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Abstracts 

Catalytic activity and selectivity of NaCI-doped Ag catalysts and granular NaCI-sup­

ported Ag catalysts for the epoxidation of ethylene were examined by a pulse technique. 

On both catalysts with the same NaCl content, no noticeable differences in activity were 

found. Increasing amounts of NaCl, while slightly reduces the activity expressed in terms 

of total catalyst mass, however increses it when referred to the weight of Ag. The ethylene 

oxide concentration in the gaseous products is 97-99% in all cases. However, the net 

selectivity is estimated to be less than 86%, since the carbon-containing species remained 

irreversibly during the reaction are converted to carbon dioxide and water. The catalysts 

are almost inactive for the oxidation of ethylene oxide. 

XRlJ measurements reveal that the reduced catalyst contains solely Ag and NaCl. 

Further, AES and XPS studies suggest that Na and CI atoms are concentrated in the 

surface layers accompanying by subsurface oxygen atoms, and Ag, Na, and CI form their 

peculiar ionic states by the strong interactions among all elements including oxygen, because 

their band structures are distorted. 

Introduction 

The first description for the direct oxidation of ethylene to ethylene 
oxide over silver catalysts is found in a patent in 19311). Since then, many 
fundamental studies relating to the catalyst preparation, oxygen adsorption, 
kinetics, and catalyst deactivation have been performed, and are then sum­
marised in many review articles.2,3) The selectivity to ethylene oxide in the 
first commercial process in 1947 was 55%.4' In recent years, high-selective 
catalysts have been developed and then a new effective process is also 
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established.5) In the course of these developments, a remarkable increase of 
25-27% in selectivity has been achieved. The selectivity has been improved 
by doping one or more alkali or alkaline earth metals to the silver catalyst 
and by adding trace amounts of chlorine or chlorinated organic compounds 
to the feed gas. Kilty and SachtIer3) demonstrated that chlorine retards the 
dissociative adsorption of oxygen on silver surface so as to increase the 
selectivity. Other authors6- S) have also suggested silmilar role for chlorine 
in achieving higher selectivity. It was reported that the addition of alkaline 
earth metals decreases the work function of the catalyst surface by covering 
silver surface with semiconducting film involving silver atoms as electron 
donors.9) Further, alkali metals as well as silver are well known to form 
super-oxides (M02).10) 

In the present context of effective uses of carbon-containing resources, 
the selectivity of 80-82% mentioned above is not sufficient for commerical 
epoxidation processes. The present authors have recently reported that the 
simultaneous addition of sodium and chlorine-containing compounds to silver 
was very effectiveY) In the present work, we examined the catalytic capa­
bility of the fresh NaCl-doped silver catalysts and granular NaCl-supported 
silver catalysts for the epoxidation of ethylene using a pulse technique. 
Further, the change of bulk composition of the catalyst with hydrogen 
reduction was measured using XRD and the catalyst surface was characterized 
by AES and XPS. 

Experimental 

Catalyst Preparation and Materials 

All chemicals employed were commercially available reagents of high 
purity (supplied by Kanto Chern. Co.) and were used without further purifica' 
tion. Ag20 was prepared from 2N-aqueous solution of AgN03 and KOH. 
About 100 g of the precipitated Ag20 was, after filtration, washed with 
about 60 e of twice-distilled H20 for a period of 5 days, and dried in an 
oven at 383 K for 20 h. In a glove box purged continuously with N2 gas, 
the dried Ag20 was mixed with an aqueous solution of NaCI in an evaporat­
ing ceramic dish. The resulting mixture was dried on a hot plate at 373-
383 K. The mixture was immediately transfered into a U-type glass tube 
and reduced first at 333 K for 20 h in a stream of H2. Then the reduction 
temperature was elevated at a rate of 50 K/20 min and finally kept at 673 K 
for 10 h. The reduced catalyst was ground to a powder of more than 150 
mesh in the glove box and preserved in a glass tube purged with H2 or 
inert gas. Granular NaCl-supported Ag catalysts were prepared by the 
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following method: the Ag20, which was pasted with distilled ~HGOH, was 
mixed well with granular NaCI and ~H50H was then vaporized slowly in 
the glove box. The subsequent operations were performed by employing the 
same procedures as used for the preparation of the doped powdered catalyst. 
After reducing and annealing the supported catalyst at 673 K for 10 h, no 
particle seperation of Ag and NaCI was observed without vigorous handling. 

