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Abstract: The thermal decomposition of copper(Il) hydrox-
ide, malachite, and azurite was studied using X-ray photo-
electron spectroscopy in operando within the spectrometer’s
working chamber. We found that copper(Il) hydroxide breaks
down completely at 160 °C, forming copper(I) oxide (tenor-
ite), which has a similar structure. Azurite has a more com-
plex decomposition process, where a water molecule is split
first, followed by the release of carbon dioxide to form cop-
per(Il) oxide. Malachite is the most resistant to decomposition,
asitstarts to break down only at 280 °C, with the simultaneous
splitting of water and carbon dioxide due to the hydrogen
bond between the hydroxide and carbonate groups. There-
fore, the crystal structure and the presence of hydrogen bonds
determine the conditions and stages of thermal decomposi-
tion of these copper compounds.

Keywords: copper hydroxide; copper hydroxocarbonates;
step-by-step thermal decomposition; XPS in operando

1 Introduction

Copper(I) hydroxide (Cu(OH),), also known as the serpen-
tinite," copper(Il) dihydroxymonocarbonate (Cu,CO5(OH),),
commonly known as the malachite,>® and copper(Il) dihy-
droxodicarbonate (Cuz(C0Os),(OH),), known as the azurite,*
are common forms of copper(Il) deposits. They are often
used as precursors for micro- and nanodispersed copper(Il)
oxide, which is used in catalysts and other functional ma-
terials.>® The decomposition processes of Cu(OH),,
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Cu,CO3(0H),, and Cus(CO5),(0OH), have been extensively
studied using various methods.

The topotactic mechanism”® of radiation-, thermally-
and deformation-induced® decomposition of Cu(OH), in the
solid phase has been investigated, as well as the kinetic
regularities of thermal decomposition.'® The reaction

Cu(OH), = CuO + H,07 @

occurs in one stage at 145 + 160 °C with an endothermic
effect. Decomposition occurs by the simultaneous cleavage
of one of the OH groups and the proton of the neighboring
OH group bound to it by a hydrogen bond, followed by the
formation of the CuO structure due to displacements of
copper and oxygen atoms.

The thermal decomposition processes of malachite
(CuyCO3(0OH),) and azurite (Cus(CO3),(0OH),), which have a
more complex crystal structure, are being discussed. It is
suggested that azurite decomposes to form malachite as an
intermediate product™

2[2CuCO; - Cu(OH),] = CuCO; - Cu(OH), + 4Cu0

@
+ 3CO, T +H20T,

CuCO; - Cu(OH), = 2Cu0 + CO, T +H,0 1. ©)

To another opinion,"* malachite decomposes to form
azurite as an intermediate product.

2[CuCO; - Cu(OH),] = 2CuC0;- Cu(OH), + H,0 1 +Cu0, (4)
2CuCO; - Cu(OH), = Cu(OH), + 2Cu0 +2C0, T. (5

This scheme is distrustful since malachite decomposes
by reaction (4) at about 325 °C, and azurite begins to lose
constitutional water by reaction (2) at about 160 °C. The same
can be said about the reaction (5), under which Cu(OH), will
be thermodynamically unstable.

Moreover, it has been demonstrated® that during the
thermal decomposition of malachite, CO, and H,O are
simultaneously released in the temperature range of
300-400 °C, favoring a different decomposition pathway (3).

Additionally,"* a model is proposed for the decomposi-
tion of azurite and malachite to form the intermediate
products Cu,CO3; and CuCOs
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2Cu; (CO;),(OH), = 2Cu,CO; + 2CuCO; + 0, T +2H,07, (6)
2Cu,CO; (OH), = 2Cu,CO; + O, T +2H,07, 0

which then decompose further.

This paper presents the results of studying the processes
of thermal decomposition of Cu(OH),, CuyCO3(OH),, and
Cu3(C053),(0OH), by the XPS method in operando directly in the
working chamber of X-ray photoelectron spectrometer.

