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A B S T R A C T   

X-ray photoemission spectroscopy (XPS) was used to investigate the electronic structure and oxidation state of 
transition metals in synthetic cobalt pentlandites (Fe,Co,Ni)9S8 with measured stoichiometries of Fe4.85Ni4.64S8, 
Co0.13Fe4.68Ni4.71S8, Co2.73Fe3.18Ni3.16S8, Co5.80Fe1.63Ni1.59S8 and Co8.70S8. The addition of cobalt was found to 
decrease the bond length and hence decrease the unit cell dimensions of the cobalt pentlandite crystal structure 
by up to 0.18 Å. High resolution XPS S 2p spectra show increases in the binding energies of bulk 5-coordinated 
(162.1 eV) and surface 3-coordinated (160.9 eV) sulfur (≈0.2 eV) with increasing Co concentration and 
decreasing bond lengths. As the Co concentration increases, variation in metal site occupation decreases, 
resulting in smaller S 2p FWHMs due to a dominant single Co-S state rather than mixed Fe-S, Ni-S and Co-S states 
with similar binding energies. The S 2p high binding energy tail, previously identified as a S 3p- Fe 3d ligand to 
metal transfer in Fe chalcogenides, shows a marked decrease in intensity as the concentration of Co increases, 
that is attributed to a decreased probability of ligand-to-metal charge transfer as the eg orbitals are filled. The 
transition metal XPS 2p spectra were modelled using CTM4XAS to investigate metal site occupation and ligand- 
to-metal charge transfer. Fe, Co, and Ni were all best simulated using a tetrahedral symmetry and 2+ oxidation 
state, their 2p3/2 and 2p1/2 peaks occurred at 706.9 and 719.9 eV, 778.2 and 793.1 eV, and 852.8 and 870.0 eV, 
respectively. A negative charge transfer energy confirms the high binding energy tail results from S3p-Fe3d 
ligand to metal charge transfer. This increased understanding of the pentlandite electronic structure will provide 
a basis for the refinement of mineral processing techniques and allow for a reduced environmental impact from 
limited efficiency.   

1. Introduction 

Pentlandite (Fe,Ni)9S8, is an iron-nickel sulfide mined at various sites 
around the world as the principle nickel ore (Kaneda et al., 1986; 
Department for Energy and Mining, Nickel, in, Government South 
Australia, 2020; Pettifer et al., 2020; Kouvo et al., 1959). Mining sites 
where pentlandites are found, are commonly associated with small 
percentages of cobalt impurities. The cobalt can occupy metal sites in 
the pentlandite crystal structure leading to the formation of cobalt 
pentlandites (Co,Fe,Ni)9S8 (Department for Energy and Mining, 2020; 
Kouvo et al., 1959). This cobalt impurity affects the electronic properties 
and oxidation rates of pentlandite, evident in the varying suitability of 
cobalt pentlandite for applications such as catalysis (Smialkowski et al., 
2021; Al-Mamun et al., 2016; Konkena et al., 2016). An example of the 

significance of the metal ion ratio is shown in a study done by Smial
kowski et al. which demonstrated that the alteration of the metal ion 
ratios directly influences the electrochemical activation/deactivation 
behaviour of cobalt pentlandites in catalysis (Smialkowski et al., 2021). 
Additionally, flotation is directly affected by mineral surface oxidation 
and coatings which influence the hydrophobicity of the mineral species 
(Malysiak et al., 2004). This first principles study introduces fitting 
parameters to further the understanding of the surface chemistry of 
cobalt pentlandites. This will enable a guide for future studies which 
attempt to study the variation in surface structure of cobalt pentlandites 
and optimise applications involving cobalt pentlandites, including 
floatation and catalysis. 

The crystal structure of pentlandite has been well established in 
literature (Pearson and Buerger, 1956). Pentlandite has a cubic unit cell 
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with Fm3m symmetry, of which each unit cell contains 36 metal sites 
which are the focus of this study. The 36 metal sites are split into 32 sites 
surrounded by a tetrahedral coordination of sulfur atoms, and the 
remaining 4 which are surrounded by an octahedral coordination of 
sulfur atoms (Pearson and Buerger, 1956). The 32 sulfur sites are split 
into 24 “5 coordinate sites” and 8 “4 coordinate sites” which link 
together metal sites “cube clusters” (Pettifer et al., 2020). A diagram of 
the unit cell can be seen in Fig. 1. 

As pentlandite is an iron-nickel sulfide, the metal sites are commonly 
shared between iron and nickel, although cobalt, when present, can also 
occupy these metal sites. Natural pentlandite has no iron- or nickel-rich 
end members (Fe9S8 and Ni9S8) as the metal bonds within the pent
landite metal cube clusters become unstable (Vaughan, 1978). This is 
caused by the 65-electron rule for every base M9S8 formula for pent
landite (M representing transition metal ions), where 65 d-electrons are 
shared between the 9 metal sites and the total number of d electrons in 
each tetrahedral site is restricted to seven (Pettifer et al., 2020; Vaughan, 
1978). This corresponds to tetrahedral sites that are occupied by Co2+ or 
equal numbers of Fe2+ and Ni2+ ions (Vaughan, 1978). 