Commercial CH4 (99.9%) and O2 (99.8%) were used to prepare reactant 
mixtures, after they were purified by distillation twice in a vacuum system. 
He (99.9999%) was used as a carrier gas and diluent after passing through 
a Oxisorb column. H2 (99.9%) and N2 (99.8%) were passed through silica 
gel columns. 

Apparatus 

Activity and selectivity were 
measured using a pulse reactor. The 
reactor was a Pyrex-glass U-tubing 
with 0.003 m i. d., in which either 
0.1 g of the doped powdered catalyst 
or 0.2 g of the supported catalyst was 
packed and fixed with two glass wool 
beds. The reactor part is shown in 
Fig. 1. The five way tap was equi­
pped with a sample loop 1.59 me 
capacity. One side of the loop was 
connected through a three way tap, 
to the vacuum system equipped with 

HM 

to Vacuum Systpm 
to Vacuum System 

x..;;"----,.::::>-_<-",He 

.-~--.4~--')-~} toG.C. 

Fig. 1. Schema of reactor part, 

SL: Sample loop, 
HM: Hg-vacuum manometer, 

R: Fixed bed reactor. 

reactant gas reservoirs. A standard reactant mixture of 3% C2H 4, 20% O2, 
and 77.% He by volume was prepared using purified gases. Pulse size of 
the reactant mixture was 0.25 me (STP) and pulse interval was 14 min. The 
catalyst packed in the reactor was again reduced in the stream of H2 at 673 K 
for 20-60 min, and cooled to the reaction temperature. Analysis of the 
products was performed by a gas chromatograph. C2H 40 was separated in 
a DOP column and O2, CO2, and CZH 4 by a Porapack Q column. The two 
columns were connected in series via a thermal conductivity detector. After 
a set of pulse reactions at a given temperature, the catalyst were always 
reduced by Hz at the subsequent reaction temperature for 15 min. 

The specific surface area was determined by BET method. Bulk com­
position of catalyst was measured at room temperature by XRD (CuKa , 

35 kV, 25 rnA). As an internal standard, 0.1 g of a-A120a was used and 
mixed well with 0.4 g of catalyst sample. 
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X-ray photoelectron spectrometer (MgK., 1253.6 e V) used was ESCA3 
(VG) with a base pressure of 10-10 torr level. AES (VG) was another separate 
instrument. Binding energy was calibrated using C Is peak centred at 
284.6 e V. The doped, powdered sample was pressed on a net of gold wire 
spot-welded on the sample holder made of nickel metal. Immediately be­
fore inserting the samples into the spectrometor, they were in situ treated 
in H2 at atmospheric pressure and at 673 K overnight in the preparation 
chamber. After the treatment, the cycles of outgassing, reducing, and 
annealing were carried out. All recordings of AES and XPS measurements 
were done at 295 K. 

Results 

Pulse Reaction 

Activity, represented as ~H40 formation rate, rEO, and as C2H 40 con­
centration in the gaseous part of the product, IEO)ro, are shown in Figs. 2 
and 3. The results were obtained using the standard reaction gas mixture. 
The rate of ~H40 formation was determined in a differential reactor since 
the pseudo-first order kinetics!2) was established. The activity and selectivity 
for the pure silver catalyst prepared by the same preparation procedure as 
for the NaCI-doped catalyst are shown in Table 1 for comparison. In Fig. 
4, the drop in catalytic activity between 1st and 2nd pulses is noticeable, 
but only slight decrease is between 2nd and 4th pulse. However, discrepancy 
in carbon balance was observed in each pulse reaction. The discrepancy 
showed a similar dependence on pulse number as the activity. In the 1st 
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Fig. 2. Dependences of C2H40 
formation rate on NaCl 
content, 

1·0 

Circle marks: Doped catalysts, 
Triangle marks: Supported catalysts. 
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Fig_ 3. Dependences of C2H40 
concentration in the gase­
ous part of the product. 

