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A series of mixed sulfides dispersions MCr2S4 (M=Mn, Fe, Co,
Ni, Cu, Zn, Cd, 2Na) has been prepared by means of different chem-
ical methods including sulfidation of mixed oxide dispersions or
pyridinium dichromate complexes or reactions in the polysulfide-
containing ionic fluxes. The solids were characterized using X-ray
diffraction, BET surface measurements, X-ray photoelectron spec-
troscopy, low-energy ion scattering spectroscopy, and temperature
programmed reduction. The catalytic properties of mixed sulfides
were determined in the model reactions of tetraline hydrogenation
and thiophene hydrodesulfurization. Variations of the specific ac-
tivity of MCr2S4 solids as a function of M in both reactions were sim-
ilar, having the maxima for the NiCr2S4 and CoCr2S4 compounds.
Differences in the catalytic activity were correlated with the re-
ducibility, determined as the amount of sulfur removed from the
catalysts by hydrogen at 573 K. The reducibility of MCr2S4 solids
follows from their electronic structure, as illustrated by the extended
Hückel calculations. c© 2001 Academic Press

Key Words: chromium; mixed sulfides; hydrotreating; reduc-
ibility.
INTRODUCTION

Insight into the catalytic properties of sulfides, the nature
of the active sites, and the promotion mechanism remains
controversial despite a great effort on this topic made in re-
cent years. Commercial Ni–Mo- and Co–Mo-supported sul-
fide catalysts are difficult to study because of their excessive
complexity. For that reason, the studies of the simple model
solids, such as unsupported binary and ternary sulfide dis-
persions, can be helpful. Various sequences of catalytic ac-
tivity of binary sulfides have been obtained in several works
(1–5). Volcano curves were obtained with the maxima on
the elements of group VIII of the periodic table.

The activity sequences of various metal sulfides were cor-
related with their electronic and/or thermodynamic prop-
erties. However, not only the nature of transition metal but
also the stoichiometry and crystal structure of sulfides vary
within such a series. For example, lamellar MoS2, cubic face
centered NiS, and pyrite-type RuS2 are widely studied in
catalysis sulfides. Comparison of the catalytic properties of
these sulfides might be qualitative at best.
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A more straightforward discussion of catalytic activity
trends might be achieved in the series of similar structures,
where elements have the same coordination numbers and
oxidation states. Such structures should be as simple as pos-
sible and stabile under the reaction conditions. There are
several families of sulfides with similar crystal structures,
such as those of pyrite FeS2 (6), nickel arsenide NiAs (7),
and spinel MgAl2O4 (8).

In the present study, dispersions of several mixed sul-
fides of chromium MCr2S4 were prepared and character-
ized. Their catalytic properties were compared in the model
hydrotreating reactions. Most of the solids studied have the
spinel structure. This structure is versatile in that it is able
to accommodate various metal cations, seeming therefore
to be a suitable model system for the fundamental studies.

EXPERIMENTAL

Preparation of Mixed Sulfides

Hydrous oxide precipitates were obtained by adding
aqueous ammonia to solutions of mixtures of 0.02 mol
Cr(NO3)3 · 9H2O and 0.01 mol of the nitrate or chloride
hydrated salt of the second metal (Mn, Fe, Co, Ni, Cu, Zn,
Cd), dissolved in 100 ml of distilled water. The precipitates
were washed with hot water in a soxhlet apparatus for 4 h
and then oven dried in air at 373 K for 12 h. Thermal treat-
ment was performed under nitrogen flow at 773 K for 2 h.

Dichromate pyridinium complexes were obtained by the
addition of 50 ml of pyridine to a solution of 0.01 mol
(NH4)2Cr2O7 and 0.01 mol of the second metal nitrate in
100 ml of distilled water. Precipitates were aged for 2 days in
the solution and then filtered, washed with distilled water,
and dried at room temperature for 1 week. Sulfidation was
performed in a quartz reactor at 673 or 873 K for 4 h under
a flow of 15% H2S in N2. Nitrogen was utilized instead of
the usually applied hydrogen, because in the presence of
the latter pyrophoric solids were obtained.

Preparation of the NaCrS2 compound was performed in
the molten mixture S8 (0.2 mol), Na2CO3 (0.04 mol), and
CrCl3 (0.01 mol). After the reaction at 623 K for 2 h, the
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product was consequently washed with toluene (to remove
sulfur compounds) and water (to remove inorganic com-
pounds) in a soxhlet apparatus.

