Lawrence Berkeley National Laboratory
LBL Publications

Title

HYDROGENATION OF CARBON MONOXIDE ON Mo (100) SINGLE CRYSTALS AND
POLYCRYSTALLINE FOILS

Permalink

https://escholarship.org/uc/item/6v50r2m2

Authors

Logan, M.
Gellman, A.
Somorijai, G.A.

Publication Date
1984-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6v50r2m2
https://escholarship.org
http://www.cdlib.org/

LBL-17952
Preprint €73

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA HAWRENCE

BERKELEYLABODATORY

. g : —_—
4 Materials & Molecular JANCT 1985
E " Research Division bocY D

Submitted to the Journal of Catalysis

HYDROGENATION OF CARBON MONOXIDE ON Mo(100) SINGLE
CRYSTALS AND POLYCRYSTALLINE FOILS

M. Logan, A. Gellman, and G.A. Somorjai

October 1984 fﬁ

. TWO-WEEK LOAN COPY .

~
Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 3) 9)



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL#17952

HYDROGENATION OF CARBON MONOXIDE ON Mo(100) SINGLE- CRYSTALS
AND POLYCRYSTALLINE FOILS

M. Logan, A. Gellman and G.A. Somorjai

Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, and
Department of Chemistry, University of California,
Berkeley, Califonia 94720 USA

ACKNOWLEDGEMENTS: This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Chemical Sciences Division of the
U.S. Department of Energy under Contract Number DE-ACO03-76SF00098.



ABSTRACT

The hydrogenation of carbon monoxide over (100) oriented single crystals and |
polycrystalline molybdenum catalysts producés primarily methane, ethene ahd propene.
The rates of formation of all products were found tb' be the same for both thé (100) single
crystals and polycrystalline foils suggesting tﬁat the reaction is structure ixisensitive. ‘The
dependence of the réte of formation of methane on r.eacf.ant pressure was found to be
r _K P +.32:t.05p +1.0t0.1.. |

CH coO H
mecﬁanism Qf methanation that is different from that on other transition metal

The unusual positive CO pressure dependence points to a

methanation catalysts (Fe, Ru, Ni) althbugh the activation energy for the reaction is
similar, 24 kcal/mol. Addition of K to the surface, at cbverages of less than 0.3 ML, .
increased the overall rate of reaction and enhanced the olefin to paraffin ratio. The
addition of S tb the su_rfac.e decreases the rate of hydrogenation but,‘ for coverages up to

~0.25 ML, increases the ratio of ethene to methane by as much as a factor of 5.



»

INTRODUCTION

Many transition metals have been investigated as catalysts for the hydrogenation of

1’2’3’4. The

CO, but, until recently, very little work had been carried out using Mo
research studies that have been performed however, already point to several interesting
and unique characteristics of Mo catalysts. Workers at the U.S. Bureau of Mines
reportedlthat molybdenum catalysts had high activity for methane production although
not as high as Fe, Ni, Co, and Ru. Saito and Anderson2’3 extended these studies and
reported that Mo metal lost activity rapidly but produced about the same product
distribution as iron. Most recently, Hou and Wisetl have studied the kinetics of methane
formation on MoSz. They found a very low activation energy for the formation of

methane (~7.4 kcal/mol) and the dependence of the rate on reactant gas pressures be

+1 +0.5
T =k P P
CH4 CcoO H2

This pressure dependence is unusual since the rate of CO hydrogenation is usually of
negative order with respect to CO pressure. The purpose of this study is to explore the

catalytic activity of Mo for the CO/H, reaction. By using small area (~1 cmz) single

2
crystals of (100) orientation and polycrystalline foils we were able to determine the
structure sensitivity of the reaction. Our low pressure/high pressure apparatus permits
surface analysis by Auger electron. spectroscopy before and after the experiments. By
adding potassium or sulfur in submonolayer quantities to the surface we were able to

study the influence of these additives on the rates of formation of the products and thus,

the product distribution.



