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Temperature-programmed desorption (TPD) of coadsorbed Hz and CO was used to detect the 
presence of a H-CO complex on a Ni/A120, catalyst, and isotope labeling was used to separate 
adsorbed species that were present on separate sites. The surface complex was shown to be present 
on the AIrOr support and to have the stoichiometry of methoxy (H/CO = 3). The complex formed 
through an activated process carried out at 385 K. Much more CO and Hz adsorbed at 385 K than at 
300 K. Both CO and H2 adsorbed on the Ni, after which they transferred to the ALO,; activated 
adsorption of Hz appeared to limit the transfer. At high coverage, a new CO desorption state was 
detected on the Ni surface. During TPD following CO and Hz adsorption at 385 K. decomposition 
of the complex limited formation of CO and H1. During temperature-programmed reaction (TPR). 
the two CH., peaks previously reported (Glugla ei ul. 1988) are shown to result from two forms of 
adsorbed CO: on the Ni surface and on the AlzOi as a complex. Hydrogenation of the complex is 
limited by its decomposition, which is slower than CO hydrogenation on Ni. Good agreement is 
shown between TPD and TPR. V, 1989 Acadcmx arc\\. IK. 

INTRODUCTION 

The temperature-programmed reaction 
(TPR) in H2 flow of adsorbed CO to form 
CH4 on a Ni/A1203 catalyst shows two reac- 
tion sites (Fig. 1). In a recent study (I), we 
used isotope labeling and TPR to separate 
the two reaction sites by sequentially ad- 
sorbing ‘*CO and 13C0 and then reacting 
these adsorbed species by heating the cata- 
lyst in HZ. In a series of experiments in 
which heating was interrupted and adsorp- 
tion temperatures were varied, communica- 
tion between the two sites (called A and B 
in earlier studies (2-5)) was observed. The 
A site was identified as reduced Ni metal (I, 
2, 6), and the B site was attributed to ad- 
sorption on the Al203 support (I). Carbon 
monoxide was found to adsorb only on the 
Ni at 300 K. The Al203 site was only OCCU- 

pied in the presence of HI; CO transferred 
from the Ni through an activated process. 
These experiments showed that the time 
scale for this transfer was similar to the 

’ Currently with Dow Chemical USA, Midland, MI. 
2 Currently with BASF, Wyandotte, MI. 

time scale for methanation of Ni. Thus, in 
the standard TPR experiments reported 
previously by us and others (2-5, 7, 8), 
methanation competed with transfer of CO 
to the A1203, and the Al203 was not satu- 
rated. For example, for the 5.1% Ni/A1203 
used in the present study, a standard TPR 
corresponded to less than 20% of saturation 
(I). Also, previous temperature-pro- 
grammed desorption (TPD) studies were 
not carried out for CO and H2 coadsorbed 
on the surface, and thus they did not reflect 
the same state of the catalyst as the pre- 
vious TPR studies. That is, the two sites in 
TPR could not be related to the desorption 
observed in TPD since only Ni sites were 
occupied for a standard TPD. 

Two aspects of the previous study (I) 
motivated the direction of the present 
study: 

1. The transfer of CO from Ni to the 
A1203 appeared to require surface hydro- 
gen. 

2. The reverse process, in which CO 
on Al203 transferred to Ni, was almost 
completely inhibited by HZ, but occurred 
readily if Hz was desorbed at 460 K. 
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FIG. 1. Methane and unreacted CO observed during 
temperature-programmed reaction (TPR) of CO ad- 
sorbed at 300 K after the 5.1% Ni/A120, catalyst was 
cooled from 775 K in Hz. The catalyst was heated in 
pure Hz flow. 

The objectives of the present paper are to 
determine the form of the CO that is ad- 
sorbed on the A&O3 and to relate adsorp- 
tion and reaction sites and thus determine 
whether saturated TPR and saturated TPD 
studies agree. 