Characterizations

Chemical analyses were carried out using the atomic
emission technique. The X-ray diffraction patterns were
obtained on a Siemens D500 diffractometer with CuKα
emission. The diffractograms were analyzed using standard
JCPDS files. Specific surface areas were measured by means
of low-temperature adsorption of nitrogen and calculated
according to the BET equation.

X-ray photoelectron spectroscopy (XPS) studies were
performed on a VG Escalab 200R spectrometer using AlKα
radiation. The XPS spectra of S 2p, Ni, Co, Zn, Fe, Mn, and
Cr 2p were recorded and their binding energies (BE) re-
ferred to the energy of the C 1s peak (BE 285.0 eV). Quan-
tification of the surface contents of the elements was done
using the sensitivity factors provided with the VG software.

High-resolution electron microscopy was performed with
a JEOL 2010 instrument with resolution of 0.2 nm. Scanning
electron microscopy (SEM) images were made on a Hitachi
S800 apparatus at the CMEAB Center (Claude Bernard
University, Lyon).

Due to the unique surface sensitivity of the outermost
layer, low-energy ion scattering (LEIS) is a suitable tech-
nique for catalyst characterization (9, 10). The analysis of
the atomic composition was obtained from the energy dis-
tribution of the ions that are back scattered by the surface
atoms. The ratio of the energies of the scattered and inci-
dent ions is given by

E1/E0 =
[
cos θ + (γ 2 − sin2 θ)1/2

/
1+ γ ]2,

where θ is the scattering angle and γ is the mass ratio
of the surface atom and incident ion. The LEIS experi-
ments were performed with 1 KeV 4He+ ions. The scat-
tering angle was 142◦ and the current on the target was
set to 50 nA. Sample charging effects have been overcome
using a flood gun with low-energy electrons. LEIS spectra
recorded after a very short time under the ion beam are typ-
ical of the very topmost atomic layer of the sample. On the
other hand, by increasing the time under the ion beam, one
can obtain information on the composition of underlying
layers.

Temperature programmed reduction (TPR) was carried
out in a quartz reactor. The samples of mixed sulfides
(ca 0.1 g) were preheated under nitrogen at 573 K to remove
the adsorbed sulfur species and then cooled to room tem-
perature and linearly heated under a hydrogen flow (50 cc
min−1) up to 1073 K (5 K/min). Hydrogen sulfide evolved
upon reduction was detected by means of a HNU photoion-

ization detector equipped with a 10.2-eV UV light source.
The amount of H2S evolved from the solid was quantified
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after calibration of the detector with a gas mixture of known
H2S content.

Extended Hückel calculations were carried out using the
BICON-EDIT program package (11). Orbital sets were
taken from Ref. (12) (Cr, Mn, Fe ), (13) (Co), (14) (Cu),
(15) (Ni), and (16) (Zn). Density of states (DOS), crys-
tal orbitals overlap population (COOP), Fermi level, and
electronic stabilization energy were calculated for several
mixed sulfides.

Catalytic Tests

Thiophene hydrodesulfurization (HDS) and tetraline hy-
drogenation (HYD) reactions were chosen as model reac-
tions for the comparison of catalytic properties. Thiophene
HDS was carried out in the vapor phase in a fixed-bed mi-
croreactor operated in the dynamic mode at 100 KPa of
hydrogen (thiophene pressure: 2.4 KPa, total flow: 6 L/h).
The catalyst weight was ca 0.1 g . For the tetraline gas phase
HYD, the experimental conditions were so chosen to avoid
thermodynamic equilibrium that favors dehydrogenation
to form naphthalene. The range of temperatures studied
was 523–573 K, the hydrogen pressure 4.5 MPa, the tetraline
vapor partial pressure 8.9 KPa, and H2S pressure 84 KPa. In
all catalytic tests, the specific rate was calculated at 573 K
in the steady state after 16 h of stream according to the
equation

A = F X/m,

where A is the specific rate (mol · g−1 · s−1), F is the molar
flow rate of the reactant (mol · s−1), X is the conversion of
reactant, and m is the catalyst weight (g). For this equa-
tion to be correct we tried to avoid conversions that were
higher than 0.1. In both catalytic tests the products were
analyzed by gas chromatography. The relative error on rate
measurements was about 10%.

