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The oxidation of methanol on the surface of electrolytic silver catalyst has been investigated with 
Temperature-Programmed Reaction Spectroscopy (TPRS). It has been found that on a clean sur- 
face of electrolytic silver no adsorption of CH?OH or Hz occurred except the adsorption of small 
amounts of Hz0 or COz, but the ability of silver to chemisorb the gases mentioned above was 
greatly enhanced by oxygen preadsorbed on the surface. In the reaction of methanol with pread- 
sorbed oxygen-18, three distinct groups of product were observed at 400, 500 2 20, and 620 K, 
respectively. At room temperature, the selective oxidation of methanol led to adsorbed surface 
species CH30(a). During desorption, CHjO(a) decomposed and HCHO, CO’*O, and HZ’*0 were 
evolved simultaneously at 400 K as the first group of products. At high oxygen coverage, surface 
oxygen interacted with the carbon atom of CH?O(a) to form another type of stable surface interme- 
diate H,COr*O(a), which decomposed with a pseudo-second-order kinetics at 600 K, yielding only 
HCHO and H2r80 with a stoichiometric ratio of 2 : I. The evolution of the second group of products 
CHxOH, COr80, and Hz’“0 at 500 K was rate-limited by desorption of the products. c 198hAcadem~ 

Press, Inc. 

INTRODUCTION 

The oxidation of methanol to formalde- 
hyde on a silver catalyst is one of the most 
important commercial processes and has 
been studied very intensively in the past 
(1). However, the reaction mechanism has 
not been clearly established. By sequen- 
tially passing streams of methanol and oxy- 
gen over a silver powder catalyst, Bhatta- 
charyya et al. (2) clearly showed that 
oxygen must be present on the catalyst in 
order to obtain formaldehyde. Robb and 
Harriott (3) found that the reaction kinetics 
on a supported silver catalyst could be 
described by a Langmuir-Hinshelwood 
model in which adsorbed methanol reacted 
with reversibly adsorbed oxygen atoms. 
Wachs and Madix (4) examined the reac- 
tion of methanol with oxygen on a Ag(ll0) 
single crystal surface at low temperature 
(180 K). They observed that oxygen atoms 
promoted methanol adsorption and that ad- 
sorbed methanol reacted with oxygen to 
yield Hz0 plus adsorbed methoxide spe- 
cies, CH30(a). Formaldehyde was pro- 
duced upon decomposition of the CH30(a) 

species along with H2 and CH30H; as a side 
product, HCOOCH3 was produced. 

Electrolytic silver has some excellent 
properties, as a commercial catalyst it can 
produce formaldehyde from methanol with 
a conversion of 98% and a selectivity of 
90% (5). The clean surface of electrolytic 
silver can be easily obtained and directly 
used to study surface properties. The stud- 
ies of surface adsorption state and surface 
catalysis on a commercial clcctrolytic silver 
catalyst have not been reported yet. The 
purpose of this paper was to investigate 
with TPRS the mechanism of the reaction 
of methanol to formaldehyde on the elec- 
trolytic silver surface and to compare the 
results with the previous investigation on a 
Ag(ll0) single-crystal (4). 

EXPERIMENTAL 

1. Apparatus 

A refitted Ultrahigh Vacuum (UHV) sys- 
tem was utilized for TPRS of powder sam- 
ple (6). The experiment chamber was 
equipped with a quadrupole mass spec- 
trometer and two leak valves. Powder was 
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placed in a quartz tube directly connected 
to the chamber with Kovar. In order to 
monitor the reaction products immediately, 
the mouth of the quartz tube was designed 
to face a mass spectrometer. With a con- 
ventional electric heater and liquid-nitrogen 
cooler the sample can easily be heated and 
cooled. In the experiment, the temperature 
was controlled by a temperature-program- 
ming device and a good linear plot could be 
obtained from 1 .O to 3 IO K min-I . 

Pumping was accomplished with a cryo- 
sorption forepump and a titanium sputter 
ion pump (300 liters s-t). The base pressure 
after a lower bakeout was typically 5 x 
1O-io Tot-r. The residual gases were pre- 
dominantly hydrogen and carbon monox- 
ide. After several cycles of reaction, in ad- 
dition to hydrogen and carbon monoxide, 
carbon dioxide and water were also ob- 
served in the residual gases, when the back- 
ground pressure rose to 2-5 x 10d9 Tort-. 

