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  Abstract 
Azurite [Cu₃ (CO₃)₂ (OH)₂] and malachite [Cu₂CO₃(OH)₂] are important basic copper 
carbonate-hydroxide minerals that serve as historical pigments, archaeological corrosion 
products, and indicators of geochemical processes in oxidized copper deposits. While 
Fourier-transform infrared microscopy (FTIR) and Raman spectroscopy are widely em-
ployed for their identification through characteristic vibrational modes, electronic struc-
ture information derived from surface-sensitive analysis remains underexplored for these 
minerals. This study provides a comprehensive characterization of the chemical bonding 
and electronic structures of azurite and malachite through X-ray Photoelectron Spectros-
copy (XPS), with particular emphasis on distinguishing subtle differences between these 
chemically similar minerals. High-resolution spectra of Cu 2p, C 1s, O 1s core levels and 
valence band regions were acquired using a Kratos AXIS Ultra spectrometer equipped 
with a monochromatic Al X-ray source, analyzing powdered mineral samples from 
South Australia and Western Australia. The Cu 2p core-level analysis revealed the most 
diagnostic spectroscopic differences. Azurite exhibits a single dominant Cu²⁺ photoelec-
tron peak at 934.6 eV with two shake-up satellites, confirming homogeneous divalent 
copper. Malachite displays a more complex spectrum containing both Cu⁺ (932.9 eV, 
2.0% observed) and Cu²⁺ (935.1 eV, 11.9% observed) components with three shake-up 
satellites, indicating mixed-valence character at the mineral surface. The 0.5 eV upward 
shift in Cu²⁺ binding energy reflects differences in hydrogen bonding and coordination 
geometry. In contrast, C 1s and O 1s spectra showed remarkable consistency between 
the two minerals: carbonate carbon binding energies were virtually identical (289.2–
289.3 eV), and carbonate and hydroxyl oxygen displayed nearly identical binding ener-
gies with only 0.1 eV differences. However, intensity ratios of oxygen species directly 
reflected stoichiometric differences, validating spectral assignments. Valence band spec-
troscopy revealed a distinctive carbonate-derived feature at ~10–12 eV binding energy 
with substantially stronger intensity in azurite, reflecting its higher carbonate content. 
This study establishes XPS as a powerful complementary analytical method to FTIR and 
Raman spectroscopy, offering electronic fingerprinting for distinguishing azurite and 
malachite in complex multi-component systems. The surface-sensitive analysis uniquely 
detects redox processes and mixed-valence character unavailable through vibrational 
spectroscopy. These findings advance fundamental understanding of electronic structure 
in these historically important minerals and provide robust diagnostic criteria for authen-
tication and conservation assessment of cultural heritage artifacts, archaeological corro-
sion products, and geochemical interpretation of weathered copper-bearing materials. 
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1. Introduction 

Azurite and malachite are secondary copper carbonate-hydroxide minerals that form through supergene alteration of pri-
mary copper sulfide deposits in oxidized zones exposed to meteoric water. Their formation is governed by fundamental 
geochemical processes including sulfide oxidation, carbonate dissolution, and pH-dependent precipitation [1]. In diverse 
geological settings, these minerals develop when acidic, Cu-rich oxidizing solutions migrate through carbonate-bearing 
host rocks, where the pH increases and carbonate alkalinity rises, triggering the precipitation of basic copper carbonates 
[2]. The paragenetic sequence of azurite and malachite reflects the evolving redox and pH conditions during supergene 
enrichment, with malachite typically forming under more neutral to slightly alkaline conditions, while azurite may domi-
nate in slightly more acidic microenvironments [3]. The relative proportions and distribution of these two minerals in 
oxidized copper ore bodies therefore serve as indicators of the complex interplay between water-rock interaction, mineral 
reactivity, groundwater flow paths, and paleoclimatic conditions that characterize the weathering environment. 

Azurite, Cu₃(CO₃)₂(OH)₂, and malachite, Cu₂CO₃(OH)₂, rank as the two most common basic copper carbonates in nature 
[4]. Both minerals crystallize in the monoclinic system, space group P2₁/c [5, 6]. Single-crystal data show that the azurite 
unit cell values are a = 5.011 Å, b = 5.852 Å, c = 10.342 Å, β = 92.35° at 298 K (Zigan and Schuster, 1969). Azurite holds 
three nonequivalent Cu²⁺ sites: two distorted CuO₆ octahedra and one CuO₅ square pyramid [5]. Chains of CO₃ groups run 
parallel to b, link the Cu polyhedra, and create cavities that lodge two hydroxyls per formula unit. Malachite shows larger 
unit cell axes and β angle with a = 9.502 Å, b = 11.994 Å, c = 3.239 Å, and β = 98.75° [5]. Its two Cu sites each form a 
strongly Jahn–Teller-distorted CuO₆ octahedron. The carbonate groups sit in corrugated layers stacked along c, and a 
denser hydrogen-bond network lifts malachite’s decomposition point to about 250 °C; azurite dehydrates near 230 °C [7]. 

Historically, azurite and malachite held significant value for artists and craftspeople across multiple civilizations. 
Ground azurite was used as a deep blue pigment in medieval manuscripts and wall paintings, while malachite served as a 
green pigment for Russian icons and Chinese bronzes [8, 9]. The use of these minerals as pigments extended across diverse 
geographical regions and time periods. In Tang Dynasty murals of the Dunhuang Mogao Grottoes, Tang artists skillfully 
employed azurite and malachite as mineral-based pigments alongside cinnabar and ochre, demonstrating their central role 
in achieving lasting brilliance and visual impact [10]. Similarly, in early Ming dynasty architectural paintings at Yuzhen 
Palace in Wudang Mountain, all pigments were natural minerals—azurite for blue and malachite for green—reflecting 
typical early Ming dynasty characteristics of direct application onto wooden components without a ground layer [11]. 

Beyond their role in fine art, azurite became one of the most important blue pigments in art history, widely used during 
the Middle Ages and Renaissance periods [12]. Medieval artisans in particular valued azurite for its distinct blue hue; trace 
and minor element analysis has revealed that different Central European deposits exploited for pigment usage already in 
the Middle Ages possessed characteristic elemental fingerprints that can be used for provenance studies in works of art 
[13]. In illuminated manuscripts, both azurite and malachite appear consistently. Secondary ion mass spectrometry studies 
of fifteenth to sixteenth-century illuminated manuscripts have identified malachite for green decorative elements and az-
urite for blue pigments, alongside other inorganic materials like cinnabar for red [14]. Portable Raman spectroscopy in-
vestigations of medieval manuscripts, such as the De Civitate Dei manuscript held in the Library of Bruges, have docu-
mented azurite and malachite among the primary pigments employed by medieval illuminators [15]. 

