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The conversions of NiAs-type structures of transition metal chalcogenides (FeS and CoSe) to pyrite-type
structures of dichalcogenides (FeS2 and CoSe2, respectively) under irradiation by HeNe laser (wavelength,
632.8 nm; intensity, 6 × 104 W/cm2) have been investigated using Raman spectroscopy. The laser-induced
conversions give rise to Raman peaks corresponding to vibrations of S-S or Se-Se bonds of respective
pyrite structures. The results are of interest for the characterization and fabrication of pyrite-like structures
necessary for applications as oxygen reduction reaction catalysts. Material modifications at the micrometer
and submicrometer levels are attainable. The structural conversions are accompanied by self-polymerization
of excess chalcogen. Extended laser irradiation (>500 s) in air induces the substitution of chalcogen (S or
Se) by oxygen in the chalcogenide materials and the subsequent formation of transition metal (Fe or Co)
oxides. Excess chalcogen appears to prevent further oxidation. The article also presents conditions necessary
to avoid laser-induced structural changes and oxidation of metal chalcogenide materials during Raman
measurements.

1. Introduction

Concerns of global warming from greenhouse gas emissions
have increased interest in cleaner and more efficient energy
sources such as fuel cells. Since the Kyoto protocol was signed,
vast resources have been devoted to developing proton exchange
membrane fuel cell (PEMFC) that uses hydrogen fuel and
oxygen from air to produce electricity. Recently, various
PEMFC demonstrations for power generation, transportation,
and portable power have shown that the present technologies
can perform reasonably well. However, one of the major
obstacles for mass commercialization of PEMFC systems is their
high cost due to the use of precious metal catalysts such as Pt.1

The development of less expensive catalysts is therefore needed,
especially for oxygen reduction reaction (ORR). According to
the results of catalyst screenings conducted by different groups
worldwide, one of the promising directions is the development
of ORR catalysts based on transition metal-chalcogen combi-
nations.2 Recently, catalysts formed from transition metal
chalcogenides with pyrite-type structure have been investigated
as lower-cost alternatives to Pt for oxygen reduction at the
cathode.3-7 Transition metal dichalcogenides were reported to
have superior ORR catalytic performance over their monoch-
alcogenide counterparts.7 The further investigations revealed that
having the second chemical bond between transition metal and
chalcogen atoms in pyrite structure provides up to twice the
ORR catalytic activity than only having one chemical bond.7

In a chalcogen-rich environment, the NiAs-type structure of
transition metal monochalcogenide can be converted to pyrite-

type structure, and this has reportedly increased the ORR
catalytic activity of the material.7

The traditional approach to explore new potential catalysts
has been to determine the activity of a dispersed catalyst onto
a supporting substrate such as large-area carbon. However, such
comparisons generally suffer from incomplete information
because of different active surface areas, unknown surface
composition and structure, as well as the detachment of catalyst
powders during stability tests. For Pt research, CO stripping
voltammetry in conjunction with the Bruner-Emmett-Teller
(BET) method provides a well-established approach for deter-
mining the active area of Pt catalysts,8,9 but this approach is
not applicable for many other catalysts. In particular, metal
chalcogenide materials do not show any significant CO adsorp-
tion effect when compared with Pt. Therefore, the unknown
active surface area limits direct electrochemical comparisons
with the standard catalysts such as Pt-based catalysts. Initial
work to prepare model Fe-S and Co-Se thin film catalysts
was carried out to compare their catalytic activity with that of
Pt directly as well as to establish a suitable analytical methodol-
ogy to characterize the catalysts.3-5 Besides FeS2, CoS2, and
CoSe2-like thin films with pyrite structure that appeared
especially active for ORR,4,5 it was also found that micro-Raman
spectroscopy can play a unique role in characterizing both the
surface and bulk (up to 1 µm in depth) of transition metal
chalcogenide materials for their crystal structures, chalcogen
allotropes, as well as detecting oxide formation before and after
electrochemical ORR evaluations.3-5

This article is devoted to another finding, namely, the
conversion reactions of FeS to FeS2 and CoSe to CoSe2 induced
by a HeNe laser (632.8 nm) during Raman characterization. It
is crucial to understand the mechanisms of such conversions
not only because these conversion reactions are helpful to
increase the ORR catalytic activity at transition metal chalcogen
surfaces but also for proper Raman spectroscopic analysis of
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relevant samples. Consequently, this study demonstrates HeNe
laser operating conditions necessary to (i) preserve the original
state of transition metal chalcogenide, (ii) facilitate the trans-
formation from FeS and CoSe in chalcogen rich materials to
transition metal dichalcognides such as FeS2 and CoSe2,
respectively, and (iii) induce the conversion to transition metal
oxides.