2 Experiment

Copper(Il) hydroxide, Cu(OH),, is obtained by reacting a
solution of 0.3 mol NaOH in 200 cm? of distilled water with a
solution of 0.1 mol CuS0,-5H,0 in 200 cm® of distilled water at
room temperature. The elemental analysis showed that
copper was found at 65.2 + 0.2 wt%, which is consistent with
the calculated value for Cu(OH); of 64.95 wt%. X-ray powder
diffraction (XRPD) (Miniflex 600, Co Ka-radiation) resulted in
the following d-spacing values (A): 5.30, 3.75, 2.64, 2.51, 2.37,
2.28, and 1.73, which agrees with reference.! The IR spectrum
(FSM-1201, using KBr pellets) showed peaks at 460 v(Cu-0),
701 8(Cu-0-H), 756 §(0-Cu-0), and 3,598 v(O-H) cm™,
consistent with reference.” In synchronous thermal anal-
ysis (STA, Shimadzu DTG-60H, 3 °C/min, pure argon atmo-
sphere), we observed an endothermic peak between 120 and
200 °C with a weight loss of -26.2 % (H,0).

Malachite, Cu,CO3(OH),, is produced by reacting a so-
lution of 0.25 mol NaHCO5 in 200 cm® of distilled water with a
solution of 0.1 mol CuS0,-5H,0 in 200 cm? of distilled water at
90-95 °C. The elemental analysis indicated that copper was
found at 57.0 + 0.2 wt%, compared to the calculated value of
57.27wt% for Cu,CO3(OH),. XPRD revealed the following
d-spacing values (A): 6.01, 5.07, 3.72, 2.86, 2.83, 2.80, 2.55, and
2.47, which corresponds to reference.® The IR spectrum
exhibited peaks at 505 v(Cu-0), 528 v(Cu-OH), 580 v(Cu-0),
720, 753, 800, 827 v(CO3), 890, 1,044 §(0-H), 1,102, 1,403, 1,511
v(CO5), and 3,330, 3,415 v(O-H) cm ™, consistent with refer-
ences.'® In thermal analysis an endothermic peak was
observed between 295 and 360°C with a weight loss
of —29.1% (H,0 + COy).

Azurite, Cus(C0O5),(OH),, is synthesized by reacting a
solution of 0.25 mol Na,COs in 200 cm?® of distilled water with
a solution of 0.1mol CuSO45H,0 in the same volume of
distilled water at room temperature. The elemental analysis
showed copper content at 54.7 + 0.2 wt%, close to the calcu-
lated value of 55.10 wt% for Cu3(CO3),(OH),. XRPD produced
the following d-spacing values (A): 5.17, 5.09, 3.67, 3.53, 2.51,
2.29, 2.22, 1.95, and 1.59, which is consistent with reference.*
The IR spectrum presented peaks at 460, 498 (Cu-0), 701, 756,
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820, 833 v(C0Os3), 851 6(0-H), 1,106, 1,398, 1,492, 1,658, 1,681, and
1830 v(CO5), as well as 3,426 v(O-H) cm %, aligning with
reference.'® Thermal analysis showed an endothermic peak
from 90-150 °C with a —6.0 % weight loss (H,0), 160-335 °C
with no effect and -11.2 % weight loss (CO,), followed by a
second endothermic peak from 335-350 °C with a —14.4 %
weight loss (COy).

An X-ray photoelectron spectrometer, EMS-3, developed
by the Udmurt Federal Research Center of the Ural Branch of
the Russian Academy of Sciences, was utilized to perform
XPS in operando under thermal effects on samples of the
studied minerals."” The diagram of the device is shown in
Figure 1a.

Figure 1: Diagram of the EMS-3 X-ray photoelectron spectrometer

(a) and the heat-affected sample holder (b). 1 - sample holder with a
sample; 2 - X-ray tube; 3 - inlet aperture of the energy analyzer; 4 -
vacuum chamber; 5 - energy analyzer coils; 6 - output aperture of the
energy analyzer; 7 - electron detector; 8 - coils for compensation of
external magnetic fields and aberrations; 9 - specimen holder body; 10 -
resistive heating element; 11 - graphite substrate; 12 - layer of the
mineral under study; 13 - thermocouple; 14 - clamps.
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The sample holder (1) was positioned in line with the
output window of the X-ray tube (2), which emitted Al-Ka
radiation (hw = 1,486.6 eV) at an operating mode of 11 kV and
25mA (without a monochromator). The photoelectrons
emitted from the sample entered the evacuated working
chamber (4) through the inlet aperture (3). These electrons
were then focused through an inhomogeneous magnetic
field created by the coils (5) onto the output aperture (6)
before reaching the detector (7). The energy spectrum of the
photoelectrons was obtained by varying the current
intensity in the coils (5).