The interpretation of transition metal photoemission peaks is often 
complicated due to overlapping bulk and surface states, and multiplet 
effects that further complicate the accurate assignment of components. 
The influence of cobalt on the photoemission spectra of pentlandite has 
been scarcely reported. Previous studies on pentlandite have focussed on 
the states of the iron and nickel occupying the metal sites. Pettifer et al. 
used synchrotron X-ray photoelectron spectroscopy (SXPS) to investi
gate the Fe, Ni, and S 2p peaks of pentlandite. This study, like several 
similar, was completed without the presence of cobalt impurities (Pet
tifer et al., 2020; Mkhonto et al., 2015; Legrand et al., 1997; Legrand 
et al., 2005). Similar studies have been concerned with the mechanisms 
associated with surface oxidation and identification of surface oxidation 
products using the Fe, Ni, and S XPS 2p peaks. A study by Legrand et al. 
found that pentlandite sample surfaces oxidise rapidly and form an 
“overlayer” comprising of Fe(III)-S, Fe(III)-O, Ni(OH)2, and NiSO4 
(Legrand et al., 2005). This overlayer was dominated by iron oxides and 
sulfides suggesting that iron oxidises preferentially over nickel (Pettifer 
et al., 2020; Richardson and Vaughan, 1989). Additionally, in these 
studies, XPS was used to determine bulk and surface speciation Pettifer 
et al. found that the bulk pentlandite included 4- and 5-coordinated 
sulfur with XPS 2p3/2binding energies of 161.7 eV and 162.2 eV, 
respectively. Upon fracture, each sulfur lost a bonding partner and XPS 
showed evidence of 3- and 4-coordinate sulfur corresponding to 2p3/2 
binding energies of 161.1 eV and 161.7 eV, respectively (Pettifer et al., 
2020). Finally, Pettifer et al. and Richardson and Vaughn, found that the 
bulk iron was in the form of Fe(II)-S with an Fe 2p3/2 peak centred at 
707.3 eV (Pettifer et al., 2020; Richardson and Vaughan, 1989). The Ni 
2p3/2 peak resides at 852.77 eV in agreement with Pettifer et al. 

proposing it at 852.8 eV and Legrand et al (Pettifer et al., 2020; Legrand 
et al., 2005). The location of this peak indicates bulk nickel in the form 
of Ni(II)-S (Pettifer et al., 2020; Richardson and Vaughan, 1989). 

Few studies have investigated cobalt pentlandites experimentally, 
Al-Mamun et al. analysed the Co 2p lines of cobalt pentlandites which 
displayed two sets of doublets. The 2p1/2 and 2p3/2 peaks occurred at 
energies of 779.5 eV and 795.4 eV, respectively for the first set. The 
second set displayed 2p1/2 and 2p3/2 peaks at energies of 781.0 eV and 
796.7 eV, respectively (Al-Mamun et al., 2016). However, spectra dis
played showed great signs of sample oxidation which would have 
altered the electronic structure of the material. 

Simulations and measurements of high-resolution XPS spectra are 
required to understand the multiplet effects that complicate transition 
metal 2p photoemission spectra from high spin states (Biesinger et al., 
2011). This has been attempted using Density Functional Theory (DFT) 
calculations, although these are flawed as they commonly do not allow 
for excited state calculations (de Groot, 2005). DFT calculations are 
computationally difficult for large structures so simplified models must 
be chosen (Mkhonto et al., 2015; Burdett and Miller, 1987; Hoffman 
et al., 1990). DFT calculations also cannot account for the overlap be
tween the core and valence electron wavefunctions, which causes 
atomic multiplet splitting (de Groot, 2005). Studies by Stentine et al. and 
Ramanantoanina and Daul have used modified DFT methods, which 
include ligand-field theory, to successfully calculate 3d transition metal 
2p core electron binding energies (Ramanantoanina and Daul, 2017; 
Stetina et al., 2019). In comparison to DFT, CTM4XAS is a more 
simplistic method based on the charge transfer multiplet effects. The 
development of CTM4XAS was based around the initial and final state 
effects, allowing accurate simulation of the core 2p electron binding 
energies of transition metals (Stavitski and de Groot, 2010). The reli
ability of CTM4XAS makes it the best choice for simulating the core 
electron binding energies for the transition metals present in pentlandite 
(Stavitski and de Groot, 2010). 

This study aims to identify the changes in chemical states with the 
addition of cobalt and determine whether there is any preferential 
occupation of metal sites. High resolution X-ray photoelectron spec
troscopy has been used on vacuum-fractured synthetic pentlandite 
samples to distinguish the discrete change in chemical states. This is 
then compared with CTM4XAS simulations to determine what chemical 
states dominate the photoemission spectra and to which sites they 
correspond. 

2. Methods 

2.1. Sample synthesis 

Pentlandite (M9S8) samples with stoichiometries of Fe4.85Ni4.64S8, 

Fig. 1. Crystal structure of pentlandite; containing 32 tetrahedral and 4 octahedral metal sites per unit cell. Metal sites can be occupied by either Fe, Ni or Co 
(Momma and Izumi, 2011). 

R.R. Waltrovitz et al.                                                                                                                                                                                                                          



Minerals Engineering 190 (2022) 107935

3

Co0.13Fe4.68Ni4.71S8, Co2.73Fe3.18Ni3.16S8, Co5.80Fe1.63Ni1.59S8 and 
Co8.70S8 were synthesised with cobalt powder (<150μ m, 99.9+% 
Sigma-Aldrich), iron wire (1.0 mm diameter, 99.9+%, Sigma-Aldrich), 
nickel wire (0.5 mm diameter, 99.9+%, Sigma-Aldrich) and sulfur 
flakes (99.99+%, Sigma-Aldrich), using the standard silica tube method 
(Vaughan, 1978). Stoichiometries were confirmed by the Flinders Uni
versity CSE Chemical Analysis Services team with inductively coupled 
plasma optical emission spectroscopy (ICP-OES) see Fig 2. The materials 
were sealed inside evacuated silica tubes (<10− 2 Torr) and heated in a 
furnace from ambient temperature to 445 ◦C, held for 3 h, then ramped 
to 700 ◦C and held for 3 h, and finally ramped to 1150 ◦C and held for 11 
h. The furnace was then turned off as the sample cooled to room tem
perature. All heating stages increased at a rate of 1 ◦C/min and samples 
were limited to a size of 2 g to prevent tube failure. This is modified from 
previously published procedures to increase homogeneity of the samples 
(Pettifer et al., 2020; Xia et al., 2008). 