2. Experimental Section

2.1. Preparation of Fe-S and Co-Se Thin Films. A dual
magnetron sputter coating system (model V3T, Corona Vacuum
Coaters, Inc.) with two cylindrical targets (5 cm diameter, 0.6
cm thick) was used for fabrication of Fe-S and Co-Se thin
films that are well-adhered onto glassy carbon (GC) substrates.
GC substrates (Tokai Carbon) were polished and cleaned with
the procedure reported elsewhere.3 Inside the coating system,
the GC substrates (target bias -75 V) were oriented to face
respective sputtering targets. An operating pressure of 3.5 ×
10-3 torr was maintained during sputter deposition.

The first film was fabricated by sputtering a FeS target
prepared in-house by subjecting FeS powder (99.9%, Sigma
Aldrich) to a pressure of 50 psi. To increase the adhesion, a
thin Ta sublayer was deposited onto the GC substrate by
applying DC power (50 W) to a commercial Ta target (99.9%,
Angstrom Sciences) that was mounted next to the FeS target
inside the sputter system. Deposition of a Fe-S thin film on
top of the Ta layer was achieved by applying RF power (38
W) to the FeS target alone. The resulting well-adhered thin film
(denoted TF1) had a S/Fe ratio of 1.0 according to energy
dispersive X-ray spectroscopy (EDX) analysis, which suggested
that a stoichiometric FeS film had been fabricated. The other
Fe-S film discussed here (denoted TF2) was prepared by
applying RF power (38 W) to a commercial FeS2 target (99.9%
purity, Angstrom Sciences) and DC power (50 W) to a Fe-rich
mild-steel target such that EDX showed a S/Fe ratio of 2.0,
which is consistent with stoichiometric FeS2. Prior to film
fabrication, all targets were Ar ion sputtered for cleaning
purposes. As for the preparation of the Co-Se thin film,
commercial Co and Se targets were used. A detailed description
can be found elsewhere.3,6 The thicknesses of all prepared films
were ∼400 nm.

2.2. Preparation of Carbon Powder Supported CoSe2.
CoSe2 supported on carbon powder was synthesized for use as
a catalyst in the study. Carbon powder (1 g, XC72R powder,
Cabot) was dispersed into a beaker filled with 1 L of ultrapure
deionized water (NCCLS type 1, 18.2 MΩcm); 50 mL of
isopropanol (Fisher Scientific) was introduced to aid wetting,
and this was followed by the addition of 10.2 g of CoSO4 ·7H2O
(99%, Sigma) and 8.2 g of SeO2 (99.9%, Aldrich). After 1 h of
magnetic stirring, 3.2 g of NaBH4 (99% purity, Sigma-Aldrich)
was added to the solution. The complete addition of
NaBH4 was followed by another 1 h of stirring. The nascent
powder was filtered, washed twice with deionized water (type
1), and dried in air. The dried powder was then placed into a
porcelain combustion boat and introduced to a tube furnace
(model 79300, Thermolyne), where it was heated to 600 °C for
4 h under an Ar atmosphere. The resulting supported CoSe2 on
carbon powder was ground (by mortar and pestle) prior to its
XRD characterization.

2.3. Characterization Methods. The thin films were char-
acterized with regard to their bulk composition by EDX
measurements taken with a Hitachi S2300 spectrometer (20 keV
incident electron beam), whereas X-ray photoelectron spectro-
scopy (XPS) was used for an overall characterization of the

surface composition. The latter used a Leybold MAX200
spectrometer with the Mg KR (1253.6 eV) source operated at
10 kV, 20 mA, with pressure in the analytical chamber at 1.5
× 10-9 torr. Survey and higher-resolution XPS spectra were
measured with pass energies of 192 and 48 eV, respectively,
and the binding energies (BEs) were referenced to the C 1s peak
for adventitious hydrocarbon contamination at 285.0 eV. Auger
electron spectra and scanning electron micrographs were
obtained using a scanning Auger microprobe (SAM) system
(Microlab 350, Thermo Electron Corp), which was equipped
with a hemispherical energy analyzer and field emission source
(10 keV, 3.5 nA).