Circle marks: Doped catalysts, 
Triangle marks: Supported catalysts. 



Characteristics of Silver Catalysts 

TABLE 1. Catalytic Activity and 
Selectivity of Pure Sil­
ver Powdered Catalyst* 

Reaction Total Formation 

Temperature H.ate Selectivity 

(mol/g-cat min) 
(K) X 105 (%) .. -~----

413 2.79 43.3 

423 4.31 32.1 

433 6.15 30.9 

444 8.32 30.0 

* No changes in activity and selectivity 
with pulse number were observed. 

pulse reaction just after the hydrogen 
reduction at 473-673 K, about 12% of 
C2H 4 injected was lost and the amount 
was almost independent of reaction tem­
perature and NaCI content. In the 2nd to 
4th pulses, the carbon balance discrepancy 
was -4%. However, products other than 

234 
Pulsl' Numbt'r 

Fig. 4. Variations of conversions 
and C2H 40 concentration 
in the product with pulse 
number at 513 K for 0.04 
NaCI-doped catalyst, 

0: Total conversion, 
Conversion to C2H 40, .... : 

0: Conversion to CO2, 

.: C2H 40 concentration. 

C!H40, CO2 and H20 were not detected. Therefore, in the present work, 
the average values of 2nd to 4th pulse reactions are used to evaluate the 

activity and selectivity. 

As seen from Figs. 2 and 3. the doped catalysts are active for the 
epoxidation in the wide range of NaCI content and the activity decreases 
moderately through a maximum in the middle range NaCI content, although 
the activity is low in comparison with pure silver (Table 1). The C2H 40 
concentration is very high (97 -99 %) and almost independent of NaCI content 

at all temperatures studied except for 0.001 NaCI-doped catalyst, where the 
value of 0.001 implies the ratio of NaCI to Ag in equivalent weight. The 
supported catalysts exhibited comparable activity and (EO)ro to those of the 
doped catalysts, as seen from the data shown by triangle marks in Figs. 2 
and 3. 

The ~H40 formation rate increased with increasing PC,H, and Po,. 
However, a saturation limit is observed with Po,~0.08 atm. The ~H40 
concentration increases with decreasing PC,H, or increasing Po" as seen from 
Figs. 5 and 6. It was however difficult to evaluate the exact rate of CO2 

formation because the amount of CO2 produced was small. 
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10 • • 
5U-__ ~-L-LLLLUL-__ ~~ 

Fig. 5. 

1 3 5 10 30 

Partial Pressure (atm)xl02 

Dependences of C 2H 40 formation 

rate (rEO) on Po at Pc H 0.03 atm 
(a) and on Pc H' at Po 'O.20atm (b) 
over 0.04 NaCl:doped ~atalyst. 

Oxidation of Ethylene Oxide 

The oxidation of C2H 40 was car­
ried out over 0.04 NaCl-doped cata­
lyst and 2.8 NaCl-supported catalyst, 
using the reactant mixture of 3 % 
C2H40, 20% O2, and 77% He by 
volume (Fig. 7). The conversion of 
C2H 40 to CO2 was only 0.07% at 
533 K for 0.04 NaCl-doped catalyst, 
while for 2.8 NaCl-supported catalyst 
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4~ 
9053~ 
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a 65 