To study the bonding of the adsorbed CO 
and the rate-determining steps for site 
transfer and methanation at the B site, 
coadsorption of H2 and CO was studied. 
Pumping experiments (adsorption on Ni 
and transfer to A&O3 (I)) were also carried 
out, and isotopes were used in an attempt 
to label the Ni and AllO3 sites separately. 
The pumping was done by adsorption of 
CO at an elevated temperature in Hz. The 
CO and H2 were then desorbed in a He 
stream using TPD. The combination of iso- 
topes with TPD after pumping shows that 
CO exists in different forms on the two 
sites; a H-CO complex is present on the 

A1203 site. Also, the saturated TPD and 
TPR are in good agreement with each 
other. 

EXPERIMENTAL 

The TPD system was similar to that de- 
scribed previously (9). A lOO-mg catalyst 
sample was located on a quartz frit in a I- 
cm OD quartz downflow reactor. An elec- 
tric furnace was used to heat the catalyst. 
The heating rate was 0.7 K/s for most ex- 
periments. A constant rate of heating was 
maintained through feedback control moni- 
tored by a small thermocouple located in 
the catalyst bed. The system was operated 
near ambient pressure, and the gas resi- 
dence time in the bed was less than 0.07 s. 
The effluent from the reactor was analyzed 
immediately downstream with a quadru- 
pole mass spectrometer. A computer sys- 
tem allowed simultaneous detection of mul- 
tiple mass peaks. 

Carbon monoxide (‘*CO or r3CO) was ad- 
sorbed by injecting 0.5 ml pulses, with a 
pulse valve, into a H2 or He carrier gas that 
continually flowed through the catalyst. 
Most adsorptions were done in H2 so that 
both CO and HZ adsorbed. These experi- 
ments are referred to as TPD since the final 
heating was done in a He gas stream. Ad- 
sorption was done at 300 or 385 K by re- 
peated injections. In most experiments, 
pulses were continued until no additional 
adsorption was detected. A 10% CO in He 
(UHP, Matheson) gas was used for ‘*CO 
adsorption. The r3C0 was from Monsanto 
Research Corporation and was specified as 
99.25% carbon monoxide, of which 99.6% 
was labeled with r3C. The H2 and He carrier 
gases were UHP grade (Matheson) and 
were further purified catalytically and with 
molecular sieves at liquid nitrogen tempera- 
tures. 

A 5.1% Ni/A1203 catalyst was prepared 
with nickel nitrate on Kaiser A-201 y-alu- 
mina by impregnation to incipient wetness, 
as described previously (2). The impurities 
in the alumina, as specified by the supplier, 
were NazO (0.35%), Fe0 (0.02%), and SiO2 
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(0.02%). Similar results have been obtained 
for other aluminas. The nickel nitrate was 
directly reduced in H2 for 12 h without 
calcining. The Ni loading was measured by 
atomic absorption. 

TPD was carried out by adsorbing CO 
(either one or both isotopes) on the surface 
in a H2 stream and then heating the catalyst 
in He while detecting WO, 13C0, 12CH4 
(mass 15), 13CH4 (mass 17), WO2, 13C02, 
and H2 with the mass spectrometer. The 
cracking fractions at masses 28 and 29, 
from 12C02 and 13C02 respectively, were 
subtracted from the appropriate signals in 
order to measure the CO signals. The 
cracking fractions of 13CH4 at mass 15 was 
subtracted from the mass 15 signal to obtain 
the 12CH4 signal. The water product, from 
methanation, adsorbed on the Al203 and de- 
sorbed at sufficiently high temperature (for 
the small amounts formed) that no cracking 
fraction correction was needed at mass 17. 
In most experiments masses 29, 30, 45, 46, 
and 47 were also observed in an attempt to 
determine if hydrocarbons were forming 
that might account for some observations. 