Archaeological contexts reveal another important historical use of these minerals. Archaeological copper alloys often 
bear crusts of azurite and malachite that grow during long burial in moist, carbonate-rich soils [16, 17], making them 
significant products of post-depositional alteration. Detailed studies of corroded Roman bronze coins and artifacts show 
that both azurite and malachite form as secondary corrosion products following the initial formation of cuprite (Cu₂O) 
through interaction with burial environments [18]. In many cases, stratified corrosion layers develop during extended burial, 
with malachite and azurite comprising the external layers above deeper layers of atacamite and cuprite [19]. This layered 
corrosion profile reflects the progressive oxidation and alteration of copper-based alloys in response to changes in soil 
chemistry, moisture content, and pH conditions during burial. The formation of these secondary copper carbonate phases 
thus provides valuable information about the burial environment and taphonomic history of archaeological artifacts, mak-
ing them important indicators in the study of material degradation and conservation of cultural heritage [18]. 

Fourier-transform infrared microscopy (FTIR) and Raman microscopy are two commonly used methods [20, 21]. FTIR 
allows identification of, in particular, carbonate and hydroxyl vibrational modes besides several lattice modes. In azurite, 
the ν₃ asymmetric CO₃ stretch splits into two vibrational modes at 1510 and 1450 cm⁻¹. The ν₂ out-of-plane bending mode 
occurs at 830 cm⁻¹, while the ν₄ in-plane bending modes are observed near 700 cm⁻¹ [22]. A broad OH stretch mode can 
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be observed around 3400 cm⁻¹ [23]. Malachite shows ν₃ vibrational modes close to 1500 and 1415 cm⁻¹, ν₂ near 820 cm⁻¹, 
and a sharper OH stretching mode at 3425 cm⁻¹. Cu–O lattice modes fall below 400 cm⁻¹ for both minerals (Kloprogge, 
2004). Raman spectra support these assignments and add low-wavenumber lattice data. Azurite gives strong bands at 1460, 
1090, 835, 743, 404, and 150 cm⁻¹ [22]. Malachite shows main bands at 1502, 1098, 1033, 817, 432, and 150 cm⁻¹ [23]. 
Frost [22] linked shifts in the 400–150 cm⁻¹ range to Cu–O bond length, and [23] reported that grain orientation alters 
intensity ratios but does not change band positions.  

XPS probes the outer five nanometers of any patina and distinguishes the two minerals through binding-energy (BE) 
shifts. The Cu 2p3/2 peak centers at 934.8 eV for azurite and 935.2 eV for malachite; shake-up satellites at 941-945 eV 
confirm Cu²⁺ [24]. The Cu LMM Auger parameter has been observed at 1850.6 eV in azurite and 1851.2 eV in malachite, 
mirroring the slight rise in ligand field strength in malachite [24]. The C 1s envelope can be split into a carbonate peak at 
289.2 eV and an adventitious carbon peak at 284.8 eV [25]. The O 1s peak can be resolved into a lattice oxygen peak near 
530.1 eV, a hydroxyl oxygen peak near 531.4 eV, and minor adsorbed water near 533 eV. Light ageing lowers the car-
bonate C 1s intensity in azurite layers and raises tenorite Cu 2p signals, mapping the azurite → malachite → tenorite 
reaction pathway occurring on outdoor bronzes [26]. 

This study aims to provide a comprehensive characterization of the chemical bonding and electronic structures of azurite 
and malachite through X-ray Photoelectron Spectroscopy (XPS), with particular emphasis on distinguishing the subtle 
differences between these two copper carbonate-hydroxide minerals. Azurite and malachite are significant both as natural 
minerals formed during supergene alteration of copper deposits and as historical pigments and archaeological corrosion 
products that require reliable identification methods. While Fourier-transform infrared microscopy (FTIR) and Raman 
microscopy are commonly employed for identification of these minerals through their characteristic vibrational modes, 
XPS offers a complementary approach by probing the outer nanometers of material surfaces and providing electronic 
structure information through binding-energy shifts. This work builds upon previous XPS studies by providing a detailed 
analysis of the Cu 2p, C 1s, and O 1s photoelectron spectra to elucidate the electronic environment and chemical bonding 
differences between azurite and malachite, thereby advancing the spectroscopic understanding of these minerals and ena-
bling more robust characterization for applications in art conservation, archaeological analysis, and geochemical interpre-
tation of weathered copper-bearing materials. 

2. Materials and Methods 

The azurite and malachite samples are part of the author’s private collection. The azurite came from Burra, North Mt. 
Lofty Ranges, South Australia, Australia. The malachite sample came from Whim Creek, Pilbara Region, Western Aus-
tralia, Australia. 

To prevent surface oxidation, the minerals were prepared as fresh powders. Following fine crushing with a clean stain-
less-steel spatula, small quantities of the sample were mounted onto double-sided adhesive tape (approximately 5 mm 
diameter coverage), with the XPS analysis targeting a specific area of roughly 0.7 mm × 0.3 mm. Samples were kept in air 
for less than 10 minutes before evacuation into the sample load-lock chamber. Argon Ion Beam cleaning was deliberately 
avoided, as this technique typically causes ion-induced damage and ion-beam reduction of the samples. The samples un-
derwent 72 hours of vacuum outgassing before analysis. 

XPS measurements were conducted using a Kratos AXIS Ultra spectrometer equipped with a monochromatic Al X-ray 
source operating at 150 W. Initial survey scans covered the 0–1200 eV range with parameters set at 100 millisecond dwell 
time, 160 eV pass energy, 1 eV step increments, and a single sweep. High-resolution spectra were acquired by increasing 
the number of sweeps while reducing the pass energy to 20 eV with 100 meV step increments and extending the dwell 
time to 250 milliseconds. The instrument features a patented coaxial low-energy electron charge compensation system that 
delivers high electron flux at uniform charge density. This system employs a magnetic immersion lens positioned beneath 
the sample, with low-energy electrons from a filament at the photoelectron input lens base injected into the magnetic field. 
Through deliberate overcompensation, the system achieves complete charge neutralization, causing photoelectron peaks 
to shift downward by several eV. Spectral calibration was performed using the adventitious C 1s peak at 284.8 eV as the 
reference standard. 

3. Results and Discussion 

Figure 1 shows the survey scans of the azurite and malachite samples in the range from 1200 to O eV. In agreement with 
the XRD results, no elements belonging to other minerals can be observed. In the survey scans, the Cu 2p, Cu 3s, Cu 3p, 
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Cu Auger, O 1s, and C 1 bands can be recognized. A minor amount of advantageous carbon can be observed due to surface 
contamination, combining with the C1 of the carbonate groups in azurite and malachite. 

 
Figure 1. XPS survey scans of azurite and malachite in the Binding Energy range of 1200 to 0 eV. 

Table 1. Binding energy (BE in eV) and relative fractions (atom% theoretical and atom% observed) for the Cu 2p, C 1s and O 1 
orbitals observed for azurite and malachite 

Mineral  Cu 2p    C 1s    O 1s   

 BE Atom% 
theor. 

Atom% 
obs. Species BE Atom% 

theor. 
Atom% 

obs. Species BE 
Atom

% 
theor. 

