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Operando exploration of tribochemical decomposition of
FeS2 thin films and mineral iron pyrite†‡

E. Muñoz-Cortés,a J. Sánchez-Prieto,b B. Zabala,c C. Sánchez,a,d E. Flores,e A. Flores, f E.
Roman,g J.R. Ares,a and R. Nevshupa∗h

Tribochemical decomposition of thin-film synthetic iron disulfide and mineral iron pyrite was studied
using a combination of operando mass-spectrometry coupled to ultrahigh vacuum tribochemical cell
and the gas expansion system. The composition and kinetics of gas emission were analyzed using
an original methodology. It was found that carbon-containing gases were dominating. The sulfur-
containing gases comprised H2S, COS, and CS2. The latter two were unexpected. The emission of
these gases was traced back to solid-state chemical reactions kinetically controlled by the precursor
concentrations and driven through non-thermal mechanisms, which we tentatively assigned to the
formation of sulfur radicals.

Keywords: Tribochemical reactions; Gas emission; Mass-spectrometry; Iron sulfide; Iron pyrite

1 INTRODUCTION
Transition metal sulfides find broad applications in both industrial
and biological systems.1 2 Among these sulfides, FeS2, also known
as iron pyrite, is the most abundant compound in Earth’s crust. It
is inexpensive, non-toxic,3 and exhibits significant catalytic and
electronic properties, making it suitable for a wide range of appli-
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cations such as energy conversion and storage,4 5 6, photocatal-
ysis7 photoelectrochemistry8 9 coal and waste treatment10 and
more. The surface chemical structure of pyrite plays a crucial role
in its chemistry. Key parameters that control the surface chem-
istry of pyrite include degrees of sulfur depletion, surface disor-
der, types and concentrations of crystalline defects, and the pres-
ence of adsorbed oxygen, water, and carbon, among others.11 12

Furthermore, its surface chemistry can be influenced by various
factors, including pre-treatment and activation conditions like an-
nealing and UV irradiation.12 13

While heating has traditionally been the primary means of acti-
vating chemical processes involving FeS2 as a reactant or catalyst,
other forms of energy such as electromagnetic, photonic, and me-
chanical energy, alone or in combination, can also be employed
for this purpose.14 15 Mechanochemical activation of pyrite is par-
ticularly attractive due to its potential to increase the capacity of
chemical processing installations and reduce energy consumption
and costs.16 The advantageous outcomes of mechanochemical
processing in terms of enhancing mineral reactivity are ascribed
to structural modifications, encompassing the generation of de-
fects, polymorphic alterations, refinement of grains and crystal-
lites, and lattice strain.17 These changes can even enable thermo-
dynamically unfavourable reaction pathways.18

Despite significant research efforts, the mechanistic aspects of
mechano- and tribochemically-activated heterogeneous catalysis
remain elusive.16 18 19 20 21 The main challenge lies in the fact
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that mechanochemical reactions occur at nearly inaccessible me-
chanical interfaces, while only a limited number of techniques are
available for their operando characterization.22 23 Among these
techniques, Mechanically Stimulated Gas Emission Mass Spec-
trometry (MSGE-MS) has emerged as a powerful method over the
last two decades.24 25 26 By employing tribological action such
as rubbing or scratching, MSGE-MS allows for precise and con-
trolled mechanical activation of materials and coatings on a mi-
crometre to nanometre scale under well-controlled load, speed,
and environmental conditions. By integrating this technique with
mass spectrometry, it becomes possible to accurately detect and
quantify volatile products that swiftly propagate in vacuum from
buried mechanical interfaces, thereby facilitating the real-time
characterization of tribochemical reactions.27 28 29 Up to now,
mass spectrometry of emitted gases has been successfully em-
ployed across various studies, revealing tribochemical processes
within diverse materials such as amorphous carbon,30 31 poly-
mers,32 metal alloys,29 33 minerals,34 35 36 37 and hydrides.33 38

In the present study, our focus is on investigating the tribochem-
ical processes on the submicrometre scale in two forms of iron
sulfide: natural mineral and synthetic thin film. We employed
MSGE-MS to gain a comprehensive understanding of these pro-
cesses. Given that mechanochemistry is the intersection of chem-
istry and mechanics, the MSGE-MS research is complemented by
a range of surface structural, chemical, mechanical and tribo-
logical characterization techniques. When combined, these tech-
niques offer a more profound understanding of the fundamental
mechanisms governing mechanically induced chemical processes
in both mineral and thin film FeS2.

2 Materials and methods

2.1 Materials

FeS2 thin films were obtained by sulfuration of Fe coatings, which
were deposited by thermal evaporation of iron powder (Goodfel-
low, 99.99%) on soda lime glass substrates under high vacuum.
The initial thickness of the Fe coatings was around 300±20 nm
as measured using quartz crystal microbalance. The initial Fe
coating was transferred into a glass ampoule, which contained
a small amount of sulfur powder (Merck, 99.99%) placed at one
end. The ampoule was evacuated down to 10−5 mbar and sealed.
Then, sulfur was sublimated by heating to 300◦C for 20 h, while
sulfur vapour at a pressure of about 0.065 bar reacted with the
Fe film.39 After sulfuration, the coatings were kept in the same
sealed ampoules at room temperature until they were character-
ized. Natural pyrite was used to contrast the results obtained for
artificial FeS2 thin film. A sheet of iron pyrite was cut from a
native crystal proceeding from Peru mines and polished. X-ray
diffraction analysis showed a typical cubic crystal structure of the
mineral sample (see ESI†).

2.2 Experimental techniques and procedure

The iron coatings’ crystal structure was analyzed both before and
after sulfuration using grazing-angle X-ray diffraction (XRD). This
was accomplished by employing Cu Kα radiation and maintaining
a fixed incidence angle of 1.7◦. To determine the mean crystallite

