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Potassium-promoted MoS; catalysts were investigated by scanning Auger electron spectros-
copy, electron probe microanalysis, X-ray energy dispersive spectroscopy, and elementary chemi-
cal analysis to elucidate the role of potassium on MoS,. Fresh samples exhibited a uniform
distribution of the alkali elements by CO hydrogenation, whereas the oxidized sample showed a
segregation of the potassium component in the bulk of the catalyst. The fresh K;COs-, K,O,-, and
K,S-promoted MoS, catalysts show high selectivities to alcohols and their IR spectra present two
characteristic bands at 1650 and 1400 cm™' assigned to a bicarbonate-like species which is believed
to be an active intermediate for the synthesis of alcohols. No such IR bands appear in the cases of
K,SO,- and KCl-promoted MoS; and oxidized K,CO:/MoS; catalysts which mainly produce hydro-
carbons instead of alcohols. A mechanism based on this intermediate is proposed for the alcohol
formation from CO-H,. In addition, the enhanced catalytic activity and high selectivity to C,,
hydrocarbons of the oxidized K,CO;/Mo8; is believed to be due to the transfer of electron from the
alkali metal diffused into the bulk of MoS,, resulting in an increase in electron density as well as in
the density of states at the Fermi surface. The alkali metal on the MoS, acts as a medium for oxygen
supply (**sponge™’) in the atmosphere and promotes oxidation of Mo(IV) to Mo(VI) and §* to S%

states.  © 1993 Academic Press, Inc.

INTRODUCTION

Transition-metal-sulfide-based catalysts
have been widely used for more than a half
century in hydrodesulfurization, hydro-
denitrogenation, and hydrogenation reac-
tions which occur during petroleum hydro-
processing and hydrofinishing. Recently,
there has been a growing interest for the
catalytic activity of MoS, catalyst on the
synthesis of alcohols from CO and H, (/-
3). The sulfide based catalysts are able to
maintain high activity even in the presence
of considerable amounts of sulfur in the
feed. Furthermore, they are very good wa-
ter-gas shift catalysts, and hence could
perform well with low H,/CO feed ratios of
syngas (4). In the hydrogenation of carbon
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monoxide over MoS, catalysts for mixed
alcohol synthesis, it is essential that a cer-
tain amount of potassium salt should be
present on the catalyst. Addition of potas-
sium to the MoS; has a significant impact
on the catalytic activity: CO conversion is
lowered, and the primary products shift
from alkanes to alcohols (5-8). Note that
alkali metals are commonly used as pro-
moters for many catalytic reactions such as
Fischer—=Tropsch synthesis (9, /0), ammo-
nia synthesis (/), and mixed alcohol synthe-
sis (6, 12-14).

The role of promoters is generally classi-
fied as either structural and/or chemical (or
electronic) depending on their primary
function. Structural promoters are added to
create a high and stable surface area of the
catalyst, whereas chemical promoters im-
prove the catalytic performance of catalyst.
In particular, the effect of the alkali metal
on a given catalyst can manifest itself in
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two ways, e.g., (i) improvement in selectiv-
ity and/or activity and (ii) extension of cata-
lyst lifetime (15).

Recently, the modification of surface
structure and catalytic behavior of K,CO,/
MoS; catalyst was investigated by its expo-
sure to atmosphere for an extended period
of time after preparation (/6). The oxidized
K;CO:/MoS, catalyst showed enhanced
catalytic activity and high selectivity for
C.;+ hydrocarbons, rather than forming al-
cohols as did on fresh K-CO3:/MoS;. In this
regard, K,CO;/MoS; may be a interesting
catalytic system to study how both alcohol
and hydrocarbon synthesis are influenced
by the presence of an alkali promoter on the
surface of catalyst.

The present study extends the previous
work (/6) on the surface properties of the
K,;COs/MoS; catalyst. In addition to infra-
red spectroscopy (IR) used before, the
techniques of scanning electron micros-
copy (SEM) and scanning Auger electron
spectroscopy (SAES) were used to exam-
ine the topography as well as the laterally
resolved composition of the catalyst
surface. Electron probe microanalysis
(EPMA) and energy dispersive X-ray spec-
troscopy (EDS) were also used to deter-
mine the distribution of promoters. The
characteristics of the catalysts were corre-
lated with their catalytic performance for
the formation of mixed alcohols. Fresh
K.CO;/MoS; catalyst was also compared
with the one aged in atmosphere.

