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The use of a monolayer of Mo ions to stabilize and help activate Pt/ AL,O; catalysts is investigated.
The monolayer of Mo is deposited using exfoliated MoS, single molecular layers, which deposit on
the alumina support as a single-layer coating. It is found that the presence of the resulting monolayer
of molybdenum stabilizes the Pt against sintering to at least 800°C. It is also found that the initial
activity for oxidation is enhanced substantially. It is concluded that the Mo monolayer also induces

dispersion of the Pt. © 1991 Academic Press, Inc.

INTRODUCTION

In several earlier articles and patents
(1-7) we have discussed the exfoliation of
MoS, and other disulfides (8, 9) into single
layers (2-6) and the use of these layers to
provide catalyst/promoter/support config-
urations (3-5, 9). As MoS, itself is an im-
portant catalyst for hydrodesulfurization,
and has been shown sulfur-resistant in meth-
anation catalysis, our first efforts (3) were
on studies of how to use the exfoliated MoS,
as the catalyst. However, another use for
the single layers is as a ‘‘glue” to attach
other catalysts to a support, as was earlier
suggested by Yermakov et al. (10) and later
by other researchers (11, 12). They found
that a pretreatment of an oxide support by
molybdenum improved the sintering resis-
tance of a Pt catalyst, suggesting that the
Mo bonded well to the support because of its
ionic character when an oxide, and bonded
well also to the Pt because of d-orbital inter-
actions.

Using single-layer MoS, we have a much
improved deposition method for the molyb-
denum. Specifically, we show below that
the single layers of MoS, tend to deposit
from suspension onto Al,O; as a single-layer
coating. This is expected to provide a better
substrate than one where the Mo is depos-
ited in crystallites (using impregnation). The
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interpretation is as follows: The point of
zero charge (pzc) of MoS, is between 2 and
3. At about pH 7 we observe an attraction
between the MoS, single layers that are neg-
atively charged with adsorbed OH ™ present
on their surfaces (/), and are strongly at-
tracted to the alumina which, with its pzc of
7 or 8, has anet positive charge on its surface
(13). But as illustrated in Fig. 1 and dis-
cussed briefly in Ref. (3), it only requires
one layer of the MoS, deposited on the sur-
face of the alumina to give the suspended
powder a negative charge repelling further
coating by layers of MoS,. Thus quite accu-
rately (although undoubtedly there will be
overlap of layers) we can expect an even
monolayer on the powder. By permitting the
alumina to settle through a suspension of
single layers of MoS, or simply by having
one monolayer of MoS, available to coat
the alumina, we can separate and dry the
monolayer-covered alumina. This was ex-
pected to be a much improved technique
over the Yerkamov technique because it will
provide a homogeneous ‘‘glue’” to connect
the catalyst to the alumina.

This report presents the results compar-
ing the activity and stability of catalysts with
such a ‘‘glue’” with catalysts prepared other-
wise identically but without the exfoliated
MoS, single layers.

To show the strong interaction between Pt
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Fi6. 1. Coating of a monolayer of MoS, on alumina.
The positive charge on the alumina at pH 6.8 attracts
one monolayer, but the surface charge is then negative,
attracting no further MoS,.

and single-layer MoS, which, as discussed
below, apparently leads to a high and stable
dispersion of the Pt, we have made an “‘in-
clusion compound” of Pt in MoS,. These
are compounds where a cation adsorbs on
the single layers, causes the restacking of
the single layers, and is trapped between the
layers (2). In the present study the cation is
positively charged platinum. The inclusions
are monitored by the strong but uniform
expansion or contraction of the MoS, parti-
cles with up to a monolayer of inclusions
between the MoS, layers.

