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X-ray absorption spectroscopy insights on the structure 
anisotropy and charge transfer in Chevrel Phase chalcogenides 

Forrest P. Hyler,*
a
 Brian A. Wuille Bille,*

a
 Jessica C. Ortíz-Rodríguez,

a
 Ana Sanz Matías,

b
 Subhayan 

Roychoudhury,b Joseph T. Perryman,a Christopher J. Patridge,d Nicholas R. Singstock,e Charles B. 
Musgrave,e David Prendergast ‡b and Jesús M. Velázquez ‡a 

The electronic structure and local coordination of binary (Mo6T8) and ternary Chevrel Phases (MxMo6T8) are investigated 

for a range of metal intercalant and chalcogen compositions. We evaluate differences in the Mo L3-edge and K-edge X-ray 

absorption near edge structure across the suite of chalcogenides MxMo6T8 (M = Cu, Ni, x = 1-2, T = S, Se, Te), quantifying 

the effect of compositional and structural modification on electronic structure. Furthermore, we highlight the expansion, 

contraction, and anisotropy of Mo6 clusters within these Chevrel Phase frameworks through extended X-ray absorption 

fine structure analysis. Our results show that metal-to-cluster charge transfer upon intercalation is dominated by the 

chalcogen acceptors, evidenced by significant changes in their respective X-ray absorption spectra in comparison to 

relatively unaffected Mo cations. These results explain the effects of metal intercalation on the electronic and local 

structure of Chevrel Phases across various chalcogen compositions, and aid in rationalizing electron distribution within the 

structure. 

Introduction 

Since their first synthesis in 1971,1 Chevrel Phases (CPs), MxMo6T8 
(M = metal; T = S, Se, Te), have demonstrated remarkable 
properties. Most notably, these properties lend themselves toward 
the use of CPs as high-temperature superconductors,2,3 
thermoelectrics,4 multivalent cathode materials,5–8 and catalysts.9–

11 Indeed, its unique pseudo-molecular structure endows CPs with a 
high degree of tunability of its electronic structure, including its 
valence and conduction band positions, band gaps, and orbital 
interactions with participating species in surface reactions. Hence, 
the electronic properties of these materials are sensitive to the 
identity and stoichiometry of the metal ion intercalant, M, as well 
as by the chalcogen identity, T.

12
 However, while numerous studies 

have been performed by our group10,11,13–15 and by the larger 
community exploring the electronic structure of sulphide binary and 
ternary CPs, comparatively less is known about their selenide and 
telluride analogs.4,13,15–17 

The structure of CPs can be described as a network of cubic 

chalcogen cages that enclose a distorted octahedron of Mo atoms. 
As a result of their arrangement,  the cage and octahedron that 
form each MxMo6T8 cluster share a 3-fold rotational axis, rendering 
two chalcogen ions (T2) of each cluster along this axis of symmetry 
as chemically distinguishable from the remaining six chalcogen ions 
due to their unique coordination environment (as seen in Figure 
1).18 In the extended CP structure, clusters are linked together by 
their chalcogen cages, which enable strong intercluster Mo-T and T-
T interactions to yield a framework with voids that can host a range 
of metal cation stoichiometries.  

In the binary CPs, the Mo6 cluster is better described as a 
trigonal antiprism, which decreases in anisotropy as intercalant ions 

Figure 1. Crystal structure of the rhombohedral (R-3) CPs studied herein (Cu2Mo6T8 T= 

S, Se) depicting a) an individual Mo6T8 cluster where the Mo atoms are represented in 

blue, and chalcogen atoms in gold, b) adjacent Mo6T8 clusters detailing a 3-fold 

rotational axis where cluster-linking undercoordinated chalcogens (T2) are represented 

in white, and an intercluster cavity into which metals can be intercalated, and c) the 

MxMo6T8 framework where intercalant metal atom sites are represented by magenta. 