EXPERIMENTAL
Catalyst Preparation

The catalysts were prepared by methods
similar to those outlined by Dianis (/7).
Briefly, MoS, was prepared by the thermal
decomposition of (NH4),MoS, in flowing
helium at 773K for two hours. The MoS;
was ground together with 17 wt% K,CO; in
a glass mortar to obtain the fresh catalyst
(K/Mo = 0.5). The oxidized catalyst was
also prepared by exposing the fresh catalyst
to the atmosphere during the period of 13
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weeks. Results of XPS and IR analysis of
oxidized catalysts showed characteristics
identical to those observed in the previous
work (16), such as the oxidations of Mo(IV)
to Mo(VI) as well as S*~ (sulfide) to S~
(sulfate). The K,0,-, K,S-, KCl-, and
K;S0,4-promoted MoS, (K/Mo = 0.5) were
also prepared by the same method for
K,CO3/MoS; catalyst to study the role of K
on MoS,.

Methods of Characterization

The characterization of physicochemical
properties of a heterogeneous catalyst that
is to be correlated to their catalytic activity
requires several techniques. The character-
ization methods of the catalyst employed in
this study are SAES for surface chemistry
and composition, EDS/EPMA for bulk
composition and distribution, SEM for
morphology, and XRD for bulk structure.

The techniques of scanning electron mi-
croscopy (SEM, Philips SEM 515) and
scanning Auger electron spectroscopy
(SAES, PHI 590 SAM system, lateral reso-
lution about 1000 A) were used for the char-
acterization of the catalyst topography as
well as a laterally resolved composition of
the surface. It should be noted that the
““‘Auger maps’’ could be correlated with
corresponding features in the surface to-
pography. The quantitative evaluation of
the surface composition from SAES data
was achieved by recording the peak-to-
peak amplitudes of the respective elements
and by using the corresponding sensitivity
factors (/8).

Energy-dispersive X-ray spectra (EDS)
were obtained with an EDAX PV 9100 mi-
croanalyzer. Samples were mounted on
graphite stubs and approximately 300 A of
gold was sputtered onto catalysts to ensure
an adequate conductivity. Also the distri-
bution of potassium promoter on the sam-
ples was examined by Hitachi HSM-2B
electron probe microanalyzer (EPMA).

Infrared spectra were recorded with a
Perkin-Elmer 1800 FT-IR double beam
spectrometer on KBr pellets containing
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0.5-1.0 wt% of catalyst sample powder. All
spectra were determined by the averages of
16 individual scans made at room tempera-
ture with a resolution of 4.0 cm™'.

Catalytic Reaction

The catalytic reaction was carried out in
a tubular down flow fixed-bed reactor at
CO/H, = 1.0, 573 K, 1.5 MPa, and a con-
tact time (W/F) of 7.2 g-catalyst h mol™'.
Nitrogen served as an internal standard for
the calculation of activity. Procedures to
test catalyst performance has been de-
scribed in detail elsewhere (19).

RESULTS
Surface Characterization

The scanning electron micrographs
(SEM) of fresh and oxidized catalysts be-
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fore and after reaction are shown in Figs.
la-4a with a low magnification. The mor-
phological differences among these samples
are not evident yet. The catalyst samples,
however, show irregular shapes with differ-
ent sizes, and contain considerable amount
of agglomerates and plate-like crystallites.
Superficially, the effect of alkali addition to
the catalysts dose not appear in all samples.
The lateral distributions of the elements
Mo, S, and K over the same region of the
catalyst sample as examined by SEM (Figs.
la—4a) are shown in Figs. 1-4 (b-d) as
‘‘Auger maps’’. Note that the brightness is
a relative measure of the local surface con-
centration, i.e., dark regions represent low
concentration of the respective element. As
expected, the fresh catalyst prepared by
mechanical mixing of MoS, and potassium
carbonate contains little K on the catalyst

Fi1G. 1. “*Auger maps”’ illustrating the lateral distributions of the elements Mo (b), S (¢), and K (d)
over the area of corresponding SEM image (a) for the fresh K,CO;/MoS; catalyst before reaction.
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FIG. 2. **Auger maps’’ illustrating the lateral distributions of the elements Mo (b), S (c), and K (d)
over the area of corresponding SEM image (a) for the fresh K,CO;/MoS; catalyst after reaction.

surface (Fig. 1d). After the reaction of CO
hydrogenation the Auger map for K in Fig.
2d reveals that potassium now covers the
MoS; particles more uniformly than before
the reaction.