Limited by the inelastic mean free path of electron, XPS has
a probing depth of ∼8 nm with a detection limit of ∼0.1 at. %.
SAM also provides surface composition information, similar
to that of XPS, but utilizes an electron beam capable of
providing spatial resolution of down to 10 nm for analyzing
micro- and nanostructures. EDX uses an electron beam to
interact with the analyzed sample to generate characteristic
X-rays emitted from a depth of several micrometers. Therefore,
XPS and SAM give elemental and chemical information on
sample surfaces, whereas EDX, in comparison, provides bulk
composition of thin films. For assessing potential ORR catalysts,
characterizing their surfaces is essential because the catalysis
reactions occur at the surface, and the as-prepared thin films
may have different surface and bulk compositions.

Micro-Raman spectroscopy was also used for characterizing
transition metal chalcogenide materials, particularly for studying
laser-induced conversions. Raman spectra were acquired using
the 632.8 nm line of a helium-neon (HeNe) laser (Renishaw
inVia Raman Microscope) and a 20× objective (numerical
aperture of 0.40). Each Raman spectrum was acquired with the
output laser power, P, not higher than 0.5 mW by coadding the
different scans for the particular total exposure time. Maximum
laser intensity, I ) 4P/πd2, estimated by taking into account
the diameter, d, of the laser spot on the sample surface (∼1
µm), was approximately equal to 6 × 104 W/cm2. Before each
measurement, the instrument was calibrated with a standard Si
sample (520 cm-1), and all spectra were reproducible to (2
cm-1.

Crystalline structures of synthetic powder samples and high
purity FeS2 mineral pyrite (Zacatecas, Mexico) that had been
ground to a fine powder by mortar and pestle were examined
with X-ray diffraction (XRD). Measurements were made with
a Bruker D8 advanced diffractometer (Bruker, Germany) using
a Cu KR radiation source (wavelength 1.5418 Å) with the
scattering angle (2θ) varying from 5 to 90° at 0.02° s-1 of scan
speed. Standard XRD patterns of FeS2 and CoSe2 can be found
in literature.7,10,11 Both crystalline FeS2 (Zacatecas, Mexico) and
CoSe2 powders were of high purity (also confirmed by the
Laboratory of Mineral Identification of the University of British
Columbia) and were thus used as the internal reference standards
for XPS and Raman experiments.

Structure of the CoSe thin film was studied with high-
resolution transmission electron microscopy (HRTEM). The
sample slices were made using an ultramicrotome (MT6000
Sorvall) with diamond knife and collected from a bath of double-
distilled water onto 400 mesh TEM copper grids and then dried
at room temperature. Cross-sectional samples were analyzed
with a Tecnai G2 instrument (FEI) equipped with a field
emission source (F20 model) operating at 200 kV for local
imaging, diffraction, and EDX. Prior to measurements, the
instrument was calibrated with an Au standard sample provided
by the manufacturer.
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3. Results and Discussion

3.1. Fe-S Crystal Structure and Raman Modes. Two
crystal structures, troilite and pyrrhotite, are known for FeS.
Both forms are of a prototypical NiAs crystal structure.12 In
troilite, each Fe atom is octahedrally coordinated to six S atoms,
whereas in pyrrhotite, S is both five- and six-fold coordinated
because of metal vacancies. Pyrrhotite is also known for having
two structural types, namely, hexagonal D6h

4 and monoclinic
C2h

4. The surface crystal structure of troilite or pyrrhotite forms
of FeS can be identified using XPS.13 In this study, the
crystalline structure of TF1 sample was identified as pyrrhotite.
Pyrrhotite exhibits neither first-order nor second-order Raman
spectrum because of its structural symmetry, and no infrared
absorption band was observed because of its metallic proper-
ties.14