size, the Scherrer formalism was applied to the main Bragg reflec-
tion peak (200). Film thickness measurements were conducted at
the film edge utilizing a stylus profilometer, achieving an accuracy
of 10 nm.
The mechanical properties of the FeS2 coatings were investi-
gated through nanoindentation (G200, KLA Corp.), utilizing a
Berkovich diamond tip in dynamic contact mode. The maximum
indentation depth was 100 nm constrained to remain below 10%
of the total coating thickness. The loading cycle was carried out
at a constant indentation strain rate of 0.1 s−1 and a small os-
cillating force was superimposed to this loading ramp (75 Hz of
frequency, amplitude of 2 nm). Continuous measurement of the
contact stiffness40 was achieved based on the phase lag between
the sinusoidal force and the penetration produced.
X-ray Photoemission Spectrometry (XPS) was used to obtain in-
formation on the chemical state of various elements under ultra-
high vacuum (UHV) with a pressure below 10−8 Pa. Mg Kα ra-
diation with an energy of 1253.6 eV was employed. The charge
correction was done by setting the C 1s (C-C, C-H) peak binding
energy to 284.8 eV. To eliminate any airborne adsorbed contam-
inants from the sample surface, ensuring a pristine surface for
subsequent XPS analysis, the samples underwent Ar+ ion sput-
tering with an energy of 1 keV and an incident angle of 60° to
the sample normal. The sputtering depth was around 1.3 Å. It
should be noted that Ar+ ions for sputtering can potentially al-
ter the chemical oxidation state41 of Fe and/or S and/or change
the surface composition42 due to preferential sputtering. No ad-
ditional treatment was performed. High-resolution XPS analysis
of Fe 2p, S 2p, O 1s, and C 1s was conducted through the fitting
process employing the minimum possible number of components
compatible with the expected chemistry. For instance, both the Fe
2p3/2 and Fe 2p1/2 spin-orbit peaks were fitted to ensure the co-
herence of the procedure while assuming a Shirley background.
For the sake of simplicity, only the Fe 2p3/2 bands are discussed
here. The S 2p peak was fitted employing a S 2p3/2 S 2p1/2 dou-
blet, considering the theoretical spin-orbit coupling ratio of 1:2.
A fixed separation of 1.2 eV between the S 2p3/2 and S 2p1/2 was
maintained based on literature43 for data processing.
Electron Stimulated Desorption (ESD) coupled with mass spec-
trometry was used to examine the chemical composition of the
adsorbed layers and the surface chemical groups. The sample was
bombarded with electrons using an electron gun positioned at a
60◦ angle to the surface normal. Unless otherwise mentioned, the
electron energy used was 600 eV. The ions, which were generated
on the surface due to electron bombardment, were released from
the sample and were detected using a quadrupole mass spectrom-
eter, situated in front of the sample. More details about the setup
and process of the ESD experimental system can be found else-
where.44

Thermal Gravimetric analysis of thin films could not be carried
out because of the infinitesimal mass of the film in comparison
with the mass of the glass substrate. However, the gases emitted
during progressive heating were analysed under both Ar and dry
air flows using a mass spectrometer. The rate of linear heating
was set at 5, 10, and 20 ◦C/min. The emitted gases were anal-
ysed in the range of 1-90 a.m.u.
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The Rutherford Backscattering Spectrometry (RBS) and Elastic
Recoil Detection Analysis (ERDA) techniques, available at the
Centre of Micro Analysis of Materials of Autonomous University
of Madrid, were employed to determine the elemental composi-
tion of the sample surfaces.45 Its 5 MV linear tandem accelerator
facility provides the ion beams to carry out the characterization
with these techniques. In this study, a collimated He+ beam with
energies of 3.035 or 4.260 MeV extracted from the accelerator
was used, while the choice of these energies’ values was justified
by the resonant conditions for oxygen and carbon respectively.
For RBS analysis, the backscattered ions were detected at an an-
gle of 170 ◦ to the direction of the incident ion beam. In the
case of ERDA, the ions were directed to the surface at an inci-
dent angle of 75◦ to the surface normal. Recoiled particles were
collected at 30◦. To filter out heavier ions, a 19 µm thick mylar
film was placed in front of the detector to obtain the hydrogen
depth profile. The total ion dose in each measurement was set
to 15 µC with a particle flux of 5.5×1012 cm−2 s−1 and a probe
size of 1.5×1.5 mm2. The spectra were taken with the samples at
random orientations. For energy-to-depth conversion, common
SRIM (Stopping and Range of Ions in Matter) energy loss data
were used, along with reference samples of MgH2 Er-doped TiO2

coatings. The RBS-ERDA spectra were fitted using SIMNRA sim-
ulation software.
The gases emitted during mechanical activation of the materi-
als were analysed using an original UHV experimental system
equipped with a quadrupole mass spectrometer (Hiden HALO), a
reciprocating motion UHV-grade friction cell, and a dynamic gas
expansion system (Fig. 1). Such a configuration allows accurate
quantification of minute emission rates down to 1 pmol s−1. The
samples were rubbed under UHV using alumina spheres, 3 mm in
diameter. The rubbing conditions, unless otherwise stated, were
as follows: the normal load of 0.44 N, the frequency of recipro-
cating motion of 1 s−1, and the mean rubbing velocity of 0.18
m s−1. The experimental system is schematically shown in Fig-
ure 1 and described in detail elsewhere.24 25 Before the tests, the
alumina spheres were thoroughly degreased consecutively in ace-
tone and isopropanol ultrasonic baths. After drying, they were
submerged in a hot Piranha solution to remove carbon and metal
residues, rinsed with ultrapure water, and dried in an N2 stream.
The differential mass spectra (DMS) were derived by subtracting
the mean steady background mass spectra from the mean mass
spectra recorded during the application of the mechanical stimu-
lus.43 44 Only statistically significant changes (α=0.05) in DMS
were analysed among the channels within the 1 – 100 a.m.u.
range. To ensure comparability, the mass spectra were normalized
by dividing by the total ion current in each spectrum. The tenta-
tive identification of ion species was based on reference cracking
patterns from the NIST Webbook. The gas composition was deter-
mined through a backward stepwise regression method, in which
we utilized reference mass spectra of various potential gas pre-
cursors. These spectra were fitted in various combinations to the
experimental DMS to identify the combination that included the
fewest precursors and achieved a high R2

ad j value. Behavioural

analysis (BA)46 47 was employed to develop a better understand-

ing of the mechanisms of underlying tribochemical processes. BA
allows to exploration of the short- and long-term trends of highly
dynamic emission time series, to establish the degree of correla-
tion between the mass spectrometer signals, and trace them back
to the possible emission sources in the mechanically affected bulk
material and/or on the mechanically affected surfaces.
Chemical changes in the Mechanically Affected Zones (MAZ)
were studied using vibrational spectroscopy (Raman and FTIR).
All the results were benchmarked against the spectra obtained
from neighbouring pristine surfaces. Raman spectra were mea-
sured using a 532 nm laser in air. Infrared micro-reflectance spec-
tra were obtained using a micro-FTIR spectrometer.

Fig. 1 Schematic drawing of the experimental system for the study
of chemical reactions through the mass-spectrometric analysis of emit-
ted gases. IG – ion gauge for total pressure measurements, QMS –
quadrupole mass spectrometer.