2. EXPERIMENTAL
2.1 Preparation of Exfoliated MoS,

As discussed in detail elsewhere (I, 2)
powdered MoS, (source: 98% powder from
Johnson Matthey) is intercalated with lith-
ium by exposure for up to 48 hours to n-
butyllithium dissolved in hexane. Although
the technique is relatively expensive, for re-
search quantities this procedure provides a
convenient method of intercalation. After
several washes with hexane under an inert
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atmosphere the powder is collected and
dried. The material, which has been shown
to have about one Li atom per Mo atom, is
then immersed in water with suitable agita-
tion, whereupon the reaction

2 Li + 2 H,0— 2 LiOH + H,

generates the gaseous hydrogen that forces
the layers apart. They remain apart because
at pH greater than about 2 (the pzc for the
MoS,) the surface double layer prevents
flocculation. We have made measurements
(14) similar to electrophoresis measure-
ments on the layers which confirm the nega-
tive surface charge. We have also published
a series of studies (2) showing that the addi-
tion of positive charges to the MoS, single-
layer surfaces induces flocculation, further
indication that the negative surface charge
(and the resulting double layer) maintains
the single layers in suspension.

2.2 Deposition of Monolayer MoS, on

It is easily calculated that about 0.3 g sin-
gle-layer MoS, should coat 90 m? (1 g) of the
Alon y-alumina. To test the estimate, 1 g y-
alumina was added to aqueous suspensions
containing an estimated 0.1, 0.2, 0.4, and
0.5 g (=30%) of single-layer MoS, at pH 7.
When the alumina settled, the MoS, suspen-
sion was cleared for the first two samples,
while residual MoS, remained suspended in
the second two cases. This simple experi-
ment provided both the evidence that our
model, that only one layer should adsorb,
is followed, and an empirical value for the
amount of MoS, we should add to form the
monolayer.

For the catalytic study we have deposited
exfoliated MoS, onto the Alon y-alumina of
surface area 90 m*/g and onto a ‘‘fractured”’
alumina obtained by lithiating a porous alu-
mina (Alcan type AA-101) and fracturing
it in water (/5). This treatment of porous
alumina leads to platelets the order of 0.1
wm in width and less than 100 A in thickness
(as estimated from surface area measure-
ments and SEM observations).
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In the Alon alumina case the procedure
was as follows: The pH of the MoS, suspen-
sion was adjusted to pH 6.8 by addition of
HNO,. A value for the total area of the
MoS, was estimated (some is lost during
decanting). Enough Al,O, to provide ap-
proximately the same surface area (0.2 g
MoS,/g AL,0,) is prepared in a suspension
also at pH 6.8 and mixed with the MoS,
suspension. As MoS, single layers are at-
tracted to the alumina parrticles they settle
and the MoS, suspension clears. The liquor
was decanted and the sample washed sev-
eral times to remove the LiOH.

After coating with the exfoliated molyb-
denum sulfide, the coated alumina support
was dried and heated to about 200°C in air.
It was hoped that this treatment would im-
prove the adhesion of the MoS, single layers
to the Al,O; so there would be little ten-
dency to float off during the subsequent
slurry preparation.

In the preparation of the fractured alu-
mina catalyst the porous alumina powder is
mixed with powdered MoS, and both are
immersed in the hexane solution of n-butyl-
lithium. The weight ratio of alumina/MoS,
is 5: 1. In this case the final aqueous suspen-
sion of MoS,/Al,O; is highly basic. The sus-
pension clears (the particles flocculate)
when the pH is lowered to 7. In this case
the reactions can be very complex (/5) dur-
ing the lithiation step and during the immer-
sion in water. The reactions are still under
investigation. The reason for reporting re-
sults using this material is that the platelet
particle shape is considered the best for ob-
taining a high area support for catalysts
based on exfoliated MoS,. Thus we study
the relatively low area Alon alumina to elu-
cidate mechanisms, and we offer results
with the fractured alumina to indicate one
technique to increase the area of Mo-coated
alumina. It has been shown (15) that simple
porous alumina with a large particle size is
not useful as a support for exfoliated MoS, .
We observed that the methanation activity
of exfoliated MoS, on porous alumina is ex-
tremely low, suggesting the reasonable con-
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clusion that the single-layer sheets of MoS,
simply cover the pores, rather than entering
the pores.

The deposition of Pt was carried out using
two different methods, precipitation and im-
pregnation. In the precipitation method, as
is described in detail in Refs. (2, 3), we have
included Pt between the MoS, layers in the
form of Pt(OH)™* simply by raising the pH
of a PtCl, solution to about 7 and mixing
simultaneously the MoS, and Al,O; suspen-
sions with pH 7 PtCl, solution. The resulting
mixture clears and MoS,-Pt-Al,0, floccu-
lates, in a few minutes time. Since the
Pt(OH), tends to precipitate at about pH 10,
we found the final pH, 9.6, was effective in
flocculating the MoS,~alumina platelet sus-
pension.