2.2. Data acquisition 

Powder X-ray Diffraction (PXRD) analysis was carried out at Flinders 
Microscopy and Microanalysis (Flinders University) using a Bruker D8 
Advance Eco Powder X-Ray Diffractometer with a Co Kα radiation 
source (λ = 1.7902Å). Prior to PXRD, samples were sanded alongside 
the outer edges to remove any iron sulfide, cobalt sulfide or nickel sul
fide phases which form during the synthesis process. Samples were then 
ground to a particle size of < 50 µm using a quartz mortar and pestle. 
This powder was evenly spread on a zero-background silicon substrate 
disc and placed into the sample holder. XRD data were all collected 
across the 2θ range of 10 to 90◦ with a step size of 0.02◦ and 0.5 s per 
step. Qualitative analysis of samples was completed using Diffrac.EVA 
where spectra were matched with reference spectra from the Crystal
lography Open Database (COD). Diffrac.TOPAS was used to calculate 
unit cell dimensions. 

X-ray photoelectron spectra were collected using a Kratos AXIS Ultra 
DLD spectrometer with a monochromatic Al Kα radiation source 
(1486.6 eV, 225 W, 15 kV, 15 mA). The spectrometer was calibrated to 
give Au 4f7/2 and Cu 2p3/2 binding energies of 84.03 eV and 932.69 eV, 
respectively. All spectra were collected over a rectangular analysis area 
with dimensions 300 × 700 µm. Spectra were charge corrected by 
standard protocols with the C1s adventitious carbon peak of 248.8 eV 
(Johansson et al., 1973; Biesinger, 2022). As the sampling depth of XPS 
is within the order of several nm, it was crucial to obtain a pristine 
surface for analysis. Samples were, therefore, initially loaded into a 
nitrogen-filled glovebox. They were then cleaved with cutters, mounted 
onto copper stubs, and immediately transferred into the analysis 
chamber. The samples were then transferred to the analysis chamber 

where the pressure was maintained at < 3 × 10-8 Torr during analysis. 
Survey spectra were collected with a pass energy of 160 eV, step size 

of 0.5 eV. C 1 s and O 1 s spectra were collected with a pass energy of 20 
eV and a step size of 0.1 eV. S 2p spectra were collected with a pass 
energy of 10 eV and a step size of 0.025 eV, while 2p spectra for tran
sition metals (Fe, Ni and Co) were collected with a pass energy of 20 eV 
and a step size of 0.05 eV. 

The XPS spectra were processed using CasaXPS software (Fairley, 
2010). All spectra were fitted using a Shirley background and normal
ised to bulk signal to allow comparison between spectra (Shirley, 1972). 
Each sulfur spectrum was fitted with a doublet separated by 1.19 eV 
with equal full width half maximums (FWHM) and an area ratio of 2:1 
for 2p3/2:2p1/2. A tail shape (fitted with three, GL(50) peaks) due to 
ligand to metal charge transfer is fitted relative to the bulk 5 coordinated 
sulfur as per Pettifer et al. (Pettifer et al., 2020). 

Charge transfer multiplets for X-ray absorption spectroscopy 
(CTM4XAS) is software which has been developed for the simulation of 
transition metal core level photoemission spectra, and details of its scope 
and operational parameters have been previously reported by Stavitski 
(Stavitski and de Groot, 2010). In this work, CTM4XAS has been used to 
simulate transition metal 2p spectra and compare changes between them 
for metals with the addition of cobalt. The oxidation state was set to 
divalent for Fe, Co and Ni simulations, as pentlandite transition metal 
spectra have previously had main peaks assigned to Fe(II)-S and Ni(II)-S 
contributions (Pettifer et al., 2020; Legrand et al., 2005). Slater integral 
reduction values, Fdd, Fpd and Gpd, were altered slightly from 1 for 
optimal fit, with the value of 1 representing atomic parameters calcu
lated within the Hartree-Fock limit (Stavitski and de Groot, 2010). The 
spin–orbit parameters are defined for the program by Stavitski and de 
Groot; core spin–orbit coupling is not usually screened and should al
ways be set to the default value of 1 whereas valence spin-orbit coupling 
has been found to alternate between 0 and 1 depending on the 3d 
transition metal system (Stavitski and de Groot, 2010). A valence spin- 
orbit coupling value of 0 was found to model this series of cobalt 
pentlandites most accurately. Crystal field parameters were chosen to 
represent the symmetry and crystal field splitting at the metal site, as 
pentlandite is dominated by tetrahedral metal sites. In addition, simu
lations were set with an octahedral symmetry and negative 10Dq value 
to simulate a tetrahedral coordination (Stavitski and de Groot, 2010). 
Finally, charge transfer parameters were employed to describe the 
charge transfer effect (De Groot and Kotani, 2008). The charge transfer 
energy, Δ, gives the energy difference between 3dn and 3dn+1L states. 
Udd and Upd values define the Hubbard U value and core hole potential, 
respectively. T(eg) and T(t2g) define the hopping parameters for the two 
groups of orbitals (Stavitski and de Groot, 2010). For simulations the 
charge parameters were iteratively changed to provide the best fit with a 
constraint of Upd being fixed at 1–2 eV larger than U (Ikeno et al., 2009). 