3 Results

3.1 Structure, composition and chemical properties
Based on profilometer measurements,48 49 the thickness of the
FeS2 film ranged from 1000 to 1100 nm depending on the lot.
This value is 3.3 – 3.7 times larger than the initial Fe film’s thick-
ness. This augmentation corresponds to the 3.3-fold increase in
molar volume ratio between Fe and FeS2. The XRD pattern of the
FeS2 thin films displayed an identical pattern to that of a powder
pyrite standard (PDF 01-071-0053), confirming the presence of
a pyrite crystal structure. No other crystallographic phases and
no signal from the original Fe film were detected, indicating the
complete conversion of the iron coating to iron sulfide (see Fig-
ures S1 and S2 in the ESI†). Furthermore, no crystallographic
texture was observed in the films, suggesting a random orienta-
tion of the crystallites. The mean crystallite size of the sulfurated
iron films was determined to be approximately 21 nm, which is
consistent with the data reported in previous studies.48 49

The depth profiles of elemental concentrations are shown in Fig-
ure 2. The measured ERDA and RBS spectra and the correspond-
ing fitting results are presented in ESI† (Figs. S4-S9). Natu-
ral pyrite exhibited a surface layer with a thickness of less than
500 nm, which was enriched with oxygen and carbon. There
was an elevated concentration of hydrogen at the very top of
this layer, which decreased sharply with increasing depth but re-
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Fig. 2 Depth profiles of elemental concentrations for a) natural pyrite
and b) FeS2 thin film.

mained at approximately 2 at.% down to several micrometres.
The sulfur-to-iron (S/Fe) ratio closely matched the stoichiometric
value throughout the depth profile.
In contrast, the elemental distribution in the FeS2 film was no-
tably more complex. The surface layer was thinner than that in
natural pyrite and had a significantly higher oxygen concentra-
tion. As the depth increased, the concentration of oxygen de-
creased but did not completely vanish. Within the depth range of
500-700 nm, it reached a minimum of around 3 at.% and then
gradually increased with depth. Sodium and calcium exhibited
a similar increase in concentration, likely due to the diffusion of
these elements from the soda-lime substrate into the coating dur-
ing thermal sulfuration.
Interestingly, a hydrogen peak of around 12 at.% was observed at
a depth of approximately 300 nm, with another broader hydrogen
peak located near the interface of the film with the substrate. This
latter peak could be attributed to hydroxyl groups that remained
on the glass surface. Carbon was undetectable, even under C-
resonance experimental conditions. The S/Fe ratio ranged from
1.5 to 1.7 within the depth range of 0 to 500 nm and approached
2 at the deeper regions of the coating.
Table 1 displays the elemental surface composition of both the
thin films and the natural FeS2 mineral, acquired through energy-
dispersive X-ray analysis (EDX).
The XPS spectrum of the pristine sample indicates the presence

Table 1 Surface elemental composition (mean value ± interval of varia-
tion) of FeS2 thin-film and mineral samples.

Method Mineral pyrite EDX Thin film EDX
Fe 26.0 ± 2 31.4 ± 1.25
S 54.0 ± 4 65.6 ± 2.5
O 8.0 ± 2 0.89 ± 0.85
Na 0.42 ± 0.3
Ca 0.30 ± 0.1
Si 0.04 ± 0.04 1.79 ± 0.29
Cr 0.1 ± 0.1
S/Fe ratio 2.08 ± 0.22 2.09 ± 0.12

of Fe and S, as well as notable quantities of C, O, and Na. Car-
bon and oxygen are typical in materials that have been exposed
to the atmosphere, as they can originate from airborne pollutants
or reactions with atmospheric gases. The presence of Na is con-
sistent with prior studies.49 50 Following sputtering, the carbon
concentration decreased by almost two-fold, while the sodium
concentration increased 2.4 times (see Fig. S11 in ESI†). These
observations imply the presence of a very thin carbon layer on the
surface, likely originating from the condensation or adsorption of
airborne impurities. In contrast, Na must be distributed within
the bulk rather than on the surface, consistent with the RBS data
and aligning with the hypothesis of Na diffusion from the sub-
strate.49 51

In the fine Fe 2p XPS spectra (Fig. 3 a), two prominent bands
are evident at 706.7 eV (designated as Fe1) and 719.5 eV, cor-
responding to the binding energies of Fe 2p3/2 and Fe 2p1/2, re-
spectively. These multiplet splitting bands are indicative of low-
symmetry Fe2+ states in pyrite such as those found on corners,
edges, and surfaces.49 52 53 This supports the hypothesis that the
thin-film sample has a highly defective structure. This conclusion
is further supported by the RBS results, which revealed a signifi-
cant concentration of foreign elements like Na, C, and O, as well
as the broadened XRD peaks (Fig. S1 in ESI†). Notably, a tail
extending from the Fe 2p3/2 transition into higher binding ener-
gies is observed, likely representing iron ions in a more oxidized
environment, i.e. Fe3+-S or multielectron processes.54 To achieve
a better fit, we introduced two minor components at 708.7 eV
(referred to as Fe2) and 711.8 eV (referred to as Fe3). These en-
ergy values are consistent with those found in the literature for
FeO/Fe3O4 and the oxy-hydroxide Fe(OOH).51 After Ar+ etching,
the Fe 2p spectrum exhibits broadening, but no shift in the max-
ima’s positions was noted. Changes in the relative area contribu-
tions can be observed in Table 2. The most significant finding is
the relative increase of iron oxides. This suggests that these ox-
ides were not formed during a transfer of the samples from the
ampoule to the XPS systems, but must be related to the previous
steps of the coating deposition or diffusion of oxygen or oxygen-
containing groups (OH, CO, etc.) from the substrate.
The deconvolution of C 1s spectra (Figure 3 d) resulted in three
components centred at 284.8 eV (C1), 285.8 eV (C2), and 288.5
eV (C3). These correspond to C-C/C-H, C-O/C-OH, and HO-C=O
groups, respectively.43 55 Importantly, sputtering led to a signif-
icant reduction in the overall carbon content, with a particular
decrease in the C1 component, which is likely associated with the
surface-adsorbed layer of airborne contaminants. This discovery

4 | 1–15Journal Name, [year], [vol.],

Page 4 of 15RSC Mechanochemistry

R
S

C
M

ec
ha

no
ch

em
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

2/
20

24
 7

:5
5:

16
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D3MR00027C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mr00027c


Fig. 3 High-resolution XPS spectra and their deconvolution for thin-film
FeS2: a) Fe 2p; b) S 2p; c) O 1s; d) C 1s.

is consistent with the outcomes of RBS.
Concerning the S 2p peak (Fig. 3 b), the relative increase in the
FeS (S1 component) can be attributed to the generation of S va-
cancies during the sputtering process. The other constituents of
the S 2p band were not notably influenced by sputtering. Figure
3 c illustrates the O 1s spectrum, which underwent deconvolu-
tion into three components labelled as O1, O2, and O3, centred
at 529.6 eV, 531.6 eV, and 533.6 eV, respectively. The dominating
component (O2) was ascribed to OH- and CO surface groups. Re-
markably, sputtering did not induce any noticeable change in the
spectrum. The spectra of both Fe 2p and S 2p obtained for sput-
tered thin-film samples were similar to the corresponding spectra
of freshly fractured and oxidized mineral pyrite, in line with the
literature.54 56 57