For the oxidized catalysts (Figs. 3 and 4),
little difference is noticed before and after
reaction. These maps represents that the
surface of MoS; contains relatively little K
for both cases. To illustrate the inhomoge-
neous lateral distribution of various ele-
ments, a series of typical Auger spectra ex-
amined for two catalysts are reproduced in
Fig. 5. The fresh catalyst (Spectrum a)
showed Auger peaks only due to Mo and S.
After reaction (Spectrum b), K peak
emerges and Mo peaks are reduced in their
intensities. It indicates that the K, not ob-
served before reaction, now appears and

covers some of Mo atoms on the catalyst
surface. Specta ¢ and d of Fig. 5 obtained
from oxidized catalysts show that some ox-
ygen and a little potassium are present. Es-
sentially no carbon signal was found with
the Auger spectra, and hence K,CO; most
probably had decomposed into K;O and
CO; under the influence of the electron
beam during Auger experiment.

Table 1 compares these near-surface
composition obtained from AES (probing
depths of about 20-40 A) with those ob-
tained from EDS (probing depths of a few
micrometers) and chemical analysis (bulk
composition). The general trend listed in
Table 1 for the fresh and oxidized Mo§S; cat-
alysts is the increase in the relative concen-
tration of K examined by the above tech-
niques with increasing probing depth. The
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FiG. 3. “*Auger maps’" illustrating the lateral distributions of the elements Mo (b), S (¢}, and K (d)
over the area of corresponding SEM image (a) for the oxidized K,CO:/MoS. catalyst before reaction.

TABLE 1

Relative Weight Concentrations of the Mo, S, and K
Components in Fresh and Oxidized K,CO,;/MoS, Cat-
alysts as Determined by Chemical Analysis (CA),
EDS, and AES

Fresh catalyst Oxidized catalyst

Mo S K Mo S K
Before reaction
AES 523 475 0.2 S1.1 48.4 0.5
EDS 46.1 447 9.2 50.7 42.6 6.7
CA 49.3 38.0 (2.7 50.4 353 4.3
After reaction
AES 447 49.1 6.2 542 445 1.3
EDS 42.8 46.7 10.5 57.0 39.6 34
CA 50.5 36.8 12.7

36.7 12.8 50.5

Note. All concentrations are normalized to 100%
excluding oxygen and carbon.

most significant difference between these
catalysts lies in the marked surface enrich-
ment of K in the fresh K;CO;/MoS, catalyst
after the reaction of CO hydrogenation,
thus revealing that this element is dispersed
on the MoS, surface during the course of
reaction. The oxidized catalyst samples in-
dicate that most of the K remains in subsur-
face regions both before and after the reac-
tion.

Bulk Characterization

X-ray energy dispersive spectroscopy
(EDS) and electron probe microanalysis
(EPMA) were used to provide further infor-
mation for the concentration profiles of al-
kali promoters on the catalyst surface (/5,
20, 21). Both techniques use a focused
beam of electrons to excite characteristic
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FiG. 4. **Auger maps™’ illustrating the lateral distributions of the elements Mo (b), S (¢), and K (d)
over the area of corresponding SEM image (a) for the oxidized K,CO;/MoS, catalyst after reaction.

X-rays within the top 1-4 um layer of the
sample, and therefore the indicated compo-
sitions may refer to the concentrations of
bulk region. Typical X-ray spectra (‘‘X-ray
map’’) with corresponding SEM micro-
graphs are shown in Figs. 6, 8, 10, and 12.
Scans of each element along the central
horizontal line of the micrographs are pre-
sented in Figs. 7, 9, 11, and 13. The inho-
mogeneity of K distribution on the catalyst
surface was observed for the fresh K,CO;/
MoS, before CO hydrogenation, while a
uniform dispersion was observed after the
reaction. For the oxidized K,CO;/MoS;
the corresponding potassium X-ray map
showed more inhomogeneous dispersion of
K with some agglomeration both before and
after the reaction.