3. Results 

3.1. 1. X-Ray diffraction 

PXRD data for the two Fe4.85Ni4.64S8 and Co8.70S8 end-member 
samples are shown in Fig. 3. Measured spectra were matched with 
reference spectra from the COD database (Tsukimura et al., 1992). A 
strong correlation is observed between diffraction spectra and the 
reference pattern. Comparison shows an increase in 2Θ from reference 
patterns with the addition of cobalt. This has previously been observed 
where it was witnessed that the unit cell dimensions decrease with the 
addition of cobalt, causing the spectra to peak shift (Kouvo et al., 1959; 
Rajamani and Prewitt, 1975). Calculated unit cell dimensions are shown 
in Table 1. The unit cell dimension was found to decrease by 0.18 Å 
across the series from Fe4.85Ni4.64S8 to Co8.70S8, in agreement with 
previous findings that the unit cell of pentlandite decreases with 
increasing Co concentration (Kouvo et al., 1959; Rajamani and Prewitt, 
1975). This decrease in the unit cell dimension is caused by an 

Fig. 2. Pentlandite compositions synthesised in this study to investigate elec
tronic structure changes with Co. 
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increasing electronegativity as the covalence of metal and ionic bonds 
increases with the addition of Co and hence bond lengths decrease. 

3.2. XPs 

3.2.1. Survey XPS spectra 
Survey spectra for all pentlandite samples are shown in Fig. 4, with 

the resultant quantification in Table 2. The metal:sulfur ratio decreases 
significantly for Co2.73Fe3.18Ni3.16S8 and Co5.80Fe1.63Ni1.59S8 samples. 
Overlap between the transition metal peaks used for quantification may 
have caused an over-measured background to be fit and reduced the 
amount detected through quantification. The survey and high-resolution 
scans indicate adventitious carbon and oxygen species have formed 

during sample preparation. There is also evidence to suggest oxidation 
with the oxygen concentration varying between 6.8 and 12.22 at.%. The 
oxygen peaks were investigated in more detail with high-resolution O 1 s 
scans (see Section 3.2.2). To briefly summarise, analysis of O 1 s and S 
2p, has shown that no sulfur oxy species are present and although the Fe 
2p spectra can be seen to be highly oxidised, it has not influenced the 
sample beyond this. 

3.2.2. Oxygen 1s XPS spectra 
The O 1 s spectra display a main peak centred around 531.8 eV, 

resulting primarily from hydroxides at the pentlandite surface (Fig. 5 
and Table 3). Hydroxides have commonly been linked to the preferential 
oxidation of Fe in pentlandite (Legrand et al., 2005). As this remains 
largely constant between all samples, it may suggest that Co and Fe 
undergo oxidation at a similar rate. A shoulder observed at approxi
mately 530.1 eV, has been assigned to a combination of O2– and OH–. 
Increasing the cobalt ratio favours the formation of OH– over O2– 

masking the presence of this shoulder. The oxygen contribution from 
sulfates was not included as the high-resolution sulfur spectra show no 
signs of sulfates (Section 3.3.3), indicative of the absence of major sur
face alteration due to oxidation. 

3.2.3. Sulfur 2p XPS spectra 
Sulfur 2p XPS spectra collected are shown in Fig. 6 along with fitting 

parameters presented in Table 4. Fe4.85Ni4.64S8 XPS spectra have pre
viously been well discussed by Pettifer et al. and Legrand et al. (Pettifer 
et al., 2020; Legrand et al., 1997; Legrand et al., 2005). Two main fea
tures are evident at approximately 162.2 eV and 163.4 eV corresponding 
to the main 2p3/2 and 2p1/2 peaks from pentlandite which have been 
attributed to bulk fully coordinated monosulfide (Pettifer et al., 2020; 
Legrand et al., 2005). The peak shows a slight asymmetry to high 
binding energy with an energy loss tail that extends to 168 eV (Pettifer 
et al., 2020). The absence of features between 166 eV and 170 eV con
firms the absence of sulfur oxy species. A low binding energy shoulder 
was observed at 161.7 eV. This shoulder has been attributed by Pettifer 
et al. as a combination of bulk/surface 4-coordinated sulfur and surface 
3-coordinated sulfur with small surface contributions (<10 at.%) to the 
XPS spectra at photon energies of > 1000 eV (Pettifer et al., 2020). The 
residuals for the S 2p fits displayed in Fig. 6 showed no indication of 
doublet structures at 1.19 eV apart as expected for S. This suggests no 

Fig. 3. X-ray diffraction (XRD) spectra for (a) Fe4.85Ni4.64S8 and (b) Co8.70S8 
compared to pentlandite reference patterns (red). This highlights the contrac
tion of the unit cell with the increase in Co. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Summary of ICP-OES analysis for all pentlandite samples.  

Sample Name Co 228.616  

(mg/g 
sample) 

Fe 259.939  

(mg/g 
sample) 

Ni 221.648  

(mg/g 
sample) 

S 180.669  

(mg/g 
sample)) 

Fe4.85Ni4.64S8 <LOQ 322.032 323.825  305.097 
Co0.13Fe4.68Ni4.71S8 9.349 321.765 340.370  315.605 
Co2.73Fe3.18Ni3.16S8 200.368 221.327 231.060  319.490 
Co5.80Fe1.63Ni1.59S8 406.222 108.115 111.012  305.068 
Co8.70S8 622.565 <LOQ <LOQ  311.511  

Fig. 4. Survey XPS spectra of pentlandite samples; (a) Co8.70S8, (b) 
Co5.80Fe1.63Ni1.59S8, (c) Co2.73Fe3.18Ni3.16S8, (d) Co0.13Fe4.68Ni4.71S8, and (e) 
Fe4.85Ni4.64S8. Significant peaks are labelled with the corresponding photo
emission they represent. 
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other sulfur or sulfur-oxy species is present. Thus, the asymmetric high 
binding energy tail has been fit and linked to the 5-coordinate sulfur as 
described previously by Pettifer et al. (Pettifer et al., 2020). 