~100r---------------------_1 

t 

.J 
o 
w 

90 

b 

3 5 10 30 
Partial Pressure (aIm) x 102 

Fig. 6. Dependences of C 2H 40 concentra­
tion in the product on Po, at PC,H, 
0.03 atm (a) and on Pc H at Po 0.20 
atm (b) over 0.04 NaCl-doped 'cata_ 
lyst. 
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533 573 613 
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the conversion was nearly zero even F' 7 19. • Changes in conversion of C2H 40 
to CO2 with reaction temperature 
(C2H 40: 3vol re, O 2 : 20vol %), 

at 573 K. Other products were not 
detected. However, 14-23% of in­
jected ~H40 was lost during the re­
action on both the catalysts. The 

0: . : 0.04 NaCl-doped catalyst (0.1 g), 
2.8 NaCl-supported catalyst (0.2 g) . 

loss was larger than that observed in the oxidation of C2H 4 over 
catalysts, and was also independent of the reaction temperature. 

the same 
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Surface Area 

The surface areas of the doped catalysts were in the range of 0.22 to 
0.40 m2 g-1, and those of powdered NaCI and the pure silver were 0.14 and 
0.26 m2 g-l, respectively (Fig. 8). The catalysts consisting of Ag and NaCI 
in the equivalent weight ratio of 1: 0.1-0.3 were very fine powder. 

o 

°0~~~0.~2--~~0.~4~~~0.~6~--0~.~8~--71.0 

NaCll(NaCI+Ag) 

Fig. 8. Relation between surface area and NaCl content. 

Annealing Effect 

Fig. 9 shows the variations of 
activity, the C2H 40 concentration, and 
surface area with temperature, when 
0.04 NaCl-doped catalyst was treated 
in H2 at atmospheric pressure for 10 h. 
Also, for the 2.8 NaCl-supported catalyst 
the activity and selectivity remained 
unchanged up to 843 K. These results 
show the excellent thermal stability of 
the catalysts containing Ag and NaCI. 

XRD 

When the powdered Ag20 was 
mixed with an aqueous solution of NaCl, 
AgCl was, of course, immediately for­
med. In the case of large amount of 
NaCl. the color of the precipitated mix­
ture was whitish light-violet. However, 
the dried mixture was the same dark 

i:. 20 
c 

.Q 
VI 

lii 
> 
§ 10 
u 
'iii 

: :~ 
;§ 

~ ~ 
o '------'--_-'---1_--'---,b____=_---, 

623 673 723 773 
Temperature (K ) 

Fig. 9. Variations in total conversion, 
C2H 40 concentration, and sur­
face area with annealing tem­
perature in a stream of H2 for 
10 h (0.04 NaCl-doped catalyst), 

Reaction temperature: 
o : 493 K, 0: 513 K, 
• : 533 K, 6.: 553 K. 

brown colour as Ag20. XRD measurements showed that the mixture con­
sisted of only Ag20, NaCl, and AgCl, No Ag and NaOH were dedected. 
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The complete reduction of Ag20 and 
AgCl in the mixture was not attained 
by treating in a stream of H2 at 333 K 
for 20 h or more. When the precipitate 
was exposed at different temperatures to 

H 2, the bulk composition exhibited re­
markable changes, as shown in Fig. 10. 
The relative intensity implies the inten-
sity ratio of the most intense XRD 

~8 
III 
C 

'" .E 

peak of each component to that of (1'- Fig. 10. 

Al20 3 at 35.2° (2()), in the case of Ag the 
intensity of (200) peak at 44.3° is used 
because the Ag (111) peak at 38.7° coin-
cides with Ag2 0 (200) peak. The treat 

~e f---- H2----l 
0., 

'\" 

''''\. 
A.. ____ _ 

383 373 473 573 673 
Reduction Temperature (K) 

Change of the bulk composi­
tion of 1.0 NaCI-doped catalyst 
with reduction temperature as 
deduced by XRD. The relative 
intensity means the ratio of 
the intensity of a given XRD 
peak to that at 211=35Z for 
a-Ah0 3. ment of the sample was performed by 

elevating its temperature at 2-hour in­
tervals in a stream of H 2 • A part (Ca. 

o : Ag20 (32.7°), 6.: NaCI (31.T), 
0: AgCI (32.2°), .: Ag (44.3°). 