Compensation coils (8) encircle the device to minimize
the effects of external magnetic fields and correct focus
aberrations. Using this energy analyzer design reduces the
influence of residual gases and thermal decomposition
products on measurement errors of the photoelectron
energy. It allows for collecting XPS spectra at a low vacuum
within the working chamber.

The specimen holder (1) was designed with an inte-
grated resistive heater (Figure 1b) to induce thermal effects
during in operando measurements. The body of the spec-
imen holder (9) is made of mullite-corundum ceramics,
which possess stable dielectric properties at high tempera-
tures. A resistive element (10), composed of a tantalum wire
spiral, is placed in the grooves of the ceramic housing. A
layer of finely ground mineral (12) with a particle size of
less than 10 um was pressed into the surface layer of the
graphite substrate (11) to ensure good electrical contact. The
chromel-alumel thermocouple (13) is in direct thermal con-
tact with the graphite substrate; however, direct contact
between the tantalum helix (10) and the graphite substrate
(11) is prevented. Molybdenum clamps (14) secure the
structure. The low thermal conductivity of mullite-
corundum ceramics (30-40 W-m “K™), compared to that
of graphite (200-300 W -m K™), and minimal convective
heat transfer ensure uniform radiation heating of the
graphite substrate, which acts as the primary heat-absorbing
surface due to its color. The tight thermal contact between
the thermocouple and the graphite substrate guarantees
accurate sample temperature measurement.

The scale was calibrated using the Cls line of the
graphite substrate, with a reference binding energy value of
Ep = 284.5eV. To reduce the destructive effects of vacuum®®
and X-ray radiation’® on the samples, XPS spectra were
recorded at a low vacuum (1072 Pa) in the working chamber,
and the minimum recording time necessary to achieve an
acceptable signal-to-noise ratio was selected.

Initially, all samples were analyzed at room tempera-
ture, with the spectra for Cu2p, CuL3;M45Mys, and O1s recor-
ded over 30-35min. Following this, while continuously
pumping from the working chamber, the samples were
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gradually heated to temperatures corresponding to the onset
or completion of thermal transformations, as indicated by
the thermal analysis data. The entire set of spectra was
recorded for the same duration at each temperature.

Furthermore, with continuous pumping from the
working chamber, the samples were heated stepwise to the
temperatures corresponding to the beginning or completion
of thermal transformations, as indicated by the thermal
analysis data. The complete set of spectra was then regis-
tered for the same duration at each temperature.

The mathematical processing of the measurement re-
sults, including background subtraction using the Shirley
method and the approximation of spectra with Voigt func-
tions, was performed using the Fityk 0.9.8 software.”

Data from Ref. 21 were used to deconvolve the spectra.
For the main spectral lines and magnetic satellite peaks of
the Cu2p and O1s spectra, a constraint of G/L = 0.9/0.1 was
applied. Additionally, the ratio of integral intensities
was restricted to 1:2 for the lines of the spin—orbit doublet
Cu2p. Predicting the shape of this doublet is difficult, so no
constraints were imposed on the G/L ratio for this specific
case.

3 Results and discussion

The main parameters of the obtained XPS spectra Cu2p,
CuL3M4sMys, and O1s are given in Table 1.

Figure 2 displays the XPS spectra of the samples studied,
focusing on the Cu2p photoelectrons at various sample
temperatures alongside their local structures.

Figure 3 displays the Auger spectra of the studied sam-
ples, obtained using X-ray excitation in the CuLsM;sMys
region at varying sample temperatures.

Covalent mixing in divalent copper (Cu) compounds has
been demonstrated using X-ray photoelectron spectroscopy
(XPS) in studies by G. Van der Laan et al.*** In the Cu2p
photoemission process, a core electron is excited into the
continuum, resulting in two final state configurations: 2p3d’
and 2p3d™L (2p and L denote a photohole and a ligand hole).
The energy separation between these states is approxi-
mately equal to the charge-transfer energy and the 2p-3d
Coulomb interaction.