As the Co concentration increases from Fe4.85Ni4.64S8 (0 wt%) to 
Co8.70S8 (66.7 wt%), there is a notable ~ 0.2 eV increase in binding 
energy to the 5-coordinated and 3-coordinated sulfur contributions, 
except for Co0.13Fe4.68Ni4.71S8. This is due to the decreasing unit cell 
dimensions with increasing cobalt content. Furthermore, this suggests 
that there is a link between the 5-coordinated and 3-coordinated sites 
and that upon fracture the 5-coordinated sulfur is likely to lose two 
bonding partners. Contributions from the 4-coordinated sulfur were 
found to increase by 0.07 eV across the series, a much smaller increase 
compared to the 5-coordinated and 3-coordinated sites. The combined 
increase in the binding energy observed is a result of the decreasing 
bond lengths and the decreasing unit cell dimension. Another result of 

Table 2 
Unit Cell Dimensions measured for Synthetic Pentlandite Samples from XRD spectra.   

Fe4.85Ni4.64S8 Co0.13Fe4.68Ni4.71S8 Co2.73Fe3.18Ni3.16S8 Co5.80Fe1.63Ni1.59S8 Co8.70S8 

Unit Cell Dimension, a (Å)  10.04  10.04   9.97  9.92  9.86  

Fig. 5. Oxygen 1s XPS spectra collected from: (a) Fe4.85Ni4.64S8, (b) Co0.13Fe4.68Ni4.71S8, (c) Co2.73Fe3.18Ni3.16S8, (d) Co5.80Fe1.63Ni1.59S8 and (e) Co8.70S8 with fits for 
O2–, OH–, and H2O components. 

Table 3 
Quantification results of XPS spectra from Fig. 4. The metal:sulfur ratio has been 
calculated to display transition metal sensitivity that has been lost due to the 
background.  

Target 
Stoichiometry 

XPS Quantification Results Metal: 
Sulfur 
Molar 
ratio 

Co 
at. 
% 

Fe 
at. 
% 

Ni 
at. 
% 

S at. 
% 

C 
at. 
% 

O 
at. 
% 

Fe4.85Ni4.64S8  0.0  8.6  11.2  33.6  39.7  6.8 4.7: 8 
Co0.13Fe4.68Ni4.71S8  0.0  8.5  10.6  33.7  39.7  7.5 4.5: 8 
Co2.73Fe3.18Ni3.16S8  2.3  3.2  5.5  37.5  43.5  8.0 2.3: 8 
Co5.80Fe1.63Ni1.59S8  7.2  0.7  1.6  31.6  46.6  12.2 2.4: 8 
Co8.70S8  23.8  0.0  0.0  34.4  34.1  7.7 5.5: 8  
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the increasing Co ratio is a deepening in the valley between the 2p3/2 
and 2p1/2 peaks as well as a decrease to the high binding energy tail. The 
fit contributions for these areas are dominated by the peaks fitted for the 
tail shape as per Pettifer et al. (Pettifer et al., 2020). The tail area pro
portional to the bulk 5-coordinated component had to be altered to 
allow for the best fit (Table 5). All tail components, resulting from the 

ligand to metal charge transfer, were found to decrease with increasing 
Co content, suggesting that the presence of cobalt reduces the likelihood 
of the ligand to metal charge transfer. This can be explained considering 
the valence orbitals of iron and cobalt present predominantly as tetra
hedral coordinations in the pentlandite. For divalent iron and cobalt in a 
tetrahedral coordination, the eg set of 3d orbitals are more deeply bound 

Fig. 6. Sulfur 2p XPS spectra collected from (a) Fe4.85Ni4.64S8, (b) Co0.13Fe4.68Ni4.71S8, (c) Co2.73Fe3.18Ni3.16S8, (d) Co5.80Fe1.63Ni1.59S8 and (e) Co8.70S8 with 5, 4 and 
3-coordinate fits and their associated ligand to metal charge transfer tails.. 

Table 4 
Fitting parameters for components displayed in Fig. 5, fit to the O 1s XPS Spectra.  

Species Fe4.85Ni4.64S8 Co0.13Fe4.68Ni4.71S8 Co2.73Fe3.18Ni3.16S8 Co5.80Fe1.63Ni1.59S8 Co8.70S8 

O2– at.% 
(FWHM ¼ 1.15 eV) 
(530.1 ± 0.2 eV)  

0.8  1.0 1.0  1.5  0.6 

OH– at.% 
(FWHM ¼ 1.6 eV) 
(531.6 ± 0.2 eV)  

4.6  5.1 5.1  8.0  5.5 

H2O Absorbed at.% 
(FWHM ¼ 1.6 eV) 
(532.7 ± 0.1 eV)  

0.8  0.8 1.2  2.1  0.8 

H2O Other at.% 
(FWHM ¼ 1.6 eV) 
(533.7 ± 0.1 eV)  

0.6  0.5 0.7  0.6  0.8 

Total O at.%  6.8  7.5 8  12.2  7.7  
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compared to the t2g set. These eg orbitals are filled for divalent cobalt 
whereas for divalent iron they require an extra electron. Therefore, the 
ligand-to-metal charge transfer is more likely to occur for iron and 
consequently fills the eg orbitals (Vaughan, 1978). 