RESULTS AND DISCUSSION

Preparation and Characterization of MCr2S4 Dispersions

The preparation technique may have crucial importance,
since it determines the amount of impurities in the solid,
its morphology, and the number of defects in the structure.
These factors may strongly affect the relative catalytic ac-
tivity in the sequences of sulfides prepared using different
methods. Therefore, we prepared several sulfides using a
unique procedure under the same conditions to provide
the series of catalysts with similar morphologies and other
preparation-dependent properties.

Previously reported syntheses of MCr2S4 solids were not
aimed at catalysis but rather at physical studies, where large
crystals are preferred. It was, therefore, our goal to prepare
these sulfides in a dispersed state, with the surface areas

appropriate for catalytic studies. Only soft chemical meth-
ods should be applied, using moderated temperatures, to
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avoid extensive sintering. Three methods were utilized, as
described below.

Sulfidation of Mixed M(II)–Cr(III) Oxides

The simplest way to obtain dispersed sulfides is to sul-
fidize finely divided oxide precursors. Here, we prepared
mixed chromites or hydrated oxides to use them as pre-
cursors. Coprecipitation by aqueous ammonia from the
mixtures of aqueous solutions of the corresponding salts
yielded green amorphous precipitates. Since the target
products are sulfides, we proceeded directly to sulfidizing
these precipitates at 673 K. Our goal was achieved if sulfida-
tion at 673 K under a flow of 15% H2S in N2 gave mixed sul-
fides. The sulfidation temperature was otherwise increased
to 873 K. If even in this case no mixed sulfide could be
observed in XRD, we heated the hydrous oxide at 773 K
under nitrogen to obtain a MCr2O4 chromite which was
then sulfided as described before. Using this procedure, we
obtained several different thiospinels (Fig. 1). The prepara-
tion conditions and some properties of the solids are listed
in Table 1. Surface areas were sufficiently high for a correct
comparison of catalytic properties. As expected, surface ar-
eas of the same solids prepared at 873 K were lower than
that of those sulfided at 673 K.

The morphology of the particles of mixed sulfides was
homogeneous as observed by SEM (Fig. 2). All samples
obtained from the mixed (or mixed hydrated) oxides con-
sisted of spherical particles with a size of several hundreds

FIG. 1. XRD patterns of MCr2S4 sulfides prepared from the sul-
fidation of mixed oxides M=Zn (a), all peaks—ZnCr2S4 (JCPDS 16-
0507), Co (b), all peaks—CoCr2S4 (JCPDS 21-0255); Mn (c), all peaks—
MnCr2S4 (JCPDS 36-1441), marked peak—MnS (JCPDS 40-1289); Fe (d),

all peaks—FeCr2S4 (JCPDS 04-0651), marked peak—FeS2 (JCPDS 37-
0475).
R ET AL.

TABLE 1

Composition and Surface Area of the Solids Prepared
from the Mixed Oxide Precursors

Precursor Sulfidation Phase Chemical Ssp,
used temperature, K XRD composition m2 · g−1

Mn–Cr hydrous 873 Spinel MnCr2.03S4.01 13
oxide

Fe–Cr hydrous 673 Spinel FeCr1.87S3.74 50
oxide

Ni–Cr hydrous 873 Monoclinic NiCr2.07S4.15 13
oxide

CoCr2O4 873 Spinel CoCr1.99S4.01 16
CuCr2O4 673 Spinel CuCr2.00S4.01 48
ZnCr2O4 873 Spinel ZnCr1.99S4.00 55
CdCr2O4 873 Spinel CdCr2.02S4.02 14

of nanometers, corresponding well to the surface area mea-
surements.

Preparations Using the Pyridinium Complexes

For the bivalent metals, the target stoichiometry of the
precursor could be provided by dichromate salts MCr2O7.
However, these salts did not precipitate upon mixing of
aqueous solutions of M(NO3)2 and (NH4)2Cr2O7. If the so-
lution pH was raised by the addition of ammonia, precipita-
tion of MCrO4 monochromates or M(OH)2 hydroxides oc-
curred. However, for several bivalent metals precipitation
of dichromate complexes could be performed in the pres-
ence of pyridine. Pyridinium complexes of bivalent metals
(Mn, Ni, Co, Zn) were formed after addition of an excess
of pyridine to the mixed aqueous solutions of M(NO3)2 and
(NH4)2Cr2O7. As found from the chemical analysis, these
precipitates were stoichiometric compounds of general for-
mula MCr2O7 · 2NC5H5 (M=Mn, Co, Ni, Zn). The com-
pounds obtained gave complex XRD patterns with several
tens of narrow lines, which could not be identified using
the standard JCPDS library files. Detailed study of these
compounds was beyond the scope of this work.

