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Single crystals  of  MoS2 and WS2 were grown by chemical  vapor  t ransport  in both the presence  and 
absence  o f  cobalt.  Hall  m e a s u r e m e n t s  indicate that  cobalt cannot  diffuse appreciably into the  bulk of  
MoS2 or WS2 and,  therefore,  can be present  only on the surface. Similar results  were obtained for as- 
grown crystals  annealed or sulfided in contact  with Co9S8 or sulfided after being dipped in a 0.1 M 
CoSOdmethano l  solution.  © 1985 Academic Press, Inc. 

Introduction 

Recently, extended X-ray absorption fine 
structure (EXAFS) of cobalt-promoted 
MoS2 hydrosulfurization catalysts has dem- 
onstrated that they contain a sulfided mo- 
lybdenum phase which is structurally simi- 
lar to crystalline MoS2 (1-3). However, 
within a S - M o - S  sheet the average coordi- 
nation number for the Mo-Mo coordination 
shell appeared to be reduced relative to that 
of bulk MoS2. Additionally, Huntley et al. 
(2) and Parham et al. (3) indicated that a 
reduced coordination number was found 
for the first coordination shell of sulfur 
about molybdenum. These results suggest 
that the molybdenum is present in the form 
of very small crystallites ( -10-15  A) of 
M o S 2 .  

The nature as well as the promotional el- 

t TO w h o m  all co r respondence  should be addressed.  

fect of the cobalt associated with these 
MoSE crystallites is less clear. Schrader and 
Cheng (4) have indicated that the function 
of cobalt was to facilitate the reduction of 
oxysulfide phases during the sulfiding of the 
oxide precursor and also to prevent forma- 
tion of well-crystallized MoS2. However, 
they were unable to identify by Raman 
spectroscopy what cobalt phase(s) were 
present. TopsCe, using a number of tech- 
niques including M6ssbauer emission spec- 
troscopy, has proposed the existence of a 
distinct C o - M o - S  phase (5, 6). When dis- 
persed on alumina, this MoS2-1ike phase 
consists of single S - M o - S  sheets with co- 
balt atoms located on surface positions. 
Furthermore, for both bulk (7) and sup- 
ported (8) Co-Mo sulfide catalysts, the cat- 
alytic activity appears to be related to the 
amount of cobalt associated with this Co-  
Mo-S  phase. 

Other models have been proposed to ex- 
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plain the promotional effect of cobalt. 
Delmon (9) has proposed a synergistic ef- 
fect resulting from intimate contact be- 
tween Co9S8 and MoS2 (contact synergy 
model). Voorhoeve and Stuiver (10) intro- 
duced the intercalation model in which 
nickel was partially intercalated into the 
van der Waals gap (between sulfur-sulfur 
layers) of WSz. The model was extended to 
cobalt promoted MoS2 hydrosulfurization 
catalysts by Farragher and Cossee (11). 
This pseudo-intercalation model restricted 
the intercalation of cobalt to the edges of 
MoS2. 

If any appreciable quantity of cobalt were 
to diffuse into bulk MoS2 or WS2, then 
there should be a measurable change in the 
number of carriers as obtained from Hall 
measurements. However, if the cobalt re- 
mains primarily associated with the sur- 
face, then there would be no significant 
change. In this study a number of different 
methods were used to prepare single crys- 
tals of cobalt-promoted MoS2 and WS2. 
Hall measurements were made on crystals 
grown in both the presence and absence of 
cobalt. 

Experimental 

Crystal growth. Single crystals of MoS2 
and WS2 were grown by chemical vapor 
transport both in the presence and absence 
of Co9S8. Chlorine was used as the trans- 
port agent. Molybdenum (Gallard-Schle- 
singer, 99.99%) and tungsten (Gallard-Sch- 
lesinger, 99.995%) were both reduced at 
800°C for 8 hr in a dry 85%/15% Ar/H2 at- 
mosphere to remove oxygen. Sulfur (Gal- 
lard-Schlesinger, 99.999%) was resublimed 
in vacuum at 80°C before use. Co9S8 pow- 
der was prepared at 450°C as described pre- 
viously (12). 