The reaction produced mostly methane, ethene and propene. We found positivé
preésure dependencies of the reaction rate on CO and I-I2

+0.32.41.0
?CH4= kPqg ﬁHz y

‘This poinfs to a reaction mechar_tis'm that is different from th#t found for CO
hydrogenation on many othér transition met#ls (Ni, f’e, Ru.) The reaction proved to be
structure insensitive under our conditions (pressure range (l—lbatm), temperature range
(250—400_°C). Both K and S, when added in submonolayer quantities, inc_reased ‘the olefin

to paraffin ratio.

BXPERIMENTAL

All thé experiments were carried out in an ultrahigh .vacuum (UHV)/Iﬁgh pressure
apparatus designed for combined UHV surface analysis and high preséure reactiou studies
using small surface area catalyst samples. This chamber is equipped with four grid
electroﬁ optics for LERD and AES, Ar+ ion sputtering gun for crystal cleaning,» a
quadrupole mass spectrometer, and a retractable i.nterngl isolation cell that constitutes
part of a microbatch reactor operating in thé 10_2 - 20 atm pressure range. The reaction
cell and the external recirculation loop were connected to an isolatable pressure gauge, a

magnetically driven micropump for reaction gas circulation and a gas chromatograph

o

sampling valve. Hydrocarbon product formation was monitored with HP5793 gas
chromatograph equipped with. a 12' x 178" poropak N column and a flame ionization Y

detector.



»

~ Sulfur coverages were determined by AES as described previously6. Research purity H

The molybdenum single crystals used were obtained from the Materials Research
Corporation and were cut and polished to within ¢ 1° of the (100) face. The crystal was
spotwelded to a rotatable manipulator using a series of Ta and Cu supports, that enabled
the crystal to be resistively heated to ~1900K without significant heating of any other
part of the chamber. Both crystal faces (front and back) were cleaned by repeated oxygen

treatment and annealing until no K, S, C, or O were detected by AES.

For potassium doping studies coverages were calculated using the relative Auger
sensitivities published in the Phi "Handbook of Auger Electron Spectroscopy". Potassium
was deposited in vacuum from a "SAES getters" potassium source mounted 2 cm. from the
sample. Oxygén coverages were determined by AES and LEED as described previouslys.

2
(Matheson grade >99.9995% atomic purity) was passed through a stainless steel coil in
liquid nitrogen before use. Research purity carbon monoxide (Matheson Grade >99.99%
atomic purity) was passed through a molecular sieve trap in a dry ice/acetone bath prior

to use.

In order to perform high pressure experiments the reaction cell was raised, enclosing
the clean or potassium covered single crystal or polycrystalline foil catalyst within the

high pressure loop. The loop was then pressurized with either CO or H,, and the

2
circulation pump started. The second gas was then introduced into the loop over a period
of ~3 min. The reaction rate was independent of the order in which the reactant gases

were supplied. The gases were then mixed for 10 min. and an initial sample was analyzed



by gas chromatography. At this point ﬁhe sample‘ wés heated to the desired reaction
temperature, The reaction temperature was c'ontinuously regulated to mthin + 2K using a
precision Vtemperature controller é.nd .a platmum/platinmﬁ 10% rhodium thermocouplé
spotwelded to one face of the sample. The temperature éalib:ation was caréﬁﬂly'checked

using an isobutane—isobutene_equilibriui:n mixture, as explained in detail preViously7.

Product formation was follow-ed by gas chromatography. Initial reaction rates were
determined graphically from the vinitia_l slopes of I;roduct accumula_tion éu,rves as a |
.function of time and were re'producible fo within vt 5%. Blank experim.ents perfonhed oh
Mo covered with graphitic carbon, formed by heating the crystal in a hydrocarbon
atmosphere at 600°C, showed a low level of catalytic activity, never higher than 10% of

the activity measured using clean Mo at any given reaction temperature. '

After completion of tﬁe high pressure reaction, the crystal was cooled to roofn_
temperature, the loop evaéuated to less than 10—3-1‘01’1‘ using a mechanical pump and a
liquid nitrogen trapped 2" oil diffusion pux‘:ip, and the cell opened to expose the sample fo
UHV.‘ The resulting surface was examined by AES, ar_xd in the case of Mo(100), LEED.