The crystal structure of FeS2 pyrite is cubic (space group Th
6)

with four formula units per unit cell.15 The Fe atoms occupy
the sites of a face-centered cubic sublattice, and the S atoms
are arranged in dumbbell pairs along 〈111〉 directions located
at the midpoints of the cube’s edges and body center. In a
distorted octahedron, the six nearest-neighbor S atoms coordinate
each Fe atom, and each S atom is bonded to three Fe and one
other S atom, forming a distorted tetrahedron. The FeS6

octahedrons are linked by corner sharing. The irreducible
representation of the vibrations of FeS2 pyrite is G ) Ag + Eg

+ 3Tg + 2Au + 2Eu + 6Tu. Raman active modes comprise of
a symmetric mode (Ag), one doubly degenerate mode (Eg), and
three triply degenerate modes (Tg). Raman-active modes only
involve the movements of the S atoms and not of the Fe atoms.
The Ag mode and one of Tg modes correspond to in-phase and
out-of-phase stretching vibrations of the S2 dumbbells, respec-
tively. In the Eg vibrational mode, S atoms are displaced
perpendicular to the S-S bond axis. Two Tg modes correspond
to various combinations of librational and stretching motions.16

A large variety of Raman spectra have been reported for
FeS2

16,17 and the references therein. Locations of Raman peaks
depend on the surface state (isotropic, anisotropic, purity), crystal
structure (pyrite or marcasite), temperature, and pressure. For
example, narrow peaks at 343 (Eg), 350 (Tg), 377 (Tg), 379 (Ag),
and 430 (Tg) cm-1 are resolved for FeS2 pyrite single crystals
in different scattering configurations.17 The first Tg peak is very
weak, and the height of the second Tg peak (corresponding to
out-of-phase stretching of S-S bonds) is about a half of that
for the Ag peak. For polycrystalline materials, the Ag and Eg

peaks cannot be resolved from the Tg peaks. High-purity,
crystalline FeS2 with a pyrite structure usually exhibits three
characteristic Raman peaks at 341-353 (Eg, Tg), 377-383 (Ag,
Tg), and 427-446 (Tg) cm-1.14,17-19 In this article, the first band
is called “Eg peak” for brevity, and the second band is called
“Ag peak”, although these peaks could be contributed from Tg

modes as well.
3.2. Fe-S Powders. Prior to the Raman experiment for the

FeS powder sample, a Raman spectrum of high purity Zacatecas
FeS2 with pyrite structure5 was recorded as an internal standard.
The tested surface was freshly cleaved in Ar flow prior to Raman
measurements. Raman peak locations (341, 376, and 425 cm-1),
shapes, and relative intensities (Figure 1a) are consistent with
previously reported data.14,17-19

The laser photon energy (pω ) hc/λ ) 1.97 eV) was higher
than the band gap for both FeS2 (0.92 eV) and FeS (0.5 eV).
That is, the laser photon energy corresponded to interband
electron transitions. The optical absorption coefficient R for
interband transitions in FeS2 (allowed direct transitions) is equal
to 2 × 104 cm-1 at 1.97 eV.20 Accordingly, the laser radiation

penetrated no deeper than ∼500 nm (because penetration depth
is about R-1). It is worth noting that the laser-induced interband
transitions result in accumulation of free electrons in the
conduction band, and the collective motion of free electrons
contributes to optical absorption. Concentration, ne, of free
electrons and, subsequently, the plasma frequency, ωp, depends
on both the laser intensity, I, and the time of electron-hole
recombination, τ, in accordance with the formulas: ne ) RIτ/
pω and ωp ) e�ne/ε0me, where e is the elementary charge, ε0

is the permittivity of free space, and me is the electron mass.
(See examples in ref 21.) A significant contribution of free
electrons to optical absorption takes place at pωp > pω, and
accordingly, at the electron lifetime and electron concentration
exceeding approximately 10-14 s and 1013 cm-3, respectively.
It is noted that the time of 10-14 s is very close to the lower
limit for electron-hole recombination time in solids. For many
materials, this time is several orders of magnitude longer.
Accordingly, the concentration of laser-induced free electrons
and optical absorption are expected to be higher than 1013 cm-3

and 2 × 104 cm-1, respectively. In contrast, an increase in optical
reflection due to plasma oscillations decreases the laser energy
absorbed. Although the optical absorption and reflection are
competing phenomena, increase in the former decreases pen-
etration depth of laser radiation. Therefore, the changes in
Raman spectra reported in this and the following sections are
an indication of reactions in submicrometer layers.