3.2.4. Iron 2p XPS spectra 
Iron 2p XPS spectra collected from pentlandite samples 

Fe4.85Ni4.64S8, Co0.13Fe4.68Ni4.71S8, Co2.73Fe3.18Ni3.16S8, and 
Co5.80Fe1.63Ni1.59S8, are shown in Fig. 7. Each spectrum displays two 
main peaks at 706.9 eV and 719.9 eV corresponding to the 2p3/2 and 
2p1/2 photoemission peaks, respectively. The 2p3/2 peak energy is 
consistent with divalent iron previously reported at 707.3 eV and 
706.75 eV, respectively (Pettifer et al., 2020; Legrand et al., 1997). The 
broad nature of the peak is due to multiplet splitting of high-spin diva
lent iron. Note: low-spin divalent iron does not experience multiplet 
splitting as all valence electrons are paired. A broad feature at 712.5 eV 
is evident in the Fe4.85Ni4.64S8 sample and increases in intensity with the 
addition of cobalt. This shows that there are two components for this 
feature; in sample Fe4.85Ni4.64S8 this is due to an underlying Ni LMM 
Auger at 712 eV (Moulder, 1995). As the cobalt content in the sample 
increases, this feature becomes dominant, due to the presence of a Co 
LMM Auger line at 713 eV (Moulder, 1995). There is no visible evidence 
of changes between spectra with the addition of cobalt. 

CTM4XAS simulations were performed to best fit the binding energy 
difference between the 2p3/2 and 2p1/2 peaks due to spin–orbit coupling 
as well as the multiplet structure at the high binding energy side of the 
bulk peaks. Simulation parameters are shown in Table 6. The main pa
rameters for the transition metals are the oxidation state, crystal field 
splitting (10Dq), and the charge transfer energy (Δ). The iron 2p spec
trum was best simulated with a 2 + oxidation state and a 10Dq value of 

− 1.5, which shows that the simulation matches best with a tetrahedral 
metal site coordination. Finally, Δ = 2 indicates a lower energy ground 
initial state as compared to the ligand to metal charge transfer initial 
state. The simulated spectrum was found to match the measured peaks 
quite closely, although peak broadening between 710 eV and 715 eV 
could not be accurately simulated (Fig. 8). The iron 2p spectra have 
contributions from a large inelastically scattered electron background. 
As a result, the Shirley background often produces a poor fit between the 
2p3/2 and 2p1/2. This difficulty in fitting the region between 710 eV and 
715 eV is more challenging in the presence of oxidation products. Iron 
has been found to preferentially oxidise in pentlandite, forming oxide 
and hydroxide products between 709 and 711 eV, respectively, partially 
contributing to the difference observed between simulated and 
measured spectra (Legrand et al., 2005). 

3.2.5. Cobalt 2p XPS spectra 
The cobalt 2p XPS spectra for pentlandite samples are shown in 

Fig. 9. Two main Co2+ peaks at 778.2 eV and 793.1 eV, corresponding to 
Co 2p3/2 and 2p1/2, were observed in samples Co2.73Fe3.18Ni3.16S8, 
Co5.80Fe1.63Ni1.59S8 and Co8.70S8. There has been limited research pub
lished regarding the Co 2p spectra for cobalt pentlandites. Al-Mamun 
et al. synthesised cobalt pentlandite for examination of evolution of 
oxygen species during reactions using XPS. The Co 2p lines were fit with 
two sets of doublets with 2p3/2 energies of 779.5 eV and 781.0 eV and 
2p1/2 energies of 795.4 eV and 796.7 eV, respectively (Al-Mamun et al., 
2016). The survey scan for this sample showed large amounts of 
oxidation as indicated by a very prominent O 1 s peak. A comparison 
between this study and the work by Al-Mamun (2016) suggests that: (1) 
the doublet at 779.5 eV and 795.4 eV in Al-Mamun (2016) (at 778.2 eV 
and 793.1 eV, respectively, in the present study) is most likely from the 
pristine cobalt pentlandite; and (2) the other doublet at 781.0 eV and 
796.7 eV is possibly due to Co oxidation. 

The Co 2p XPS spectra collected on vacuum-fractured samples 
Fe4.85Ni4.64S8 and Co0.13Fe4.68Ni4.71S8 display the dominant broad 
feature at 782.2 eV and a smaller feature at 771.6 eV. Their energies 
coincide with the Fe and Ni LMM Auger peaks at 784 eV and 772 eV, 
respectively, for an Al X-ray source (Moulder, 1995). The Auger peaks 
are present in samples Co2.73Fe3.18Ni3.16S8 and Co5.80Fe1.63Ni1.59S8 as a 
slight addition to the multiplet structure. An attempt to remove the 
Auger emission lines was achieved by fitting the Co 2p spectrum of 
sample Fe4.85Ni4.64S8 with a general line shape representing the Auger 
emissions and adjusting for the varying concentrations of Fe and Ni. 
There are no changes observable in the spectra for samples 
Co2.73Fe3.18Ni3.16S8, Co5.80Fe1.63Ni1.59S8 and Co8.70S8 with the addition 
of cobalt, suggesting that the chemical state of Co does not change 
greatly with metal ratios. 

The Co 2p spectra simulated using CTM4XAS and a range of pa
rameters (Table 7) are presented in Fig. 10. A 2+ oxidation state was 
chosen to align with the 65-electron rule for pentlandite and a 10Dq 
value of − 1.5 to simulate a tetrahedral metal site coordination. In 
addition, a Δ value of − 2.5 was applied to represent a lower energy 

Table 5 
Fitting parameters for components displayed in Fig. 6, fit to the S 2p XPS Spectra.   