0.4 g) of the sample treated at a given temperature was taken out of the 
tube, mixed well with the internal standard, and then measured by XRD. 
The reduction of Ag20 in the mixture proceeded in the temperature interval 
373 to 573 K, and the rapid reduction of AgCl was observed above 523 K. 
Further, the peak of Ag20 was detected until AgCl peak was completely 
eliminated. The treatment at 673 K for 2 h or more converted the mixture 
to solely Ag and NaC!. 

AES and XPS 

The surfaces of pure Ag powder and that of 0.5 NaCI-doped catalysts 
were characterized by AES. Fig. 11 compares Auger spectra measured 
at 295 K. The observed four Ag peaks at 266, 304, 351, and 356 eV agree 
with those for standard metallic Ag.13) For the Ag powder, the C peak at 
272 e V is negligible small and the intensity ratio of Ag peaks at 266 e V and 
304 eV is 0.55. Consequently, the surface of the Ag powder is almost clean,3!) 
which is also ascertained by XPS spectrum of C Is (Fig. 12). For the 0.5 
NaCI-doped catalyst, although the intensity ratio of Ag 266 e V to Ag 304 e V 
peak is 0.8 and the C 272 e V peak emerges clearly, XPS peak of C Is is 
very small. AES peaks at 181, 503, and 990 e V are assighned to Na, 0, 
and Cl, respectively. No other peaks were observed. From these results, it 
is obvious that the catalyst surface is contaminated with oygen and small 
amount of amorphous carbon.29) 

Fig. 13 shows Ag 3d5/2 XPS spectra for both the samples. For the 
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Ag powder, the binding energy of Ag 3d5/ 2 peak is 368.2 eV and the FWHM 
1.1 eV. However, for the NaCl-doped catalyst, Ag 3d5/2 peak is broadened 
fFWHM 1.3 e V) and a new shoulder around ~ 369.5 e V emerges. Such a 

UJ 

~ 
UJ 

Z 
"0 

(a) 

pure Ag 

---------------"', w'6 
304 

351 

(b) 
356 

Ag-O·5eq NaC! 
Cl 

__ N_a _____________ ~0r--~ ~ J~I~ 
990 503 VV 1 

181 

1000 250 750 500 
Kinetic Energy (eV) 

Fig. 11. Auger spectra of pure silver powder and 0.5 NaCI-doped catalyst. 

~ 
z 

C Is 

Ag x9 

A9~.--.--I--___ _ 

280 ~82 284 286 288 
Binding Energy (eV) 

Fig. 12. XPS spectra of C Is 
region for pure silver 
powder and 0.5 NaCI­
doped catalyst (103 cis). 

Ag 3d 5/2 

364 366 368 370 372 374 
Binding Energy (eV) 

Fig. 13. XPS spectra of Ag 3ds/2 
region for pure silver 
powder and 0.5 NaCl­
doped catalyst (104 cis). 
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splitting was also observed in the Ag 3d3/2 peak 
in a similar manner. The XPS spectra of Na 
Is, Cl 2p, and 0 Is regions are also shown in 
Fig. 14. The Na Is spectrum splits into two 
peaks at 1073.0 and 1075.8 e V. Also, the Cl 
2p spectrum is a broad peak centered at 201.9 
eV having a shoulder at 198.9 eV. Further, 
XPS spectrum of 0 Is region consists of three 
peaks at 532.0, 533.3. and 534.5 e V and the 
FWHM is very large. 

