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Sulfur vacancies in Pyrite

The broken Fe-S and/or S-S bonds create 
vacancies and defects on Pyrite surfaces. 
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a b

Fig. 1. Molecular orbital diagram showing diamagnetic configuration of (a) Fe in pyrite, bulk and surface (b) S2−2 anion.
Source: Fig. 1(a) redrawn from Ref. [23].

surface states. The Fe-S π∗ bonding was suggested to contribute
to the high binding energy side of this peak at about 1 eV while
the Fe 3d of surface Fe atoms was suggested to contribute to the
lower binding energy side of this peak at about 0.5 eV. The surface
Fe contributions may arise from Fe 3deg (non-bonding orbitals)
dangling bonds as a result of Fe-S bond fracture.

The most commonly found cubic pyrite morphology, termi-
nates with the {100} surface while pyritohedral and octahedral
morphologies terminate with {210} and {111} surfaces respec-
tively [4]. Rare {110} surface terminations are also found [23]. All
of these surfaces are of lower coordination as compared to the bulk
structure as bonds are fractured during cleavage. The {100} surface
is frequently found to have five-fold coordinated surface Fe due to
the loss of S2−2 [17,23,39]. This leads to a square pyramidal field
(point group C4v) around the Fe atom resulting in the loss of de-
generacy of the Fe e∗

g orbitals [24]. Thus, the band gap reduces from
about 0.9 eV in the bulk to only approximately 0.16 eV at the {100}
surface (Fig. 1a) inducing a more metallic character in the surface
as compared to the semi-conducting character of the bulk [17,23].

The {110} surface contains Fe of even lower coordination (<5)
with four-fold coordination being the most frequent [23]. As seen
in Fig. 1a, this leads to a further reduction in band gap and results
in the {110} surface (<5 coordination) becoming spin polarised
(paramagnetic) unlike the 5-fold coordinated and bulk Fe. Even
though the {110} surface is rare, the 4-fold coordination typical of
this surface also occurs on parts of the more common {100} pyrite
surface. The {100} surface is the most stable of the terminating
surfaces however, cleavage results in a high density of defects
and imperfections (steps and kinks) which have low coordination
(<5) Fe sites similar to the {110} surface [23,24,39]. The {111}
and {210} surface have also been shown to terminate with low
coordinated (≤5) Fe atoms with similar structures to those shown
in Fig. 1a [40].

The loss of coordination at the surfaces results in higher
dangling bond density, making such sites highly reactive. Surface
structures undergo considerable relaxation to stabilise these low
coordinated sites [17,40]. This tends to shorten the S-S and Fe-
S bond lengths as compared to the bulk [24]. Hung et al. [23],
through their density functional calculations, suggested that low
coordination sites (<5) tend to be spin polarised (while sites of
normal coordination are spin neutral) and that species such as
triplet molecular oxygen (O2) which is paramagnetic will be more
inclined to react with these low coordination defect sites. Qiu
et al. [17] propose that during oxidation reactions the transfer of
electrons will be much faster as a result of the reduced band gap

and enhancedmetallic character andwill occur preferentially from
the Fe rather than surface S species, which may result from bond
cleavage during fracture (refer Section 3.1). This is in agreement
with previous studies by Rosso et al. [33] who revealed for the
first time the surface electronic heterogeneity of UHV fractured
surfaces using STM microscopy and spectroscopy together with
LEED, UPS and ab initio calculations. It was concluded that surface
redox processes are initiated by first quenching of high energy
dangling bonds (at Fe sites) and leading to the formation of new
surface species.

2.4. Semiconductor properties of pyrite

Pyrite is a potential photovoltaic absorber material for solar
cells due to its high electron mobility (230 cm2 V−1 S−1) and high
optical absorption coefficient (α > 6.0×105 cm−1 for hv> 1.3 eV;
[38,39,41]. However, considerable variations exist in the semi-
conductor properties of natural pyrites which affect the physic-
ochemical processes of pyrite dissolution [42]. Abraitis et al. [7]
comprehensively reviewed the semi-conducting properties of
pyrite and found that reported conductivities vary by four orders
of magnitude. Depending on geological conditions, natural pyrite
can exist as either a n-type semiconductor or as a p-type semicon-
ductor [43,44]. Pyrite formed at relatively high temperatures nor-
mally exhibits n-type character while pyrite formed at relatively
low temperatures are p-type [7,22].