The adsorption temperature and the ad- 
sorbate gas (12C0 or 13CO) were varied. In- 
terrupted TPR, in which some carbon mon- 
oxide was removed from the surface by 
hydrogenation, was used to deplete reac- 
tion sites. The details of each experiment 
will be described in the Results section to 
avoid duplication. Calibrations were done 
with high-purity CO, H2, C02, and CH4. 
Prior to each experiment, the catalyst was 
reduced in Hz at 785 K for 2 h. 

RESULTS 

Standard TPD. To obtain a standard 
TPD of adsorbed CO, the catalyst was re- 
duced in H2 at 785 K for 2 h, the carrier gas 
was switched to He, and the catalyst was 
cooled in He. Carbon monoxide was ad- 
sorbed in He flow by pulsing a 10% CO in 
He mixture over the catalyst to saturation 
at 300 K. Saturation was determined by re- 
cording the CO effluent signal with the 
mass spectrometer. The first few pulses 

0.4 

0.1 

8 
kil 
2 
> 
g 0.1 

3 
9 
2 

0.c 

0 

I I I I I I I I I 

I I I I I I I I I 
300 400 500 600 

Temperature(K) 

700 600 

FIG. 2. Solid lines: CO and CO2 spectra for TPD of 
CO adsorbed at 300 K in He on 5.1% Ni/A1201 (no H2 
exposure). Dashed line: TPD spectrum of H2 that was 
adsorbed while cooling in Hz from 775 K (no CO expo- 
sure). 

produced a small signal because most of the 
injected CO adsorbed. Once the catalyst 
was saturated, the pulses became larger 
and each pulse produced the same signal. 
Typically, 12 pulses (2.2 pmol CO/pulse) 
were needed to produce saturation. 

The TPD was carried out by heating the 
catalyst at a constant rate of 0.7 K/s to 775 
K in He. As shown in Fig. 2 (solid lines), 
both CO (21 pmol/g cat) and CO2 (14.5 
pmollg cat) formed, as has been observed 
previously (6). As a variant to this experi- 
ment, the catalyst was cooled in He carrier 
gas, but the pulsing was done in H2 carrier 
gas at 300 K. The TPD heating was carried 
out in He. The resulting CO and CO2 de- 
sorption spectra were the same as those in 
Fig. 2. In this second test a small amount of 
H2 desorbed (5 pmol/g cat) in a broad fea- 
tureless peak with a maximum at -415 K. 
Note that the total of CO and CO2 was less 
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FIG. 3. Carbon monoxide, CO2 and Hz spectra for 
TPD of coadsorbed CO and H2 on 5.1% Ni/A120j. The 
CO was adsorbed after the catalyst was cooled to 300 
K in HZ. Less than 1 pmol CHJg cat was seen. 

then the amount of CH4 seen in a standard 
TPR (60 pmollg cat) because of CO dispro- 
portionation and because desorption was 
not complete when heating was stopped. 

For comparison, H2 was adsorbed (with- 
out CO) by cooling the catalyst from 785 K 
in a H2 carrier. A small amount of H2 ab- 
sorbed (15 pmollg cat), and it desorbed in a 
broad peak (Fig. 2, dashed curve). The 
amount of adsorption was quite sensitive to 
experimental conditions, as was reported 
by Huang et al. (10). However, the main 
aspect of this experiment was that H2 de- 
sorbed in a broad peak that was much 
smaller than the Hz peak in the pumped 
coadsorption experiments described below. 

TPD of CO after cooling in HZ. Cooling 
the reduced catalyst in Hz to 300 K and then 
absorbing CO in Hz produced TPD spectra 
that were quite different from those shown 
in Fig. 2. After saturating the catalyst with 
CO in a H2 carrier gas, the carrier gas was 
switched to He before heating was initi- 

ated. Carbon monoxide, COz, and HZ de- 
sorbed from the surface (Fig. 3), but very 
little CH4 was detected (<l pmol/g cat). 
The CO (20 pmol/g cat) was somewhat sim- 
ilar to that in Fig. 2, but the high-tempera- 
ture CO shifted to lower temperature. The 
H2 desorption (16 pmol/g cat) was dramati- 
cally different. Instead of the broad feature- 
less peak in Fig. 2, two distinct peaks were 
observed. Furthermore, the high-tempera- 
ture peaks of CO and H2 were similar in 
size and shape. 