2. Sample Preparation 

Silver sample is prepared by repeating 
the electrolysis three times, at a respective 
current density of 14.7 and 7 A dmpz, in a 
3% aquous solution of AgN03 containing 
0.1% free HN03 at 50-55°C. The silver 
crystals obtained by those processes are 
washed free from nitrate, then dried at 
120°C. Just as an industrial catalyst the par- 
ticle size of the silver is about 100 pm in 
diameter, with a specific surface of 0.1 
m*g-’ and purity more than 99.999%. It was 
examined for surface impurities using Au- 
ger Electron Spectrometer (AES). Carbon 
was the only other element detected on the 
surface or in the near-surface region of sil- 
ver. The silver sample is heated to 650°C 
for annealing. The resultant surface topog- 
raphy is shown in Fig. 1. The rough grooves 
and facet features are typical of electrolytic 
silver surface. 

3. Pretreatment and Experiment 
Procedures 

On a fresh silver surface no adsorption of 
oxygen was detected because of carbon im- 

FIG. 1. Surface topography of electrolytic silver, 
SEM (S-520). 

purities (6, 7). It had to be conditioned in 
situ prior to the data runs using the cleaning 
procedures which included high-tempera- 
ture thermal etching (8 x lo-* Tort-, 920 K) 
and oxidation (oxygen pressure lop3 Tort-). 
Those cleaning cycles were repeated in the 
order given until oxygen was observed to 
desorb with a maximum in subsequent de- 
sorption. For electrolytic silver, more than 
20 cycles were necessary so as to obtain a 
clean surface. 

The dosing gases referred in the experi- 
ment are oxygen and methanol. In order to 
distinguish the adsorbed oxygen from that 
of methanol, oxygen-18 was used as a pre- 
adsorbed oxygen. The isotope (IsO 99 
atom%) obtained from Amersham Com- 
pany can be used without further purifica- 
tion. Before the experiment, methanol must 
be processed by a complex purificatory pro- 
cedure. First it was cooled with liquid nitro- 
gen and the residual gases were pumped off 
by the cryosorption forepump. Then liquid 
nitrogen was removed and the open/close 
time of the pump was controlled in order 
to pump off the oxygen and other volatile 
impurities rapidly. This process was re- 
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peated several times until no impurities 
were detected with the exception of small 
amounts of water. 

Typically the sample was oxidized with 
enriched oxygen (99% 1802). The mass 
spectrometer was always on during the ad- 
sorption process. After the desired expo- 
sure, methanol was dosed on the oxidized 
surface. The sample was then heated, and 
the various products were monitored with 
the mass spectrometer. In order to mini- 
mize overlap with other product signals, 
the methanol was monitored by recording 
the m/e = 3 1 signal and the other were iden- 
tified by recoding the m/e = 30(CHz0), m/e 
= 20(H2180), and m/e = 46(COi*O) signals, 
etc., the results obtained were calibrated by 
relative strength. 

RESULTS 

1. Adsorption and Desorption of Oxygen 
on the Electrolytic Silver Surface 

It was found that the sticking coefficient 
of oxygen on electrolytic silver is in the 
range of 10-2-10-4. The experimental 
results of TDS indicated that there are three 
distinct adsorption species on the electro- 
lytic silver surface when oxygen exposure 

A- 

400 600 600 
TEMPERATURE (10 

FIG. 2. Thermal desorption spectra for adsorbed ox- 
ygen on silver at 295 K, heating rate 0.5 K s-l. 

EXPOSURE (Ll 

FIG. 3. Coverage vs exposure profiles for oxygen on 
silver at 295 K. 

was less than 60 L (6), (see Fig. 2). Isotopic 
mixing and carbon monoxide titration dem- 
onstrated that the (Y peaks in the low-tem- 
perature range correspond to molecular 
chemisorbed oxygen. The /3 peaks were 
identified as chemisorbed atomic oxygen 
and the peaks in the high-temperature range 
should be ascribed to the subsurface atomic 
oxygen diffusion to the surface and subse- 
quent desorption. The (Y state gradually dis- 
appeared with increasing oxygen exposure, 
when the oxygen exposure was greater than 
90 L, the surface oxygen was present 
mainly in the dissociative atomic state. 
These results are consistent with those ob- 
served by XPS (VG ESCALAB-5) (8). The 
oxygen coverage of electrolytic silver var- 
ies with exposure as shown in Fig. 3. 