Atom% 
obs. Species 

Azurite 934.
6 23.1 9.6 Cu2+ 289.3 15.4 14.8 CO32- 531.4 46.2 52.7 CO32- 

 940.
3 

 3.2 shake-
up 

    532.1 15.4 15.9 OH- 

 943.
6 

 3.7 shake-
up 

        

Mala-
chite 

932.
9 25 2 Cu+ 289.2 12.5 10.5 CO32- 531.3 37.5 38.7 CO32- 

 935.
1 

 11.9 Cu2+     532.0 25.0 24.1 OH- 

 938.
9 

 2.9 shake-
up 

        

 941.
7 

 4.2 shake-
up 

        

 943.
9 

 4.2 shake-
up 

        

3.1 Cu 2p Core Level Spectra 

The Cu 2p core level spectrum arises from photoelectron ejection from the 1s inner shell orbital, creating a 2p hole that 
interacts with valence electrons through various processes. The binding energy of the Cu 2p photoelectron is highly sen-
sitive to the oxidation state and chemical environment of the copper atom [27]. For Cu²⁺ compounds with a d⁹ ground state 
configuration, the spectrum typically shows not only the main photoelectron peak but also characteristic shake-up satellites 
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at higher binding energies resulting from multi-electron excitations accompanying photoemission [28]. 
The interpretation of Cu 2p binding energy shifts requires careful consideration of several factors including the average 

ligand electronegativity, metal-to-ligand charge transfer, initial state effects, screening effects, and relaxation phenomena 
[24]. These factors collectively determine the final binding energy observed experimentally. The appearance of shake-up 
satellites, while complicating peak deconvolution, provides valuable structural and electronic information that enables 
more robust identification and characterization of copper compounds. 

Azurite, with chemical formula Cu₃(CO₃)₂(OH)₂, contains exclusively divalent copper in a well-defined d⁹ electronic 
configuration. The XPS study of azurite powder from Burra, South Australia, reveals a dominant Cu 2p3/2 photoelectron 
peak centered at 934.6 eV, with theoretical and observed atomic percentages of 23.1% and 9.6%, respectively. This main 
peak is accompanied by two well-resolved shake-up satellites at 940.3 eV and 943.6 eV, with observed intensities of 3.2% 
and 3.7% respectively (Figure 2a). The full-width-at-half-maximum (FWHM) of the main peak is approximately 1.5 eV, 
indicating a reasonably well-defined electronic environment. 

 
Figure 2. Cu 2p spectra obtained for (a) azurite and (b) malachite. 

The binding energy value of 934.6 eV for the azurite Cu 2p3/2 peak is consistent with literature values for divalent 
copper in oxide and carbonate environments. Previous XPS studies of copper compounds have established that Cu²⁺ typi-
cally exhibits main peaks in the range of 934-936 eV depending on the specific ligand environment [29]. The presence of 
two shake-up satellites is characteristic of Cu²⁺ species with d⁹ configuration, arising from single-electron excitations pro-
ducing final states with configuration d⁹L (where L represents a ligand hole) and d⁹L² [5]. 

A key structural feature of azurite is the presence of three crystallographically non-equivalent copper sites. These consist 
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of two distorted CuO₆ octahedra and one CuO₅ square pyramid. However, the XPS measurement probes only the outer 5 
nanometers of the surface and yields an integrated signal from all three copper sites. The fact that a single dominant Cu 
2p3/2 peak is observed at 934.6 eV indicates either that the three copper sites have very similar binding energies or that 
surface composition differs from bulk composition due to preferential oxidation or leaching. 

Recent in operando XPS studies of azurite thermal decomposition provide insights into the evolution of copper elec-
tronic structure during heating [30]. In these studies, azurite undergoes a complex decomposition process involving se-
quential water loss and carbon dioxide release. The in operando XPS data track changes in the Cu 2p core level during this 
process, showing gradual shifts toward higher binding energies as copper oxidizes to higher oxidation states. This work 
complements the room-temperature study by providing dynamic information about how the Cu 2p binding energy changes 
when azurite transforms into tenorite (CuO) and other products. 

The azurite Cu 2p3/2 binding energy of 934.6 eV compares well with literature values from other Cu²⁺-containing min-
erals. In libethenite (Cu₂PO₄(OH)), a phosphate analog structurally similar to malachite, the Cu 2p3/2 peak appears at 
934.5 eV according to recent XPS deconvolution studies, consistent with azurite [28]. For copper(II) hydroxide (Cu(OH)₂), 
the main Cu 2p3/2 peak is reported at approximately 935.5 eV, slightly higher than azurite, reflecting the different oxygen 
coordination environment [31]. Tenorite (CuO) shows a Cu 2p3/2 peak at around 934.5 eV, very similar to azurite, sug-
gesting comparable ligand field effects from the oxide coordination geometry. 

The most striking finding from the XPS analysis of malachite (Cu₂CO₃(OH)₂) is the detection of a measurable Cu⁺ 
component at 932.9 eV binding energy, representing 2.0% of the observed copper (Figure 2b). While malachite is generally 
considered to be a pure Cu²⁺ mineral with formula Cu₂CO₃(OH)₂, the presence of Cu⁺ at the surface is noteworthy and 
likely reflects surface reduction processes occurring during sample handling or measurement. This finding is particularly 
significant given that neither the theoretical stoichiometry nor bulk crystallographic studies indicate Cu⁺ in the malachite 
structure. 

The Cu⁺ detection raises important questions about surface reactivity and redox processes in malachite. Such surface 
reduction phenomena have been documented in other copper oxide systems, where Cu²⁺ can be partially reduced to Cu⁺ 
under ambient laboratory conditions or during air exposure [32]. The reduction is most likely due to X-ray beam damage 
but may involve adsorbed organic compounds, moisture, or reactions with residual reducing agents present on the mineral 
surface. 

The dominant copper species in malachite is Cu²⁺, showing a main photoelectron peak at 935.1 eV binding energy with 
11.9% observed atomic percentage (theoretical value 25%). This binding energy is 0.5 eV higher than the azurite main 
peak (934.6 eV), indicating a stronger ligand field effect or different chemical environment in malachite. The slightly 
higher binding energy is consistent with the greater Jahn-Teller distortion and denser hydrogen-bond network characteriz-
ing malachite’s crystal structure compared to azurite. 