As a variant to this experiment, the cool- 
ing was done in HZ, but the pulsing was 
done in He. This produced the same results 
as shown on Fig. 3. As mentioned, cooling 
in He but carrying out the adsorption in HZ 
at 300 K matched Fig. 2 and not Fig. 3. 
Also, cooling in H2 but pulsing in He at 385 
K instead of 300 K produced the same 
result as in Fig. 3. 

TPD after CO pumping in HI. In our pre- 
vious study (I), we found that the amount 
of methane from CO hydrogenation during 
TPR could be increased a factor of 4 by 
pulsing the CO in Hz at 385 K. However, a 
special pulsing technique (referred to as 
pumping) was required to achieve satura- 
tion. This technique consisted of delivering 
only two pulses per minute of CO (10% CO 
in He) at 385 K for 40 min. For Fig. 4, the 
same pumping procedure was used, but the 
carrier gas was switched to He prior to 
heating. 

Much larger quantities of CO (390 pmol/g 
cat) and H2 (590 pmollg cat) adsorbed dur- 
ing pumping than during adsorption at 300 
K. This is nearly 20 times the total amount 
of CO and H2 observed in the standard 
TPD. As shown in Fig. 4, the CO and Hz 
desorbed simultaneously with a peak tem- 
perature of 520 K, which is close to the 
temperature of the B peak (517 K) in the 
TPR in Fig. 1 (I). As shown in Table 1 for a 
series of repeated experiments at various 
partial saturations, the H/CO stoichiometry 
for this simultaneous desorption was 2.9 * 
0.4. 

At the high-temperature end of the simul- 
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FIG. 4. Desorption and reaction products for 
pumped TPD of coadsorbed CO and HZ on 5.1% Ni/ 
A1203. Eighty pulses of CO (2.2 ~mohpulse, 2 pulses/ 
min) were administered at 385 K in HZ. The catalyst 
was then cooled to 300 K and the desorption was car- 
ried out in He flow. 

taneous formation of CO and HZ, a small 
amount (25 pmollg cat) of CH4 formed with 
a peak temperature of 540 K; a shoulder 
was also present at 610 K (Fig. 4). At 650 

TABLE 1 

Desorption Amounts for TPD of CO and H2 

TPD conditions Amounts (pmolig cat) H/CO 
ratio 

H> CO COz CHI 

co alone - 21 14.5 - 
Hz alone I5 - - - 
CO and Hz coadsorbed at 300 K 16 20 14.5 <I 2a 

(cooled in Hz) 
CO pumped in Hz at 385 K 

(saturated) 
XI 590 440 45 25 2.1 
#2 540 410 47 26 2.6 
#3 650 390 45 25 3.3 

CO pumped in H2 at 385 K 
(partially saturated) 

#I 320 230 31 I5 2.8 
#2 510 290 32 14 3.5 
#3 380 280 30 15 2.7 

a High-temperature peaks only 

K, small simultaneous peaks were seen for 
CO, Hz, and CO2 (Fig. 4). Approximately 
45 pmol/g cat of CO2 formed. Several mass 
peaks that correspond to hydrocarbon frag- 
ments were also observed, in much smaller 
amounts, with peaks at 520 and 650 K, as 
shown in Fig. 5. Since the molecule or mol- 
ecules desorbing were not known, and 
since these amounts were small (almost 
three orders of magnitude smaller than the 
H2 desorption), they are plotted using the 
calibration for CH4 for illustration pur- 
poses. While measurable amounts of hy- 
drocarbons at masses 29, 30,45, and 46 de- 
sorbed, the amount desorbing at mass 47 
was not above the noise level of the mass 
spectrometer. Thus the signals at masses 
29, 30, 45, and 46 were not artifacts of the 
high mass spectrometer sensitivity. The 
mass 29 signal was almost identical to the 
mass 30 signal and is not plotted for clarity. 