After being dried, pyridinium complex precursors were
sulfided under the H2S/N2 flow at 673 K. The sulfidation
gave the solids of stoichiometry indicated in Table 2. How-
ever, if for Mn and Zn the expected thiospinel phases were
formed, for the Co and Ni samples sulfidation at 673 K
gave in the XRD patterns only the corresponding pyrite
CoS2 and NiS2 (Fig. 3), without any signs of the presence
of chromium compounds. The XRD peaks were too broad
to determine the change of lattice parameters. Further sul-
fidation at 873 K leads to the thermodynamically stable
thiospinel and the monoclinic mixed sulfides for Co and Ni,
respectively.

As follows from the data of Table 2, mixed sulfides

prepared from the pyridinium complexes at 673 K had
slightly higher surface areas than those prepared at the same
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FIG. 2. SEM images of NaCr2S4 prepared from molten flux, magnification 30 K (a); MnCr2S4 prepared from the pyridinium complex magnification
600 (b) and the same sample at magnification 50 K (c).
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TABLE 2

Properties of MCr2S4 Sulfides Prepared from the Pyridinium
Dichromate Complexes

Precursor Sulfidation Phases, Chemical Ssp,
used temperature, K XRD composition m2/g

MnCr2O7 · 2Py 673 Spinel MnCr2.S4.01 63
NiCr2O7 · 2Py 673 Pyrite NiCr2.00S4.25 110
NiCr2O7 · 2Py 873 Monoclinic NiCr2.00S4.15 31
CoCr2O7 · 2Py 673 Pyrite CoCr1.99S4.01 96
CoCr2O7 · 2Py 873 Spinel CoCr1.99S4.21 22
ZnCr2O4 · 2Py 673 Spinel ZnCr1.97S4.02 78

temperature from the hydrated oxides. In the SEM images,
the solids after sulfidation had the external morphology of
the crystalline precursors (Mn compound, Fig. 2b) but at
high magnifications they appeared to be composed of the
agglomerates of tiny spherical particles of 100- to 200-nm
size (Fig. 2c).

Molten Polysulfide Flux Synthesis

Reactions of molten sulfide fluxes have been used for syn-
theses of the mixed sulfides of main and transition group
elements. These solids often contain in their structure the
alkali metal cations included in the melt (17). In the present
work, a mixed sulfide with Na was obtained from the reac-
tion of Na2CO3 and CrCl3 in molten sulfur, according to the
reaction

3Na2CO3 + 3S+ CrCl3 ⇒ 3NaCl+NaCrS2 +Na2SO4

+ 2CO2 + CO. [1]

FIG. 3. XRD patterns of CoCr2S4 solid (a) (all peaks—CoS2, JCPDS
41-1471); and NiCr2S4 solid, (b) (all peaks—NiS2, JCPDS 11-0099). Solids

were prepared from the pyridinium complexes by sulfidation in an N2–H2S
mixture at 673 K.
ET AL.

The solid product had a specific surface area of 51 m2 · g−1

and consisted of spherical particles. Its chemical composi-
tion and XRD pattern corresponded fairly to those of the
NaCrS2 solid (JCPDS 10-0292).

In conclusion, a series of eight MCr2S4 dispersions has
been synthesized, six of which belong to the thiospinel fam-
ily (M=Mn, Fe, Co, Cu, Zn, Cd), whereas two others (2Na,
Ni) have different structures. In the trigonal NaCrS2 com-
pound (18) the coordination numbers of chromium and
sodium are 6 and 4, respectively, similarly to thiospinels, but
in the monoclinic NiCr2S4 (19) the coordination number of
Ni is equal to that of chromium (CN= 6). However, de-
spite this difference, we included the nonspinel compounds
in the mixed sulfides series.