Raman measurements for the commercial FeS powder
(99.9%, Sigma Aldrich) showed no Raman peaks for irradiation
times shorter than 500 s, as seen in Figure 1b. Laser irradiation
for a time period of 500 s typically gave rise to Raman peaks
at 339 and 373 cm-1 (Figure 1c), which were close to the two
strongest peaks of a FeS2 pyrite structure (341 and 376 cm-1,
respectively). The Tg peak at 420-430 cm-1 did not appear.
Furthermore, the intensity of the Eg peak at 339 cm-1 was larger

Figure 1. Raman spectra of (a) Zacatecas FeS2 mineral pyrite as well
as high-purity FeS powder for different laser exposure times of (b)
100, (c) 500, and (d) 1,000 s.
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than that of the Ag peak at 373 cm-1 in contrast with relative
peak intensities typically observed for FeS2 (Figure 1a). This
suggests that the laser irradiation did not result in complete
conversion to pyrite phase but caused the formation of an
intermediate structure. In particular, Tg modes should be
observable for domains of FeS2 not smaller than a unit cell
comprising of four S-S pairs because of the complexity of the
corresponding normal vibrations. In contrast, ordinary stretching
and libration of S-S bond, responsible for Ag and Eg modes,
may take place in a cluster even if it comprises a single dumbbell
S2 unit. Accordingly, the inverse relation of Ag and Eg peaks
could be explained by the absence of contributions from the Tg

modes. Because FeS is sulfur deficient compared with FeS2,
the formation of both S-S pairs and sulfur-free space should
occur simultaneously. In other words, laser irradiation initiated
inhomogeneity of sulfur distribution, resulting in shifts of S
atoms within unit cells of FeS. Beyond 1000 s of HeNe laser
exposure, new Raman peaks at 222, 238, 285, 402, 602, and
650 cm-1 attributed to R-Fe2O3

22-24 were observed. Simulta-
neous growth of peaks at 222 and 238 cm-1 probably indicates
the presence of polysulfides, namely, rearrangement of S-chain
molecules to S-ring molecules during oxidation.25 Figure 1d
shows that Raman peaks at 339 and 373 cm-1 were still
detectable, indicating that the FeS2-like structures are still
present. These findings suggest that a longer HeNe-laser
irradiation stimulates the formation of chemical bonds between
oxygen and iron on the surface of crystalline FeS and causes S
atoms to redistribute at the surface and the deeper regions (due
to the diffusion of sulfur and/or to outflow of iron). Accordingly,
FeS pyrrhotite experiences a short-order rearrangement of S
atoms with the formation of separated S-S pairs, randomly
oriented and/or with spatial separation longer than the distance
between adjacent S-S pairs in a regular pyrite structure.
Extended laser irradiation results in both the formation of
detectable R-Fe2O3 phase and the almost complete removal of
S atoms from the surface layer (about 1 nm in thickness) to a
deeper sublayer. This explanation is consistent with the results
reported previously on air-oxidation of pyrrhotite.26

3.3. Fe-S Thin Films. 3.3.1. Characterization of the As-
Prepared Fe-S Thin Films. As-prepared thin films, TF1 and
TF2 had overall bulk S/Fe ratios of 1.0 and 2.0, respectively,
according to EDX measurements. XPS detected oxygen and
carbon on the surfaces of the as-prepared films, but correspond-
ing signals disappeared after 2 min of Ar ion bombardment,
indicating that these additional elements arose from adventitious
contamination due to exposure of the samples in air. High-
resolution XPS spectra seen in Figures 2, 3, and 4 highlight the
chemical state differences between TF1 and TF2. Figure 2 shows
two peaks in the S 3s region with binding energies (BEs) at
13.5 and 16.6 eV, respectively, for TF2 and a single peak with
BE at 13.4 eV for TF1. This is consistent with the monosulfide
species being predominant on TF1, whereas both disulfide and
monosulfide components are present on TF2.27,28 Figure 3 shows
sharp Fe 2p1/2 and Fe 2p3/2 peaks at 720.6 and 707.7 eV,
respectively, for TF2, which are attributed to FeS2.27,28 In
contrast, TF1 showed broad Fe 2p1/2 and 2p3/2 peaks at 724.8
and 710.9 eV, respectively, and this is consistent with FeS.27,28

Figure 4a,b shows S 2p spectra of (a) TF1 and (b) TF2 in which
each curve was fitted with three components. Accordingly, TF1
is predominantly attributed to S2- (161.9 eV) with smaller
amounts of S2

2- and S0 (163.0 and 164.3 eV, respectively), while
TF2 is primarily attributed to the S2

2- species (163.0 eV), with
smaller amounts of S2- and S0 (161.9 and 164.3 eV, respec-
tively) present.27-32 Overall, TF1 and TF2 were primarily FeS

and FeS2 films, respectively, although they could have some
heterogeneity.