3.2 Electron-Stimulated Desorption (ESD)
The ESD mass-spectrum for FeS2 thin film is shown in Fig 4. The
two strong components at m/z 1 and 19 correspond to H+ and
F+ which are common contaminants encountered in surface stud-
ies58. Peaks at m/z 16, 23, 32, and 39 were attributed to O+, Na+,
S+, and K+, respectively. The presence of alkali metal ions is un-
surprising, given their abundance in the soda-lime glass substrate
and their high diffusivity at the temperature of thermal sulfura-

tion (300 ◦C) utilized in this study. Similar findings have been
reported previously.49 Upon closer examination of the regions la-

Fig. 4 Mass spectrum of the ions emitted from a thin-film FeS2 surface
and produced through surface ionization by incident electrons at 600 eV.

belled I and II, various peaks were identified and attributed to C2
and C3 hydrocarbons, hydrogen sulfide, and sulfur oxides. No-
tably, there were no ions at m/z 60 (COS+). This indicates that,
unlike the desorption of H2S or hydrocarbons, the mechanically
induced emission of COS did not involve the desorption of exist-
ing surface groups. Instead, it suggests that COS was generated
through tribochemical synthesis from some precursors. Conse-
quently, the peak at m/z 62 cannot be assigned to isotopologue
CO34S, but rather to alkyl thiols or thioethers, consistent with the
MSGE mass spectra (see section 3.4). The absence of peaks at m/z
28 (CO+), 44 (CS+/CO+

2 ), and 76 (CS+
2 ) in ESD spectra suggests

that these species were not present on the sample surface before
rubbing, but were formed in tribochemical reactions.
The threshold electron energies required for the emission of O+,
S+, and SO+/ CH4S+ determined using an acceleration potential
ramp. The measured values, falling within the range of 220 to
280 eV (refer to Fig. S12 in ESI†), were notably higher than the
thresholds for electron-stimulated desorption of gases adsorbed
on solid surfaces.55 59 58 In contrast, these values closely resem-
bled the excitation energy of S 2s.60 This suggests that the frag-
mentation likely originates from core ionization of the surface
groups, followed by subsequent Auger decay of the initial core
hole.44 60

3.3 Mechanical properties
For mineral pyrite, the elastic modulus, E, displayed a gradual in-
crease at very shallow penetration depths. At a depth of approxi-
mately 40 nm, E stabilized at 340±40 GPa (see Fig S17 in ESI†).
This value aligns with the results obtained through nanoinden-
tation on monocrystalline pyrite (ranging from 250 to 380 GPa
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Table 2 Decomposition of the XPS spectra

Component Binding energy (eV) Area (%) pristine Area (%) sputtered Group assignment
Fe1 706.7 78.5 49.8 Fe2+ surface states of FeS2
Fe2 708.7 18.6 42.1 FeO/Fe3O4
Fe3 711.8 2.90 8.10 Fe(OOH)
S1 160.8 5.70 16.2 FeS, sputtering effects
S2 162.1 61.4 51.3 FeS2
S3 164.0 14.0 13.5 S0

S4 168.2 18.9 19.0 Fe and Na sulfates, C-SO3-H/C-SO3-Na
O1 529.7 7.0 11.0 O2

− from iron oxides
O2 531.7 79.7 84.8 C-O, OH− (Fe(OH)2, Fe(OOH), etc.), carbonates
O3 533.4 13.3 4.2 H-C-O, H2O (ad.)
C1 284.8 66.5 44.6 C-C, C-H
C2 287.3 14.1 17.0 C=O
C3 290.2 19.4 38.4 carbonate (CO3)2−

depending on crystal orientation)61 and the value of 310 GPa ob-
tained via ultrasonic measurements on polycrystalline pyrite.62

Hardness exhibited a similar trend, reaching a stable mean value
of H = 19±2 GPa at depths greater than 40 nm. This value is
in close agreement with reported data, which state H = 18±1
GPa.63 The gradual trend observed at depths below 40 nm could
be linked to the presence of a surface layer rich in carbon, oxy-
gen, and hydrogen, as identified through Rutherford Backscatter-
ing analysis.
In the case of thin-film FeS2, a similar increasing trend in elastic
modulus was observed at depths below 40 nm, reaching a maxi-
mum value of around 240 GPa. However, at greater depths, elas-
tic modulus gradually decreased, reaching 184 GPa at a depth of
106 nm. Despite maintaining the penetration depth below the
recommended 10% of the film thickness. The observed decrease
in elastic modulus with depth can be attributed to several fac-
tors, including the modulus mismatch between the stiffer FeS2

film and the more compliant soda-lime glass substrate, the diffu-
sion of Na and other foreign elements from the substrate into the
coating during thermal sulfuration, and the presence of micro-
and nanopores within the coating, as suggested by the weak ni-
trogen peak in RBS spectrum 8 (Fig. S10 in ESI†). The higher
value for the mineral sample can be attributed to its higher purity
and more compact and ordered crystal structure.

3.4 Thermal Gas Desorption

The primary components of the mass spectra of gases emitted
under linear heating of thin-film samples (Fig. 5) were m/z 48
and 64 assigned to SO+ and SO+

2 , respectively. The mean ratio
between them was calculated as a48/64=0.563 (se 0.005). This
value is not significantly different from the reference fragmen-
tation coefficient ar48/64 = 0.493 for SO2. When subjected to
an argon (Ar) flow, the emission of SO2 occurred in two distinct
events, one around 360 ºC and another around 487 ◦C. The latter
peak exhibited a shoulder in the temperature range of 498 – 524
◦C. Both of these desorption events were accompanied by simul-
taneous decreases in the signal at m/z 32, which can be attributed
to the consumption of O2 residuals present in the Ar gas. No sig-
nificant desorption or adsorption events were observed for other
signals.
Kissinger equation64 was used to determine the apparent acti-
vation energies for desorption, Ea,d , of SO2 in the two events:

Fig. 5 Variations of mass spectrometer signals during heating thin-film
FeS2 samples under Ar flow, heating rate 5 ºC/min.

ln(β/T 2
m)=asT−1

m +b, where β is the heating rate, Tm is the tem-
perature at the peak maximum, and b is the constant (see the
inset in Fig. 5).65 The Ea,d were found to be 60.3 kJ/mol
for the low-temperature event and 102.6 kJ/mol for the high-
temperature event. These values are close to the activation en-
ergy values reported for the combustion of iron sulfide concen-
trates and the oxidation of pyrite.66 67 It is important to note that
the emission of SO2 from thin film occurred at higher tempera-
tures compared to elemental sulfur (as shown in Fig. S14 a in
ESI†). The results of thermal degradation of pyrite under dry air-
flow are presented in Fig. S14 b in ESI†.
It can be concluded that the thermal degradation of the FeS2

thin film, under both inert and oxidative environments, primar-
ily takes place through an oxidative mechanism at temperatures
exceeding 320 ◦C. This process leads to the generation of carbon-
containing gases, mainly CO2, and to a lesser extent, C3 hydro-
carbons. Notably, there were no observed reactions between car-
bon and sulfur during heating up to 600 ◦C. These findings align
well with prior investigations into the thermal decomposition of
pyrite67 68 69 and with our results on thermal oxidation (see Figs.
S13 and S14 in ESI†).
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Fig. 6 Mean differential mass spectrum of gases, which were emitted
under vacuum due to rubbing of a) FeS2 thin films and b) mineral iron
pyrite. Standard errors of the mean are shown by vertical lines.