The Cu 2p core-level XPS results presented in Table 1 reveal significant differences between azurite and malachite that 
reflect their distinct crystal structures and copper coordination environments. Azurite exhibits a single dominant Cu 2p3/2 
peak at 934.6 eV corresponding to Cu²⁺, accompanied by two shake-up satellites at 940.3 and 943.6 eV that confirm the 
uniform divalent oxidation state. In contrast, malachite displays a more complex Cu 2p spectrum with two distinct oxida-
tion states: a minority Cu⁺ peak at 932.9 eV (2.0% observed) and a dominant Cu²⁺ peak at 935.1 eV (11.9% observed), 
with three shake-up satellites detected at 938.9, 941.7, and 943.9 eV. The 0.5 eV upward shift in binding energy from 
azurite (934.6 eV) to the Cu²⁺ component in malachite (935.1 eV) indicates a slight increase in the effective nuclear charge 
experienced by copper in the malachite structure, likely arising from differences in the hydrogen bonding patterns between 
the hydroxide and carbonate groups. The presence of mixed-valence Cu⁺/Cu²⁺ in malachite, as evidenced by Table 1 and 
Figure 2b data, is a particularly noteworthy feature that distinguishes it from azurite’s homogeneous Cu²⁺ character. Addi-
tionally, the C 1s and O 1s binding energies are nearly identical between the two minerals (C 1s: 289.3 eV for azurite vs. 
289.2 eV for malachite; O 1s carbonate: 531.4 vs. 531.3 eV), indicating that the carbonate and hydroxide ligand environ-
ments are essentially equivalent in both structures, and the Cu 2p differences primarily reflect variations in the local elec-
tronic environment and potential charge-transfer effects related to the distinct crystallographic arrangements of these cop-
per hydroxycarbonates. The distinct spectral features of each mineral therefore provide a reliable diagnostic basis for dif-
ferentiation through XPS analysis. 

The observation of both Cu⁺ and Cu²⁺ components in malachite represents a mixed-valence situation at the surface. 
While bulk malachite is stoichiometric and contains Cu²⁺ exclusively, the interfacial region probed by XPS can exhibit 
different oxidation states due to surface-specific phenomena. This mixed-valence character is supported by the presence 
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of three distinct shake-up satellites in malachite (938.9, 941.7, and 943.9 eV) compared to two in azurite (940.3 and 943.6 
eV), suggesting more complex multi-electron excitation processes. 

The three shake-up satellites in malachite at 938.9, 941.7, and 943.9 eV are observed with intensities of 2.9%, 4.2%, 
and 4.2%, respectively. These satellites represent different multi-electron final states: the first satellite (938.9 eV, ΔE ≈ 3.8 
eV) typically corresponds to a d⁹L configuration, the second (941.7 eV, ΔE ≈ 6.6 eV) to d⁹L², and the third (943.9 eV, ΔE 
≈ 8.8 eV) possibly to a d⁸ configuration or additional d⁹L excitations. 

The in operando XPS study of malachite thermal decomposition provides valuable complementary information [30]. 
Malachite is documented as the most resistant to thermal decomposition among copper carbonate-hydroxides, requiring 
temperatures around 250°C to begin breaking down. During this decomposition, the Cu 2p3/2 core level shifts to higher 
binding energies as water and carbon dioxide are lost and tenorite forms. This progressive shift can be tracked through 
careful XPS measurements at elevated temperatures, revealing the electronic structure changes accompanying the struc-
tural transformation from the dense, hydrogen-bonded malachite lattice to the simpler tenorite oxide structure. 

To contextualize the binding energies observed for azurite and malachite, comparison with copper oxides of different 
oxidation states is instructive (Figure 3). Tenorite (CuO) containing Cu²⁺ shows a Cu 2p3/2 binding energy of approxi-
mately 934.5 eV, very similar to azurite [33]. Cuprite (Cu₂O) containing Cu⁺ shows a substantially lower binding energy 
around 932.5 eV, reflecting the different electronic configuration of monovalent copper [32]. These comparisons demon-
strate that the azurite and malachite binding energy values fall solidly within the expected ranges for Cu²⁺-containing 
minerals, with minor variations reflecting differences in coordination geometry and ligand electronegativity. 

Copper sulfides represent a distinctly different chemical environment compared to carbonate-hydroxides (Figure 3). 
Chalcocite (Cu₂S) with Cu⁺ exhibits a Cu 2p3/2 binding energy near 932.0 eV, substantially lower than both azurite and 
malachite [34]. The extended X-ray absorption fine structure and photoelectron spectroscopy data confirm that Cu⁺ in 
sulfide coordination has inherently lower binding energies compared to carbonate, hydroxide, or oxide coordination. The 
dramatic shift between Cu⁺ in sulfide (~932 eV) and Cu²⁺ in carbonates (~935 eV) underscores the sensitivity of XPS to 
both oxidation state and ligand type. 

Libethenite (Cu₂PO₄(OH)) serves as a valuable structural analog to malachite, sharing similar hydroxide coordination 
and a basic copper mineral structure [28]. In detailed XPS studies of libethenite, careful peak deconvolution reveals five 
components in the Cu 2p region at binding energies of 934.5 eV (Cu 2p3/2), 954.5 eV (Cu 2p1/2), and shake-up satellites 
at 940.6, 943.1, and 961.5 eV. The main peak positions are nearly identical to those observed for azurite, supporting the 
interpretation that the ~934.6 eV binding energy represents a general characteristic of Cu²⁺ in anionic mineral frameworks 
with oxygen coordination (Figure 3). 

 
Figure 3. Cu oxidation state classification as reflected in the Cu 2p3/2 binding energy. 

Copper-containing spinel oxides like CuCo₂O₄ and Cu-doped Co₃O₄ provide examples of mixed-valence and spatially 
distributed copper systems [35]. In these spinels, Cu²⁺ can occupy either tetrahedral or octahedral sites, leading to binding 
energy variations. The Cu 2p3/2 peak in Cu-doped spinel oxides typically appears around 934.8 eV for Cu²⁺ in octahedral 
coordination. The complexity of these multi-site systems demonstrates that while azurite and malachite show relatively 
simple XPS patterns, more structurally complex minerals can exhibit broadened peaks or multiple components reflecting 
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site heterogeneity. 
Copper (II) hydroxide (Cu (OH)₂) provides a simple binary system for comparison and shows a Cu 2p3/2 binding energy 

of approximately 935.5 eV, slightly higher than both azurite and malachite [30]. Recent in operando XPS studies tracking 
the thermal decomposition of copper hydroxide through tenorite formation provide valuable temporal evolution data. These 
studies reveal that the hydroxide decomposes completely at 160°C, forming tenorite with associated binding energy shifts. 
The thermal stability sequence—Cu (OH)₂ < azurite < malachite—correlates with both the structural robustness imparted 
by carbonate and hydroxide interactions and the binding energy variations observed through XPS. 

3.2 C 1s Core Level Spectra 

Carbon 1s photoelectron spectroscopy provides crucial insights into the chemical bonding environment and valence elec-
tronic structure within carbonate and hydroxycarbonate minerals. In azurite and malachite, the carbon derives exclusively 
from carbonate anions (CO₃²⁻) that form the essential structural framework of these basic copper carbonates. The C 1s core 
level spectrum, therefore, serves as a sensitive probe of the carbonate ligand environment and indirectly reflects the coor-
dination geometry and electronic properties of the copper centers with which the carbonate ions interact. Unlike Cu 2p 
spectra, which directly probe the metal center, C 1s spectroscopy reveals information about the anion sublattice and the 
chemical bonding character of the carbonate functional group. The interpretation of C 1s binding energies requires careful 
consideration of the oxidation state of carbon (which remains +4 in carbonate, making chemical shifts related primarily to 
the ligand field rather than redox processes), the degree of ionic versus covalent character in Cu-O bonds, and any surface 
oxidation or contamination with adventitious carbon. 