For crystals grown in the absence of co- 
bait, large single crystals of MoS2 and WS2 
were prepared as described in an earlier 
publication (13). For crystals grown in the 

presence of cobalt, 1 wt% Co988 was added 
to the charge. Growth conditions identical 
to those for undopted crystals were fol- 
lowed. A chlorine concentration of 3 mg/ml 
was used. The effect of slow cooling or an- 
nealing the as-grown crystals was deter- 
mined. At the end of the growth process, 
some transport tubes were cooled at a rate 
of 10°/hr to room temperature; others were 
cooled to a temperature of 450°C and the 
crystals annealed for one week at that tem- 
perature. All crystals grown in the presence 
of cobalt were washed and dried with ace- 
tone to remove surface cobalt halide. 

Some crystals of MoS2 and WS2, grown 
in the absence of cobalt, were placed in sil- 
ica tubes and totally covered with Co9S8 
powder. The tubes were evacuated and the 
samples annealed at 450°C for one week. 

Other crystals covered with Co9S8 were 
placed in a vertical silica reactor and sul- 
tided for 4 hr with Hz/HzS (40:1 v/v) at 
450°C. The reactor tube was then air 
quenched to room temperature. Further de- 
tails of this sulfiding procedure have re- 
cently been reported (12). 

Still other crystals were divided into two 
parts. One of the pieces was dipped into a 
freshly prepared 0.1 M CoSO4/methanol so- 
lution and air-dried. The dipped portions 
were then placed in the vertical reactor and 
sulfided as described above. 

Electrical measurements. Prior to per- 
forming any measurements, crystals grown 
in the absence of cobalt were peeled with 
Scotch tape to remove silicon and oxygen 
impurities (13). Crystals grown in the pres- 
ence of cobalt were also peeled, but in addi- 
tion, a comparison was made with unpeeled 
samples. Crystals treated in intimate con- 
tact with C09S8 were initially measured un- 
peeled. Surface peeling and remeasurement 
of the same sample followed subsequently. 
The electrical properties of crystals por- 
tions that were dipped in COSO4 and sul- 
tided were compared with those of the un- 
ripped sections. 
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TABLE I 

ROOM TEMPERATURE H A L L  MEASUREMENTS OF 

M o S 2  AND W S 2  CRYSTALS G R O W N  IN ABSENCE OF 

COBALT 

Compound Carrier type No.  carriers (/cm 3) 

MoSz n 0.8(1) X 1016 
n 1.3(1) X 1016 

WSz n 1.6(1) X 1015 
n 1.5(1) × 1015 

Room temperature resistivity and dc Hall 
effect were measured in the basal plane of 
the single crystals using the van der Pauw 
technique (14). Contacts were made by the 
ultrasonic soldering of  indium directly onto 
the samples, and ohmic behavior was estab- 
lished by measuring current-voltage char- 
acteristics. 

Results 

Crystals of MoS2 and WS2, grown in the 
absence of cobalt, were subjected to emis- 
sion spectrographic analysis which indi- 
cated less than 100 ppm total impurities of 
which the transport agent formed the major 
portion. The electrical properties obtained 
for the undoped MoS2 and WSz crystals 
(Table I) agree well with those values re- 
ported in the literature (13, 15). Hall data 
for crystals grown in the presence of cobalt 
are shown in Table II. There appears to be 
no variation in the sign of  the carrier and 
little in the number of carriers for both 
MoS2 and WS2 crystals grown in either the 
presence or absence of cobalt. Surface 
peeling of crystals grown in the presence of 
cobalt has no significant effect on their elec- 
trical properties. Furthermore, for crystals 
grown by chemical vapor transport in 
which the tube was either slow-cooled or 
annealed, little change in the Hall measure- 
ments was observed. 

The Hall data are summarized in Table 
III for as-grown crystals treated with either 

TABLE II 

H A L L  MEASUREMENTS OF M o S 2  AND W S 2  CRYSTALS 

G R O W N  IN PRESENCE OF COBALT 

Prepar- Carr ier  No.  carriers 
Compound ation" Treatment type ( /cm 3) 

MoS2 (a) Unpee l ed  n 2.1(2) × 1016 
Peeled n 1.9(3) × 10 I6 

(b) Unpee l ed  n 1.5(2) x 1016 
Peeled n 0.7(1) × 1016 

(c) Unpee l ed  n 1.1(1) × 1016 
Peeled n 1.1(1) × 1016 

WSz (a) Unpee l ed  n 3.1(3) × 1015 
Peeled n 3.9(4) × 1015 

(b) Unpee led  n 1.6(2) x 1015 
Peeled n 2.9(4) x 1015 

(c) Unpee led  n 2.1(1) x 1015 
Peeled n 2.9(2) x 10 is 

" (a) Allowed to cool in furnace overnight. (b) Slow-cooled 
at 10°C/hr to room temperature. (e) Annealed at 450°C for 1 
week.  