Catalytic Reaction and IR Measurements

In order to obtain better understanding of
the chemical nature of potassium under the
reaction conditions of syngas, the various
potassium salts having different thermal
stability and electron affinity were added to
MoS;. Potassium sulfide (K;S), potassium
peroxide (K;0;), potassium carbonate
(K,COQ;), potassium chloride (KCl), and po-
tassium sulfate (K,;SO,4) were employed as
alkali promoters for this study. The K,O,
were prepared by the thermal decomposi-
tion of superoxide (KO,) in flowing helium
at 673 K (22).

The alkali promoter may be added to
MoS; by either physical mixing or solution
impregnation (/, 2). In our previous works
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F1G. 5. Typical Auger electron spectra observed for the areas of corresponding SEM images (same
areas as in Figs. 1a—4a) of the surface of fresh and oxidized catalysts before and after reaction: (a)
fresh catalyst before reaction, (b) fresh catalyst after reaction, (c) oxidized catalyst before reaction,

and (d) oxidized catalyst after reaction.

(8, 16) both methods yielded catalysts
showing the same activity and selectivity in
the reaction. Catalyst performance was es-
sentially independent of the method of al-
kali addition in qualitative agreement with
the results of others (5, 6).

Figure 14 shows the changes in the total
activity and selectivity to alcohols with
time on stream over various alkali-
promoted catalysts. In the cases of K,S-,
K;0,;-, and K,CO;s-promoted MoS,, total
activity decreased monotonously, while al-
cohol selectivity increased drastically with
the time. Although the deactivation rate
was not exactly the same for all of these
catalysts as shown in Fig. 14, the similar
patterns for the alcohol selectivity vs the
time on stream were evident. It is a typical
effect of alkali promotion for mixed alcohol
catalysts and the suppression of hydrogena-

tion ability has been identified as a major
effect of alkali-promoters for CO hydroge-
nation over transition metal catalysts (23).
This modification of total activity and alco-
hol selectivity with respect to time indi-
cates that the nature of the catalyst surface
may have been significantly altered during
the course of reaction. However, K,SO,-
and KCl-promoted MoS, catalysts show
lower selectivity for alcohol formation. It
suggests that the selectivity for alcohol for-
mation strongly depends on the counter an-
ion of the potassium salts employed in this
study. The ineffectiveness of SO3~ and Cl-
in the alcohol synthesis might be due to the
stability of these anions as reflected in their
thermal stability and strong electron affini-
ties (24, 25).

Here one must consider the possibility of
hydrocarbon formation resulting from the
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FiG. 6. Electron probe microanalysis of the fresh catalyst before reaction (magnification 500x): (a)
SEM image, (b} Mo, (¢) S, and (d) K.

alcohol dehydration on the acid sites. It is
reported that the addition of K,CO; largely
reduces the activity by poisoning the acid
sites on the catalyst, while increases the se-
lectivity for the alcohols (/4). In order to
check this possibility, Table 2 compares the
oxidized and fresh K,CO;/MoS, catalyst at
similar CO conversions and under the same
reaction conditions. The selectivity pat-
terns of the two types of K,COs/MoS; are
markedly different from each other, indi-
cating that hydrocarbon formation over ox-
idized K,CO;/MoS, is not a result of the
secondary dehydration reaction of alcohol
intermediates due to increased CO conver-
sions, but an intrinsic property of the cata-
lyst.

The chemical states of the fresh and oxi-

dized K,COs/MoS, catalysts were investi-
gated by means of IR and XPS in the pre-
vious work (16). The oxidized K,CO;3;/MoS,
catalysts contained sulfate species with the
structure of point groups 7T, and C,,,
whereas the fresh K,;C03/MoS; had a pair
of strong absorption bands at 1400 and 1653
cm~! which were assigned to carbonate
species. The additional information for the
carbonate species was obtained from the
FT-IR spectra of K,S-promoted MoS; cata-
lysts in Fig. 15. Note that K,S is a com-
pound without oxygen and carbon atoms.
The IR spectra of K,S/MoS, before and af-
ter the reaction of CO hydrogenation are
shown in Fig. 15 along with the spectrum of
K,S. Obviously, spectrum ¢ showed two in-
tense bands appearing in the region of 1650
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F1G. 7. Concentration profiles obtained by an elec-
tron probe microanalysis of the elements Mo (a), S (b),
and K (c) (scans were made along horizontal line for
the fresh catalyst before reaction).