Abraitis et al. [7] calculated the mean conductivities of n- and
p-type pyrites from the data they reviewed. Their calculations
clearly illustrate that n-type pyrites have higher conductivities
with a mean of 56.8 (�cm)−1 while p-type pyrites are of lower
conductivity with a mean of 0.53 (�cm)−1. The variations in
semi-conductor properties arise from deviations in stoichiometry
and the presence of trace elements [9,22]. Trace elements can
either have electron donating (n-type) or electron accepting (p-
type) properties and hence impart the same to pyrites. Pyrites
high in arsenic are found to be p-type semi-conductors while
those low in As are n-type [7,44]. Pyrites high in cobalt have also
been found to behave as a n-type semiconductor [44]. Similarly,
pyrites with S:Fe stoichiometric ratios less than 2 are usually n-
type while those above 2 are p-type. Buckely andWoods [5] found
evidence of the coexistence of S-deficient and Fe-deficient regions
on abraded pyrite surfaces. Moreover, according to Lowson [22],
Rimstidt andVaughan [9] andAbraitis et al. [7] natural pyrites have
been reported to contain alternating n and p type properties. In
fact, overall n or p behaviour of pyrites may result from a net of n
or p properties.
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How can the vacancy be filled? 

What’s the energy barrier?

How to control?

other substitutions?

......

Dynamic features of vacancy fi!ing process
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Thin films of pyrite NCs were deposited on various sub-
strates (glass, quartz, and silicon) using layer-by-layer dip-
coating from chloroform solution (see the Supporting
Information). A dipping cycle consisted of immersing the sub-
strates in the pyrite NC ink, allowing them to dry, and then
dipping them in 1 M hydrazine in acetonitrile, which served to
insolubilize the NCs by removing a large fraction of the long-
chain ligands from their surfaces (as verified by FTIR). Films
were made using 25-100 dipping cycles. To produce larger-
grain polycrystalline pyrite films suitable for solar cells, the NC
layers were sintered in sulfur vapor at 500-600 !C in sealed
quartz ampules. The purpose of sintering the NC films was to
increase the average grain size (and thus the carrier diffusion
length), reduce possible sulfur deficiency, remove carbon, and
densify the films. Figure 3 shows plane-view and cross-section
scanning electron microscope (SEM) images of a 2000 nm thick
pyrite NC film on a glass substrate before and after sintering at
540 !C for 4 h. Under these conditions, sintering resulted in
significant grain growth (average apparent grain size of∼300 nm
based on the SEM images and XRD), roughening of the film
surface, and the formation of voids. In general, the microstruc-
ture obtained after sulfurization is a strong function of the film
thickness, sintering temperature and time, ramping rates, sulfur
partial pressure, and substrate. Higher temperatures yielded
larger crystallites (up to ∼1 μm) and usually poorer intergrain
connectivity and substrate coverage. Higher sulfur partial pres-
sures also favored larger grains but gave better grain connectivity
and fewer voids. Pyrite was the only phase detected by far-IR
spectroscopy and XRD after sintering at temperatures below
650 !C (Figures S3 and S4, respectively; pyrrhotite began to
form above this point). Optimization of the film microstructure
as well as detailed electrical and optical measurements are
underway.

When stored in a nitrogen-filled glovebox, the pyrite NC
solutions and unsintered NC films were stable for at least 9
months with no apparent change in their XRD patterns or
absorption spectra. On the other hand, chloroform solutions of
amine/ammonium-capped NCs without xanthate showed com-
plete decomposition within weeks of storage in air in the dark,
leaving a yellow precipitate and clear supernatant. We have not
yet carried out air stability tests for xanthate-capped NC solu-
tions. Detailed characterization of the NC decomposition pro-
ducts and the impact of the capping ligand on degradation needs
further extensive studies.

Pyrite NC thin films were observed to change color from gold
to black after a few weeks in air. XRD of NC films exposed to air
for 3 months showed the presence of hydrated iron sulfates and
FeS species (Figure S5). However, once sintered, the polycrystal-
line pyrite films were stable for at least 1 month in air without
discoloration or the appearance of new phases in XRD patterns.
It is not surprising that large-grain pyrite films are more robust in
air than films composed of high-surface-area nanocrystals. Since
solid-state pyrite solar cells will likely utilize dense, large-grain
thin films, oxidation should be manageable using common
photovoltaic encapsulants and barrier coatings.