0020----l-= 

Mass 30 
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I 300 
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FIG. 5. Hydrocarbon products observed during 
pumped TPD of coadsorbed CO and H2 (same condi- 
tions as Fig. 4). Note the small amplitude of these 
signals relative to Fig. 4. The methane calibration was 
used for all signals since the compounds producing 
these signals were not identified. 
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FIG. 6. Isotopic CO and H2 desorption spectra for 
pumped TPD of coadsorbed CO and H2 on 5.1% Ni/ 
A1203. The WO was adsorbed to saturation at 385 K in 
H2 flow. The catalyst was then heated to 460 K in H2 to 
react off peak A, cooled to 385 K, and exposed to 13C0 
until saturation. The catalyst was then cooled to 300 K 
and heated in He. 

Isotope labeling after pumping and inter- 
rupted TPR. In our previous study (I), the 
A and B peaks in TPR both grew with 
pumping and the peaks overlapped at satu- 
ration. We demonstrated that two distinct 
sites were present using isotopes of CO. 
The catalyst was saturated with 12C0 at 385 
K, and heated in HZ to 460 K, which is the 
minimum between the two TPR peaks (Fig. 
1). This cleans the A site by forming CH4. 
The reaction was interrupted by cooling be- 
fore much of the high-temperature TPR 
peak (the B peak) had reacted. When the 
catalyst was cooled and reheated in HZ, no 
A peak was seen and the B peak was unaf- 
fected. That is, CO was not on the A sites. 
Subsequent pulsing of 13C0 at 300 or 385 K 
occupied the A peak without transfer of 
12C0 from the B peak, and the two peaks 

were labeled with different isotopes for the 
subsequent TPR (1). 

We attempted in the present experiments 
to use the same interrupted TPR procedure 
to distribute 13C0 and 12C0 isotopes on the 
A and B sites, respectively, but then desorb 
the carbon monoxide in He so as to relate 
the adsorption sites to the reaction sites. As 
shown in Fig. 6, 13C0 appeared in a peak at 
485 K, and the j2C0 appeared in a separate 
peak at 530 K. Hydrogen desorbed in a 
peak that mimicked the sum of the two CO 
peaks. The total amount of HZ and CO was 
the same as in Fig. 4; 50 pm of of 13CO/g cat 
desorbed and 340 pmol of 12CO/g cat de- 
sorbed. These values are accurate to 
? 15%. The H/CO ratio is approximately 3. 

Note that the amount of 13C0 is compara- 
ble to the amount of 13CH4 seen in the A 
peak in TPR. Moreover, when this experi- 
ment was repeated, for less than saturated 
coverage of the 12C0, i.e., fewer pulses at 
385 K, the size of the 12C0 peak decreased, 
but the 13C0 peak remained the same and at 
the same location (Fig. 7). That is, the two 
peaks are distinct. The H/CO ratio is again 
approximately 3 for the partially saturated 
TPD. 

In addition to the CO and HZ, CH4 and 
CO2 were seen for both types of isotopes, 
as shown in Fig. 8. The two CH4 isotopes 
formed at the same temperatures and in 
about a 5/l ratio favoring 12CH4. This is 
smaller than the ratio of the CO isotopes. 
The 12C02 and 13C02 each formed in a peak 
at 650 K. The 12C02 peak was 10 times the 
size of the 13C02 peak. 