Page 1 of 7 Physical Chemistry Chemical Physics



Please do not adjust margins 

Please do not adjust margins 

ARTICLE PCCP 

2  |  PCCP , 2021, 00 , 1-3  This journal is © The Royal Society of Chemistry 20xx 

are inserted into the frameworks. This symmetry change has been 
previously explained as being the result of the electron density 
distribution within the Mo6 octahedra (electronic factor)19 as well as 
intercluster chalcogen repulsion that affects intracluster Mo-Mo 
bonding (geometric factor).20 These electronic and geometric factor 
hypotheses agree with the observed contraction of the Mo6 cluster 
upon intercalation of metal ions, which derives from the filling of 
Mo-Mo bonding states and the weakening of intercluster Mo-Mo 
and Mo-T bonds, respectively. A more detailed bond valence study 
that explored the nature of Mo6-cluster anisotropy and its evolution 
upon cation insertion identified non-uniformity in anion charge 
distribution as the primary driver of intrinsic electronic instability of 
the binary sulphide phases, as well as the decrease in non-
uniformity upon intercalation of small ions.21 To provide additional 
insight regarding the aforementioned electronic structure and 
bonding formalisms for CPs, we present a detailed X-ray 
spectroscopic analysis of the interplay between electronic structure 
and local Mo-Mo and Mo-T coordination across an entire suite of 
binary and ternary CP chalcogenides. 

X-ray Absorption Spectroscopy (XAS) is a uniquely well-suited 
technique for the study of these complex multinary systems, owing 
to its high elemental specificity and ability to provide valuable 
structural and electronic information. By means of X-ray absorption 
near-edge structure (XANES) analysis, exciton transitions are 
observed that can reveal critical information regarding the 
coordination environment of an absorbing species, as well as its 
oxidation and density of unoccupied electronic states.22–24 Although 
intensity of the L1 quadrupole transition edge (2s → 4d) is low,  the 
more intense L2,3 (2p → 4d) electric dipole transitions can instead 
be used to probe the oxidation state and electronic density around 
absorbing Mo ions in CPs without convolution from p-d mixing, and 
can thereby serve as a direct probe of covalency of transition 
metals regardless of their crystal field.25 Furthermore, lattice 
geometry can be determined through extended X-ray absorption 
fine structure (EXAFS) analysis that reveals structural distortions 
and bond distance information. This is accomplished through 
excitation by photons of energy greater than the absorption edge, 
which produces photoemitted electrons. Interference between 
outgoing wave components of the photoemitted electron from the 
X-ray excited atom and backscattered components from 
neighbouring atoms provides information related to the interatomic 
distances between the absorber atom and those in its surrounding 
coordination shells. The combination of analyses in both regions of 
the XAS spectrum helps explain the charge transfer phenomena and 
differences in the structural properties of intercalated and binary 
Mo6T8 frameworks. 

Herein, we report the analyses of XANES and EXAFS 
experiments that corroborate arguments regarding how metal 
intercalation into the CP sulphide, selenide, and telluride 
frameworks control cluster anisotropy, cavity deformation, and 
charge transfer. This work highlights the intricate effects of ternary 
intercalation on structure and electronic properties for a highly 
versatile material family, and thereby provides valuable insights 
that may inform and accelerate the design of new compositions 
with a variety of applications.  

Results and discussion 

Synthesis and Structural Characterization  

Pure-phase binary and metal-intercalated CPs with the Mo6S8, 
Mo6Se8, Mo6Te8, Cu2Mo6S8, Cu2Mo6Se8, and NiMo6Te8 compositions 

were obtained through a rapid microwave-assisted solid-state 
synthesis approach described in our previous work,10,11,13–15 with 
this being the first expansion of the synthesis approach to produce 
metal-intercalated CP selenides. Scanning electron microscopy 
(SEM) images reveal the faceted, polycrystalline morphology of 
these phases (Figure 2a-c; Figure S1a-c). A slight decrease in 
crystallinity was observed for the telluride phase, which agrees with 
the broader and less intense diffraction peaks for NiMo6Te8 

compared to Cu2MoS8 and Cu2Mo6Se8. The powder X-ray diffraction 
(PXRD) patterns for each CP are in close agreement with literature 
and indicate a rhombohedral crystal phase for Cu2Mo6Se8, 

Cu2Mo6S8, Mo6S8, Mo6Se8 and Mo6Te8 (Figure 2d,e; Figure S1 d-f). 