 
Figure 4. C 1s spectra obtained for (a) azurite and (b) malachite. 
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The high-resolution XPS scans of azurite reveal a C 1s envelope that can be decomposed into two distinct components 
(Figure 4). The major peak at 289.3 eV represents the carbonate carbon (C 1s from CO₃²⁻), with an observed atomic 
percentage of 14.8% compared to the theoretical value of 15.4%. This ~1.7% discrepancy between theoretical and observed 
values reflects the surface  

sensitivity of XPS; the measurement probes only the outer 5 nanometers of the mineral surface, and compositional 
variations (such as preferential loss of carbonate through surface decarboxylation or preferential enrichment of copper at 
the surface) can account for these differences. The second component at 284.8 eV represents adventitious carbon contam-
ination from atmospheric hydrocarbons and residual organic material on the sample surface. The adventitious carbon peak 
is inherent to all XPS analyses conducted in air and serves as a reliable calibration reference, as its position at 284.8 eV is 
a widely accepted standard in the field. 

The carbonate C 1s binding energy of 289.3 eV for azurite is consistent with published XPS data for copper carbonate 
minerals and reflects the strongly polar nature of the C-O bonds within the carbonate ion and the substantial electronega-
tivity difference between carbon and oxygen. The binding energy shift from adventitious carbon (284.8 eV) to carbonate 
carbon (289.3 eV) amounts to approximately 4.5 eV, a characteristic energy difference that reliably distinguishes carbonate 
carbon from contaminating carbon in XPS spectra. This distinction is crucial for accurate mineral identification and for 
distinguishing between intrinsic carbonate and surface contamination. 

Malachite shows a C 1s envelope that can be decomposed into three components (Figure 3b). The major carbonate 
carbon peak appears at 289.2 eV binding energy, with an observed atomic percentage of 10.5% compared to the theoretical 
value of 12.5%. This more substantial discrepancy in malachite (approximately 6.5% difference) compared to azurite is 
particularly significant and suggests that surface decarboxylation or preferential surface enrichment of oxygen and copper 
may occur more readily on the malachite surface than on azurite. Such surface chemistry differences can arise from dif-
ferences in crystal structure, hydrogen-bonding patterns, and the relative stability of different surface terminations. The 
adventitious carbon contamination peak appears at 284.8 eV with an observed atomic percentage of 5.9%. The third peak 
can be ascribed to organic C-O within the surface contamination. 

The carbonate C 1s binding energy of 289.2 eV for malachite is virtually identical (0.1 eV difference) to that of azurite 
at 289.3 eV. This near-perfect overlap of the carbonate C 1s binding energies between the two minerals indicates that the 
local coordination environment of the carbonate ion and the overall ligand field effect on the carbon core electron binding 
energy are essentially the same in both minerals. This finding is particularly notable given the structural differences be-
tween azurite and malachite: azurite contains both octahedral and square-pyramidal copper sites, while malachite contains 
only octahedral copper sites, and the two minerals differ substantially in the density and geometry of their hydrogen-
bonding networks. The equivalence of the C 1s binding energies therefore suggests that the carbonate anion experiences 
essentially identical electronic environments in both minerals, indicating that the copper coordination geometry differences 
do not substantially perturb the carbonate C 1s binding energy through the crystallographic structure. 

The virtually identical C 1s binding energies (289.3 eV for azurite vs. 289.2 eV for malachite) constitute a striking 
contrast to the more substantial differences observed in the Cu 2p spectra (934.6 eV for azurite vs. 935.1 eV for malachite, 
representing a 0.5 eV difference). This divergence provides important structural insight: the copper coordination environ-
ments differ more substantially than the carbonate coordination environments between the two minerals. This observation 
aligns with the known crystal structures of these minerals. In azurite, the three copper sites have different coordination 
geometries but are surrounded by carbonate anions arranged in similar overall patterns. In malachite, the single copper 
geometry (octahedral with Jahn-Teller distortion) is coupled with a more complex hydrogen-bonding network that affects 
overall structure but does not fundamentally change the coordination of carbonate ions. The identical C 1s binding energies 
therefore indicate that despite the structural complexity of the two minerals, the carbonate ligand environment remains 
essentially constant, suggesting that carbonate coordination is optimized in a similar manner in both structures. 

The adventitious carbon peak at 284.8 eV appears in the spectra of both minerals. The higher observed adventitious 
carbon peak in malachite compared to azurite may reflect either greater atmospheric carbon contamination during sample 
storage and preparation, or alternatively, may suggest a more hydrophilic surface in malachite that preferentially adsorbs 
organic contaminants. The control of adventitious carbon is crucial for XPS studies, as this contamination can obscure 
intrinsic mineral features and must be carefully accounted for in spectral deconvolution. The use of the adventitious carbon 
peak at 284.8 eV as the binding energy calibration reference ensures that all binding energies are accurately referenced to 
this internationally accepted standard, enabling direct comparison with literature values from other laboratories. 

To contextualize the azurite and malachite C 1s findings within the broader literature on copper minerals, examination 
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of published XPS data for structurally related copper compounds provides a valuable perspective. In copper sulfides such 
as chalcocite (Cu₂S) and covellite (CuS), no intrinsic carbon signal appears in XPS spectra, with only adventitious carbon 
at 284.8 eV visible—a stark contrast to the carbonate minerals [36]. Copper oxides (tenorite CuO and cuprite Cu₂O) sim-
ilarly lack carbon signals unless surface contamination is present. This difference emphasizes the diagnostic value of the 
C 1s peak for identifying carbonate-containing minerals [37]. 

For basic copper carbonates more generally, published studies indicate that C 1s binding energies for carbonate carbon 
typically range between 288-291 eV, with most literature values clustering near 289-290 eV. The azurite and malachite 
values (289.2-289.3 eV) fall squarely within this established range, confirming their classification as standard basic copper 
carbonates. The slight variations observed in literature for different basic copper carbonates reflect differences in copper 
coordination geometry, hydrogen bonding geometry, and the relative proportions of hydroxide to carbonate groups [36]. 

Recent in operando XPS studies tracking the thermal decomposition of azurite and malachite provide important context 
for interpreting the C 1s spectra. Light aging lowers the carbonate C 1s intensity in azurite layers and raises tenorite Cu 2p 
signals, mapping the azurite → malachite → tenorite reaction pathway occurring on outdoor bronzes. This finding indicates 
that the C 1s carbonate peak serves as a quantitative monitor of carbonate preservation during mineral alteration processes. 
As azurite undergoes thermal decomposition through loss of water and subsequent release of carbon dioxide, the intensity 
of the C 1s carbonate peak progressively decreases, providing a sensitive measure of the degree of decomposition. By 
tracking both C 1s intensity changes and shifts in Cu 2p binding energies, it is possible to map the entire transformation 
sequence from hydroxycarbonate minerals toward the final oxide phase. This capability has direct applications in under-
standing the weathering of outdoor copper-containing artifacts and archaeological corrosion products on copper-based 
alloys. 