2. CH30H, HZ, C02, and H20 Adsorption 
and Desorption on Electrolytic Silver 
Surface 

Experiments show that no adsorption of 
CH30H or H2 occurred on the clean elec- 
trolytic silver surface but for small amounts 
of H20 and C02, however, the ability of 
silver to chemisorb all of the gases above 
was greatly enhanced by surface pread- 
sorbed oxygen. Figure 4 shows the effect of 
the coverage of surface oxygen species 
upon the amounts of adsorbed HZ, C02, and 
H20 in a given range of preadsorbed oxy- 
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FIG. 4. The influence of oxygen coverage upon the amounts of adsorbed Dz, WOz, D20, and 
CH,OH 

gen coverage and Table 1 shows the de- 
sorption parameters of various gases on the 
silver surface with preadsorbed oxygen. 
The detailed result that HZ, COZ, and Hz0 
interact with preadsorbed oxygen on the 
electrolytic silver surface will be published 
elsewhere. 

3. Reaction of Methanol with 
Preadsorbed Oxygen 

The purified methanol was dosed onto a 
silver surface with a given oxygen coverage 
(exposure). After reaching the desired ex- 
posure, the variable leak valve was turned 

TABLE 1 

Characteristic Desorption Parameters for Several 
Molecules Species Monitored from the Electrolytic 
Silver Surface with Preadsobed Oxygen Coverage 

0.08 

Molecule Ed 
(kcal/mol) 

D2B2 476 22.9 
‘3C02/‘3C02 475 16.0 
JAO/&Oh) 410 f  5 9.2” 
D20/D20@2) 456 k 5 12.W 

a The activation energies, Ed, were calculated by 
plotting In P versus l/T, (9) and the other by the 
method of peak width analysis. The data in Table 2 
were obtained in the same way. 

off and the residual methanol in the gas 
phase was rapidly pumped off. The signals 
of reaction products were simultaneously 
recorded at a given m/e with the mass spec- 
trometer during the programmed heating. 
Figures 5a, b, and c show the product dis- 
tribution obtained from the reaction of 
methanol with preadsorbed oxygen at 0.03, 
0.08, and 0.50 of coverage, respectively. It 
can be seen from the curves in Figs. 5b and 
c that there are three distinct groups of 
products at 400 +- 3, 500 ? 20, and 620 ? 2 
K, respectively, with increasing sample 
temperature. These results reveal that the 
methanol reacts with the igO atoms on the 
electrolytic silver surface to produce 
HCHO, H2i80, and CO’s0 as products. The 
desorption kinetic parameters for all the 
products are listed in Table 2. 

By comparing the results in Table 2 with 
those in Table 1, we can see that the kinetic 
parameters for second group of products 
(CH30H, H2C0,C0i80, and H2i80) ob- 
tained in the oxidation of methanol are 
identical to those obtained in the desorption 
of these gases themselves. The results indi- 
cate that those products are from desorp- 
tion step and not from formation process. 
In other words, the rate-limiting step for the 
evolution of the second group is the desorp- 
tion of these species (10). In contrast with 
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FIG. 5. The thermal programmed reaction spectra obtained following CHIOH adsorption on an 
electrolytic silver surface on which oxygen-18 was preadsorbed at 297 K. The CH,OH exposures were 
always 144 L; the 1802 coverages were (a) 0.03, (b) 0.08, and (c) 0.50. 
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TABLE 2 

The Kinetic Parameters Observed for Oxidation of CHzOH on the Electrolytic Silver Surface 

First group of products Second group of products Third group of products 

Product T,,(K) E,J (kcahmol) Product T,(K) 4 (kcalimol ) Product T,,(K) f$ (kcahmol) 

CH,OH 401 21.5 CH,OH 492 - HCHO 635 22.3 
HCHO 398 24. I HCHO 489 IS. I H!lXO 635 23.5 
CO’XO 397 24.0 CO’“0 478 16.6 1x0, 628 31.3 
H2’X0 398 23.1 HI’XO(a,) 415 -’ 3 - 

HZ’XO(a?) 458 + 3 12.9’ 

Note. The preadsorbed oxygen coverage was 0.08 and exposure of CH,OH was 144 L at 297 K. The heating 
rate was 64 Kimin. 

(’ See footnote of Table I. 

this, there are obvious distinctions in the 
kinetic parameters between the other two 
groups and those of pure substances. Ac- 
cording to this it suggests that the evolution 
of both first and third groups of products 
are different from the desorption of pure 
substance and must be rate-limited for its 
formation. 

The data of Table 2 show that the kinetic 
parameters of the first group of products 
(HCHO, CH30H,C0’*0, and H2’*0) are 
very close, i.e., Tr, was found to be within 
399.0 + 2 K and Ed within 23 t 1 kcal/mol 
for all of the species. The observed peak 
shapes of the products were also similar 
(Fig. 5). Similarly, for the two products 
(HCHO, and H2’*0) in the third group, Tp, 
Ed, and the peak shape were almost identi- 
cal. Based on the principle of TPRS (IO), 
reaction products having the same peak 
shape and temperature originate from the 
same rate-limiting step; in addition, the en- 
ergetic quantity being measured is the acti- 
vation energy for the surface reaction, not a 
binding energy. Thus the above results are 
strong evidence that the species appearing 
in each of two groups are formed simulta- 
neously in a single surface reaction-limited 
step, and the first group and the third group 
correspond to different surface reactions. 