Additional diffraction peaks associated with a triclinic distortion are 
observed for NiMo6Te8, which agrees with results reported for the 
similar Ni0.85Mo6Te8 composition (Figure 2f).26 All the phases 
synthesized in this work share a diffraction peak at 2θ ≅ 12°, which 
is characteristic of CPs and corresponds to diffraction from the 
(101) and (010) planes for the rhombohedral and triclinic phases, 
respectively. A noticeable shift of this peak to lower 2θ values 
(Te<Se<S) was observed as the ionic radius of the chalcogen 
increases (S<Se<Te), agreeing with the increase in the unit cell 
volume (Figure S2). Additionally, a slight shift in 2θ to lower values 
for the rhombohedral structures was observed upon metal 
intercalation—a feature that is noticeably more pronounced for CP 
selenides (Mo6Se8<<Cu2Mo6Se8) than sulphides (Mo6S8<Cu2Mo6S8) 
(Figure S2). This appears to be the result of reduced chalcogen-
intercalant attraction in Cu2Mo6Se8 relative to Cu2Mo6S8, which 
arises due to the decreased chalcogen electronegativity and 
resultant lack of electrostatic attraction between the Mo6Se8 cluster 
and the interstitial cation species linking them together.15 

 

 

Figure 2. a) SEM micrographs of a) Cu2Mo6S8, b) Cu2Mo6Se8 and c) NiMo6Te8 along with 

their corresponding PXRD diffractograms d) - f). 

Local Structure Distortion Upon Intercalation  

As previously mentioned, metal intercalation has a marked effect 
on the electronic and geometric structures of CPs. More specifically, 
insertion of metal ions into the cavities between Mo6T8 clusters 
induces alterations not only to the intercluster Mo-Mo, Mo-T, and 
T-T distances, but also to the intracluster Mo-Mo distances of the 
Mo6 trigonal antiprism. Thus, to understand the extent to which the 
host structure is modified by the ternary intercalant species, Mo K-
edge EXAFS analysis was performed for Mo6S8, Cu2Mo6S8, Mo6Se8, 
Cu2Mo6Se8, Mo6Te8, and NiMo6Te8 CPs. Fourier-transformed EXAFS 
data, including magnitudes and real components, and 
corresponding fitted plots for the binary and intercalated sulphides, 
selenides, and tellurides are showcased for comparison in Figure 3. 
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Figure 3. Mo K-edge FT-EXAFS data (circles) and fits (solid lines) showing the non-

phase-corrected magnitude (top lines) and real (bottom lines) components of the 

Fourier transform of k
3
χ(k) in radial space for the sulphide, selenide, and telluride 

binary CPs (a, c, and e), and the Cu intercalated sulphide and selenide (b, d), and Ni 

intercalated telluride CPs (f).  

Upon X-ray irradiation above the Mo K-edge energy (20 keV), 
generated photoelectrons scatter from the neighbouring atoms 
surrounding the absorbing element. Due to the overlapping edges 
of the sulphur K-edge and molybdenum L3-edge, the Mo K-edge 
was chosen for EXAFS fitting due to the non-interferent nature of 
the photoelectrons produced at the energy utilized, as well as the 
wealth of structural information extractable for the intercluster and 
intracluster Mo-Mo and Mo-T bonding landscape. Contributing 
scattering paths to the EXAFS signal are represented in Figure 4 and 
extracted distances from fitted data are detailed in Table S1. 
Cu2Mo6Se8 and especially Cu2Mo6S8 demonstrate appreciable 
increases in their intercluster Mo-T distances relative to their binary 
analogues of 0.1 and 0.03 Å, respectively. This increase in path 
length is consistent with the incorporation of multiple ions per 
cavity.  