The presence of adventitious carbon at 284.8 eV, while inherent to XPS methodology, also provides indirect information 
about sample surface reactivity and hydrophilicity. In both azurite and malachite, the relatively modest amount of adven-
titious carbon contamination (3-6% observed atomic percentage) indicates that the mineral surfaces are not exceptionally 
hydrophilic under ambient conditions. This moderate hydrophilicity is consistent with the known properties of these hy-
droxycarbonate minerals. In contrast, pure copper(II) hydroxide, which is highly hydrophilic, would be expected to show 
greater adventitious organic contamination. The difference in adventitious carbon content between azurite (3.2%) and 
malachite (5.9%) suggests that malachite, with its denser hydrogen-bonding network and potentially more hydrophilic 
surface, may preferentially adsorb atmospheric hydrocarbons compared to azurite. 

The presence of adventitious carbon at 284.8 eV, while inherent to XPS methodology, also provides indirect information 
about sample surface reactivity and hydrophilicity. In both azurite and malachite, the relatively modest amount of adven-
titious carbon contamination (3-6% observed atomic percentage) indicates that the mineral surfaces are not exceptionally 
hydrophilic under ambient conditions. This moderate hydrophilicity is consistent with the known properties of these hy-
droxycarbonate minerals. In contrast, pure copper (II) hydroxide, which is highly hydrophilic, would be expected to show 
greater adventitious organic contamination. The difference in adventitious carbon content between azurite (3.2%) and 
malachite (5.9%) suggests that malachite, with its denser hydrogen-bonding network and potentially more hydrophilic 
surface, may preferentially adsorb atmospheric hydrocarbons compared to azurite. 

3.3 O 1s Core Level Spectra 

The O 1s photoelectron spectrum provides sensitive information about oxygen coordination environment and chemical 
bonding state in minerals. In copper-bearing minerals containing both oxide and hydroxide functionalities, the O 1s core 
level can be decomposed into multiple components reflecting different oxygen chemical environments. In copper oxide 
and hydroxide systems, the O 1s core level typically demonstrates distinct components where lower binding energy peaks 
refer to lattice oxygen atoms (oxide or carbonate oxygen), while higher binding energy components correspond to hydroxyl 
groups and surface-adsorbed water [38]. This multi-component structure is characteristic of minerals containing mixed 
oxygen coordination environments. 

In the present study, the O 1s spectra of both azurite and malachite were successfully decomposed into two primary 
components reflecting carbonate oxygen (CO₃²⁻) and hydroxyl oxygen (OH⁻), consistent with the structural composition 
of these minerals. Both minerals contain CO₃²⁻ ligands and structural OH⁻ groups as integral components of their crystal 
structures, making O 1s decomposition a powerful diagnostic tool for characterizing their bonding chemistry. This decom-
position approach is well-established for copper-bearing minerals, as the O 1s core level demonstrates distinct components 
where the low binding energy component refers to lattice oxygen atoms, whereas higher binding energy components 
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correspond to surface-adsorbed hydroxyl groups [38], a principle validated across various oxide systems. 
For azurite, the O 1s spectrum shows two resolved components at binding energies of 531.4 eV and 532.1 eV, assigned 

to carbonate oxygen and hydroxyl oxygen, respectively (Table 1, Figure 5a). The carbonate oxygen component at 531.4 
eV exhibits the highest intensity with an observed atomic percentage of 52.7%, reflecting the significant contribution of 
carbonate ligands in the azurite structure. The hydroxyl oxygen component at 532.1 eV comprises 15.9% of the oxygen 
signal. The binding energy separation between these two components (ΔE = 532.1 − 531.4 = 0.7 eV) provides a diagnostic 
measure of the electronic structure differences between the two oxygen coordination environments in azurite. 

The assignment of the 531.4 eV peak to carbonate oxygen is supported by structural considerations: in azurite 
(Cu₃(CO₃)₂(OH)₂), oxygen atoms within carbonate groups are bonded to both copper cations and carbon atoms, creating a 
polar Cu-O-C bonding network. The 532.1 eV peak assigned to hydroxyl oxygen reflects structural OH⁻ groups that bridge 
copper centers and participate in hydrogen-bonding networks within the azurite crystal structure. The 0.7 eV binding en-
ergy separation between these components reflects the difference in electrostatic potential at each oxygen site arising from 
their distinct bonding environments. 

For malachite, the O 1s spectrum similarly resolves into three primary components at binding energies of 531.3 eV, 
532.0 eV, and 532.9 eV assigned to carbonate oxygen and hydroxyl oxygen, and organic C-O, respectively (Table 1, Figure 
5b). The carbonate oxygen component at 531.3 eV has an observed atomic percentage of 38.7%, and the hydroxyl oxygen 
component at 532.0 eV comprises 24.1% of the oxygen signal. The binding energy separation in malachite (ΔE = 532.0 − 
531.3 = 0.7 eV) is identical to that observed in azurite, suggesting similar electronic structure differences between the two 
oxygen types across both minerals. The organic C-O peak is associated with the C-O peak observed in the C 1s high-
resolution spectrum (Figure 3b) 

The structural basis for malachite’s O 1s spectrum reflects its different crystal structure compared to azurite. Malachite 
(Cu₂CO₃(OH)₂) contains only CuO₆ octahedral coordination units (subject to Jahn-Teller distortion), whereas azurite con-
tains a mixture of CuO₆ octahedral and CuO₅ square-pyramidal copper coordination geometries. Despite these structural 
differences, the O 1s binding energies and the carbonate-hydroxyl separation remain remarkably consistent between the 
two minerals, suggesting that the fundamental bonding character of carbonate and hydroxyl oxygen is similar across both 
minerals. 

 
Figure 5. O 1s spectra obtained for (a) azurite and (b) malachite. 



J. Theo Kloprogge 
 

 

DOI: 10.26855/oajrcms.2026.06.004 48 OAJRC Material Science 
 

A direct comparison between azurite and malachite reveals several notable features. Both minerals show carbonate 
oxygen binding energies in the narrow range of 531.3–531.4 eV (difference of only 0.1 eV), indicating that carbonate 
oxygen experiences essentially equivalent electrostatic environments in both minerals. Similarly, hydroxyl oxygen binding 
energies are nearly identical at 532.0–532.1 eV (difference of only 0.1 eV). This remarkable consistency in O 1s binding 
energies between the two minerals, despite their different crystal structures, demonstrates that oxygen binding energy in 
these hydroxycarbonate minerals is primarily determined by the local bonding character (carbonate vs. hydroxyl coordi-
nation) rather than longer-range structural differences in copper coordination geometry. 

However, a significant difference emerges in the relative intensities of the two oxygen components. In azurite, carbonate 
oxygen comprises 52.7% of the total oxygen signal, while hydroxyl oxygen comprises only 15.9%. In malachite, the rela-
tive contributions are more balanced: carbonate oxygen 38.7% and hydroxyl oxygen 24.1%. This difference in intensity 
ratios directly reflects the different stoichiometric formulas of the two minerals: azurite contains two carbonate groups per 
formula unit (CO₃²⁻) and two hydroxyl groups per formula unit (OH⁻), while malachite contains one carbonate group and 
one hydroxyl group. The observed O 1s intensity ratios are consistent with these stoichiometric differences, validating the 
spectral assignments and providing a quantitative measure of the carbonate and hydroxyl composition. 