3.5 Gas emission induced by mechanical activation
The differential mass spectrum (DMS) shown in Fig. 6 a illus-
trates the increase in ion current, denoted as ∆I, induced by
mechanical action. The signal observed at m/z 2 was unequiv-
ocally attributed to H+

2 ions. Ions at m/z 13-15 were identified as
stemming from the fragmentation of methyl groups and methane.
However, the signal at m/z 16 appeared notably more intense
than would be expected from methane alone. To quantify this, we
calculated the empirical fragmentation coefficient for CH+

3 a15/16
= 0.219, se=0.149, defined as the ratio of ion currents between
signals I15/I16.

70 71 The a15/16 was four-fold smaller than the ref-
erence fragmentation coefficient for methane ar,15/16 = 0.888.45

This suggests the presence of more than one precursor for ions at
m/z 16. Among these, O+ was the most likely candidate, while
S+

2 was ruled out due to its negligibly small low-energy electron-
impact ionization cross-section.72 O+ could be formed through
the fragmentation of oxygen-containing molecules like CO, CO2,
and COS, whose existence was inferred from signals at m/z 28,
44, and 60, respectively.
In addition, the difference between the empirical and reference

fragmentation coefficients for ions at m/z 33 and 34 was not sta-
tistically significant (a33/34 = 0.390, se=0.153, ar,33/34 = 0.420,
p-value 0.841, and d f =76). Therefore, the signals at m/z 33
and 34 were unequivocally assigned to hydrogen sulfide (H2S).
However, the signal at m/z 32, corresponding to S+, was signif-
icantly disproportionate (a32/34 = 4.69±1.64 was much greater
than ar,32/34(H2S) = 0.444), most likely, due to the contribu-
tion of other sulfur-containing gases. The ratio of CO34S to the
sum CO32S+CO34S: I(m/z 62)/[I(m/z 62) + I(m/z 0)] = 0.0445,
se=0.037) aligned with the natural relative abundance of the 34S
isotope: 0.0396–0.0477.73 Consequently, we attributed the ions
m/z 60 and m/z 62 to CO32S+ and CO34S+, respectively. How-
ever, it’s essential to acknowledge that the presence of unidenti-
fied alkylsulfides, thiols, or other compounds cannot be entirely
ruled out. Finally, the two weak components at m/z 64 and 76
were attributed to SO+

2 /S+
2 and CS+

2 , correspondingly.

Fig. 7 Spearman’s rank correlation coefficients: a) thin film, b) mineral.

The DMS for mineral pyrite was not significantly different (Fig.
6 b) from that of a thin film except for some new, weak compo-
nents at m/z 26-30, 39, and 41 likely originating from C2 and C3
alkanes. Notably, the components at m/z 14-16 were more pro-
nounced compared to the thin-film FeS2 and closely matched the
reference mass spectrum of methane (a15/16 = 0.93, se=0.182,
ar,15/16 = 0.888, p-value = 0.954, d f = 30; a14/16 = 0.184,
se=0.024, ar,14/16 = 0.204, p-value = 0.834, d f = 30).
Additional insights into the potential precursors of the mass spec-

trometer signals were obtained by analysing the correlations and
behavioural features of their time series. Figure 7 presents Spear-
man’s rank correlation coefficients between the mass spectrom-
eter signals. For thin films, robust correlations between m/z 16,
28, 44, and 60 indicate that the corresponding oxygen-containing
gases are emitted coherently and likely originate from the same
precursors or stem from the same tribochemical reaction. The
correlation between ion fragments associated with H2S was some-
what weaker. For mineral FeS2, the strong correlation between
m/z 14-15, 26-28, and 41 supports their assignment to saturated
aliphatic hydrocarbons. Furthermore, the robust correlation be-
tween m/z 44 with m/z 16, 27, 28, 30, 39, and 41 suggests that
the former is primarily associated with C3 hydrocarbons rather
than CO2. The signal at m/z 32 (32S+) correlated mainly with
m/z 34 (H32

2 S+) and, to a lesser extent, with m/z 60 (COS+),
reinforcing the conclusion that H32

2 S and CO32S are the primary
sulfur-containing gases emitted. It’s worth noting that m/z 64 as-
sociated with 32S+

2 /32SO+
2 didn’t exhibit significant correlations
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Fig. 8 Time series of mass spectrometry signals: a) FeS2 thin-film, b)
mineral pyrite.

with any other signals, indicating entirely different chemical re-
actions responsible for these components’ emission. Interestingly,
for both samples, m/z 76, assigned to CS+

2 , displayed a moderate
correlation with oxygen-containing ions, implying that CS2 and
COS can be produced from the same carbon-containing precur-
sors through competitive reactions. The behavioural patterns of

Fig. 9 Relative compositions of gases emitted from a) thin film FeS2
and b) mineral pyrite under mechanical solicitation. The blue region
represents H-containing gases, the purple region represents O-containing
gases, and the hatched region represents S-containing gases. The corre-
sponding blue and red bars in the graph of mineral pyrite highlight the
specific components that exhibit increased or decreased levels compared
to the thin-film sample.

mass-spectrometric signals were identified and labelled as modes
β , δ , and σ following established classification criteria.47 Some
examples of these patterns are illustrated in Fig. 8, while Table
3 summarizes their assignment to the signals. Mode β is char-
acterized by a nearly rectangular or slightly humped profile, of-
ten accompanied by a series of random transitory emission events
(RTEEs). Following the cessation of rubbing, a rapid decline was
typically observed in this mode. Mode δ displayed a triangular or
trapezoidal profile with a sharp initial spike at the onset of rub-

bing, followed by a gradual decrease, and an insignificant contri-
bution from RTEEs. Mode σ represents a combination of modes β

and δ . This mode appears when ions of the same mass, but orig-
inating from various gas precursors, coexist, for example, CO+

and C2H+
4 both contributing to m/z 28. Table 3 illustrates that

in the case of the thin film, mode δ is primarily associated with
H2S, while in the case of mineral pyrite, it corresponds to C1-C3
hydrocarbons.70 On the other hand, mode β is characteristic of
H2, O-containing gases, and CS2 in both cases. Notably, in the
case of thin film, methane, and H2S followed mode β instead of
mode δ , which is observed for mineral pyrite.
The resulting combinations of possible gas precursors that best
explain the DMS are illustrated in Fig. 9. Notably, the compo-
sitions of gases were quite similar for both samples, except for
the absence of ethane and hydrogen in the case of the thin film,
but the relative contributions of the components were different.
In the thin film, oxygen-containing gases dominated, with CO2,
CO, and COS accounting for 92% of the total. On the other hand,
mineral pyrite exhibited a prevalence of hydrogen and hydrocar-
bons, making up 66% of the total. The relative concentration of
S-containing gases was similar for both samples. These findings
align with the elemental composition of the samples determined
using XPS, RBS, and ERDA. This will be further discussed in Sec-
tion 4.