-

RESULTS

The catalytic hydrogenation of carbon monoxide has been investigated on Mo(100)
single crystals and polycrystalline Mo foils. Typical initial turnover frequencies for

methane production were 0.11 at 300°C, CO/H, = 0.33 and 4700 Torr total pressure and

2



0.011 at 275°C, CO/H, = 0.02 and 1320 Torr total pressure. We have defined turnover

2
frequencies (product molecules / atom e second) using the surface atomic density of
Mo(100) (1.0x1015 Mo atoms/cmz). No correction has been made for the fact that Mo
polycrystalline foil is not composed entirely of the (100) face. Using this definition no
differences in either rates or product distributions have been observed between single
crystal or polycrystalline surfacéé. Thus the reaction does not appear to be structure
sensitive. A characteristic product accumulation curve is shown in Figure 1. The duration
of the reaction vafied from 30 min. to 24 hours, but in general reactions were stopped
after 4 hours. Typical product distribtutions for the hydrogenation of CO are shown in
Figure 2. An interesting characteristic of the CO hydrogenation reaction on Mo is its high
selectivity towards olefinic products under our low conversion (2 196) conditions. At a
CO/H, ratio of 1/2 the rate of formation of ethene is 4-6 times greater than that of

2
ethane. Of the three carbon containing products, propene is observed almost exclusively.

The activation energy for methanation on Mo was found to be 24 t+ 1 kcal/mole (see
Figure 3) similar to that found on Ni, Rh, Ru, and F88,9,10. The activation energy for
ethene production was found to be 23 + 1 kcal/mole (Figure 4). The dependence of the
methanation rate on the pressures of the reactant gases was determined by varying the

partial pressure of each reactant gas while maintaining a constant total pressure and

temperature, using nitrogen or argon as a buffer gas. The observed rate law for

- methanation (see Figure §) is given by: .
+0.32 _+1.0
c,**Fco 'g,



In an attempt to produce longer chain (2 YC 3) hydrocarbons via secondary reactions,
ethene was added to the reactant gas mixture. The primary result of this addition was the
hygir'ogenation of ethene to ethane, while no production of longei' chain hydrocarbons was
observed. Ihus, it appears that the propene produced is not the‘result of ethene reacting
with CHx fragments on the surface. Deéctivation of the surface was observed when the
catalysts were pretreatevd by dosing with_» cyclohexene at_600°C. When the surface was
completely covered Sy multi-layers of carboh, as determined by Auger électron v |
spectroscopy (AES), the rate of methanation was no more than ~10% of the clean mef,hl

catalyst. In other experiments'reactions could be stopped as deactivation was taking

place and in these cases submonolayer amounts of carbon were detectable on the surface -

after fla;hing the sample up to reaction temperatures under UHV conditions and noting
the production of methane. More studies of deactivation to quantify these observations

are planned in the future.

Studies were performed to determine the effect of alkali doping on thé catalytic
activity and seléctivity. Pigure 6 shows the reaction rate as a function of potassium
coverage, fpr CO/H2 =1/2 at'a -total pressure of 6 atm. and a temperé,turé of 3‘00°C. For

~ low coverages of potassium (6-K~.15 ML) a rate enhancement was observed on Mo foﬂb

samples. In addition, the product distribution shifted towards olefinic products. We see a-

factor of 4 increase in the rate of formation of ethene while the rate of formation of
methane and ethane remain virtually unchanged. At higher potassium coverages the total
activity declines, signifying that the active sites for the reaction were partially blocked

by over ~.25 ML of K.

ro



~ During the course of some of the reactions the surface was inadvertently
contaminated by up to 0.5 ML of sulfur, as detected by AES after the reaction. In these
circumstances it was noted that for a sulfur coverage of ~0.25 ML the rate of methane
formation was attenuated by a factor of ~5 while the alkene production rate remained

essentially unchahged relative to those rates observed on the clean Mo surface (see Figure

n.