Catalytic Properties

The results of catalytic tests are presented in Figs. 4 and 5.
All of the samples slightly activate during the catalytic tests,
with reaction rates stabilizing after 10–15 h of reaction. The
selectivities in both reactions were similar for all samples,
therefore we compare just the reaction rates. In the case of
thiophene, selectivity in tetrahydothiophene was negligi-
ble, therefore the HDS rate exclusively was measured. For
both HDS and HYD reactions, volcano curves were ob-
tained with the maxima for Ni solids. Na-containing sulfide
had almost zero activity, whereas other solids show mea-
surable values, sometimes comparable to that of the un-
supported MoS2 (the catalytic activity of MoS2 in HDS of
thiophene is 0.85 106 mol min−1 m−2 and in HYD of tetraline
is 0.39 106 mol min−1 m−2). The HYD/HDS activity ratio
was higher for the NiCr2S4 solid than for the molybdenum
sulfide reference, in agreement with our previous finding

FIG. 4. Catalytic activity of the MCr2S4 solids at 573 K in the reaction
of HDS of thiophene (circles, oxide derived samples; squares, pyridinium

complexes derived catalysts) and the amount of sulfur removed at 573 K
(triangles).
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FIG. 5. Catalytic activity of the MCr2S4 solids at 573 K in the reaction
of HYD of tetralin (circles, oxide derived samples; squares, pyridinium
complexes derived catalysts).

on the enhanced hydrogenating activity of the chromium-
based sulfide catalysts (20).

Mixed sulfides obtained from the pyridinium complexes
showed slightly different specific activity than those ob-
tained from the mixed oxide precursors. Small differences
in chemical composition, the impurity levels, and the crys-
talline planes exposed can explain such variations. How-
ever, the sequence of catalytic activity remained the same
whatever the preparation method. Therefore, the curves
obtained are related to the intimate properties of chemical
compounds rather than to some particular features of the
preparation techniques.

Temperature Programmed Reduction (TPR)

Although the exact structure of the active centers of
mixed sulfide catalysts is still unclear, it seems well estab-
lished that coordinately unsaturated centers are necessary
for catalytic activity. Such centers can be obtained by a re-
ductive elimination of sulfur from the sulfide surface (21,
22). TPR allows us to compare the amounts of sulfur re-
moved from the catalysts in the wide range of reduction
temperatures. Therefore, TPR results give an idea of the
amount of coordinatively unsaturated centers produced in
the catalysts by reduction.

Here, we studied the reducibility of the MCr2S4 sulfides
in order to compare it with the above-observed trends in
catalytic activity. Whatever the solid studied, reduction was
never complete at 1073 K; the chromium remained in the
sulfide form, mostly as Cr3S4. The second metal in some
cases was completely (Fe, Co, Ni) or partially (Cu) reduced
and in other cases remained nonreduced (Na, Zn ) (Table 3).

Phase composition of the samples after TPR at 1073 K re-
vealed strong differences in their reducibility. However, the
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TABLE 3

Phase Composition of the Mixed Sulfide Samples after Reduction
at 1073 K in Hydrogen and the Amounts of Sulfur (µmol ·m−2)
Removed at 573 K (1 · 573)

Phases XRD after reduction
Initial compound at 1073 K (1 · 573)

NaCrS2 NaCrS2−x 2.7
MnCr2S4 MnS, Cr3S4 10.2
FeCr2S4 Fe, Cr3S4 4.4
CoCr2S4 Co, Cr3S4 31.4
NiCr2S4 Ni, Cr3S4 53.5
CuCr2S4 CuCrS2, Cr3S4, Cu 2.8
ZnCr2S4 ZnCr2S4, ZnS, Cr3S4 2.5

reducibility at such a high temperature is not relevant to the
catalytic properties measured at 573 K. For the sulfide re-
ducibility to be related to the catalytic properties, it should
be measured in the same temperature range. The amount
of sulfur removed at 573 K (Fig. 5) varied strongly from
sample to sample and was in a good correlation (except Fe
sample) with the HYD/HDS activity.

Although a clear correlation between the activity and the
reducibility of MCr2S4 systems was observed, other param-
eters could influence the catalytic properties of mixed sul-
fides. For this reason surface characterizations of the solids
have been performed.

XPS Study

The first problem regarded an eventual surface segrega-
tion in the MCr2S4 sulfides. When different transition met-
als are present in a mixed compound, strong differences
between surface and volume composition become possible.
Surface segregation may greatly affect the catalytic activity.
To clarify this point, MCr2S4 samples were studied by the
XPS technique. Another goal of the XPS study was to ob-
tain information on the electronic state of the components.