3.6 Characterization of mechanically affected surface zones

The microscopy images of worn areas, as depicted in Figure 10,
along with the profilometry data presented in Figure 11, illustrate
a gradual wearing of the coating as the number of cycles of the
indenter’s reciprocating motion increases. The coating exhibited
good adhesion to a substrate - spalling becomes apparent only
after a higher number of cycles. After 1500 cycles, the coating
wore down completely, revealing the underlying substrate. The
characteristics and distribution of the wear debris on the sides
of the Mechanically Affected Zone (MAZ) and at its edges sug-
gest an abrasive type of wear for the coating. The S/Fe ratio
measured on the MAZ was not different from the pristine sur-
face. However, various wear debris in the central part of MAZ
showed the S/Fe below the stochiometric one: 1.2 -1.6. Sulfur
depletion in the debris could be due to the emission of sulfur-
containing gases. Micro-Raman spectroscopy of the pristine sur-

Fig. 10 A combined image of backscattered (BSE) and secondary (SE)
electrons of a portion of the mechanically affected zone.

8 | 1–15Journal Name, [year], [vol.],
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Table 3 Classification of mass-spectrometry components according to behaviour mode of their time series

Behaviour modes of time series Thin film Mineral
Mode β 2, 14-16, 28, 32, 44, 60, 62, 64, 76 2, 28, 32-34, 44, 60, 62, 76
Mode δ 33, 34 14-16, 26, 27, 29, 30, 39, 41
Combined mode σ - 28

Fig. 11 Geometric characteristics of the worn zones on thin-film sam-
ples: mean depth, ∆z, and mean width ∆x as a function of the number
of mechanical activation cycles. Dashed lines serve as visual guides. In-
set: representative cross-sectional profiles of worn zones (sliding direction
along y) after 200, 1000, and 1500 cycles. Rectangles schematically il-
lustrate wear stages: I – run-in stage; II – steady wear; III - catastrophic
wear of the coating and intensive spalling; IV – substrate wear.

face showed three prominent peaks at 341 cm−1, 377 cm−1, and
426 cm−1, which have been identified as the Eg (S2 dumbbell
stretch), Ag (S-S vibration bands stretch), and Tg (a combination
of stretch and vibrational signal) symmetric vibrational modes,
respectively74 75 76 77 (refer to Fig. 12). Notable changes in Ra-
man spectra were observed both in the MAZ and on wear debris.
The Eg and Ag bands experienced blueshift, while the Tg band dis-
appeared. Furthermore, two new bands associated with hematite
(δ -eF2O3) appeared at 276 cm−1 and 216 cm−1. Additionally,
in the MAZ, the Raman peaks corresponding to FeS2 exhibited
broadening indicating a decrease in the degree of crystalline.

3.7 Thermal effect of friction

The "flash" temperature, which represents the instantaneous sur-
face temperature increase at the sliding interface, was calculated
using Jaeger’s solution for a localized moving heat source.78 79

The description of the model is provided in ESI. Several input
parameters necessary for the model were determined experimen-
tally. For instance, the friction coefficient between a 3 mm di-
ameter steel sphere and the FeS2 thin film was determined in a
separate test. This test was conducted under high vacuum con-
ditions with a normal load of 2.04 N. The details of the vacuum
tribometer used for this experiment and the specific experimental
conditions are available in a separate reference.25 The parame-
ters used for the calculation and the results are provided in Table
4. The calculated "flash" contact temperature (the ambient tem-
perature plus the temperature increase) of approximately 305 K

Fig. 12 Micro-Raman spectra measured on the pristine zone, mechani-
cally affected zone (MAZ), and wear debris of thin-film samples.

falls significantly below the thresholds for both thermal decompo-
sition and thermal oxidation of pyrite (see Section 4), suggesting
the involvement of distinct tribochemical processes in gas emis-
sion.

4 Discussion
The surprising result of this study is the observation of CS2 and
COS emission when thin film and mineral pyrite underwent me-
chanical activation at room temperature. Under an inert atmo-
sphere (N2, He o vacuum) thermal decomposition of pyrite starts
above 873K86 and proceeds through a multi-step process in the
sequence of pyrite → pyrrhotite → iron, i.e through a gradual loss
and evaporation of sulfur. The process stops when the sulfur con-
centration in the mineral reaches an equilibrium value depending
on the pressure of sulfur gas and temperature. Reduction with
hydrogen occurs at around 773 K. As the temperature gradually
increased from 673 to 1073 K under H2-CO gas mixture90 the pre-
dominant gaseous products shifted in the following order: COS
→ S → H2S → S2 → CS2. Under oxidising environments, pyrite
remains stable up to 673K,68 86 82 while the emitted gas was usu-
ally SO2.88 In oxygen-containing atmospheres the transformation
of pyrite can take place in two different ways depending on the
temperature and oxygen concentration. Below ca. 800 K and
higher oxygen concentrations, pyrite will be directly oxidized. At
higher temperatures or low oxygen pressure, pyrite will be trans-
formed by a two-step process: the thermal decomposition to form
porous pyrrhotite as the first step, and the successive oxidation of
the formed pyrrhotite as the second step.68 Thermal oxidation of
pyrite is a highly complicated process occurring through no less
than 16 concurrent reactions.67 The main process leads to the
formation of hematite and sulfur dioxide through reaction R1.68
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Table 4 The parameters used in the calculation of the "flash" temperature, along with the calculated results.

Units FeS2 FeS2 Al2O3
this study literature

Hardness MPa 19± 2 60-100 80 81 82 1800
Elastic modulus GPa 340±40 310 62 345 83 84

Poisson’s ratio 0.15-0.29 85 86 0.23 83 87

Thermal conductivity W m−1K−1 45.5 88 34 69

Density kg m−3 5020 89 3780
Heat capacity J kg−1 K−1 62.57 69 784
Max. temperature increase ∆T (K) 9.1 (at 0.44 N load)

Ferrous and ferric sulfates can also form as minor products. Ther-
mal decomposition of pyrite is described by the reaction R2,68 91

in which subscript “ad” stands for adsorbed states. Its activation
energy for this reaction is only 30 kJ/mol.92 However, the appar-
ent activation energy for thermal decomposition is much higher,
96 - 310 kJ/mol, because it involves the diffusion of sulfur atoms
and the recombinative molecular desorption of S2, with activation
energies of 90 and 200 kJ/mol, respectively. Pyrrhotite formed in
R2 can be further decomposed following the reaction R3.