The O 1s binding energy values observed for azurite and malachite can be contextualized within the broader literature 
on copper-containing minerals. In oxide systems such as copper (II) oxide (tenorite, CuO), the O 1s binding energy typi-
cally appears at lower binding energies (approximately 529–530 eV) [33], substantially lower than the carbonate and hy-
droxyl oxygen values observed in azurite and malachite (Figure 6). This lower binding energy in CuO compared to the 
hydroxycarbonates reflects the simpler bonding environment in the oxide: oxygen atoms are bonded only to copper cations 
without the additional polar character imparted by carbonate bonding or the hydrogen-bonding networks present in hy-
droxyl-containing minerals. 

 

 
Figure 6. Comparison of the Binding Energy of the O 1s lattice oxygen (in eV) of selected copper minerals. 

For comparison, in systems containing hydroxyl groups, the O 1s binding energy is elevated relative to simple oxides. 
Recent operando XPS studies of copper (II) hydroxide and its thermal decomposition products have documented the trans-
formation of hydroxyl-containing phases toward fully oxidized tenorite (Figure 7). These thermal decomposition studies 
revealed that both azurite and malachite decompose through distinct pathways: azurite decomposes by first releasing water, 
followed by carbon dioxide, while malachite (the thermodynamically more stable phase) requires higher temperatures and 
exhibits simultaneous loss of water and carbon dioxide due to stronger hydrogen bonding between hydroxyl and carbonate 
groups [30]. The enhanced stability of malachite relative to azurite (with malachite decomposing at approximately 280 °C 
compared to azurite at approximately 230 °C) is consistent with the observation that malachite’s hydrogen-bonding net-
work is more robust. 
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Figure 7. Changes in the O 1s lattice Binding Energy (in eV) during the thermal breakdown of azurite to tenorite. 

In broader copper oxide systems, oxygen vacancy formation and defect chemistry produce measurable changes in O 1s 
spectra. Studies of aged copper oxide nanoparticles have demonstrated that oxygen defects introduce additional spectral 
features in the O 1s region and that the relative intensities of main peaks and defect-related peaks depend on the oxygen 
stoichiometry and the degree of surface oxidation [39]. The absence of prominent defect-related features in the present 
azurite and malachite spectra suggests that the samples are well-crystallized with minimal oxygen vacancy formation, 
consistent with the high-quality mineral samples employed in this study. 

XPS measurements provide surface-sensitive information with a sampling depth of approximately 5 nanometers (corre-
sponding to about three times the inelastic mean free path of photoelectrons). The absence of a significant third O 1s 
component at substantially higher binding energy (where physisorbed water would appear, typically around 533 eV or 
higher) indicates that the samples have not accumulated significant quantities of adsorbed water on their surfaces. This 
suggests that the samples were well-preserved during preparation and storage. This clean surface chemistry enhances con-
fidence that the measured O 1s binding energies and intensity ratios reflect the intrinsic mineral chemistry rather than 
surface contamination or hydration effects. 

3.4 Valence Level Spectra 

X-ray photoelectron spectroscopy (XPS) of the valence band region provides critical insights into the electronic bonding 
character, oxidation states, and density of states near the Fermi energy in materials. Valence-level photoelectron spectra 
are particularly useful for characterizing the nature of chemical bonding and the hybridization between metal and ligand 
orbitals in minerals. In the case of azurite Cu₃(CO₃)₂(OH)₂ and malachite Cu₂CO₃(OH)₂, the valence band spectra are 
dominated by overlapping contributions from Cu²⁺ 3d states, oxygen 2p states, and carbonate-derived molecular orbitals, 
providing a comprehensive electronic fingerprint of these hydroxycarbonate minerals [40]. The study of valence band 
electronic structure through XPS, when combined with density of states (DOS) calculations and other complementary 
techniques, enables a thorough understanding of metal-ligand bonding and the factors governing the stability and reactivity 
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of these historically important pigment and corrosion product minerals. 
The upper valence band region, spanning 0–2 eV binding energy in both azurite and malachite, is governed predomi-

nantly by Cu²⁺ 3d states, which define the valence-band maximum (Figure 8). These states exhibit finite intensity near the 
band edge but show no metallic Fermi cutoff, a feature consistent with the insulating nature of both compounds. The 
presence of a well-defined Cu 3d derived peak near the Fermi level is characteristic of Cu²⁺ compounds and reflects the 
electronic configuration and local coordination geometry of the metal centers within the crystal structure. The relative 
intensity of the Cu 3d contribution is notably stronger in azurite compared to malachite, directly reflecting azurite’s higher 
copper content per formula unit relative to carbonate and hydroxide ligands. This intensity difference highlights how stoi-
chiometric composition directly influences the relative contributions of different electronic components in the valence 
band [41]. The position of the Cu 3d-derived valence band maximum represents a crucial electronic parameter that defines 
the ionization energy and stability of holes within the crystal structure, directly affecting the material’s reactivity and 
electronic transport properties [41]. 

 

Figure 8. Comparison of the lower valence band spectra of azurite and malachite. 

Between approximately 2–8 eV binding energy, a broad and pronounced band is observed in both minerals that arises 
from oxygen 2p states strongly hybridized with Cu 3d orbitals. This intermediate binding energy region represents the 
dominant metal-ligand bonding contribution and includes complex overlapping contributions from Cu–O bonding inter-
actions within both the carbonate groups (CO₃²⁻) and the hydroxyl groups (OH⁻) that are integral structural components of 
these minerals. Such Cu 3d-O 2p hybridization is a well-documented feature of copper oxide and hydroxide systems, where 
the covalent character of the Cu-O bond is reflected in the strong mixing of these electronic states. The overall shape and 
intensity distribution of this O 2p envelope varies somewhat between azurite and malachite, with malachite displaying a 
modest shift of spectral weight toward higher binding energy (deeper in the valence band). This spectroscopic distinction 
reflects the different hydrogen-bonding patterns and local coordination geometries in the two minerals, even though both 
contain essentially equivalent CO₃²⁻ and OH⁻ ligands from a stoichiometric perspective. The electronic structure of these 
hybridized metal-ligand states is crucial for understanding reactivity, as it directly influences electron transfer processes, 
the strength of Cu-O bonding, and propensity for oxidative or reductive reactions [3]. In systems with comparable Cu 
coordination geometry, the degree of hybridization between 3d and 2p states affects properties ranging from optical ab-
sorption characteristics to chemical reactivity toward environmental corrosion or photocatalytic processes. 
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A distinctive and characteristic feature of both azurite and malachite valence band spectra, remarkable for its absence 
in simpler copper oxide minerals like tenorite (CuO) or cuprite (Cu₂O), is an additional deep valence band localized at 
approximately 10-12 eV binding energy. This feature is unambiguously assigned to carbonate-derived states, dominated 
by σ-bonding and non-bonding O 2p-C 2p molecular orbitals of the CO₃²⁻ anion groups. This deeply bound carbonate-
derived band reflects the intrinsic orbital energetics of the carbonate functional group, where the carbon atom (with its 
greater nuclear charge) pulls electron density away from oxygen, resulting in deeper binding energies compared to oxygen 
in simpler oxide environments. The intensity of this carbonate-derived valence band feature is substantially stronger in 
azurite than in malachite, a difference that directly tracks the stoichiometric difference in carbonate content: azurite 
(Cu₃(CO₃)₂(OH)₂) contains two carbonate groups per formula unit, while malachite (Cu₂CO₃(OH)₂) contains only one. 
This stoichiometric tracking validates the spectral assignments and demonstrates the quantitative compositional sensitivity 
of valence band XPS. The presence of these deeply bound carbonate-derived states serves as a diagnostic spectroscopic 
signature for distinguishing carbonate-containing minerals from simpler oxides, providing crucial information for artifact 
authentication and provenance studies in cultural heritage applications where azurite and malachite pigments are often 
encountered in historical artworks and objects [42]. 