We studied the samples of six mixed sulfides, obtained
after sulfidation of the oxide precursors. Binding energies
and M/Cr surface atomic ratios are listed in Table 4. To our
knowledge no systematic XPS studies of the thiospinels was

TABLE 4

XPS Binding Energies (eV) of the Elements
in the MCr2S4 Compounds

Sample Cr 2p3/2 S 2p M 2p3/2 M/Cr, at.

MnCr2S4 575.4 161.4 641.9 0.25
FeCr2S4 576.9 162.9, 161.5 711.3 0.69
CoCr2S4 575.5 161.4 779.8 0.49
NiCr2S4 575.4 161.5 853.4 0.35
CuCr S 575.8 162.2 932.8 0.28

ZnCr2S4 576.1 162.9, 161.6 1022.3 0.17
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done earlier, so we briefly comment on the observed BE
values.

Chromium 2p3/2 binding energy lies above the value of
574.8 observed for Cr2S3 (23). The values of BE for Mn, Co,
Ni, and Zn 2p3/2 levels corresponded fairly to those in MS
sulfides (24). Iron showed a peak which also corresponds
rather well to FeS (23), whereas no signal was found at
706.7 eV, that of the FeS2 impurity (25).

Unfortunately, the binding energy of 932.8 eV obtained
for Cu 2p3/2 was not helpful for conclusions about the cop-
per oxidation state, due to too much discrepancy in the
literature data on Cu sulfides. Indeed, a binding energy of
932.5 eV was reported for Cu2S (26), but those for CuS
varied from 931.9 (27) to 935.0 eV (28).

For mixed Co and Ni sulfides obtained from the pyri-
dinium complexes at 673 K, the sulfur signals consisted of
two components. Two signals with BE of ca. 162.8 and 161.5
were ascribed to, respectively, (S2)2− and S2− species, as re-
ported previously (29, 30). After sulfidation at 873 K only
a low-energy component remains.

From the analysis of the surface composition it can be
concluded that most of the samples are slightly enriched
with chromium, with the exception of the Fe sample, where
a small excess of Fe was present (Table 4). The degree of
enrichment somewhat varied, but the surface Cr concen-
tration was systematically higher than its bulk value. We
see that the M/Cr atomic ratio varied from 0.17 to 0.69,
whereas catalytic activity in the same samples differed by

more than an order of magnitude. Therefore, we suggest becoming several times higher than that of M(II), while

that catalytic activity variations are not related to surface the first atomic layer was still not destroyed (the time for
FIG. 6. LEIS profiles as a function of sputtering time of NiCr2S4 (a) a
R ET AL.

segregation but to the differences in the chemical nature of
the solids.

LEIS Study

Although the enrichment of the samples with chromium
was observed by XPS, it can still not be stated which ele-
ment predominates in the very topmost surface layer under
the conditions of catalytic reaction since, depending on the
escape depth, the XPS analysis of the surface gives infor-
mation on the layer of the thickness of 2–10 nm, i.e., sev-
eral atomic layers. For this reason low-energy ion scattering
study was undertaken to obtain information regarding the
very topmost atomic layers of our solids.

With 1 KeV 4He+ incident ions, Co, Fe, and Mn signals
could not be distinguished from that of Cr. We studied
therefore Ni-, Zn-, and Cu- containing solids, for which the
LEIS signals of transition metals are well separated.

The results of LEIS as a function of sputtering time are
presented in Fig. 6 for Cu and Ni. In all cases the behavior
of samples upon sputtering is similar. Although the quan-
titative interpretation of LEIS data is difficult, the inten-
sity of peaks is roughly proportional to the amount of the
corresponding elements. The intensities of transition met-
als signals in the first scan before sputtering appear to be
in contradiction with the XPS data. The intensity of the
chromium signal was lower than that of M(II). Then, upon
stuttering, the intensity of the Cr peak rapidly increased,
nd CuCr2S4 (b). The sputtering time between subsequent scans is 60 s.
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monolayer removal is estimated to be ca. 600 s (31)). There-
fore, being less visible at the first moment, chromium is
immediately exposed upon ion bombardment, whereas the
signals of M(II) ions undergo small variations vs sputtering
time. The signal of sulfur is low compared to its relative
amount, because of the low sensitivity of the LEIS tech-
nique to this element. The sulfur signal showed no signif-
icant evolution during sputtering. It seems that the sulfur
concentration cannot be correctly studied by LEIS in our
systems.