and 1400 cm ! at the expense of the charac-
teristic band related to the K>S component.
These bands were also observed by Yuh
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and Wolf (26) in their FT-IR spectra of po-
tassium catalyst for the reaction of coal
chars and carbons. They found that the
bands appeared at the same frequencies as
those for pure KHCO; in pure, carbon im-
pregnated, devolatilized, and partially gasi-
fied forms. These bands were assigned to
the bicarbonate-like species formed by the
participation of C-O-K bonds as well as
C-0O-H bonds. The K;0;-promoted MoS,
catalysts also showed two characteristic
bands at 1650 and 1400 cm~!. Hence the
two IR peaks appear to be a common fea-
ture of all active catalysts for alcohol syn-
thesis. In contrast, no such bands appeared
in the case of catalysts producing mostly
hydrocarbons, such as, K,SO4 and KCI-
promoted MoS; catalysts, and oxidized
K2C03/MOSZ.

DISCUSSION

Fresh Potassium-Promoted MoS- as an
Alcohol Selective Catalyst

Fresh K,CO:/MoS; catalyst prepared by
the mechanical mixing showed that the

TABLE 2

Performance of Fresh and Oxidized
K,COi/MoS, Catalysts®

Catalyst

Fresh Oxidized
CO conv. (%) 12.6 15.5
CO, yield (%) 5.0 5.4
Carbon atom selectivity (%)
C, 21.6 28.2
Css 7.9 59.6
S(HC)» (29.5) (87.8)
MeOH 32.5 8.6
EtOH 30.6 2.6
C,. OH 7.4 1.0
2(Alc)y (70.5) (12.2)
C,+/C, ratio
HC 0.37 2.11
Alc 1.17 0.42

« Reaction conditions: 300 K, 1.5 MPa, H./
CO = 1. W/F = 8.0 g-cat - h/mol, and 300 min
time-on-stream.

# Subtotal of each product component.
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FiG. 8. Electron probe microanalysis of the fresh catalyst after reaction (magnification 500x): (a)
SEM image, (b) Mo, (c) S, and (d) K.

potassium distribution is inhomogeneous
(Figs. 1 and 6) as expected. After CO hy-
drogenation reaction, however, the catalyst
achieved a fairly uniform distribution of po-
tassium as examined by AES and EDS
(Figs. 2 and 8). Due to the characteristics of
these techniques, the distribution detected
should be in the region near the surface.
The addition of high concentration of alkali
compounds to MoS; is generally known to
promote the formation of alcohols. The
high content of the promoter on the catalyst
surface necessary to achieve the high alco-
hol selectivity may suggest the formation of
an alkali overlayer or a surface compound
on MoS, (5). Also, the induction period
when the products change from hydrocar-

bons to alcohols may be the time required
for the spread of alkali promoters onto the
MoS; surface. The dispersion of a solid
over another solid is a spontaneous process
known for many other solid-solid systems
(27). Perhaps with this amount of alkali on
the surface, the weaker interaction of mo-
lecular CO with the overlayers results, and
thus its direct hydrogenation dominates
other reaction paths involving dissociation
of CO. Then, the reaction to form alcohols
might occur on the alkali overlayer not on
MOSz.

Kennou et al. (28, 29) have reported the
change of cesium coverage on MoS,. At
low coverage, Cs predominantly forms ion-
ized isolated adatoms as does on metals and
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F1G. 9. Concentration profiles obtained by an elec-
tron probe microanalysis of the elements Mo (a), S (b),
and K (c) (scans were made along horizontal line for
the fresh catalyst after reaction).