DISCUSSION 

The TPD of coadsorbed CO and H2 
shows that CO and H2 are adsorbed to- 
gether on the surface; they simultaneously 
desorb from states that are not present for 
individual adsorptions of H2 or CO. The 
surface species has the stoichiometry of a 
methoxy, and the rate of formation of CO 
and H2 is limited by the rate of decomposi- 
tion of this adsorbed methoxy. The rate of 
methanation of the methoxy during TPR is 
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FIG. 7. Carbon monoxide and H2 desorption spectra 
for pumped TPD of coadsorbed CO and H2 on 5.1% 
Ni/A1203. In contrast to Fig. 6, the WO was not ad- 
sorbed to saturation. Only 30 pulses of CO were ad- 
ministered at 385 K in H2 flow. The catalyst was then 
heated to 460 K in Hz to react off peak A, cooled to 300 
K, and exposed to 13C0 until saturation. The 13C0 was 
not pulsed at 385 K since it would readily transfer to 
the B site at that temperature. Final heating was car- 
ried out in He. 

also limited by its rate of decomposition, 
and thus two distinct CH4 peaks are seen in 
TPR. We will describe below the reasons 
for these conclusions and discuss the rela- 
tion between adsorption and reaction sites. 

Surface complexes. When CO and H2 
were adsorbed at 385 K, much more of each 
gas adsorbed than for individual adsorp- 
tions of these gases. Figure 4 clearly shows 
a coordination between the adsorbed CO 
and hydrogen on the Ni/A1203 catalysts; 
CO desorption mimics the H2 desorption. 
Though the Hz and CO desorption spectra 
are similar, they are not identical. Other mi- 
nor sites fill when exposed to H2 and CO at 
300 K, but these sites are dwarfed by the 

major sites that fill at 385 K (compare Figs. 
2 and 3 to Fig. 4). 

When CO and H2 were adsorbed sepa- 
rately (Fig. 2), the desorption peaks were 
not coordinated. When CO and H2 were 
coadsorbed (Figs. 3 and 4), a striking coor- 
dination was seen in the TPD spectra. The 
high-temperature H2 and CO peaks in Fig. 3 
are nearly identical in shape and position. 
Similarly, the much larger CO and H2 peaks 
at 520 K in Fig. 4 are nearly identical. Fur- 
thermore, the H2 desorption changed from 
a broad featureless peak in Fig. 2 to sharp, 
clearly identifiable peaks in Figs. 3 and 4. 
Presumably, H2 is desorbing from reduced 
Ni in Fig. 2. One must conclude that the 
sharp desorptions seen in Figs. 3 and 4 are 
not simple desorptions from reduced Ni. 
The enhanced adsorption is the result of an 
interaction of CO and H on the surface. 

If this interaction is assumed to be due to 
the formation of a surface intermediate, the 
H/CO stoichiometry of 3 indicates that a 
methoxy (CH30) species may be present on 
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FIG. 8. Carbon dioxide (W02, WOz) and methane 
(WH4, r3CH4) spectra for pumped TPD of coadsorbed 
WO, r3C0, and H2. Conditions are the same as those 
in Fig. 6. 
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the surface. For the six experiments listed 
in Table 1 for adsorption at 385 K, the H/ 
CO stoichiometry was 3, independent of 
coverage. This stoichiometry would be ex- 
pected to change with coverage unless a 
surface complex formed. Thus, the con- 
stant stoichiometry, the simultaneous de- 
sorption of CO and HZ, and the greatly en- 
hanced adsorption provide strong evidence 
that a surface complex is present. The small 
amounts of hydrocarbons seen (Fig. 5) are 
consistent with a methoxy or a formate, but 
their concentrations are sufficiently low 
that they could also be Fischer-Tropsch 
synthesis products. As described below, 
both methoxy and formate have been ob- 
served on support surfaces by IR, but the 
stoichiometry observed from TPD experi- 
ments shows that much more HZ is present 
than is consistent with a formate. More- 
over, when we adsorbed formic acid on Nii 
A1203 catalysts, the desorption spectra 
were quite different from those reported 
here, and CO2 was the dominant carbon- 
containing product. Thus, our results are 
more consistent with a methoxy than a for- 
mate. 