The amount of products in the third 
group varies with the coverage of pread- 
sorbed oxygen as shown in Fig. 6. By com- 

paring Fig. 6 with Fig. 5, we can see that for 
the first group the peak temperatures (T,) 
did not vary with the coverage of pread- 
sorbed oxygen but the Tp of the third group 
(Hz’*0 and HCHO) shifted to lower temper- 
ature with increasing preadsobed oxygen 
coverage. This result indicates that for the 
first group of products the rate-limiting step 
corresponds to first-order kinetics, whereas 
the kinetics of the third group of products 
may be explained with a second-order sur- 
face reaction. Plotting the evolved amounts 
of product HJ*O versus HCHO for the 
third group of products in Fig. 7 yields a 
straight line with a slope of about 2. This 
result provides direct information on the 
atomic composition of the rate-determining 
active intermediate. 

4. Effect of Preadsorhed Oxygen upon 
Product Distribution 

The amounts of main products (HCHO 
and COi*O) from the oxidation of methanol 
vary with the coverage of preadsorbed oxy- 
gen as presented in Fig. 8. It shows that at 
lower oxygen coverages the amounts of 
products were very small, whereas they 
rapidly increased with increasing coverage. 
The HCHO amount reached its maximum 
at 8 = 0.25; further increases in oxygen 
coverage enhanced the amount of the by- 
product COi*O. 

The studies (5, II) of catalytic activity 
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FIG. 6. The influence of oxygen coverage upon the 
amounts of desorbed HCHO and HJRO in the third 
group of products. Oxygen coverages: (a) 0.20, (b) 0.5, 
(c) 0.65, (d) 0.80. (-) HCHO; (---) HJ80. 

10.0 20.0 
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FIG. 7. The relation of the evolution of HCHO and 
HzlSO for the third group of products. 

for the oxidation of methanol to formalde- 
hyde on the electrolytic silver show that 
methanol conversion, formaldehyde yield, 
and the amount of carbon dioxide are small 
at lower ratios of oxygen to methanol, 
n(oxygen)ln(methanol). With an increase of 
the ratio, formaldehyde yield and the 
amount of CO2 are gradually enhanced. 
Further increases in the ratio promotes CO? 
formation and reduces the selectivity for 
H2C0. These results are in accord with 
those obtained in this paper. 

DISCUSSION 

Wachs and Madix (4) reported their 
results concerning the reaction mechanism 
of methanol oxidation on a Ag(l10) single- 
crystal with preadsorbed oxygen. They 
pointed out that due to interaction with pre- 
adsorbed oxygen the methanol is disso- 
ciatively adsorbed and then forms adsorbed 
methoxide (CH30(a)). During the flash, the 
methoxide species decompose via dehydro- 
genation with the help of oxygen to HCHO. 
CO*, etc. Adsorbed CH30(a) also reacts 
with HCHO to form H2COOCH3 which 
subsequently yields HCOOCH3 and Hz. 
The different reaction pathways available 
to surface methoxide CH30(a) on Ag(l10) 
are schematically presented as follows: 

HCHO 

0.25 

Oxygen Covwaga 

0.50 

FIG. 8. The influence of oxygen coverage upon the 
amounts of evolution of HCHO and CO’xO. The expo- 
sure of CHzOH was 144 L. 
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C&OH 
1 ‘Rob) 

CH30H(g) + CH30(a) 

H*CO(g) +- HzkO(a)- HCooCH3 
4 ‘80(a) 

HCO’*O(a) + H(a) 
1 1*0(a) 

CO’*0 + H(a) 

Owing to the physical characteristic and 
surface structure mentioned above the 
results obtained on the electrolytic silver 
differ from those obtained on clean Ag( 110) 
single-crystal in three important aspects. 
First, methanol reaction with preadsorbed 
oxygen on electrolytic silver results in three 
groups of products appearing over different 
temperature regions. The product spectra 
revealed that for the first and third groups 
the rate-controlling step is surface reaction, 
whereas the evolution of products in the 
second group is rate-limited by desorption 
of the product gases. Second, no methylfor- 
mate was observed in all of the three groups 
of products. This agrees with the results of 
activity measurements by the flowing 
method (II). Third, the various products 
formed on a Ag(ll0) single-crystal result 
from the further oxidation of the adsorbed 
methoxide intermediate, but on the electro- 
lytic silver surface with high oxygen cover- 
age another type of stable surface interme- 
diate, different from methoxide is present. 
The third group of products results from its 
decomposition. 