other semiconductors. At medium and high
coverage, however, Cs forms clusters on
MoS; in contrast to the uniform dispersion
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observed on metals and other semiconduc-
tors (28). With such high loadings of potas-
sium on Mo$S; catalyst, it is presumed that
the state of potassium is either potassium
clusters or a salt-surface complex. IR
study indicates the presence of a salt-sur-
face complex involving C-O-K bonds,
which appears to be the active species for
the alcohol formation. It is quite under-
standable since any known compounds of
potassium including bulk K,O are not stable
under the reaction conditions studied in this
work. Similar salt-surface complexes have
also been postulated for the copper (20) and
iron (30) catalysts. This complex was not
detected for KCIl- and K,SO4-promoted
MoS, in contrast to K,CO;-, KO-, and
K;S-promoted MoS;. The ineffectiveness
of catalysts containing Cl~ and SO3 ™ anions
might be due to the strong electron affinity
and thermal stability of these compounds;
namely, they can not exist as a basic spe-
cies to dope MoS;. Indeed, the marked in-
homogeneities of potassium distribution
were detected by means of EDS for the
KCIl- and K,SO,4-promoted MoS, after reac-
tion (Fig. 16). It appears that the high dis-
persion of potassium in this alcohol selec-
tive catalysts has been resulted from the
basic species produced by removing
counter anions of alkali metals under the
reaction conditions. The species may be
highly mobile under the reaction conditions
of CO hydrogenation.

The alcohol selective catalysts contain a
bicarbonate-like salt—surface complex in-
volving C-O-K and C-O-H bonds which
exhibits the IR frequencies at 1400 and 1650
cm~! (Fig. 15¢). Considering the normal
molecular frequencies of terminal CO
(1950-2130 cm™') or bridged CO (1850-
1950 cm™"), the low molecular frequencies
of CO observed in this study may reveal an
interaction between CO and potassium or
other metal (37). It could be an indirect
metal to K-CO interaction resulting in a
bent configuration (32) or a direct interac-
tion between K and CO involving overlap
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F16. 10. Electron probe microanalysis of the oxidized catalyst before reaction (magnification 500X ):
(a) SEM image, (b) Mo, (¢) S, and (d) K.

of the molecular orbitals as suggested by
Sachtler et al. (33). Indeed, the decrease of
CO in the frequencies by 300-600 cm™' is
commonly observed in many organometal-

As shown, CO and H ligands will occupy
coordination sites on the MoS, (M) with K
bound to the oxygen of CO (I). The next

lic compounds (33, 34). Assuming the bent
configuration of metalM)-CO-K (32), a
reaction scheme based on CO insertion to
form alcohol compounds can be proposed:

(1

R-CH,OH

step is a migratory insertion of CO and al-
kyl R to form an acyl intermediate (II). This
step is one of the most commonly observed
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F1G. 11. Concentration profiles obtained by an elec-
tron probe microanalysis of the elements Mo (a), S (b),
and K (c) (scans were made along horizontal line for
the oxidized catalyst before reaction).

elementary steps in organometallic chemis-
try of d-block metals (35). It is believed that
the coordinated CO lies in an environment
of high kinetic lability under reaction condi-
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tions. The role of K here is very similar in
nature to that of a Lewis acid in migratory
insertion reactions on transition metal com-
plexes. Butts et al. (36). proposed that the
Lewis acid promoted these insertions (up to
50 times in rate) by binding the more basic
oxygen of the acyl carbonyl group and per-
haps by the stabilization of the unsaturated
intermediate acyl complex. Such a role of
intermediates and promoter has also been
proposed by Sachtler ez al. (33) in heteroge-
neous catalysis as well. It may provide a
detailed elucidation of the proposition by
Santiesteban et al. (6) that the indispensa-
ble presence of the alkali promoter is due to
the bifunctionality of the catalyst, such
that, the promoter activates CO and MoS,
activates H,.

Although there still exists a controversy
whether CO insertion process is chain ter-
mination step (23, 37) or chain propagation
step (38), it is generally agreed that the for-
mation of higher alcohols requires the in-
sertion of undissociated adsorbed CO into a
CiH, species which is generated by CO dis-
sociation. Thus, Tacheuchi and Katzer (39)
have suggested that higher alcohol synthe-
sis catalysts must associate the C-O bond
only at a moderate rate so that the catalyst
surface contains both undissociated ad-
sorbed CO and surface carbene species for
the bimolecular insertion.