The introduction of intercalant metal ions causes structural 
transformations in both the chalcogen cage and the Mo6 cluster. To 

quantify this structural shift, we monitored cluster anisotropy. The 
cluster anisotropy is defined here as the quotient between the 
longest and shortest Mo-Mo bond distances in the trigonal 
antiprism (Table 1). In conjunction with the elongation of 
intercluster Mo-T bonds, our results indicate a reduction in cluster 
anisotropy between the binary CPs and their respective ternary 
analogues, in good agreement with previous reports (Table 1).21 In 
binary CPs, the two chalcogen ions located along the 3-fold rotation 
axis have a lower coordination number than the remaining 6 of the 
Mo6T8 cluster (Figure 1b). Thus, the lack of dative interactions from 
the chalcogen to neighbouring clusters induces the 
undercoordinated chalcogens to bare a more negative charge, as 
demonstrated by Hughbanks and Hoffmann.27 Upon intercalation, 
the occupation of intercluster cavities mitigates the 
undercoordination of these chalcogen sites and distributes their 
valency more evenly amongst the other chalcogen atoms.  

In the case of the intercalated telluride phase (NiMo6Te8), the 
cluster anisotropy shows a remarkable increase in comparison to 
the binary. This could be rooted in the lower electronegativity of 
the Te ions, thus leading to a lower degree of charge transfer with 
the intercalant cations, as well as in the distinct space groups 
between the binary and ternary telluride CPs. The triclinic crystal 
structure of NiMo6Te8, which lacks the 3-fold rotation axis of 
symmetry present in Mo6Te8, may impose a lower symmetry on the 
entire chalcogen cage, thus resulting in an inherently asymmetric 
Mo6 cluster. To attain a clear understanding of the structural 
symmetry of the intercalated CP tellurides, more EXAFS studies over 
a large composition spectrum are required.  
 

Chevrel Phase 
Cluster  
e-count 

Cluster 
Anisotropy (%) 

Mo6S8 20 8.85 ± 1.63 

Cu2Mo6S8 22 4.44 ± 1.64 

Mo6Se8 20 5.55 ± 2.15 

Cu2Mo6Se8 22 3.70 ± 1.52 

Mo6Te8 20 4.73 ± 0.50 

NiMo6Te8 22 11.04 ± 0.43 

Table 1. Cluster anisotropy relationship to the cluster valence electron count (VEC). The 

anisotropy was calculated following ref. 21, as (Rlong-Rshort)x100/Rlong, where R depicts 

the interatomic distance between intracluster Mo atoms as obtained from Mo K edge 

EXAFS data (distances can be visualized in the blue polyhedron with each vertex 

representing a Mo atom). VEC was calculated according to ref. 21. 

Charge Transfer in Chevrel Phases 

Mo L3-, S K-, Se K-, and Te L3-edge excitations were probed to 
evaluate metal–chalcogen interactions and electron density 
distribution in each CP. It is known that Mo 4d orbitals play a critical 
role in previously observed S pre-edge features due to hybridization 
between Mo 4d and S 3p orbitals.6,19 Vacant hybrid orbitals 
enhance the pre-edge region observed in the S K-edge. The addition 
of electron density to these hybridized orbitals from a ternary 
intercalant acting as an electron donor results in a depressed pre-
edge peak, as observed in Figure 5b. Additionally, interactions 
between Mo and T have a substantial effect on the Mo L3-edge 
absorption edge position and can provide additional electronic 
information for the Se and Te congeners, allowing for further 
analysis of the role that chalcogen electronegativity has on electron 
distribution within the cluster.  

Inspection of the Mo L3-edge position shown in Figure S4 
reveals the effect of ion intercalation on the valency of the Mo6 
host. Both sulphide and selenide CPs exhibit a red-shifted Mo L3-

 

