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malachite ore mineral, pigment, and copper corrosion product
systems. However, in the interpretation of the XPS data for these
systems, a number of possible artifacts must be taken into account.
The comparative study of the ore mineral, the pigment, and the
corrosion product systems highlights the major differences in the
degree of surface homogeneity and the oxidation state distribution.
It is apparent that the XPS technique is limited in the extent to
which the differences in the chemical makeup of the three systems
can be resolved. In addition to the lack of a set of standardized
procedures for the measurement and data analysis for the three
systems in the available scientific literature, the technique’s
inherent limitations imply that the quantitative XPS data for the
three systems should be regarded as semi-quantitative in nature.

In the study of the chemical makeup of the patina layer in
architectural copper and copper art objects, the XPS technique has
shed light on the intricacy of the formation of the green corrosion
layer. It is apparent from the study by [37] that the green corrosion
layer observed in old copper roofs is a mixed phase compound
whose chemical makeup is a reflection of the local environment.
The study highlights the need for a proper understanding of
the long-term durability of the copper. The observation of the
formation of secondary copper compounds such as atacamite
green and black tenorite in the degradation of the malachite
and azurite pigments underscores the need to understand the
chemical makeup of the degradation products in addition to the
chemical makeup of the original pigment. The XPS technique is
essential in the study of the chemical makeup of the degradation
compounds in the malachite and azurite pigments.
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