Oxidized Catalyst and Its Oxidation
Mechanism

The AES, EDS and chemical analysis of
K;CO3/MoS; catalyst oxidized in the atmo-
sphere indicate that most of K remains in
the subsurface regions of the catalysts both
before and after the reaction (Table 1). This
highly inhomogeneous distribution of K be-
tween surface and bulk may be understood
if the promoter formed large aggregates.
Another possibility is that the parts of the
potassium adatoms may have diffused into
the subsurface regions of MoS,. The cata-
lyst showed enhanced catalytic activity and
selectivity to hydrocarbons rather than to
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F1G. 12. Electron probe microanalysis of the oxidized catalyst after reaction (magnification 500x ):

(a) SEM image. (b) Mo, (c) S, and (d) K.

alcohol as observed for fresh K,COs/MoS,
catalyst.

In IR studies, the peaks at 1650 and 1400
cm™! appeared in all the active alcohol syn-
thesis catalysts, such as, fresh K,COs- (16),
K>S- (Fig. 15) and K,;O,;-promoted MoS,
catalysts, but no detectable peaks were ob-
served for the hydrocarbon synthesis catal-
ysis such as oxidized K,;CO;/MoS,, and
K,>CO4/MoS; and KCI/MoS,. Papageorgo-
poulos (40) reported that although MoS,
was extremely inert to O; adsorption, the
presence of Cs caused a drastic increase in
the adsorption of oxygen. He also found
that the parts of the Cs adatoms diffused
into the subsurface regions of MoS,.

Recently, there has been growing inter-
ests in the catalytic action of alkali metals

on the oxidation of semiconductors (47—
43). The alkali metal film can be deposited
on the semiconducting surface prior to or
simultaneously with the exposure of the
surface to oxygen. These two procedures
are called sequential adsorption and code-
position, respectively. In both cases the
results are identical: alkali oxides appear on
top of the semiconductor surface. Upon
thermal annealing, massive oxidation of the
substrate occurs by the transfer of the oxy-
gen contained in these alkali oxide films to
the substrate (4/). This mechanism for
thick films has been graphically termed as
the ‘‘sponge’” model (47). The alkali metal
film acts as a “‘sponge’’ for oxygen, forming
bulk-like compounds which transfer the ox-
ygen to the crystal underneath upon anneal-
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with time on stream (activity curves were normalized
for an initial activity of 100%).
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FiG. 13. Concentration profiles obtained by an elec-
tron probe microanalysis of the elements Mo (a), S (b),
and K (c) (scans were made along horizontal line for
the oxidized catalyst after reaction).
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ing. The oxidation reaction is of course pro-
moted by K component deposited onto the F1G. 15. IR spectra of K,S-promoted MoS, catalyst:

surface prior to, or simultaneously with, (a) K,S reference, (b) K;S/MoS; before reaction, and
the oxygen exposure (42). (c) K;8/MoS,; after reaction.
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Fi1G. 16. Electron probe microanalysis of the K,SO,/MoS, catalyst after reaction (magnification
500x}): (a) SEM image, (b} Mo, (¢} S, and (d) K.

Soukiassian er al. (4¢3) found an increase
of the oxidation rate by a factor of 10" in
the presence of one monolayer of cesium
on InP(110) surface. Karolewski and Cavell
(44) investigated the adsorption behavior of
small molecules (O,, H,O, HCOOH, CO,,
CS,) on Cs/MoS; near room temperature by
secondary-ion mass spectroscopy (SIMS).
They found dissociative chemisorption of
the molecules on Cs/MoS; with the excep-
tion of CO,. Furthermore, Cs overlayers
appeared to be responsible for the partial
oxidation of the MoS, substrate by O; or
H,0.

In the previous IR and XPS studies, it
has been found that the oxidized K,CO,/
MoS, have sulfate species with 7, and C,,
symmetry as well as the Mo(VI) state (/6).

From these results and those found in the
similar systems described above (4/-44)
the promoter of the oxidation appears to be
K deposited onto the surface. It has also
been observed that initially, physically
mixed K with MoS, spreads itself onto
MoS, during the oxidation when the sample
was stored in the atmosphere for several
weeks (Compare Fig. 6d with Fig. 10d). A
mechanism responsible for the oxidation of
K,>CO3;/MoS; catalyst can be schematically
proposed, as depicted in Fig. 17. The potas-
sium-oxygen compound introduced to the
MoS, substrate transfers oxygen to the
MoS, substrate, resulting in the oxidation
of Mo(1V) to Mo(VI) and S?* to S¢* states,
and then K atoms diffuse into the MoS,
bulk. Hence, the alkali metal introduced to
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FiG. 17. Schematic diagram of a mechanism for in-
teraction of an alkali promoter and MoS, in the atmo-
sphere at room temperature.

the MoS, acts as ‘‘sponge’” for oxygen in
this process. Furthermore, the diffusion of
K into bulk appears to be the cause of the
autogenous dispersion of K in the oxidized
sample even at room temperature. How-
ever, the exact location of the diffused K
atoms in the subsurface regions of MoS; is
not clear.