DISCUSSION

Under our conditions for CO hydrogenation, Mo(100) crystals and Mo polycrystalline
foll produced primarily methane, ethene and propene. This is unusual when compared to
the product distribution over other transition metals that produce either solely methane
(N1) or a distribution of higher molecular weight paraffin products (Fe, Ru, Co) that form

9,10,11,12,13

by a chain growth mechanism. Only Rh metal foils produce C, - C

1 3
hydrocarbons exclusively under these experimental conditions.

The selectivity of the reaction on Mo showed a high proportion of olefinic products.
This indicates that Mo is a poor hydrogenation catalyst. The hydrogenation of carbon
monoxide on Mo produces very few hydrocarbons longer than three carbon atoms. This
and the high alkene to alkane ratio leads us to conclude that the rates of carbon-carbon
and carbon-hydrogen bond formation reactions are slow relative to the desorption rates of

small hydrocarbons on Mo.



The positive power of rate dependence on the pressure of CO pressure is unusual as

the methanation rate has a negative order dependence on CO partial pressure over Ni, Fe,

Ru and Co.9’10

Thus, on Mo the adsorption of CO does not inhibit the hydrogenation rate
as it does on other tr#nsition metals. This may be explained by a mechanism similar to
that proposed by Sinfelt14 and later modified by Vannice.'15 In terms of this model the

rate determining step is the final hydrogenation of the CO-H surface complex to rupture

2
the C-O bond and all steps proceeding it are in quasiequilibrium. The following set of -

elementary steps was proposed.

5

COs' CO(ad) | I
He' H,d : @
CO(ad) + H2<ad)<§~3 CHOH(ad) o m
K, - -
' CHOH(ad) + Y/2 H,(ad) & CHy(ad) + H,0 IV
CHy(ad) + H,8°* CH v

4
If the surface is covered predominately by a strongly adsorbed CHxOH species; whose

- surface coverage can be approximated by

. 10



and where hydrogen is relatively weakly adsorbed then the rate of formation of methane

is given by
~ N-y/ N
cr,” * P co p H,
Then forourcase N=1and y = 1 would lead to a rate expression of the form
+.5 _+1.0
cu,® Fco FH,-

It should be remembered that this mechanism for CO hydrogenation was first proposed by

Kummer and Emmett in 1'953.16’17

It should be noted however that inspite of the different reactibn mechanism that is
proposed here, based on the unﬁsual CO partial pressure dependence of the rate, the
activation energy for methane formation is 24 kcal/mole, very similar to that found on
other transition metals. In fact the similar activation energy for ethane formation

indicates that this hydrocarbon is formed by a similar mechanism to that for methane.

The ‘production of ethene or propene can occur by the carbonylation of CHx or CZHx
fragments and their subsequent hydrogenation and dehydration by reaction steps similar to
those proposed for methane formation. It should be noted that carbonylation is usually
the chain terminating step in CO hydrogenation as was shown for rhodi_um compound
catalysts recently. To test this possibility ethene was added to the reaction mixture in
the hope that propene or other higher molécular weight hydrocarbons would be produced.

However, we found the ethene was either hydrogenated to ethane or did not

11



react. This observation leads us to conclude that carbonylation is either a slow process or

does not occur under our reaction conditions.

The hydrogenation of carbon monoxide over Mo surfaces is structure insensitive under
our reaction conditions. This is indicated by the fact that rates and selectivities over
foils and single crystal surfaces are similar. The vstructure insensitivity of most

: Fischer-'l‘ropéch catalysts has been used to support the' model that the reaction takes

place on top of a carbidic'overlayert

Our studies on carbon coverage and its relation to a catalyst deactivation revealed
that the reaction probably takes place on top ofsa carbidic overlayer. This overlayer will
deactivate by forming graphite on the surface and block the reaction sites. 'We found"that
with higher temperatures or higher partial pressures of carbon monoxde the rate of this

deactivation process increased.