3.3.2. Raman Spectra Changes of Fe-S Thin Films. Figure
5 shows the Raman spectrum of as-prepared TF2 displaying
three well-pronounced peaks at 340, 378, and 418 cm-1 and a
broadband between 440 and 500 cm-1. The former three peaks
are in close agreement with our internal standard (341, 376,
and 425 cm-1) and with literature on anisotropic pyrite (342,
377, and 428 cm-1).14 The broadband is associated with
polysulfides (Sn

2-, where 2 e n e 8)33,34 formed during the
magnetron sputter deposition of the thin films. The Eg peak (340
cm-1) for TF2 has a larger intensity compared with the Ag peak
(378 cm-1). Intensities of these peaks are in an inverse relation
when compared with that typically observed for pyrite.19 The
Tg peak emerges at a lower wavenumber (418 cm-1) than that
for a typical spectrum of pyrite (425 cm-1) or the internal FeS2

standard (428 cm-1). It is worth noting that the position of the
Ag peak (associated with in-phase S-S bond stretching) is
almost the same for these materials. Consequently, the shift of
the Tg peak to lower frequencies cannot be attributed to the
softening of S-S bonds. However, it is evident that domains

Figure 2. XPS valence region spectra for Fe-S thin films TF1 (gray
line) and TF2 (black line).

Figure 3. XPS Fe 2p spectra for Fe-S thin films TF1 (solid line) and
TF2 (dashed line).
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of pyrite structure in the TF2 sample must be large enough to
allow the Tg peak to appear. The domains must at least be larger
than those in the laser-irradiated FeS powder, for which the
peak was not observed. Estimations from XRD data, with the
help of the Scherer formula, showed that the domain size for
the TF2 was ∼30 nm. If the domains are distorted compared
with the regular pyrite structure, some misalignment of adjacent
S-S pairs may take place, giving rise to the shift of the Tg

peak.
No detectable changes were observed on the TF2 sample

surface after irradiation by the HeNe laser after shining the

surface for >1000 s, which is in contrast with the results
observed for the FeS thin film, TF1. Laser irradiation of the
TF1 sample reveals the effect of local excesses of sulfur on the
laser-induced conversion. Irradiation for <500 s resulted in no
Raman peaks. This result is similar to that observed for the FeS
powder. However, Figure 6a shows that irradiation for 1000 s
resulted in a distinct localized (micrometer-sized) blemish on
the originally smooth surface of TF1. Figure 6b represents the
Auger electron spectra from the original surface and the
localized blemish. Irradiation is seen to give rise to a marked
increase in the S/Fe atomic ratio from 2.0 to 16.0.

Figure 7 displays the Raman spectrum from the laser-modified
region of TF1 with broad peaks at around 339, 375, and 454
cm-1. The first and second peaks suggest that a FeS2 pyrite-
like structure was formed. The Tg modes are not allowed for
this structure, as it was also found for irradiated FeS powder.
The intensity of the Eg peak (339 cm-1) is larger than that of
the Ag peak (375 cm-1), as was observed for the TF2 and
irradiated FeS powder. Broader Raman peaks of irradiated TF1
compared with other materials indicate more disorder in the
FeS2 pyrite-like structure.35 Raman spectra in Figures 1 and 7
show that the formation of S-S pairs is a dominant factor in
the structure transformations observed for both FeS powder and
TF1 sample. This viewpoint is supported by the study of FeS
and FeS2 structures via near edge X-ray absorption fine structure
technique.36

Figure 7 also shows that the small peak at 454 cm-1 in the
Raman spectrum of the irradiated TF1 is associated with
polysulfides (FeSn) in the blemished area.33 The latter peak was
not observed in Raman spectra of the FeS powder. The
formation of FeSn with random n probably contributes to the

Figure 4. XPS S 2p spectra curve fitted for (a) TF1 and (b) TF2.