The formation of an intercalated bridge
type compound is possible since nonstoi-
chiometric MoS; (Mo;-.S,) can be formed
(45). However, X-ray diffraction results did
not show any expansion of C, axis (002
plane) due to the intercalation. The poorly
crystallized nonstoichiometric MoS; such
as the catalyst sample prepared by the ther-
mal decomposition of ammonium thiomo-
lybdate in this study is characterized by a
small-coherent range of the basal plane

WOO ET AL.

with random stacking of the layers. In any
case, it appears that a part of the K adatoms
diffuse into the subsurface regions of the
highly disordered MoS, and therefore, the
concentration of K on the MoS,; surface is
reduced as shown in Table 1. This will al-
low an electron transfer from the alkali
metal to an empty band of MoS,, resulting
an increase in electron density as well as
the density of states at the Fermi surface,
This effect may cause an increase in the
metal-CO bond strength and for most cases
an increase in the dissociation rate. It is
apparent that the alteration of the chemical
nature of the surface by alkali addition may
lead different reaction paths in the overall
reaction network.

The catalytic activity for the oxidized
K,CO;/MoS, is similar to those observed
over potassium modified iron foils (46) and
nickel crystals (47). The oxidized K,COs/
MoS, catalyst showed enhanced catalytic
activity and high selectivity (>95%) to C,.,
hydrocarbons (16). Praliaud et al. (48) have
shown that potassium acts as an electronic
modifier causing an electron enrichment on
the metallic phase. The electron-rich metal
surface will then increase the bond strength
of electron-acceptor molecule CO and
metal. As the adsorption strength of CO in-
creases, hydrogen will compete less favor-
ably to CO on the adsorption sites. From
the Table 2 it is believed that the selectivity
and C,,/C, ratio (or carbon chain-growth)
for hydrocarbons over oxidized catalyst are
due to an electron donation of K diffused
into the subsurface regions of MoS, rather
than a secondary reaction of alcohols on
the acid site. In this respect alkali metals
that diffused into the oxidized catalysts is
believed to be a classic electronic promoter
as often observed in metal catalysts. It rep-
resents an interesting contrast to the fresh
K,CO+/MoS,, where K atoms actively par-
ticipate in the reaction by providing new
active sites which bind CO molecules. It is
believed to be due to the fact that CO-H,
reaction occurring in a reducing environ-
ment induces a homogeneous dispersion of
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potassium on the MoS, surface which turns
into a bicarbonate-like salt, the active spe-
cies for the alcohol synthesis.

CONCLUSIONS

Experimental study of the role of K in the
K-promoted MoS, was made in the two dif-
ferent environments, namely, atmospheric
and reductive. Experiments were per-
formed with EDS/EPMA, Auger and IR
measurements and catalytic reactions. Two
environments provide the difference in the
distribution of potassium on the MoS, sur-
face and bulk. The K-promoted MoS;
stored in the atmosphere for several weeks
shows that K achieves an autogenous dis-
persion and a part of the K diffuse into the
subsurface regions of MoS,. In this pro-
cess, alkali metal acts as a medium for oxy-
gen supply, or ‘“‘sponge.’” The alkali metal
on the MoS,; under the reductive CO hydro-
genation environment disperses itself uni-
formly on the MoS, surface, forming a bi-
carbonates-like salts which is believed to be
the catalytically active species for the alco-
hol synthesis. All alcohol-selective alkali-
promoted MoS, catalyst presents two IR
bands at 1650 and 1400 cm™! due to the bi-
carbonate-like species, while no such bands
appear in the cases of hydrocarbon selec-
tive catalyst such as KCI- or K,SOy-pro-
moted MoS;.
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