FeS2 + 11
2 O2 → Fe2O3 + 4SO2 (R1)

FeS2 → FeS + 1/n Sn (R2)
FeSx → FeS + x Sad (R3)

FeS2 + H2 → FeS +H2S (R4)

In our study, the reaction R1 can be disregarded because of the
vacuum environment. Furthermore, the thermal reactions R2 and
R3 could not have taken place because the estimated surface tem-
perature (≤ 310 K) is far too low to drive any of them. Concern-
ing COS, Hong and Fegley88 reported that the only source of COS
below 612 ◦C is the oxidation of S2 by CO, thus discarding possi-
ble reactions of FeS2 with adsorbed CO and/or CO2.
Finally, the reaction of pyrite with molecular hydrogen R4 takes
place on surface sulfur anions situating on active points or grain
boundaries and having the requisite activation energy of 125
kJ/mol.67 Thomas et al.93 suggested that R4 is a free-radical pro-
cess that starts with the decomposition of FeS2 and the formation
of active sulfur centres, followed by the dissociation of H2 and the
formation of H2S. It was also reported that the most chemically
active centres on the pyrite surface are the bridging sulfur atoms
and disulfide species.89 12 Our findings suggest that in tribochem-
ical reactions, like in thermally driven reactions, S−

2 could be the
precursor of the most emitted gases,93 although the driving forces
and the mechanistic pathway may be radically different. This con-
clusion is based on the observation that the sulfur in the emitted
gases was generally in a reduced form (COS, H2S, and CS2) while
oxidized (SO2) and/or dimer elemental (S2) sulfur was at a trace
level.
Our findings that the composition of emitted gases depends on
the elemental composition of the mechanically activated mate-
rial suggest that solid-state chemical reactions are the underly-
ing cause of gas emission. For example, the thin film had an
oxygen concentration of at least 3.7 at.%, and oxygen-containing
gases dominated among the triboemitted gases (see Fig. 13). On
the other hand, mineral pyrite had only a thin topmost surface
layer with oxygen, and the emitted gases were predominantly
hydrogen-containing molecules, such as hydrogen and hydrocar-

bons. Furthermore, the much larger ratio of CH4/H2S in mineral
pyrite compared to the thin film can be attributed to the higher
concentration of carbon in the former. The formation of COS and
CS2, which were tightly correlated, is likely due to the breaking of
bonds between a surface sulfur atom and the neighbouring matrix
atoms. The molecule of carbonyl sulfide has a linear structure, in
which carbon is bonded to both oxygen and sulfur. Therefore, it
can be formed through the detachment of a sulfur atom, to which
CO is adsorbed. Theoretical analysis94 revealed rich chemistry
between COS and SC2, which can result from shear-induced re-
actions between adsorbed CO, SO, and CS groups. One of the
most favourable reactions between two COS molecules leads to
the atom rearrangement to form CO2 and CS2 molecules with
the activation barrier below 65 kcal/mol at room temperature.94

In industrial processes such as the thermal step of the modified
Claus process, CS2 can also be formed in the reaction of methane
with disulfide or hydrogen sulfide at high temperatures.95 In our
case, the reaction of adsorbed alkyl groups with activated sul-
fur or disulfide sites is not likely because of a weak correlation
between CS2 and both H2S and H2. Alternative pathways not
involving the liberation of hydrogen-containing gases probably
should exist. The H2S emission could be tentatively assigned to
the reaction between lattice hydrogen atoms or protons and sul-
fur active sites. The presence of hydrogen inclusions in both thin
film and mineral pyrite is not surprising as its diffusivity in FeS2 is
as high as96 3.5×10−4 cm2 s−1 which is 2 - 4 orders of magnitude
larger than in transition metals.
The emission of CO2 may be due to the decomposition of car-
bonates, whose presence is evidenced by XPS. The emission of
CO2 usually accompanies fracture or abrasion of alkali earth car-
bonates,34 and it is linked to the non-thermal processes such as

Fig. 13 Schematic structure of the elemental composition of the thin
film and mineral pyrite.
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localized decomposition of carbonates during the relaxation of re-
versible plastic deformation.97 The emission of carbon monoxide
is likely due to the breaking of C-Fe or C-S bonds between the
adsorbed CO and FeS2. Du et al.98 found that carbon monoxide
is strongly bonded to both Fe and S sites, though the former is
energetically more favoured, with the predicted binding energies
of 140.8 kJ/mol and 120.8 kJ/mol, respectively. It is noteworthy
that in both cases CO is bonded by the carbon side. The emission
of alkanes can stem from the C1 and C2 alkane groups adsorbed
on S centres of FeS2 as shown by the ESD analysis. It likely oc-
curs through a mechanism that was proposed for the emission of
alkanes from hydrogenated amorphous carbon,70 30 and which
involves the following two steps:

• formation of the alkyl radical due to the breaking of the C-S
bond between an adsorbed alkyl group and surface sulfur,
and

• the abstraction of hydrogen by an alkyl radical from the en-
vironment.

Furthermore, the quick response of gas emission to both the be-
ginning and the end of mechanical solicitation in all behaviour
modes highlights that emission was predominantly controlled by
fast processes38. This contrasts the data obtained for metals and
hydrides, which usually demonstrate retarded or trail emission
due to a significant (up to 20%) contribution from slow pro-
cesses such as diffusion and migration.29 33 99 Fast emission ki-
netics reduces the constraints for processing the gas emission data
and facilitates deconvolution of the mass-spectrometry time series
into the evolution of mechanochemical activation and the pro-
gression of chemical reactions.33 100 From this perspective, the
overall trends of modes β and δ can be put down to the specific
chemical reactions rather than to the variations in the intensity
of mechanochemical activation. More specifically, they can be re-
lated to the availability of the precursors of gas molecules along
the test.
Another sensible argument supporting the hypothesis of precur-
sors concentration-dependent emission dynamics relies on the
presence of the RTEEs in mode β and their absence in mode δ .
The RTEEs occur as a result of the material structural degradation
such as generation and accumulation of defects, adhesive and co-
hesive failure, plastic flow, cracking, spalling, formation of debris
and their fragmentation at the mechanical interface, and so on.
These processes may intensify the emission of occluded and dis-
solved gases as well as trigger tribochemical reactions involving
the precursors in the mechanically activated volumes and on the
newly-formed surfaces. Therefore, RTEEs are usually manifested
when the sources of gases or their precursors are situated in the
material bulk.
To explore the validity of the hypothesis of precursor
concentration-controlled gas emission we modelled the general
trends of gas emission for various gases using the empirical model
of gas triboemission.101 67 87 33 The model assumes that the in-
stantaneous emission flux of a given gas is a superposition of ele-
mental fluxes from small local volumes of material that have been

deformed from the commencement of mechanical action:

Q(t) = R(t)∗qe(t), (1)

where R is the rate at which the deformed volume increases, qe is
the gas emission function from the elemental volume of material.
The model assumes that a large part of gas emission occurs dur-
ing the initial deformation of a certain volume of material, while
the contribution to the gas flow from the subsequent deformation
cycles of this volume can be neglected. The function qe depends
on the concentrations of gases or precursors in the local volume.
Bearing in mind that the concentrations are unevenly distributed
in depth, we can consider gas flows independently from n-th thin
layers along z. The thickness of the layer, ∆z, should be suffi-
ciently small so that the concentrations of gases or precursors in
each layer can be considered constant. Then, expression (1) can
be transformed as follows:

Q(t) =
n

∑
i=1

Ri(t)∗q(e, i)(t) (2)

The function Ri(t) can be determined from the evolution of the
geometry of MAZ shown in Fig. 11. The approximate analytic
expression was derived assuming that the cross-section profile of
the MAZ can be fitted by a circular function of radius Rb. It de-
scribes the increment of the volume of MAZ in i-th layer when the
total depth of the MAZ increases from b to b+∆b:

Ri|b =
2l
∆b

db
dt

∫ zi+∆z

zi

(√
[R2

b − (z+Rb −b−∆b)2

−
√

(R2
b − (z+Rb −b)2)

)
dz

(3)

where db/dt is the rate of increase of the total MAZ depth, which
can be determined by differentiation of the plot in Fig. 11, and l
is the length of the MAZ along y.
Expression (4) has the following solution:

Ri|b =
l

∆b
db
dt

R2
b [arcsin(C1)−arcsin(C2)−arcsin(C3)

+arcsin(C4)+
1
2
[sin(2arcsin(C1))− sin(2arcsin(C2))

−sin(2arcsin(C3))+ sin(2arcsin(C4))]] , (4)

where

C1 = 1− b− zi +∆z+∆b
Rb

,

C2 = 1− b− zi +∆z
Rb

,

C3 = 1− b− zi +∆b
Rb

,

C4 = 1− b− zi

Rb
.
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The plots of (4) as a function of z for three values of b are pre-
sented in Fig. 14. With the increase of b, the graphs shift to the
higher z, while the contribution of the topmost layers (at low z)
to the total increase of the deformed volume gradually decreases
as shown by an arrow in Fig. 14. As a rough and ready approxi-

Fig. 14 Function of the rate of increase of the volume of MAZ at different
values of z and b. The rectangles denote the ranges of z, where the major
increment of the deformed volume takes place. With the increase in b
both absolute and relative contributions of the topmost layers to the total
increase of deformed volume decreases.

mation, the function qe can be assumed constant in time, e.g. in
the form of a square peak, and proportional to the concentration
of gases or precursors in the solid, Cp:

qe(z) = kpCp(z) (5)

where kp is the coefficient depending on the type of gas, and Cp(z)
is the distribution of element concentration obtained by ERDA
and RBS. Then, the general trends of gas emission time series
were obtained using (2) and are presented in Fig. 15. The rates
of H− and O− containing gases were determined using concen-
tration profiles of these elements in the thin film. In comparison
with the experiment, the model predicts a slower rise in the emis-
sion rate at the beginning of mechanical action since it does not
account for heavy structural damage at the contact zone which
is typically observed in the initial rubbing cycles (region I). How-
ever, it agrees reasonably well with the experiment during steady
wear (regions II and III). At higher values of n, (region IV) the
model slightly overestimates emission rates. This may be due
to a rigid substrate, which may hinder the propagation of wear,
an effect that was not explicitly included in the model’s formula-
tion. The O-containing gases and the H-containing gases showed
trends resembling the modes β (increasing) and δ (steady or de-
creasing), respectively, in accordance with the experiment (Fig.
8).
Finally, the formation of Fe2O3 in wear debris, as observed by Ra-

Fig. 15 Predicted trends of emission rates for H- and O-containing gases
according to the developed model.

man spectrometry, is likely due to the oxidation of Fe and FeSx

(which can form as a result of tribochemical decomposition of
pyrite) in atmospheric air after the samples are removed from
vacuum rather than direct pyrite oxidation in R1 or similar reac-
tion. This is supported by the fact that sulfur dioxide was at a
trace level.
From the perspective of mechanochemistry, the driving forces of
tribochemical gas emission can be linked to stress, strain or sec-
ondary physico-chemical activation processes such as the emis-
sion of charged particles, luminescence, the generation and mo-
tion of active sites and defects in a crystalline structure, and so
on.14 38 70 102 30 103 104 Literature provides evidence that stress or
strain exerted by mechanical action can directly couple to the en-
ergy landscape of a chemical reaction or can modify it locally, thus
reducing potential barriers.105 106 23

5 CONCLUSIONS
The analysis of gas emission from thin-film and mineral pyrite
subjected to mechanical solicitation was used to elucidate the
mechanisms of tribochemical pyrite decomposition. Firstly, a
stark difference between the species detected by thermal and me-
chanical decomposition is highlighted, revealing distinct reaction
pathways. While thermal decomposition and oxidation predom-
inantly yield S2 gas and SO2, respectively, tribochemical action
triggers a richer chemistry, generating two main classes of species:
carbon-containing species, including both carbon oxides and hy-
drocarbons, and sulfur-containing species, such as dihydrogen
sulfide, carbonyl sulfide, and carbon disulfide. Notably, carbon
and hydrogen, present as inclusions in both thin-film and min-
eral samples, play a crucial role in tribochemical processes. This
finding aligns with the observations of certain chemical affinity
between iron pyrite and carbon in both technology and biology.
The gas emission from tribochemically decomposed pyrite was at-
tributed to solid-state chemical reactions, with the kinetics being
governed by the precursor concentrations. H-containing gases,
including dihydrogen, hydrogen sulfide, and alkanes, were pre-
dominant in the emission from H-rich mineral pyrite, while O-
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containing gases, such as carbon monoxide and dioxide, and car-
bonyl sulfide, dominated in the emission from O-rich thin-film
samples. Notably, sulfur in the emitted gases was primarily in its
reduced form, suggesting that redox reactions were not the pri-
mary mechanism driving the triboemission process. Overall, these
findings support the hypothesis that tribochemical processes in
pyrite involve bond switching and reorientation between neigh-
bouring atoms and/or ions under applied stress and shear. This
can include radical reactions initiated by the formation of active
sulfur centres due to stress-induced bond breaking at disulfides
centres. The temperature increase due to frictional heating was
found by far insufficient to drive any thermal decomposition or
oxidation reaction.
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