For Pt impregnation, the support powder
was slurried in a 0.2 M solution of PtCl, (2
cc/g of Al,O,) attempting again to coat the
y-alumina to 1 monolayer. The powder was
dried in air to room temperature. Some
blank samples were also prepared for the
purpose of comparison.

Oxidation of methane at 350°C was used
as the test reaction. The composition of the
gas stream was 4% CH,, 84% Ar, and 12%
oxygen, and the flow rate was 20 cc/min.
One hundred milligrams of the catalyst in
powder form was tested. The yield of CO,
and of methane was monitored by GC.

2.3 Results

Both the Pt-impregnated and Pt-precipi-
tated catalysts were tested for activity and
stability, relative to suitable blanks. For the
results of Fig. 2 the catalyst was heat treated
(“‘annealed”) in methane at various ‘‘sin-
tering’’ temperatures for 5~10 h, followed
by tests of the oxidation activity at 350°C.
Each line represents a single catalyst, an-
nealed to successively higher temperatures.

Between anneals, the activity was mea-
sured typically at -1 h after turning on the
oxygen, and then at 2 h and up to 5h of
reaction time. The results showed a con-
stant activity with time (slowly increasing
generally by up to 5%) unlike recent results
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FiG. 2. Oxidation of methane at 350°C by impreg-
nated Pt. Curves a to ¢ are Pt on ALO;. Curves d and
e are Pt on Mo-coated Al,O;. One hundred milligrams
catalyst is used, containing 5% Pt by weight. Curve ¢
shows the results on a commercial catalyst.

(16, 17). We conclude there is negligible
change in catalyst dispersion at 350°C.
The results in Fig. 2, where the Pt was
deposited by impregnation, include mea-
surements on blanks: (a) Pt/y-alumina (b)
Pt/alumina platelets, and (c) a commercial
catalyst. A fourth blank, not shown because
the activity at 350°C was negligible, was
MoS, on y-alumina. The Pt/alumina blanks
are to be compared to the Pt/MoS,/alumina
combinations, viz: (d) Pt/MoS,/y-alum-
ina, (e) Pt/MoS,/alumina platelets, and (f)
Pt/MoS, with no alumina (not shown be-
cause of its very poor oxidation activity).
The case of Pt/MoS,/y-alumina where the
MoS, was deposited after Pt impregnation
of the alumina was studied but the results
are not shown because it is almost identical
to (d). In Fig. 3 an analogous comparison
is made, in this case using precipitated Pt.
Among all the above catalysts (d) and (e)
showed the highest activity with no decay
of activity to 800°C, while the others showed
a lower activity per gram of Pt and a lower
sintering temperature. Degradation, pre-
sumably from sintering, begins at about
550°C, in agreement with the results of oth-
ers (18, 19). Unfortunately with the Mo
present, sintering of the Pt could not be fol-
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lowed by gas adsorption because Mo ad-
sorbs CO. A measurement of CO adsorption
on a Pt/alumina platelets catalyst (no Mo)
was made, before and after heating the cata-
lyst to 800°C for 16 h. The CO adsorption
was in the ratio Pt/CO = 1/1 initially, but
dropped to Pt/CO = 8/1 after 16 h in meth-
ane at 800°C. The Pt/Mo/Al atomic ratios
are measured by SEM—EDX before their
use as a catalyst.

Figure 4 shows the X-ray powder diffrac-
tion pattern (XRD) of samples of inclusion
compounds at various Mo/Pt ratios. Figure
4(a) represents the XRD of restacked MoS,
with no Pt. Figure 4(b) represents the XRD
for a sample with a Mo/Pt ratio of 44. Here
the two phases of restacked single-layer
MoS, and Pt-included MoS, are both pres-
ent, the latter showing a 56% expansion in
c-spacing. Figure 4(c) shows that a single
expanded-lattice phase is present with a
Mo/Pt ratio of 3.4.