Fe4.85Ni4.64S8 Co0.13Fe4.68Ni4.71S8 Co2.73Fe3.18Ni3.16S8 Co5.80Fe1.63Ni1.59S8 Co8.70S8 

FWHM (eV)  0.54  0.53  0.52  0.48  0.47 
5-Coordinated   
Binding Energy (eV)  162.16  162.08  162.22  162.28  162.34 
% Contribution  49.0  48.0  51.2  54.4  57.3 
4-Coordinated   
Binding Energy (eV)  161.73  161.63  161.71  161.75  161.8 
% Contribution  16.1  17.7  17.8  18.6  18.7 
3-Coordinated   
Binding Energy (eV)  160.92  161.02  161.04  161.07  161.13 
% Contribution  2.3  2.5  2.9  3.0  2.3 
Total S%  33.6  33.7  37.5  31.6  34.4  

Fig. 7. Fe 2p XPS spectra of fractured pentlandite and cobalt pentlandites.  
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charge transfer initial state. Simulated and experimental peak positions 
are matched very closely although the broadening of the 2p3/2 peak is 
slightly over simulated. There are also two simulated features at 787 eV 
which is not evident in experimental data. These features were necessary 

to match the multiplet structure most accurately at 781 eV. The peak 
separation in simulated data is slightly greater than measured, this could 
be fixed by decreasing the core spin–orbit coupling value although, 
although this is not usually screened and should always be set to 1 
(Section 2.2) (Stavitski and de Groot, 2010). 

3.3. Nickel 2p XPS spectra 

Nickel 2p XPS spectra, shown in Fig. 11 alongside the simulated 
spectrum, have a strong 2p3/2 peak at 852.8 eV and a 2p1/2 peak at 870.0 
eV. The peak assignment agrees with previous studies by Pettifer et al. 
and Legrand et al. who reported the Ni 2p3/2 peak at 852.8 and 852.77 
eV, respectively for Ni(II)-S (Pettifer et al., 2020; Legrand et al., 2005). 
There is a broad shake-up satellite peak at 858.77 eV (Legrand et al., 
1997). It also appears that there is a small feature at around 856 eV, 
suggesting the presence of nickel hydroxide species due to oxidation on 
the sample surface (Legrand et al., 1997). It was also found that the Ni 2p 
spectra did not change with the addition of cobalt, suggesting similar 
chemical states between samples, or the changes are not visible due to 
the broad nature of the peak. 

The simulation parameters are shown in Table 8. An oxidation state 
of 2 + and a 10Dq value of − 1 were chosen to follow the 65-electron rule 
and tetrahedral metal site dominant crystal structure. A Δ of 2 indicates 
a lower energy ground initial state. The correlation between the simu
lated and measured spectra is very high for Ni. The line shapes of both 
2p3/2 and 2p1/2 are in great agreement although again peak separation is 
slightly greater than measured (see Table 9). 

Table 6 
Sulfur 2p high binding energy tail area relative to the bulk 5-coordiante sulfur component.   

Fe4.85Ni4.64S8 Co0.13Fe4.68Ni4.71S8 Co2.73Fe3.18Ni3.16S8 Co5.80Fe1.63Ni1.59S8 Co8.70S8 

Tail Area  
Tail 1 × 0.3 × 0.3 × 0.23 × 0.19 × 0.16 
Tail 2 × 0.41 × 0.41 × 0.36 × 0.28 × 0.25 
Tail 3 × 0.29 × 0.28 × 0.23 × 0.19 × 0.16  

Fig. 8. Fe 2p XPS spectra from pentlandite, cobalt pentlandites in comparison 
to simulated high spin Fe 2p XPS spectra. 

Fig. 9. Co 2p XPS spectra of fractured pentlandite and cobalt pentlandites.  

Table 7 
Fe 2p Simulation parameters used in CTM4XAS to provide the highest accuracy simulations.   

Slater Integral Reduction Spin-Orbit Coupling Reduction Crystal Field Parameters Charge Transfer Parameters 

Spectra Fdd Fpd Gpd Core Valence 10Dq (Oh) Δ Udd Upd T(eg) T(t2g) 

Fe(II) 2p 1 1  0.8 1 1  − 1.5 2 4 5  1.5 3  

Fig. 10. Co 2p XPS spectra from pentlandite, cobalt pentlandites in comparison 
to simulated high spin Co 2p XPS spectra. 
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4. Discussion 

4.1. Metal site occupation 

Synthetic pentlandites have been suggested to exhibit tetrahedral 
and octahedral sites each occupied by an equal number of each transi
tion metal (Tenailleau et al., 2006), whereas natural pentlandite has 
shown a preferential filling for Fe2+ on the octahedral sites (Tsukimura 
et al., 1992). The implications of adding cobalt into pentlandite have not 
been explored to date. XPS spectra for 3d transition metals were used to 
explore possible changes in chemical state and hence potential for a 
change in metal site ordering. Fe and Ni 2p XPS spectra both showed no 
apparent changes in chemical states as a function of Co concentration, 
suggesting that there is no change in the oxidation state or co-ordination 
of the metal ions in the lattice. Therefore, with the addition of Co it 
appears that ordering continues to occur randomly for synthetic pent
landites with an equal number of Fe and Ni present at each metal site. 