Co9S8 o r  C o 5 0 4 ,  The MoS2 ans WS2 crys- 
tals annealed in C09S8 show no significant 
change in the number of carriers let alone in 
their sign. Surface peeling also has no ef- 
fect. Similar results were obtained for crys- 
tals covered with C09S8 and sulfided. Por- 
tions of the crystals dipped in a cobalt 
sulfate/alcohol solution, removed, dried, 

TABLE III 

H A L L  MEASUREMENTS OF M o S 2  AND W S 2  CRYSTALS 

TREATED IN C0988 OR D I P P E D / S U L F I D E D  W I T H  

COSO4 

Prepar- Carrier No. carriers 
Compound ation a Treatment type (/cm 3) 

MoSz (a) Unpeeled n 2.8(2) × 1016 
Peeled and 

remeasured n 2.8(4) × 1016 
(b) Unpeeled n 0.7(1) × 1016 

Peeled and 
remeasured n 1.3(1) × 1016 

(c) Undipped n 2.9(4) x 1016 
Dipped n 1.9(2) × 1016 

WS2 (a) Unpeeled n 1.7(1) × 1015 
Peeled and 

remeasured n 1.8(1) × 1015 
(b) Unpeeled n 2.1(1) × 1015 

Peeled and 
remeasured n 4.4(1) × 1015 

(c) Undipped n 2.0(2) × 1015 
Dipped n 2.1(1) × 1015 

a (a) Annealed in CogSs at 4500C. (b) Sulfided in CogSs at 450°C. (c) 
COS04 dipped and sulfided at 450°C, 
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FIG. 1. Scanning electron micrographs of a WS2 crystal edge plane before and after oxidation: (a) 
unoxidized--magnification = 2000×; (b) oxidized--magnification = 500×; (c) oxidized--magnifica- 
tion = 2000×. 
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and sulfided in a Hz/HzS at atmosphere 
showed no meaningful change in the num- 
ber of carriers compared to undipped por- 
tions. 

Sulfiding of cobalt sulfate under the con- 
ditions specified would be expected to pro- 
duce C09S8 (12). Visual examination of 
these crystals revealed the presence of a 
black phase on the crystal surface. Identifi- 
cation of this phase was obtained by repeat- 
edly placing drops of COSO4 solution onto 
an undoped crystal, followed by drying. 
This produced a sufficiently thick COSO4 
coating which, after sulfiding, could be re- 
moved and characterized. X-Ray powder 
diffraction of this phase indicated the pres- 
ence of single-phase C09Ss. Despite the 
presence of C09S8 on the surface, no varia- 
tion in the electrical properties could be de- 
termined. 

Discussion 

Hall measurements provide a sensitive 
method for detecting the presence of impu- 
rity atoms within the bulk. If cobalt atoms 
were to diffuse appreciably into the bulk of 
MoS2 or WS2, a change in the number of 
carriers would be expected. The results 
presented in this study suggest that no ap- 
preciable change occurs regardless of the 
method used to try to introduce cobalt. 

Wentrcek and Wise (16) have reported 
that when cobalt is diffused into the bulk of 
naturally occurring MoS2 crystals, a change 
from n- to p-type behavior is observed. This 
observation could not be reproduced on the 
pure synthetic dichalcogenides prepared in 
this study. 

Recently, ChianeIli et al. (17) have exam- 
ined the chemistry of single crystal edge 
planes in MoS2. Results obtained using Au- 
ger spectroscopy indicated that crystals 
grown in the presence of cobalt tended to 
show a segregation of cobalt at the surface 
edges of MoS2. Furthermore, Chianelli et 
al. indicated that oxidation occurred prefer- 

entially along these edge planes. Previ- 
ously, Bahl et al. (18) reported similar find- 
ings for surface oxidation of naturally 
occurring MoS2 crystals. Surface oxidation 
of synthetic WS2 crystals in a CO2 atmo- 
sphere has also been found to give prefer- 
ential edge plane oxidation (Fig. 1). It does 
appear that cobalt impurities accumulate at 
the edges and reactions, e.g., hydrodesul- 
furization, could occur along these edge 
planes. 