Figure 4. Graphic representation of the intracluster and intercluster scattering 

paths observed in Figure 3 for 1s photoelectrons between an absorbing Mo and 

its neighbouring Mo and T ions in the CP framework. Information for each path 

is detailed in Table S1. 
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edge after 2 equivalents of Cu have been intercalated into the 
cavities. This lower absorption energy indicates a more reduced Mo 
species following electron donation from the intercalant into the 
cluster, subsequent redistribution of chalcogen valency, and 
resultant contraction of the clusters (Figure 3). Conversely, the 
telluride CP displays an opposite trend, with a small blue shift in the 
Mo L3-edge following Ni intercalation. This observation is in good 
agreement with the previously described expansion of the Mo6Te8 
cluster after intercalation (vide supra and detailed in Table S1). 
Bond lengthening upon metal intercalation of Mo6Te8 clusters 
develops a lower overall electron density of the molybdenum 
atoms. While perceptible, these energy shifts are small in 
magnitude, which is consistent with the general low redox activity 
of the Mo centres upon intercalation.17,28 It is noteworthy that the 
effect of chalcogen composition and—more importantly—
chalcogen electronegativity manifests itself in the electronic 
structure of the Mo6 trigonal antiprism, as seen in the progressively 
blue-shifted Mo L3-edge centroids in Figure 5a along the series 
Mo6Te8<Mo6Se8<Mo6S8. Specifically, and perhaps intuitively, a more 
oxidized molybdenum species predominates as the chalcogen 
electronegativity increases. This result is of high importance, as Mo 
atoms are known to be the adsorption site of small molecules in 
catalytic applications,9,13 hence selectively engendering 
programmable valency to these sites may afford a fine level of 
control over reactivity for a suite of applications. As a result of this 
promise for tuning Mo reactivity based upon chalcogen 
electronegativity, additional in-situ and in-operando Mo XANES 
measurements are warranted that may elucidate the nature of Mo-
adsorbate interactions during relevant reactions such as the CO2 
reduction and C-C coupling reactions. 

Much like the Mo edges, chalcogen absorption edges provide 
valuable insight into the charge transfer phenomenon that occurs 
during ternary intercalation into CPs. Among these edges, the S K-
edge illustrates the pronounced effect of intercalant-to-chalcogen 
charge transfer. As can be seen in Figure 5b, a modest red shift of 
the white line position is detected upon intercalation, although a 
rather abrupt decrease in the pre-edge (located around 2470.5 eV) 
intensity is observed, indicating significant population of previously 
unoccupied hybridized S 3p/Mo 4d states that are responsible for 
the pre-edge feature intensity. This population of 3p states by Cu-
donated electron density effectively depresses the pre-edge feature 
in the intercalated Cu2Mo6S8 structure relative to the binary Mo6S8 
that retains its unoccupied S 3p states that can accept excited 
electrons during the S 1s → S 3p/Mo 4d transition. This effect is 
more clearly visible from the analysis of the second derivatives of 
the corresponding spectra shown in Figure S6a where the binary 
sulphide CP exhibits two well-resolved peaks centred around 2470 
eV. These peaks merge into a single signal upon intercalation of two 
copper equivalents and subsequent introduction of the intercalant 
electron density. Small metal cations such as Cu+ are known to 
occupy the cavity in a perpendicular fashion to the 3-fold rotation 
axis of the CP framework highlighted in Figure 1b-c,17 in closest 
proximity to undercoordinated S sites. Upon intercalation, electron 
density from the ternary cation is transferred to empty (4d 
hybridized) S 3p orbitals that are responsible for the pre-edge 
feature. As a result of orbital occupation from intercalant-induced 
electron transfer, the spectra show a reduced intensity in the 
absorption pre-edge signal in the S K-edge XANES. The two resolved 
peaks at 2470 eV for the S-K 2nd derivative are merged to a single 
broad feature and this can be interpreted as a more uniform S 
valency distribution and coordination environment and, 
consequently, a less anisotropic Mo6 trigonal antiprism.