We have described the synthesis of phase-pure and stable
colloidal pyrite NC inks via a simple hot-injection route and
shown that polycrystalline pyrite films can be produced on
various substrates by sintering films of these NCs in sulfur vapor.
This approach is promising for low-cost, large-area, solution-
based processing of pyrite thin films for photovoltaics.

’ASSOCIATED CONTENT

bS Supporting Information. Synthetic details, additional
TEM images, and FTIR and XRD characterization of the NCs

Figure 3. Top- and side-view SEM images of a pyrite NC film on a glass substrate before and after sintering at 540 !C in sulfur vapor.

‘’The purpose of sintering the NC films (in the 
Sulfur vapor) was to increase the average grain 
size (and thus the carrier diffusion length), 
reduce possible sulfur deficiency, remove carbon, 
and densify the films. ‘’



DFT calculation details

• DFT calculations with the plane-wave-based 

Vienna Ab initio Simulation Package (VASP)

• Potential: PAW-GGA(PBE)

• Energy cutoff: 300 eV

• Kpoints: 2×2×1 MK 

• Atomic model: a seven-layer slab with a 2x2 

unit cell in the lateral plane and a vacuum of 

~15 Å thick. 

Fe56S128

ΔEtot = Etot(def.)-Etot(clean)
        = +3.4 eV/surface
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∆E is the total energy 
difference between the 
possible intermediate 
states and the clean S-
rich FeS2(001) surface.



Vacancy Segregation
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Fig. 36. Comparison of the adsorption energies in different adsorption states for
H2S and H2O. Solid and dashed lines are guides to the eye. Figure reprinted with
permission from Ref. [208].© 2003, Elsevier.

Fig. 37. Atomic-scale topographic UHV STM image of an in-vacuum cleaved pyrite
{100} surface after exposure to 4 L O2. The tunneling conditions were −0.1 V bias
and 3 nA setpoint current. The image was band pass FFT filtered to remove noise.
The scale bar represents 20 Å. A unit cell is outlined. The image shows oxidation
features in the form of dark ‘‘patches’’ where Fe sites have reacted with O2. Figure
reprinted with permission from Ref. [201].
© 1999, Mineralogical Society of America.

Rosso et al. [201] investigated the reaction of O2 with vacuum
cleaved pyrite with both UPS and STM. UPS data showed the
evolution of spectral features that were associated with the
formation of Fe–O bonds. Fig. 37 shows an STM micrograph of the
pyrite surface after a 4 L exposure to O2 at room temperature. The
bright spots in the image are due to the dangling bond Fe surface
states that dominate the top of the valence band and bottom of
the conduction band. The dark regions or patches in the image are
due to the oxidation of the Fe component and the reduction of the
surface state density at the valence and conduction band edges.

Kendelewicz et al. showed, using synchrotron-based PES, that
while exposure to H2O alone led to no oxidation of the S
component, the exposure to O2 alone did lead to S oxidation
(exhibited by S 2p spectral weight near 168 eV due to sulfate),
which was associated in part with the elimination of the
monosulfide component as evidenced by the loss of the 161.5 eV
S 2p feature (see Fig. 38) [152]. The surface S-dimer was shown to

Fig. 38. (a) S 2p spectra of fractured pyrite before (solid line) and after (crosses)
exposure to molecular oxygen, showing decomposition of the first spectrum into
components representing different S species. The light solid line represents the
background that was subtracted in the spectral component fitting. (b) S 2p spectra
of fractured pyrite after 15min exposures to different partial pressures of O2 and to
ambient air. (c) S 2p spectrum of fractured pyrite after exposure to 180 Torr of O2
for 15 min. All S 2p spectra were taken using an incident photon energy of 240 eV.
Figure reprinted with permission from Ref. [152].© 2004, Elsevier.

exhibit a much greater stability than the monosulfide component
in the presence of the O2 reactant.

4.1.4. H2O/O2 mixtures
Pyrite {100} surfaces exposed to mixtures of H2O and O2 vapor

show significantly more oxidation than exposure to the individual
gases. For example, Fig. 39 exhibits XPS S 2p and Fe 2p data
obtained by Guevremont et al. for pyrite {100} that was exposed
to various H2O and O2 gaseous mixtures. Specifically, exposure
of pyrite to 0.024 bar (18 Torr) water vapor or 1 bar O2 led to a
minor amount of reaction. In contrast, the exposure of pyrite {100}
to a mixture of the two gases led to a more significant amount

Comparison of the adsorption energies in 
different adsorption states for H2S and H2O. 
A. Stirling, M. Bernasconi, M. Parrinello, J. Chem. Phys. 
119 (2003) 4934.