To explain the findings of both XPS and LEIS measure-
ments, we suggest that certain low-index crystalline planes
are preferentially exposed to the surface, which contains
mostly Cr sites. However, in the top layer Cr atoms are ef-
ficiently screened by sulfur or some adsorbed impurity. In
the spinel structure, such planes are, for example, (100) and
(111) (Fig. 7). The signal of the second metal M should be
due to other planes, present in lower amounts.

FIG. 7. Low-index planes of thiospinels (110) (a) and (111) (b). Large

hollow circles, sulfur; black circles, chromium; gray circles, the second
metal.
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FIG. 8. Intensity of the LEIS signals vs sputtering time for the CuCrS2

solid: nontreated (a) and reduced for 1 h at 573 K (b).

To clarify this question we measured the LEIS and XPS
spectra of the CuCr2S4 sample after reduction in hydrogen
at 573 K for 1 h. The LEIS spectrum obtained after reduc-
tion is similar to that of the nonreduced Cu sample, taken
at the intermediate point of sputtering (Fig. 8). Therefore,
reduction at 573 K produces the same effect in the LEIS
spectra as slight sputtering. In both cases, elimination of
polluting adsorbed species and the topmost layers of sulfur
occurred.

From the surface chemistry of the oxide spinels, it is
known that they often expose low-index crystalline planes
consisting of octahedral MO6 (32, 33). Moreover, it was pro-
posed in these works that the absence of the occupied tetra-
hedral sites at the surface is a general property of spinels.
Our data give additional support to this hypothesis for the
case of thiospinels. It follows from our experiments that Cr
is exposed to the surface upon reduction in hydrogen at
573 K. Therefore, we can suggest that coordinately unsatu-
rated sites are located on Cr atoms.

XPS data after reduction confirm the supposition about
the removal of sulfur from the chromium sites. Indeed, af-
ter reduction at 573 K, the XPS atomic ratio of Cr/Cu did

not significantly change, whereas the amount of sulfur de-
creased from 42 to 30%. At the same time the Cr signal
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undergoes a shift to lower binding energy, indicating its
partial reduction from its initial value of 575.8 to 575.1 eV,
clearly indicating the reduction of chromium. By contrast,
the Cu XPS signal after reduction remains at the same po-
sition as in the initial specimen.

Extended Hückel Calculations

It follows from our data that the catalytic activity of the
MCr2S4 systems is directly related to the reducibility of their
surface. Depending on the nature of the second metal M,
the strength of sulfur bonding may change, leading to varia-
tions in reducibility. To illustrate the influence of the second
metal on sulfur bonding, we carried out extended Hückel
calculations of the electronic structure of the mixed sulfides
MCr2S4.

The extended Hückel method does not take into account
spin polarization effects, which in the MCr2S4 solids should
be considerable. However, in the series of similar com-
pounds the method gives an idea of the bands filling and
bonding energy changes. Moreover, the physical proper-
ties of thiospinels have been extensively studied so that the
results of EH calculations might be compared with the lit-
erature data of density functional calculations.

In this work, we calculated the density of states distribu-
tions of different mixed sulfides as well as the projections
of sulfur and transition metal levels, and the crystal orbital
overlap population between sulfur and both metals.

The band structure of the MCr2S4 compounds contains
filled S 3p levels, empty M 4p, and partially filled M 3d bands
as schemed in Fig. 9. Since in the oxide chromite spinels (34)
ground 4F term of the Cr(III)d3 ion has much lower energy
than the P term, we believe that in thiospinels, where the
crystal field is weaker, mixing with those states can be ne-
glected. The energy of the second metal d bands relative
to the chromium 3d levels changes as a function of the po-
sition in the periodic table. Electric conductivity and mag-
netic properties of thiospinels are determined by the energy
of the second metal bands and their interaction with the
Cr(III) 3d states. Thus, FeCr2S4 is a ferrimagnetic semicon-
ductor (34); CuCr2S4 is a ferromagnetic metallic conductor
(35) and CdCr2S4 is a ferromagnetic n-type semiconductor
(36).
FIG. 9. Schematic energy diagram showing the relative band positions
in the MCr2S4 compounds.
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TABLE 5