Figure 5. Raman spectra of Zacatecas FeS2 mineral pyrite (gray dash
line) and TF2, the FeS2-like thin film (solid black line).

Figure 6. (a) SEM micrograph of blemish on FeS thin film (TF1)
after HeNe laser exposure for 500 s. (b) Auger spectra from as-prepared
TF1 and blemish region on TF1 after HeNe laser exposure for 500 s.
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broadening of the Eg and Ag peaks, as seen in Figure 7. This
suggests that the laser irradiation has increased the local
concentration of sulfur and facilitated formation of local FeS2

bonding configurations (a pyrite-like structure) through a
reaction proposed in the papers,37,38 that is, FeS + S + hν f
FeS2.

The changes in irradiated regions of the TF1 film are
consistent with thermodynamics. At room temperature, FeS in
the presence of excess sulfur can be converted to FeS2: ∆Gf°
) -58 kJ mol-1.39 Laser irradiation with intensity I of 6 × 104

W/cm2 gave rise to an increase in the local temperature.
According to the formula ∆T ) I/Rλ, where R and λ are the
optical absorption coefficient (2 × 104 to 107 cm-1) and thermal
conductivity (about 40 W/mK), respectively, the temperature
variation ∆T was in the range from 8 to 150 K. The upper limit
of ∆T was estimated by taking into account the optical
absorption (up to 107 cm-1) by laser-induced free electrons. The
penetration depth of laser irradiation corresponding to the upper
limit of ∆T is ∼10 nm, which is typical for metals.21 At 450 K,
∆G calculated using data provided in ref 39 is equal to -190
kJ mol-1. If there were no excess amounts of sulfur in the film,
then extended laser irradiation in air would result in further
conversion from FeS2-like structures to Fe2O3. The correspond-
ing ∆Gf° value is equal to -742 kJ mol-1.40 The S-rich
environment is likely to prevent further oxidation.

3.4. Co-Se Systems. Two types of samples, (1) magnetron-
sputtered CoSe thin film with excess Se (84 at. % Se, 16 at. %
Co) and (2) high purity (according to XRD and SAM analyses)
CoSe2 supported on carbon powder, were irradiated by the HeNe
laser. Figure 8a shows that CoSe2 supported on carbon powder
has a distinct Raman peak at 187 to 188 cm-1; this is the same
position as previously reported for the Ag Raman mode of pyrite-
type CoSe2 single crystals.19 By increasing irradiation time from
100 to 500 s, Figure 8b shows an additional peak at 167-175
cm-1. This peak can be attributed to a CoSeO complex,6 that
is, a possible structural unit of CoSe2O5 and/or CoSeO3.41

Beyond 1000 s of exposure, Figure 8c shows the Raman
spectrum being composed of peaks attributed to Co oxide
(strongest at 484 and 691 cm-1), CoSe2 (187-188 cm-1), and
the CoSeO complex (167-175 cm-1). This indicates that the
laser-induced transformations in CoSe2 occur in a similar manner
as in FeS2, with a partial progressive substitution of Se by O.

The HRTEM micrograph in Figure 9 shows that the structure
of as-prepared CoSe thin film comprises CoSe nanocrystals

embedded into an amorphous Se matrix. The structure of the
CoSe nanocrystals is of NiAs type.3,12 The CoSe thin film was
irradiated at two fixed laser powers (about 0.5 mW and 5 mW).
Laser irradiation of the CoSe film at the lower power (0.5 mW,

Figure 7. Raman spectrum of blemish region on TF1 (FeS thin film)
after HeNe laser exposure for 1000 s.

Figure 8. Raman spectra from Co-Se samples after different
exposures to He-Ne laser: (a) CoSe2 on carbon powder, 100 s exposure
(laser power <0.5 mW on sample surface); (b) CoSe2 on carbon powder,
500 s (<0.5 mW); (c) CoSe2 on carbon powder, 1000 s exposure (<0.5
mW); (d) Co-Se thin film (84 at.% of Se, 16 at.% of Co) after 500 s
exposure (<0.5 mW); and (e) center hole region of a Co-Se thin film
(84 at.% of Se, 16 at.% of Co) after 50 s exposure (<5 mW).