Locution of the surface complex. The 
methoxy is assumed to be present on the 
A1203 surface. There are several reasons 
for this conclusion. A surface Ni atom is 
covered by Hz or CO in the standard TPD. 
During the pumped experiments (saturation 
by periodic exposure to CO in Hz flow at 
385 K) 20 times more total gas adsorbed 
than during coadsorption of CO and H2 at 
300 K. The complex can access sites that 
are not accessible to either H2 or CO alone. 
Also, methoxy has been reported to be un- 
stable on Ni at room temperature (11, 12) 
and thus is not likely to be present on the Ni 
at 520 K. Infrared studies on Ni/A1203 (7, 
8) and on AlzOrsupported transition metals 
(13-15) found that a surface formate 
formed upon exposure to Hz/CO mixtures 
at elevated temperatures. These studies all 
concluded that the formate was present on 
the A120j. In one study on Pd/AlzOj (15), a 
surface methoxy was detected by IR when 

the surface was exposed to a gas stream 
with a high ratio of H2 to CO. Our condi- 
tions correspond to a high Hz/CO ratio, and 
thus it is reasonable for a methoxy to form 
on our alumina support. A surface methoxy 
has also been detected by IR for CO and Hz 
on Pt/TiO, catalysts (16). 

Formation of the surface complex. 
Pumping did not occur at 300 K; 385 K was 
required to achieve large amounts of CO 
and HZ on the surface. That is, methoxy 
formation is an activated process. For ad- 
sorption at 300 K, no coordination was ob- 
served between the CO and H2 peaks below 
650 K (Fig. 3). This indicates that a new 
species formed on the surface during expo- 
sure at higher temperatures. A methoxy did 
not form at 300 K; CO adsorption was the 
same in the presence of either H2 or He at 
300 K after cooling in He from 775 K. 

Cooling in Hz, however, yielded quite 
different spectra; the high-temperature CO 
and HZ peaks were coordinated (Fig. 3). 
However, the H/CO ratio of approximately 
2 for the high-temperature peaks was close 
to the stoichiometry of formic acid instead 
of methoxy. The CO spectra in Fig. 3 is 
similar to that in Fig. 2, but shifted to lower 
temperatures. These results demonstrate 
two points. First, the H2 that adsorbs dur- 
ing cooling is different from H2 adsorbed at 
300 K; we have also shown directly that H2 
adsorption on Ni/A1203 is activated (6). 
Second, the complex that forms at 385 K is 
different from the complex that forms at 
300 K. We believe that methoxy formation 
at 385 K is limited by activated H2 adsorp- 
tion at 385 K. 

Reactions of coadsorbed species. Figure 
4 shows that CH4 formed during a pumped 
TPD, but the CH4 peak temperature is 
higher than those for the CO and Hz peaks. 
Less than 5% of the CO reacted to CH+ 
Methane also forms at higher temperatures 
than during a TPR; a similar shift was seen 
when TPR was run in 10% Hz in He instead 
of 100% H2 (6). Since A&O3 is not a hydro- 
genation catalyst, and since methoxy is un- 
stable on Ni, we believe that the methoxy 
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moves to the Ni to decompose. Since the 
CO and HZ peaks in pumped TPD are at the 
same location as the second CH4 peak in 
TPR, it appears that, once the CH30 de- 
composes, hydrogenation is fast in excess 
HZ. For the pumped TPD, not much Hz is 
available to form CH4, and thus the CH4 
amount is small and the rate is slower than 
during TPR. 

Relation of desorption and reaction sites. 
In our previous study (I), we found that CO 
adsorbed on the Ni metal at 300 K and 
moved to the Al203 support during heating 
in HZ. Thus, during a standard TPR (Fig. I), 
CH4 formed in two distinct peaks; the CO 
on the Ni hydrogenated first and then the 
methoxy on the support reacted. Isotope 
labeling showed that CO on the Al?03 
moved back to the Ni during heating in He 
(I). Therefore, for a standard TPD in which 
CO was pulsed in He at 300 K, the CO was 
not on the A1203. For TPR, the Al203 site 
could only be saturated at 385 K in HZ. This 
same procedure was used to occupy the 
A&O3 for TPD (Figs. 4-8). The increased 
amount of desorption following adsorption 
at 385 K was from the A&03. A comparison 
of Figs. 1 and 4 shows that the methoxy 
complex decomposes to form CO and H2 at 
about the same temperature that the high- 
temperature methane peak forms in TPR of 
adsorbed CO. The high-temperature CH4 
peak in TPR thus appears to be limited by 
either transport or decomposition of the 
methoxy . 