At deeper binding energies, the O 2s core-level states appear in the 18-23 eV range, where they are resolved into two 
distinct components in both minerals, reflecting the presence of chemically inequivalent oxygen sites. The splitting of the 
O 2s manifold into multiple components arises from the different local bonding environments and electrostatic potentials 
experienced by oxygen atoms in carbonate coordination (bonded to both Cu and C) versus oxygen atoms in hydroxyl 
coordination (bonded to Cu and hydrogen). This O 2s splitting pattern therefore provides complementary information 
about the diversity of oxygen bonding in these minerals and validates the assignment of carbonate and hydroxyl compo-
nents observed in the O 1s spectra. The relative intensities of the two O 2s components differ slightly between azurite and 
malachite, again directly reflecting the different ratios of carbonate to hydroxyl oxygen in their respective structures. Such 
core-level splitting patterns offer additional confirmation of mineral identity and could prove valuable for rapid screening 
of archaeological or historical samples. 

The overall valence-band spectroscopic characterization demonstrates that azurite and malachite, while closely related 
in terms of their basic chemistry as copper carbonates and hydroxides, exhibit distinguishable electronic structures arising 
from their different crystal structures, stoichiometries, and coordination geometries. Azurite exhibits stronger Cu 3d inten-
sity near the valence-band edge and a more pronounced carbonate-derived band at ~11 eV, whereas malachite shows 
relatively enhanced oxygen-dominated contributions at intermediate binding energies (2-8 eV). These differences, while 
subtle, provide a robust basis for electronic fingerprinting of these minerals using valence band XPS. The combination of 
band intensity ratios, binding energy positions, and the characteristic carbonate-derived deep valence band feature enables 
clear differentiation between azurite and malachite through surface-sensitive X-ray photoelectron spectroscopy, comple-
menting the core-level analysis (Cu 2p, C 1s, O 1s) presented previously. Such comprehensive valence and core level 
characterization represents a powerful, non-destructive analytical approach for authentication and conservation assessment 
of cultural heritage artifacts, particularly illuminated manuscripts, Russian icons, Chinese bronzes, and other historical 
objects where azurite and malachite pigments are prominently featured. The spectroscopic insights gained from this study 
advance the fundamental understanding of the electronic structure of these geochemically and historically important min-
erals and establish XPS as a complementary analytical method alongside the more commonly employed Fourier-transform 
infrared microscopy (FTIR) and Raman spectroscopy for rapid, surface-sensitive identification of these materials in com-
plex multi-component systems such as aged paintings or archaeological corrosion crusts. 

4. Conclusions 

This XPS study has successfully differentiated azurite and malachite through a comprehensive analysis of their electronic 
structures and chemical bonding environments. The Cu 2p core level provides the most diagnostic spectroscopic signature, 
with azurite exhibiting a single Cu²⁺ peak at 934.6 eV and two shake-up satellites, while malachite displays mixed-valence 
Cu⁺/Cu²⁺ character with three satellites. The 0.5 eV upward binding energy shift reflects differences in hydrogen bonding 
and coordination geometry between the minerals. In contrast, C 1s and O 1s spectra show remarkable consistency—car-
bonate carbon binding energies differ by only 0.1 eV (289.2-289.3 eV)—indicating equivalent carbonate coordination 
environments despite structural differences. However, intensity ratios of oxygen species directly reflect stoichiometric 
differences, validating spectral assignments. Valence band spectroscopy reveals a distinctive carbonate-derived feature at 
~10-12 eV binding energy with substantially stronger intensity in azurite, reflecting its higher carbonate content. These 



J. Theo Kloprogge 
 

 

DOI: 10.26855/oajrcms.2026.06.004 52 OAJRC Material Science 
 

comprehensive core-level and valence-band analyses establish XPS as a powerful tool for electronic fingerprinting of these 
historically and geochemically important minerals. 

This XPS study advances the spectroscopic understanding of azurite and malachite in several critical ways that comple-
ment traditional FTIR and Raman analyses. While FTIR and Raman microscopy identify these minerals through their 
characteristic vibrational modes—the ν₃ asymmetric CO₃ stretch, ν₂ out-of-plane bending, and Cu–O lattice modes—XPS 
provides complementary electronic structure information that FTIR and Raman cannot access. The XPS electronic finger-
printing offers distinct advantages for mineral identification and authentication in complex systems. Unlike FTIR and 
Raman, which measure vibrational properties of the bulk crystal, XPS probes the outer nanometers of surfaces, making it 
exceptionally sensitive to surface oxidation states, redox processes, and mixed-valence character. The detection of Cu⁺ at 
the malachite surface, for example, reflects surface-specific redox phenomena that would be invisible to conventional 
FTIR or Raman approaches. Moreover, the binding energy shifts in Cu 2p spectra provide quantitative electronic environ-
ment information that directly correlates with crystal structure and bonding geometry, offering a complementary diagnostic 
basis to the indirect structural inference possible from vibrational spectroscopy. This comprehensive XPS analysis estab-
lishes a powerful, non-destructive analytical platform for rapid authentication and conservation assessment of cultural 
heritage artifacts where azurite and malachite pigments appear. The combination of core-level analysis (Cu 2p, C 1s, O 1s) 
and valence band characterization enables clear differentiation between these minerals in complex multi-component sys-
tems such as aged paintings, illuminated manuscripts, and archaeological corrosion crusts—applications where traditional 
FTIR and Raman spectroscopy may be limited by signal overlap or spatial resolution constraints. By establishing XPS as 
a complementary method alongside FTIR and Raman spectroscopy, this study significantly enhances the analytical toolkit 
available for cultural heritage conservation, geochemical interpretation of weathered copper deposits, and fundamental 
understanding of the electronic structure governing the stability and reactivity of these historically important minerals. 
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