Figure 9. (a) High-resolution TEM micrograph of CoSe thin film (84 at.
% of Se and 16 at.% of Co) structure with selected area electron diffraction
of (b) bright regions (Se-rich regions) and (c) dark regions (highly
crystalline Co-Se nanoparticles). Scale bar in (a) indicates 20 nm.
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500s) gave rise to a peak at 181-184 cm-1 and a broadband at
130-280 cm-1 in the Raman spectrum (Figure 8d). The former
Raman peak (slightly shifted when compared with CoSe2 single
crystals) was attributed to in-phase stretching vibrations of
Se-Se pairs in a CoSe2-like structure. The laser irradiation
caused the nanocrystals (dark dots in HRTEM image, Figure
9) to increase in size, whereas the corresponding diffraction
pattern became more distinctive and complex: the number of
rings and their intensity increased. Previous studies have shown
that Raman peaks at 251-253 cm-1 can be attributed to Se8

rings, whereas peaks at 141, 233 to 234 cm-1 can be due to Sen

chains.42-49 Polyselenides (Sen
2-) can give rise to the peak at

269 cm-1.50 The observed broadband at 130-280 cm-1 covers
the characteristic locations of Raman peaks corresponding to
the various types of Se listed above. Peak broadening also
suggests the presence of amorphous Se.51

Extended laser irradiation of the CoSe film at the lower power
did not result in any significant Raman spectrum change,
suggesting that excess Se prevented further oxidation. However,
laser irradiation at the higher power (5 mW, intensity ∼6 ×
105 W/cm2) resulted in a localized blemish whose topography
was similar to that shown in Figure 6a. Figure 8e shows that
additional Raman peaks associated with Co oxide (198, 484,
523, 622, 693 cm-1)42,43 and a CoSeO complex (167-175
cm-1)42-44 do emerge in the Raman spectrum taken over the
blemish area.

The results of laser irradiation of the CoSe thin film are also
consistent with thermodynamics. In an Se-rich environment,
CoSe2 is favored over nonstoichiometric CoSe (values of ∆Gf°
-122 and -73 kJ mol-1, respectively39), although Co oxides
eventually become favored in the presence of oxygen (values
of ∆Gf° range from -214 to -744 kJ mol-1, depending on the
particular oxide40).

4. Concluding Remarks

Transition metal dichalcogenides were recently demonstrated
to have ORR catalytic activity comparable to Pt-based catalysts
prevailingly used in current fuel cells. They also showed superior
ORR catalytic activity when compared with their monochalco-
genide counterparts. This study demonstrates that HeNe laser
irradiation induces conversions of NiAs-type structures of
transition metal chalcogenides (FeS and CoSe) to pyrite-type
structures of dichalcogenides (FeS2 and CoSe2, respectively).
The laser-induced conversions can be detected via Raman
spectroscopy. Laser irradiation initiates the formation of chal-
cogen pairs (S-S or Se-Se) and gives rise to Raman peaks
corresponding to vibrations of S-S or Se-Se bonds in pyrite-
like structures. The structural conversions are accompanied by
self-polymerization of excess chalcogen. Extended laser irradia-
tion (>500 s) induces the substitution of chalcogen (S or Se)
by oxygen in the chalcogenide materials and the subsequent
formation of transition metal (Fe or Co) oxides. Excess
chalcogen inhibits oxidation in the transition metal chalcogenide
materials. The observed conversions are summarized in Scheme
1. This study also points to the importance of appropriate
conditions for manipulating Raman measurements. Recom-
mendations include (a) laser operation at low intensity (<6 ×
104 W/cm2) and (b) short acquisition times (<500 s) to avoid
laser-induced structural changes and oxidation.

The observed laser-induced conversions are interesting in light
of the potential use in synthesis of ORR catalysts. Because laser-
induced modification at the micrometer lateral resolution and
submicrometer depth resolution is attainable, laser irradiation
can be used deliberately for the fabrication of transition metal

dichalcogenide materials with pyrite-like structures necessary
for applications as ORR catalysts. Studies on FeS formation
and oxidation processes are also a topic of interest in oceanology
and geochemistry.52 Together with the methodology described
in this article, the results presented here may help deepen
understanding in geobiochemistry and ocean chemistry research.
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