The 2p3d’ state shows a multiplet structure, while the
2p3d™L state results in a single line. The intensity ratio of
these features is influenced by covalent mixing in the initial
and final states. Satellite structures in the XPS spectrum
indicate holes in the copper d band.*** In contrast, mono-
valent compounds mainly exhibit d character and yield a
spectrum with only a single peak corresponding to the
2p3d™L final state.
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5‘ S In the Cu2p spectrum of the Cu(OH), sample recorded at
i 50 °C (Figure 2a), we observe prominent peaks A and E. These
< o peaks are components of a spin-orbit doublet (Cu2ps;_1/)
“| 2 - with a spin-orbit splitting (Asp) 0£19.9 eV, indicating that the
= copper atoms are equivalent.
iy 2 We also note weaker peaks B and F, which likely
& represent constituents of the magnetic multiplets associated
= - with the main components of the spectrum, characteristic of
@ § copper in the +2 oxidation state. Additionally, weak peaks C
° and D appear to be shake-up satellites of the Cu2ps,
w | 2 2 component. This spectrum aligns well with previously
z described Cu(OH), spectra.”!
o ~ After heating the sample to 200 °C, the prominent peaks,
§ A and E, shifted towards smaller binding energies. The
. o - magnetic multiplets B and F suggest that the oxidation state
S S Ss of copper remains +2. The intensity of the peaks corre-
E § E sponding to shake-up satellites C and D is typical of the CuO
spectrum.”
als © o N
; - N = In the Auger spectrum (CuLgMysMys) of the Cu(OH),
- sample at 50 °C (Figure 3a), three central components, A, B,
" = 2 32 and C, are observed, which are characteristic of the Cu(OH),
2 B s & spectrum.”’ When the sample temperature is raised to
_E' g R 200°C, the CuLgMysMys spectrum undergoes significant
E 13 S s8¢ changes, displaying four peaks A, B, C, and D, typical of the
a © M | 0 21
S = CuO spectrum.
olsleao % ~N o The Ols spectrum of the Cu(OH), sample at 50 °C is
S - 8‘“ - represented by a single line with a maximum at E = 531.6 eV
. é’“ and FWHM 1.6 eV, corresponding to the equivalent state of
il Y i all oxygen atoms. After heating to 200 °C, the maximum of
55 &5 the O1s spectrum shifts towards lower bond energies, which
5 g s S g is characteristic of copper(Il) oxide.
33 33 These findings enhance our understanding of the elec-
S S tron spectra of the Cu(OH), sample and confirm the
. E © @ - decomposition mechanism of Cu(OH), into CuO, along with a
2 rearrangement of the Cu’s local symmetry under trans-
forming from orthorhombic to monoclinic lattice, as pro-
ol & ~ — s 7-10 s g
“leg o g posed earlier.” ™ This discovery opens up new avenues for
o o further research in this field.
3 g S s Sssc The Cu2p spectrum of the malachite sample,
533 223 Cu,CO5(OH),, taken at a temperature of 50 °C, exhibits a
S complex structure due to the nonequivalence of copper
S = S @ o, atoms, which are designated as Cul and Cu2 (see Figure 2b).
= The spin-orbit doublet Cu2psp,_1, shows intensity maxima
N PR <~ o represented by two components: Al and A2 for Cul, and E1
R B8R and E2 for Cu2.
= This splitting occurs because the XPS method is sensitive
“é ) ’o; to shifts in the energy levels of electrons, which arise from
H e - unique interactions among electron shells in the surround-
f £ E; E; E; ing atomic environment.** % The perturbation of the elec-
2 § 2%, 3. tron energy structure results from both radial and angular
el & 330 S 3o displacements of nearby atoms. Consequently, analyzing
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Figure 2: Spectra of XPS Cu2p-photoelectrons of the studied samples Cu(OH); (a), Cu,CO3(OH), (b) and Cu3(CO3),(OH); (c) at different temperatures and
characteristic fragments of their local environment of copper, and Cu local environment of the main decomposition product - CuO.

©

CuL3MysMys

(@) (b
CuL3MysMys CuL3My5Mys

Intensity, arb. u.