Isotope labeling for pumped TPD (Fig. 6) 
shows a clear separation of CO desorption 
into distinct peaks. Interrupted TPR was 
used to fill the Al203 sites with i2C0, and 
the Ni sites were then filled with 13C0. Both 
adsorptions were done in excess HZ. The 
i3C0 had a maximum at 490 K, and the 
i2C0 maximum was at 530 K. We believe 
that the peak at 490 K corresponds to the 
low-temperature TPR peak, which is from 
Ni, and the peak at 530 K corresponds to 
the high-temperature TPR peak, which is 
from the Al2O3. The amount of CO that de- 
sorbed from the low-temperature peak is 

similar to the amount of CH4 formed from 
Ni during a TPR, and the amount of CO 
that desorbed from the high-temperature 
peak in the TPD is similar to the amount of 
CH4 formed from A1203. Figure 6 shows 
that the two sites, observable in TPR, can- 
not be separated in TPD (Fig. 4) unless iso- 
tope labeling is used. 

Note that the isotopes did not mix in ei- 
ther the saturated or partially saturated 
TPD (Figs. 6 and 7). A TPR for an unsatu- 
rated surface showed that CO transported 
from the Ni to the A1203. In all of these 
experiments, the Ni site, the low-tempera- 
ture site, is initially saturated. This is dem- 
onstrated by the fact that the 13C0 peak size 
is not a function of saturation. The Al203 
site is not full, however. Activated HZ ad- 
sorption is needed to access the A1203 site. 
For TPD, the activated Hz desorbs and is 
not available to transfer CO from Ni to 
Al2O3. Since HZ is not available, mixing of 
the type seen in TPR is not expected in the 
TPD. 

The pumped TPD indicates that at higher 
coverage, CO exists in coordination with 
H2 on the A1203 sites. The ‘CO desorption 
in Fig. 6 is totally different from CO desorp- 
tion from the Ni in a standard TPD (Fig. 2). 
This may be because the methoxy on the 
A1203 modifies desorption from the Ni; i.e., 
a supply of methoxy is waiting to fill the Ni 
site as it is emptied by desorption. This dif- 
ference in CO bonding is also reflected in a 
shift of the low-temperature CH4 peak from 
443 K on an unpumped surface to 465 K on 
a pumped surface (I). 

CONCLUSIONS 

(1) A H-CO complex with a 3 : 1 stoichi- 
ometry, which is suggestive of a methoxy 
species, forms on a Ni/A1203 catalyst 
through an activated process. Much more 
CO and HZ adsorb at 385 K than at 300 K. 

(2) The methoxy is present on the A1203. 
Both CO and Hz adsorb on the Ni and trans- 
fer to the Al203; activated H2 appears nec- 
essary for this transfer. 
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(3) During temperature-programmed re- 2. 

action in flowing HZ, the rate of methana- 
tion of the methoxy is limited by the rate of s. 
CH30 decomposition. Since this decompo- 
sition rate is slower than CO hydrogenation 

4, 

on Ni, two peaks are seen in TPR. During 5. 
temperature-programmed desorption in 
flowing He, the rates of CO and H2 forma- ‘. 
tion are limited by CH30 decomposition. 7, 

(4) At high coverage of CH30, a new CO 
desorption state appears on the Ni surface. 8. 

(5) The use of isotopes is effective in sep- 
arating sites and demonstrating agreement 9. 
between TPR and TPD of coadsorbed CO 10, 
and Hz. 
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