EH Electronic Stabilization Energy (kcal/mol) and Metal–Sulfur
Bond Lengths in the MCr2S4 Compounds

M 1E stab d(M–S), Å d(Cr–S), Å

2Na −558 2.798 2.454
Mn −485 2.241 2.497
Fe −451 2.209 2.461
Co −449 2.191 2.448
Ni −431 2.388 2.424
Cu −481 2.170 2.418
Zn −489 2.211 2.463

The electronic stabilization energies obtained from the
EH calculations are listed in Table 5. As expected, a pro-
nounced minimum of the cohesion energy is obtained for
Co and Ni compounds. There is no clear correlation be-
tween the sulfur binding energy and the bond lengths. It
seems that a rather inverse correlation exists, i.e., long ionic
bonds are stronger than short (covalent) ones. However,
this correlation is also incomplete, since the Cu compound
having the shortest bonds does not exhibit the lowest sta-
bilization energy.

Below we give a brief summary of the analysis of DOS
and COOP curves obtained from the EH calculations.

In the NaCrS2 compound, the presence of the alkali metal
leads obviously to the increase in the compound ionicity
with the lowering of the S 3p states energy and increase of
the total electronic stabilization energy.

For the transition metal sulfides MCr2S4, when M goes
from the left to the right of the first row of the periodic
table, the electronic effects observed result from the com-
petition of two opposite trends—filling of the 3d band of
M increasing the energy of 3d electrons and the increase of
the M atomic number, shifting the 3d band down.

For the chromium neighbors in the periodic table, Mn
and Fe, the d levels of the second metal are close to those
of Cr and the effect is not clear, at least in the frames of the
EH method.

Then, passing to Co, the band filling begins to predom-
inate over the band shifting down, and the HOMO states
of the mixed sulfide CoCr2S4 are probably those of Co 3d.
At the same time the S–Cr and S–Co antibonding orbitals
become populated due to the increased d electrons count.
The same situation was observed for Ni, the effect being the
decrease of sulfur binding energy. In the case of Cu, the d
band, although filled, is already placed too low, and Cu in-
troduction into the mixed sulfide results in increased sulfur
bonding. Indeed, CuCr2S4 was considerably less reducible
than the Co and Ni compounds.

Being at best approximate, the results of the EH cal-
culations are, however, in surprisingly good agreement

with our experimental observations and give a clear qual-
itative insight of the electronic effects in these systems.
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Unfortunately, V and Ti have no stable M(II) compounds
to complete the series.

Several works have been done on the calculations of elec-
tronic properties of sulfides in order to explain the trends of
their catalytic activity. Harris and Chianelli compared the
catalytic properties of binary sulfides of numerous transi-
tion metals and analyzed the results of ab initio calculation
of the electronic structure of octahedral MS6 clusters. They
concluded that for a sulfide to be an active hydrotreating
catalyst, its HOMO should have t2g character (37). Recently
Raybaud et al. (38) made an extensive ab initio calcula-
tion of the electronic structure of binary sulfides. They con-
cluded that the energy of the metal–sulfur bond is of pri-
mary importance for the HDS catalytic activity. The density
functional calculations of the electronic structure of MoS2

and Co–Mo–S catalysts led the authors (39) to the conclu-
sion about the key role of sulfur bonding strength. The pro-
moting effect of Co was explained by lowering the S binding
energy, thereby increasing the number of the active sites.

Here we deal with another example of mixed sulfide cata-
lysts where the effect of promotion (if Cr stays for the “main
element” and M for the “promoter”) could be coherently
explained by variations of the sulfur binding strength.

CONCLUSION

In this work we studied mixed sulfide MCr2S4 catalysts in
HDS and HYD model reactions. These solids showed en-
hanced hydrogenating properties, the specific activities be-
ing sometimes comparable to that of dispersed Mo sulfide.
By contrast to the industrial sulfide catalysts, which are diffi-
cult to characterize, MCr2S4 mixed sulfide dispersions have
well-defined surface and bulk properties. Trends in catalytic
activity could be easily explained from the comparison with
TPR and surface characterization data. The idea of dynam-
ically created active centers seems to get additional support
in this work. Although different elementary steps of HYD
and HDS catalytic reactions were not at all considered here,
sulfur lability seems to be a key parameter, determining the
catalyst performance in both reactions.
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