Figure 3: Auger spectra Cul3MysMys of the
studied samples Cu(OH), (a), Cu,CO3(OH),
(b) and Cus(CO3),(0OH), (c) at different
. . temperatures. The structure of the studied
| = compounds and the main product of their
570 580  decomposition - CuO - is presented in
Ep, eV Figure 2.




DE GRUYTER

XPS spectra allows us to discern differences in the immedi-
ate environments of the atoms, including the configuration
of the coordination polyhedron surrounding each metal
atom. By comparing these differences to known literature
data on the structures of the studied minerals, we can
associate specific contributions in the XPS spectra with
atoms in particular environments.

Maxima Al and E1 correspond to copper atoms, Cul, in a
planar square coordination with two oxygen atoms and two
hydroxyl groups. In contrast, maxima A2 and E2 reflect
copper atoms, Cu2, in octahedral coordination. The integral
intensity ratio of these doublets is 1:1. Additionally, the
spectrum features magnetic multiplets associated with each
component of the spin—orbit doublets, labeled B1, B2, F1, and
F2, as well as shake-up satellites called C1, C2, and D.

The Auger spectrum of the malachite sample,
CuL3MsMys (see Figure 2b), at 50 °C is also complex. The
constituents A1, B, and C1 appear to belong to Cul atoms,
whose coordination environment is similar to that of copper
atoms in the Cu(OH), structure. Conversely, constituents A2,
B2, and C2 correspond to Cu2 atoms in an octahedral coor-
dination environment.

The O1s spectrum of the malachite sample at 50 °C dis-
plays lines with maxima at Eg = 530.2 eV and 531.7 eV, which
correspond to deprotonated and protonated oxygen atoms,
respectively. Notably, up to temperatures of 280 °C, the
electron spectra of malachite show no visible changes,
indicating that the structure of malachite is preserved at
these temperatures.

When the malachite sample is heated first to 350 °C and
then to 400 °C, the prominent peaks observed are Al and E1,
along with magnetic multiplets B and F, which correspond to
the spin—orbit doublet of copper atoms in the CuO structure.
Shake-up satellites C and B, related to the contribution from
Cu(II) atoms, can also be observed. Less intense peaks A2 and
E2, which are not accompanied by magnetic multiplets,
likely correspond to a minor admixture of Cu,0. In the Auger
spectrum (CuLsMysMys) of the degradation products from
the malachite sample at 400 °C, four prominent peaks A;, By,
C; and D are noted, which are characteristic of the CuO
spectrum. Additionally, three weaker peaks A,, B,, and C, are
noted, which are characteristic of the Cu,0 spectrum.

In the O1s spectrum of malachite degradation products
at 400 °C, there is a prominent peak with a maximum at
Eg = 530.0 eV. This peak corresponds to the contribution of
CuO, and it is somewhat broadened (FWHM =1.5eV) dueto a
minor contribution from Cu,0.

The mole ratio of Cu,0 to CuO, estimated from the in-
tegral intensities of the corresponding spectra, indicates that
Cu,0 constitutes approximately 5-11 mol %. Analysis of the
obtained electron spectra from the malachite sample
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confirms the simultaneous destruction of OH™ and COs*
ions, affecting the local surrounding of Cul and Cu2 ions in
the temperature range of 280-350 °C. This phenomenon was
first observed in the analysis of gaseous degradation prod-
ucts. The relationship between the destruction of the coor-
dination polyhedra with different compositions and
structures is likely influenced by hydrogen bonds, which
stabilize the malachite structure. It is probable that the
thermal decomposition of Cu,CO3(OH), primarily occurs
according to one mechanism, with limited contributions
from others that suggest the formation of Cu,0 in an oxygen-
free environment.

The analysis of the Cu2p spectrum of azurite
(Cu3(CO3),(0H),) at 50°C reveals the nonequivalence of
copper atoms Cul and Cu2. It appears that the Cul atoms,
situated in planar square coordination with two oxygen
atoms and two hydroxyl groups, exhibit a spin—orbit doublet
(Cu2ps_12) with intensity maxima A and E;. In contrast, the
Cu2 atoms in octahedral coordination present a spin—orbit
doublet with intensity maxima A, and E,. The ratio of the
integral intensities of these doublets is 1:2. Magnetic multi-
plets associated with these spectral lines could not be
distinctly resolved; instead, they are represented as broad
peaks B and F. The spectrum also includes shake-up satellites
Cinrange at Ep = 939.4-944.6 eV.