It remains unclear whether there is any preferential site occupation 
for Co in the pentlandite crystal structure. The Co 2p XPS spectra again 
show no clear changes in chemical state with Co addition, suggesting a 
consistent metal site filling. To further probe the chemical state of Co 
found in pentlandite, CTM4XAS was used to simulate the XPS spectra of 
excited states. Co was found to be associated with a 2 + oxidation state 
through simulation and is consistent with observations for Fe and Ni XPS 
spectra, in this study. This links all the transition metals with the 
dominant tetrahedral metal sites in the crystal structure which have 
been previously suggested to be in the 2+ oxidation states (Pettifer et al., 

2020; Legrand et al., 2005; Tenailleau et al., 2006). Therefore, it is likely 
that in synthetic cobalt pentlandites Co undergoes the same equal filling 
of metal sites alongside Fe and Ni. This can also be used to suggest the 
most likely spin state for these transition metals. Transition metals in 
tetrahedral co-ordination generally have much smaller crystal field 
splitting energies compared to those in octahedral coordination 
(Vaughan, 1978). Therefore, for these transition metals it is likely that 
they exist in high-spin states as the electron pairing energy is likely 
greater than the crystal field splitting energy. If a low-spin state were 
observed, it would be most evident for iron as octahedral low-spin iron 
configurations have a set of filled t2g orbitals with no multiplet effects. 
This high spin state present at tetrahedral metal sites in pentlandite has 
previously been suggested by Tenailleau et al. (Tenailleau et al., 2006). 

4.2. Surface sulfur contributions 

Sulfur 2p XPS spectra are more sensitive to discrete changes in the 
surface electronic structure compared to the transition metal 2p spectra 
due to narrower linewidths and final state contributions. The FWHM of 
all bulk and surface S 2p components decreased as a function of Co. 
Metal sites are occupied by either of Fe or Ni, each with different bond 
lengths and electron densities. Therefore, these three contributions 
would create a series of very close but individual peaks to give each of 
the bulk 5-coordinated, bulk 4-coordinated, and surface 3-coordinated 
sulfur components in the sulfur 2p spectra. The decrease in the FWHM 
of S 2p is then a result of the samples moving towards having a single 
discrete crystallographic site as the concentration of Co increases. 

All sulfur 2p components experience an increase in binding energy as 
the Co concentration increases in the sample. The bulk 5 coordinated 
and surface 3 coordinated components experience similar binding en
ergy shifts of approx. 0.2 eV between end members while the 4 coor
dinated bulk/surface component experience a smaller binding energy 
shift of 0.07 eV. Further investigation requires atomic resolution to 
separate individual crystal domains in the polycrystalline sample. The 
occurrence of the surface components has previously been suggested as a 
feature of the loss of at least one bonding partner for bulk S species 
(Pettifer et al., 2020). However similar changes in chemical state may 
indicate the loss of 2 bonding partners upon fracture for bulk 5 coor
dinated sulfur to become surface 3 coordinated sulfur. 

4.3. Sulfur tail 

The ligand to metal charge transfer feature has previously been 
suggested to result from S 3p and Fe 3d overlapping states in the pent
landite XPS S 2p spectra as a high binding energy tail (Pettifer et al., 
2020). As the cobalt concentration of pentlandite increased, the area of 
the tail shape began to decrease (see Section 3.3.3). This suggests that 
this ligand to metal charge transfer feature is less likely to occur for 
increasing concentrations of Co. The Co is the only transition metal 
simulated with a negative charge transfer energy and thus is more likely 

Fig. 11. Ni 2p XPS spectra from pentlandite, cobalt pentlandites in comparison 
to simulated high spin Ni 2p XPS spectra. 

Table 8 
Co 2p Simulation parameters used in CTM4XAS to provide the highest accuracy simulations.   

Slater Integral Reduction Spin-Orbit Coupling Reduction Crystal Field Parameters Charge Transfer Parameters 

Spectra Fdd Fpd Gpd Core Valence 10Dq (Oh) Δ Udd Upd T(eg) T(t2g) 

Co (2 + ) 2p 1 1  0.7 1 0 − 1  − 2.5 3 4 1 2              

Table 9 
Ni 2pSimulation parameters used in CTM4XAS to provide the highest accuracy simulations.   

Slater Integral Reduction Spin-Orbit Coupling Reduction Crystal Field Parameters Charge Transfer Parameters 

Spectra Fdd Fpd Gpd Core Valence 10Dq (Oh) Δ Udd Upd T(eg) T(t2g) 

Ni (2 + ) 2p 1 1  0.8 1 0 − 1 2 4 5  1.2  2.4  
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to be in the stable 3d8L initial state for photoemission. Therefore, ligand 
to metal charge transfer occurs in different vacant states during the 
photoemission process than would be seen for Fe, which reduces the 
likelihood of ligand to metal charge transfer. 

5. Conclusion 

This study has been able to reproducibly synthesise pure and ho
mogenous cobalt pentlandite samples of Fe4.85Ni4.64S8, Co0.13Fe4.68

Ni4.71S8, Co2.73Fe3.13Ni3.16S8, Co5.80Fe1.63Ni1.59S8 and Co8.70S8 
stoichiometries. The addition of cobalt was found to decrease the bond 
length and hence decrease the unit cell dimensions of the cobalt pent
landite crystal structure by up to 0.18 Å (1.8%). The binding energies for 
the bulk 5-coordinated (162.1 eV) and surface 3-coordinated (160.92 
eV) sulfur varied by up to 0.2 eV between the samples, suggesting that 
these states are linked together because of the bulk 5-coordinate losing 
two bonding partners upon fracture. There is no preferential occupation 
of the metal sites by Co as supported by the XPS 2p spectra and 
CTM4XAS simulations although tetrahedral metal sites dominate 
photoemission spectra. These tetrahedral metal sites are found to be 
occupied by transition metals in a high-spin 2 + oxidation state, in line 
with the 65-electron rule established previously for pentlandites. 
Finally, ligand to metal charge transfer was less likely to occur with 
increasing Co content, as evidenced by the decreasing tail in the fitted 
sulfur 2p spectra, supporting that the charge transfer tail is associated 
with the Fe-S overlapping states. 
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