Hall measurements indicate that cobalt 
can be present only on the surface of MoS2 
and has not diffused appreciably into the 
bulk. TopsCe has indicated that for cobalt- 
promoted molybdenum hydrodesulfuriza- 
tion catalysts the cobalt occupies surface 
positions in an MoS2-1ike structure which 
he identifies as a Co-Mo-S  phase (6). The 
lack in variation of the number of carriers 
found in MoS2 and WS2 single crystals con- 
taining small quantities of surface cobalt 
sulfides is consistent with this "surface 
phase." 

Acknowledgments 

Acknowledgment is made" to the National Science 
Foundation (DMR-82-03667) for the support of D. M. 
D'Ambra and K. Dwight and the Office of Naval Re- 
search for the support of J. V. Marzik. The authors 
also express their appreciation for the use of Brown 
University's Materials Research Laboratory which is 
supported by the National Science Foundation. Spe- 
cial thanks go to M. Sosnowski and J. Fogarty for their 
assistance with the microscopic analysis. 

References 

1. B. S. CLAUSEN, H. TOPSSbE, R. CANDIA, J. VIL- 
LADSEN, B. LENGELER, J. ALs-NIELSEN, AND F. 
CHRISTENSEN, J. Phys. Chem. 85, 3868 (1981). 

2. D. R. HUNTLY, T. G. PARHAM, R. P. MERRILL, 
AND M. J. SIENKO, Inorg. Chem. 22, 4144 (1983). 

3. T. G. PARHAM AND R. P. MERRILL, J. Catal. 85, 
295 (1984). 

4. G. L. SCHRADER AND C. P. CHENG, J. Catal. 85, 
488 (1984). 

5. H, TOVSCE, "Advances in Catalytic Chemistry II 
Salt Lake City, May 18-21, 1982." 



356 D'AMBRA ET AL. 

6. H. TOPSftE, B. S. CLAUSEN, R. CANDIA, C. WIVEL, 
AND S. MCRUP, J. Catal. 68, 433 (1981). 

7. R. CANDIA, B. S. CLAUSEN, AND H. TOPS¢E, J. 
Catal. 77, 564 (1982). 

8. C. WIVEL, R. CANDIA, B. S. CLAUSEN, S. M~6RUP, 
AND H. TOPSCE. J. Catal. 68, 453 (1981). 

9. B. DELMON, in "Proceedings of the Climax Third 
International Conference on Chemistry and Uses 
of Molybdenum" (H. F. Barry and P. C. H. 
Mitchell, Eds.), p. 73, Climax Molybdenum Co., 
Ann Arbor, Mich. (1979). 

IO. R. J. H. VOORHOEVE AND J. C. M. STUIVER, J. 
Catal. 23, 243 (1971). 

11. A. L. FARRAGHER AND P. COSSEE, in "Proceed- 
ings, 5th International Congress on Catalysis, 
Palm Beach, 1972" (J. W. Hightower, Ed.), p. 
1301, North-Holland, Amsterdam (1973). 

12. D. M. PASQUARIELLO, R. KERSHAW, J. D. PAS- 

SARETTI, K. DWIGHT, AND A. WOLD, [norg. 
Chem. 23, 872 (1984). 

13. J. BAGLIO, E. KAMIENIECKI, N. DECOLA, C. 
STRUCK, J. MARZIK, K. DWIGHT, AND A. WOLD, 
J. Solid State Chem. 49, 166 (1983). 

14. L. J. VAN DER PAUW, Phillips Res. Rep. 13, 1 
(1958). 

15. J. A.  WILsoN, A. D. YOFFE, Adv. Phys. 18, 193 
(1969). 

16. P. R. WENTRCEK AND H. WISE, J. Catal. 51, 80 
(1978). 

17. R. R. CHIANELLI, A. F. RUPPERT, S. K. BEHAL, 
B. H. KEAR, A. WOLD, AND R. KERSHAW, sub- 
mitted for publication. 

18. O. P. BAHL, E. L. EVANS, AND J. M. THOMAS, 
Surf. Sci. 8, 473 (1967); Proc. Roy. London Set. A 
306, 53 (1968). 