18,19
  

The S K-edge spectra of Mo6S8 an Cu2Mo6S8 (Figure 5b, dashed 
lines) were calculated using the many-body X-ray absorption 
spectroscopy method (MBXAS),29–31 a density functional theory-
based methodology that computes the absorption cross-section by 
approximating each electronic state (i.e., the initial state and each 
of the final states) as a Slater determinant (see Computational 
Details in the SI). The anisotropy of the simulated structural models 
is, respectively, 5.76 % and 3.31%, in excellent agreement with 
experiment (Table 1), as are the spectra. Bader charge analysis of 
the Mo6S8 and Cu2Mo6S8 structures confirms that the intercalant-
induced electron transfer is mostly to the previously 
undercoordinated S2 sites (see Table S9), which are reduced by 0.16 
e-. On the other hand, the Mo and the tetracoordinated S1 sites are 
reduced by less than 0.08 e-. The charge on S1 and S2 sites equalizes 
to ~ –0.80 e- in the intercalated phase, reflecting the reduced 
cluster anisotropy of Cu2Mo6S8 and their corresponding atomic 
contributions to the overall spectrum bear closer resemblance to 
one another (Figure S8), leading to the disappearance of the pre-
edge. The strong-blue shift in the S2 spectra is mainly due to the 
presence of the Cu, rather than the geometric changes associated 
with it. Counterintuitively, the steepness of the pDOS near the 
Fermi level indicates a decrease in charge carriers when Cu is added 
and the Fermi level raised. This results in decreased screening, 
hence the blue-shift (See SI Section Effect of geometric changes and 
charge transfer on spectra). We note that, in contrast to the 
expected greater negativity of the undercoordinated S2 atom, Bader 
charges indicate less negative charge on these sites. However, the 
associated atomic volume for these atoms is quite large, due to the 
open structure of the lattice, and a more localized charge estimate 
(Löwdin charge) does indeed indicate that S2 is slightly more 
reduced than S1 (Table S8).  

In the case of the Se K-edge, there is no appreciable pre-edge 
feature and no change in intensity of the edge is noticeable upon 
intercalation. This may be rooted in a lower degree of Mo d – T p 
orbital hybridization as a result of a larger orbital energy mismatch 
between the elements. In addition, the lack of well-defined pre-
edge absorption peaks in the heavier chalcogens is consistent with 
the decrease in the core-hole lifetime of their corresponding high 
energy edges compared to sulphur.  

Cu-intercalated selenide and Ni-intercalated telluride CPs both 
demonstrate a decrease in absorption onset energies in their 
respective chalcogen XANES spectra, in good agreement with more 
reduced Se and Te species. In comparing the Mo L3-edge spectra for 
the CPs studied here (Figure S4), the electronic structure changes as 
evidenced by shifting chalcogen absorption edges indicate that 
charge transfer occurs primarily from the intercalant to the 
chalcogen cages, rather than directly to the Mo6 core, despite the 
redistribution of Mo valency upon intercalation. However, this M-
to-T electron transfer shows good agreement with previous results 
published by Prendergast et al.32 These changes in absorption edge 
positions and intensities highlight the significance of identifying 
useful sites within the CP structure that are amenable to selectively 
accepting electron density during intercalation by a ternary species. 
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Figure 5. Molybdenum and chalcogen XANES spectra for binary and ternary Chevrel 

phases. (a) Mo L3-edge of sulphide, selenide and telluride CPs, (b) S K-edge of Mo6S8 

and Cu2Mo6S8, the calculated spectra are shown with dashed lines (c) Se K-edge of 

Mo6Se8 and Cu2Mo6Se8, and (d) Te L3-edge of Mo6Te8 and NiMo6Te8. 

Conclusions 

We have presented an extensive XAS study on the atomistic 
and electronic structure of Chevrel Phases and on their 
evolution upon intercalation by a ternary species. Results 
extracted from Mo K-edge EXAFS confirm the reduction of Mo6 
cluster anisotropy after metal insertion, which we attribute to 
a more evenly distributed chalcogen valency. Modulated 
charge density of the Mo6 cluster as a function of chalcogen 
electronegativity was also evidenced by a red shift in the Mo 
L3-edge absorption edge centroid for the binary series Mo6T8 
with a decrease in energy as the electronegativity of the 
chalcogen decreases. Additionally, by comparing the Mo L3- 
and chalcogen K- and L3- edge XANES of binary and metal-
intercalated CPs, it was concluded that charge transfer is 
mediated by the chalcogen, with the most noticeable effects 
observed for the S K pre-edge feature and Te L3-edge red-shift 
after metal intercalation. The results of this work provide a 
detailed view of the effect of intercalation on the atomic 
structure and anisotropy of Chevrel Phase sulphide, selenide 
and tellurides. Furthermore, the effect of the chalcogen 
identity on the Mo cluster electronic structure and its change 
after interaction with the ternary cation in MxMo6T8 phases 
suggest how the ternary CPs may be rationally tuned for their 
applications of interest. 
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