In an attempt to study the catalytic activit§ of molydenum oxide we produced a -

- surface layer of MoO using the procedure described by Zhang et al. S Reactions ‘

| performed over these surfaces exhibited the same rates and product distributions as those
on clean surfaces. Auger spectra taken after the reaction indicate that the surface was
reduced rapidly during the hydrogenation, suggesting that again the observed reaction

takes place on a carbidic overlayer on the metallic surface

Alkali doping of many metal surfaces facilitates carbon monoxide' dissociation into
carbon and oxygen.la’ 19 It has been proposed that this is caused by lowering the dipole
component of the work function at the surface thereby increasing back-donation of metal
electrons into the CO 27* antibonding or‘nit.al.18 At reaction temperatures this

accelerates the dissociation of CO, leading to higher coverages of carbon and oxygen on

12



the surface. Assuming that hydrogenation is the rate limiting step in the production of
saturated hydrocarbons, K doping of the surface will increase the relative rate of

20’21, as we have observed. Our observation of the

production of unsaturated hydrocarbons
K promotion effect differs from the work of A.]. Bridgewater et 3,1.22 on supported Mo
catalysts. Under reaction conditions similar to ours Bridgewater et al. found that doping
of Mo caté.lysts with K to 17 atomic percent results in a 20-fold reduction in activity. It
is possible that this discrepancy is caused by the segregation of potassium to the surface
of the supported catalyst. This might be expected given the relative surface free energies
of Ks 397 dyne/cm18 and Mos (1900 cyne /t:tn)23 Since Bridgewater et al. give data for

one particle size and do not use a surface sensitive spectroscopic technique such as AES,

it is not possible to determine the surface concentration of K on their catalyst.

The addition of S to the surface increases the olefin to paraffin ratio. We can
rationalize our observation in terms of a selective blocking of H2 adsorption sites. The
work of ClarkeM had shown that CO adsorption on the Mo(100) surface is blocked

completely at suifur coverages of 0.5 ML. Other work in this laboratory shows that H2

adsorption is effectively blocked b§ ordered S overlayers at coverages as low as 0.25

25,26

ML If sulfur preferentially inhibits H, adsorption then its presence on the Mo

2
surface will result in a decreased hydrogen to carbon ratio in the surface. Although there
will be an overall decrease in reaction rate, the olefin to paraflfin ratio should increase, as

observed.

13



CONCLUSIONS

The hydrogenation of CO on Mo surfaces in the pressure.range of 1-10 .atm and
temperature range of 250;400°C primarily produces methane, ethene and propene. The
reaction rate exhibits positive order in CO pressure for CH 4 formation._unlike other
methanation catalysts. The reaction also produces a large fraction of ethene avnd‘propene
instead of saturated hydrocarbons as observed for other transition metal catalysts (Fe,
Re). The addition of K to the surface, at low coﬁerages causes an increase in the overall
rate and a shift in selecvtvitiy towards uﬁsaturated pfoducts. This has been explained in
terms of an eiectron.ic effect by‘ whic-h K i.nduceé backdonation of electrons into the CO
21* orbital increasing the ei:nount on CO dissociation on the surface. The addition of S to
the surface, on the other hand, causes a decrease in the overall rate but agein en.i.ncrease :
in the fractien of unsaturated producfs. This has been explained in terms of selective

adsorption site blocking, preferentially reducing the amount of hydrogen on the surface.
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FIGURE CAPTIONS

Figure 1 Product accumulation in closed loop, batch reactor.

Figure 2 Product distributions from CO hydrogenation over four different

catalysts. The distributions for Rh and Fe(lll) are taken from
Refs. 8 and 10 respectively.

Figure 3  Arrhenius plot of CH, production rate vs. Tk

Figure 4 Arrhenius plot of C

,H, production rate vs. 1.

Figure § formation of CH4 vs. partial pressure of each reactant.

The resulting rate expression has the form

+0.32 _+1.0
g ~XPco Py

4 2°

Figure 6 Rates of product formation vs. K coverage.

PBigure 7 Rates of product formation vs. S coverage.
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