Based on the experimental results, the 
first group of products is obtained by the 
following reaction steps: 

CH30H(g) + IgO + 
CH30(a) + H180(a) (1) 

CHjO(a) + ‘*O(a) + 
H2CO(a) + HIsO (2) 

CH3O(a) + CHxOH@lRO(a) + 
CH30(a) + CH30H(g) + IgO (3) 

HXW) -+ fbCO(g) (4) 

H2CO(a) + “O(a) + 
H2CO’8O(a) (5) 

H2C0’80(a) + IsO + 
HC0’80(a) + HIsO (6) 

HCO’*O(a) + IgO + 

COi80(a) + HIgO (7) 

C0’80(a) + 
CO’SO(g) (8) 

HIsO + HIgO + 
H2180(a) + 180(a) (9) 

The symbol $ (Eq. (3)) indicates the in- 
duced adsorption of the alcohol by the pre- 
adsorbed oxygen. 

From the above reaction mechanism, the 
first group of products should comprise 
H2C0, CO’*O, CH30H, and H2180 which 
agrees with the experimental results. The 
peak shape temperature of product evolu- 
tion and the kinetic parameters of the 
above, which can be seen in Fig. 5 and Ta- 
ble 2, are similar. This indicates that they 
originate from a common adsorbed 
CH30(a) intermediate and share a same 
rate-limiting step of surface reaction. 

At low coverage of oxygen, surface oxy- 
gen interacts quantitively with methanol 
without remains of oxygen on the surface. 
Owing to the very small sticking coefficient 
and low desorption activation energy of 
product molecules on clean electrolytic sil- 
ver, the reaction products immediately 
leave the surface for the gas phase, as 
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shown in Fig. 5a. As the coverage of pread- 
sorbed oxygen increases, some adsorbed 
oxygen which is not used up remains on the 
surface. Due to the inducing adsorption ef- 
fect of adsorbed oxygen, part of the prod- 
ucts in the above-mentioned reactions in- 
teract strongly with surface oxygen and 
remain on the surface as follows: 

H2180(a) + 180(a) + 
HIsO + HISO (I 1) 

CO’*0 + ‘*O(a) -+ ‘80C0’80(a) (12) 

H#ZO(a) + IsO + H2CO@‘XO(a) (13) 

CH30H + IsO + CH30H@‘80(a) (14) 

As the characteristic desorption tempera- 
ture is reached, the adsorbed species in 
(1 I)-( 14) immediately desorb from the sur- 
face: 

HIXO(a) + HIsO -+ 
H2’80(g) + lXO(a) (15) 

‘80C0’80(a) + 
CO180(g) + 180(a) (16) 

‘80C0’80(a) + 
‘xOC’xO(g) + O(a) (17) 

HZC0@‘80(a) + 
H2CO(g) + IsO (18) 

CH30H@180(a) + 
CH30H(g) + IsO (19) 

At high remaining oxygen coverage, the 
adsorbed atomic oxygen around the meth- 
oxide attacks to the carbon atom in the sur- 
face methoxide species to form a stable in- 
termediate as shown in the scheme 

HHH 
\I/ 

NC, 

0 ‘0 

Ag Ag 
It can be seen from Table 2 that 1802 de- 

sorption peaks at 628 K-slightly below 
the temperature at which the maximum in 

H?CO and H2’8O desorption occurs. This 
suggests that O(a) can stabilize the H&O 
ISO intermediate and decomposition only 
occurs after oxygen desorbs from the vicin- 
ity of an H3CO’X0 species. Thus H3CO’80 
decomposition, which leads to the third 
group of products, would show pseudo-sec- 
ond-order kinetics which mimic those of O2 
desorption. The mechanism is formulated 
as follows: 

H$O’*O(a) -+ 
H2CO(a) + HIsO (20) 

H2CO(a) +H2CO(g) (21) 

HIsO + HIsO -+ 
H2180(g) + ‘*O(a) (22) 

Where, step (20) is a rate-limiting pro- 
cess. Owing to the fact that the reactions 
occur at high temperature, formaldehyde 
formed in step (21) immediately desorbs 
from the surface and which prevented from 
further oxidation. According to this mecha- 
nism it should yield only formaldehyde and 
water, and the ratio of formaldehyde to wa- 
ter should be 2 : 1. This is in accord with the 
experimental result in Fig. 7. 
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