A proposed model for the thermal 
chemistry of H2S on FeS2(100).

Guevremont et al. American Mineralogist 83 (1998) 1246
18 R. Murphy, D.R. Strongin / Surface Science Reports 64 (2009) 1–45

Fig. 33. (a) S 2p spectra of fractured pyrite surfaces exposed to sulfur vapor (solid
line) and then to 48 Torr of O2 (crosses). (b) S 2p spectra of pyrite before (crosses)
and after (solid line) exposure to water vapor. Figure reprinted with permission
from Ref. [152].© 2004, Elsevier.

Fig. 34. Important molecular (upper row) and dissociative (lower row) adsorption
modes of a single water molecule at the sulfur vacancy on the pyrite (100) surface;
red and white spheres represent oxygen and hydrogen atoms respectively. Figure
reprinted with permission from Ref. [156].
© 1998, American Chemical Society.

Fig. 35. A proposed model for the thermal chemistry of H2S on FeS2(100).
Adsorption of H2S on FeS2(100) at 100 K results in an adsorbed monolayer with
H2S binding on stoichiometric as well as defect sites. Heating to 250 K removes
weakly bound H2S from the stoichiometric surface. Heating to 500 K results in the
migration of H2S dissociation fragments on the stoichiometric surface.Whereas the
diffusion ofH iswell supported by our data, it cannot be determined unambiguously
whether S-containing species also migrate. Heating to 600 K results in the diffusion
of surface hydrogen into the pyrite bulk and the formation of new surface sites from
the addition of S (resulting from H2S dissociation) to sulfur-vacancy sites. Figure
reprinted with permission from Ref. [162].
© 1998, Mineralogical Society of America.

4.1.2. H2S
Guevremont et al. [162] investigated the interaction of H2Swith

an as-grown pyrite {100} plane cleaned by He+ bombardment.
Similar to H2O TPD, the majority of the molecularly adsorbed H2S
(initially adsorbed at 80 K) desorbed from the pyrite surface by
300K. TPD results showed that a significant fraction ofH2S, initially
adsorbed onto pyrite at 150 K, dissociated at defect sites upon
heating to 500 K into surface hydrogen, S, and SH. While it was
postulated that surface hydrogen might dissolve into the pyrite
bulk at temperatures close to 600 K, PAX experiments suggested
that the S-containing fragments reacted with monosulfide to form
sites that resembled FeS2 at these same temperatures (see Fig. 35).

Stirling et al. [208] investigated the adsorption of H2S and H2O
on an ideal pyrite {100} surface using Carr–Parrinello simulations.
Similar to H2O, the dissociative adsorption of H2S on the ideal
pyrite surface is energetically unfavorable (see Fig. 36). At low
coverage both H2O and H2S show similar adsorption energies, but
at higher coverages the binding of H2S shows a significant decrease
due to steric repulsion between adsorbed molecules. Unlike the
adsorption of water, hydrogen bonding is not found to contribute
significantly to the binding of the adsorbedH2Smolecule.Whether
H2S shows a tendency to dissociate on a defective pyrite surface
was not investigated.

4.1.3. O2
The earliest UHV-based study investigating the interaction ofO2

with pyritewas carried out byRaikar et al. [202]. Natural pyritewas
used in this study, but it was sputter cleaned with 400 eV Ar+, that
might be expected to yield a somewhat non-stoichiometric surface
composition. These researchers, using Auger electron spectroscopy
(AES) and electron energy loss spectroscopy (EELS), found that
after exposing pyrite to oxygen exposures ranging from 103–106 L
there was significant oxidation of the iron component.

an adsorbed H2S monolayer

remove weakly bound H2S

the migration of H2S dissociation fragments

the diffusion of surface H and the formation of new surface sites

 Temperature programmed desorption (TPD)

‘’Whereas the diffusion of H is well supported by 
our data, it cannot be determined unambiguously 
whether S-containing species also migrate.’’

Whether H2S shows a tendency to dissociate on 
a defective pyrite surface was not investigated.

denser, more uniform pyrite films with 
H2S annealing at low temperatures.

H2S



Conclusions

DFT calculations were performed to study the fi!ing process 
of the single vacancy at different Pyrite(001) surfaces.

Efforts are being made to understand the effect of surface 
condition on the vacancy fi!ing, so as to find out the factors 
that control the sulfur deficiency segregation. 