3. DISCUSSION

It should be noted that we use the term
MoS, when we are discussing the single lay-
ers and a single-layer coating before heating.
After heating the catalyst there is no reason
to believe there is still a coherent MoS, film
on the surface, and suggest interaction with
the alumina will break up the film and a
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Fi1G. 3. Oxidation of methane at 350°C by precipitated
Pt. Curves a to c are Pt on Al O;, curves d and e are
Pt on Mo-coated alumina. Pt content 5% by weight.



STABILIZATION AND ACTIVATION OF Pt OXIDATION CATALYSTS

MoS,
002

INTENSITY

(©

002
100
110

C NN WS N AN S N USOP N [ S NN Y SN UMY S I I |

L
0 10 20 30 40 50 60 70 80 90
26 (degree)

F1G. 4. X-ray diffraction pattern of Pt on Mo-coated
alumina prepared by Pt precipitation. (a) No Pt. The
(002 line is at 26 = 14.35°). (b) Little Pt (Mo/Pt = 44
in at.%). There is enough Pt to expand some of the
MoS; crystallites in the c-direction, giving a (001) line
of the expanded lattice at 20 = 9.25°. (c) Mo/Pt = 3.4.
All MoS, particles are totally expanded by about 56%.

better term for the coating is a ‘‘monolayer
of Mo’ without specifying the anion associ-
ated with the Mo.

The results (Figs. 2 and 3) show clearly
the expected degradation of activity starting
at about 650°C reported by others (19, 20)
to be typical of Pt on AL,O; in various gases.
The figures also show the substantially im-
proved stability for the oxidation catalyst
with the monolayer of Mo “‘glue’’ added.
The stability with MoS, present is an obser-
vation independent of the cause of degrada-
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tion in the case of Pt on ALLO;. However,
as mentioned, the temperature range is as
expected for sintering, so we assume that
dominates the degradation. The much
higher activity with the Mo present, as seen
for example comparing curb (a) to curve (d)
in Fig. 2, was unexpected. Unfortunately,
the methane oxidation in this series is too
complex to compare activity of the various
samples on a linear scale. The conditions
were picked to study stability, not activity.
Further studies are needed to quantify the
observed increase in activity.

The observation that the higher activity
per gram Pt is found whether the MoS, layer
is deposited before or after the impregnation
of the Pt, or whether the Pt is introduced by
precipitation, suggests that the presence of
the Mo induces dispersion of the Pt. That
is, the higher oxidation activity of the Pt
(presumably due to better dispersion) could
arise (a) because during impregnation one
obtains a higher dispersion with the MoS,-
covered alumina, or (b) because the pres-
ence of the Mo induces dispersion at high
temperature. In the latter case the disper-
sion would be associated with a strong
Mo-Pt bond that favors the dispersion of
the Pt over the surface. The high activity
found even when the MoS, layer is depos-
ited on y-alumina after the Pt impregnation
(where presumably the Pt is initially in the
form of clusters), suggests the latter is the
case, suggesting a very active role of the
Mo.

The effect in XRD measurements of in-
cluded Pt on the MoS, is so strong as to be
baffling. A 56% expansion of the lattice,
with apparently a very small fraction of a
monolayer of Pt present, is difficult to ex-
plain. It seems clear, however, judging from
the shift of the X-ray line, that the Pt is
strongly bonded to the Mo on the ‘‘basal
plane’” of the MoS,. We suspect from this
and other measurements that the single-
layer MoS, becomes kinked, enabling a
much stronger bonding than would be possi-

ble on the basal plane of single-crystal
MoS,.
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We assume that the higher activity with
the fractured alumina as the support is sim-
ply due to the increased surface area which,
because of the mixing of the powders before
immersing in water, is again evenly coated
with Mo.

4. CONCLUSIONS

We have been able to coat an AL O, sup-
port with Mo ions, providing evidence that
they form a coherent monolayer. Used as a
Pt oxidation catalyst, we find a high stability
against sintering, which we attribute to
strong bonding between the Mo ions and the
alumina on the one side, and the Pt and the
Mo on the other. There is evidence that the
Pt becomes highly dispersed when heated
with a Mo monolayer, the evidence arising
because a high activity is found independent
of whether the Pt is deposited before or after
the Mo monolayer. From experiments with
the Pt forming an ‘‘inclusion compound”
we conclude there is a very strong Pt—-Mo
interaction.
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