In the Auger spectrum (CuLsMsMys) of the azurite
sample at 50 °C, constituents A, B, and C; attributed to Cul
atoms in a planar-square coordination environment are
observed. Additionally, constituents A,, B, and C, corre-
sponding to Cu2 atoms in the octahedral coordination envi-
ronment are found.

The O1s spectrum of the azurite sample at 50 °C shows
contributions from deprotonated and protonated oxygen
atoms at Eg = 530.1eV and 531.5 eV.

Asignificant alteration in the electron spectra of azurite
occurs at 160 °C. In the Cu2p spectrum, the intensity of the
peaks A; and E;, linked to Cul atoms, declines drastically,
while the intensity of A, and E, rises. This change may
indicate a contribution from CuO, which could not be
distinctly resolved. The width of the magnetic multiplets B
and F decreases to 2.0 eV. The shake-up satellite structure of
the spectrum reveals peaks C and D, which are characteristic
of CuO.

In the Auger spectrum (CuLsMy5M,s), the intensity of
components A4, B; and C; corresponding to Cul atoms dras-
tically decreases. At the same time, new peaks A3, B3, C; and
D, which are indicative of the CuO spectrum. The intensity of
the peaks A,, B, and C, linked to Cu2 atoms in the CuL3My5Mys
spectrum of azurite at 160 °C does not change markedly,
suggesting that this portion of the azurite structure remains
intact and undergoes further modifications.
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In the O1s spectrum of the azurite sample at 160 °C, the
contribution from protonated oxygen atoms almost van-
ishes, revealing a relatively narrow peak at binding energy
Ep=530.2eV.

The Cu2p spectrum of azurite degradation products at
400 °C displays two intense peaks labeled A and E, along with
magnetic multiplets B and F. The shake-up satellite structure
of the spectrum reveals additional peaks, C and D, which are
characteristic of CuO.

In the Auger spectrum (CuL;M,5Mys), only peaks A, B, C,
and D indicate the presence of CuO.

In the O1s spectrum of azurite degradation products at
400 °C, a narrow peak is observed at Eg = 529.9 eV.

In contrast to malachite (Cu,CO3(OH),), the degrada-
tion of azurite (Cus(CO3),(OH),) proceeds differently
when heated. As the temperature increases, the degra-
dation of the coordination environment of Cul and
Cu2 occurs sequentially rather than simultaneously.
Initially, within the temperature range of 90-150 °C, the
environment around the Cul atoms is disrupted, leading
to the cleavage of water molecules, evidenced by
the disappearance of protonated oxygen contributions at
160 °C.

Cus (CO3), (OH), = 2CuCO; + CuO + 2H,07, (8)

And then, in the range of 160-350 °C, the destruction of the
environment of Cu2 atoms with the cleavage of CO,
molecules

CuCO; = Cu0 + CO, T. 9

4 Conclusions

The thermal decomposition processes of Cu(OH),,
CuyCO3(0H),, and Cuz(CO3),(OH), were studied using in
operando XPS technique, and the compositions of the
resulting products were determined.

The conditions and stages of thermal decomposition are
influenced by the symmetry of Cu’s local environment, the
nature of the hydrogen bonds in the initial compound, and
the complexity of its rearrangement into the final product,
CuO.

Cu(OH), is the easiest to decompose; at 160 °C, it
completely releases constitutional water and transforms
into a structurally similar CuO.

Azurite, Cu3(C0O5),(OH),, has a more complex structure
and decomposes in several successive stages over a wide
temperature range. Initially, it splits a molecule of consti-
tutional water, and then, up to a temperature of 350 °C,
carbon dioxide is released, forming CuO.

DE GRUYTER

Malachite, Cu,CO5;(0OH),, which contains hydrogen
bonds represented as O—H--0-CO,, is the most stable of the
three and begins decomposing only at 280 °C. The decom-
position of malachite is completed around 400 °C, resulting
in CuO with an admixture of 5-11 mol % Cu,0.
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