Discussion 

As stated earlier, the commercial silver 
catalysts include small amounts of alkali or 
alkaline earth metals and trace amounts of 
chlorine-containing organic compounds are also 
added into reactant gas streams. In the course 

(0) No Is 

;~ 
1070 1074 1078 

~[/~ 
196 200 204 208 

;I,'''~ 
528 s32 536 

Fig. 14. 

Bindin~ Energy (eV) 

XPS spectra of Na Is. 
CI 2p, and 0 Is regions 
for 0.5 NaCI-doped 
catalyst (103 cis). 

of our work on the effects of simultaneou inclusion of the both elements 
-i. e. one of the alkali metals and chlorine- into silver catalyst, it has 
been found that the silver catalysts including equimolecular sodium and 
chlorine exhibit the characteristic behaviors for the epoxidation of ethylene. 
Since NaCI is essentially inactive for the epoxidation, the activity change 
with increasing NaCl content seems to be attributable to variations in the 
physico-chemical property of Ag particles or atoms, which is caused by the 
strong chemical interactions of Ag with NaCl (or Na+, Cl-) and adsorbed 
oxygen. The activity and selectivity were drastically modified with doping 
only 0.001 equivalent of NaCl to Ag. 

The pattern of variation of activity of the NaCl doped catalysts with 
increasing NaCI content is however, complex (Fig. 2). The ~H40 formation 
rate, r' EO, when referred solely to weight of Ag increases monotonously with 
NaC] content (Fig. 15). This result implies that Ag particle is highly dis­

persed on the surface with increasing NaCl content. This speculation IS 

supported by the fact that the activity of the NaCI-supported catalyst is 
comparahle to that of doped catalyst with the same NaCl content (Figs. 2, 3, 
and 15), and to that of the reduced catalysts consisting of only Ag and NaCl 
(Fig. 10). 

The C2H 40 concentration of 97 - 99 % in the gaseous product obtained 
in this study is very high, but about 4% of C2H 4 injected was irreversibly 
adsorbed and remained on the catalyst. On silver catalysts after use for 
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Fig. 15. Relationship between C2H 40 
formation rate referred to 
weight of Ag and NaCl con­
tent at different temperatures. 

Circle marks: Doped catalysts, 
Triangle marks: Supported catalysts. 

NaCl1 (NaCI+ Ag ) 

Fig. 16. Relation between selectivi ty 
and NaCl content obtained 
over the doped catalysts, 
when the lost C2H 4 is as­
sumed to be converted to 
CO2 and H 20 finally. 

ethylene oxidation, oxygen-containing hydrocarbons or polymerlike mate­
rials,14-16,18) and combustion intermediates16- 18) have been reported to exist. 

However, in the case of Ag-NaCI catalysts, the material remained seems to 
be strongly held on the catalyst surface as CO2 or its precursors, because the 
effusion of CO2 together with H 20 was observed on exposing the used catalysts 
to a stream of Hz. The effused H 20 could be due to the reduction of 
adsorbed oxygen. Afsuming that the C2H 4 lost remains on the catalyst as 
CO~- or converts to CO2 and H 20 finally, the true selectivity to C2H 40 
decreases with increasing NaCI content, as shown in Fig. 16. The higher 
selectivity at elevated temperatures can not be predicted from a general 
relationship between selectivity and reaction temperature for complex reac­
tions. However, this result could be inferred from the increase in the amount 
of the enhanced adsorption of CO2 or its precursors with lowering tempera­
ture. 

Only the 0.001 NaCI-doped catalyst gave a good carbon balance and 
normal relation of selectivity to temperature, in a similar manner to pure 
silver. Then, the catalyst showed 84-87% selectivity, which agreed with 
those measured over several NaCl-doped catalysts using a reductive reactant 
gas mixture.1!) The selectivity is also corresponding to the maximum 
expected by the mechanism proposed by Kilty and Sachtler.3) Sodium cations 
incorporated in the catalysts are probably responsible for the enhanced 
adsorption of CO2 or its precursors. 

From the kinetic data in Fig. 5, the following rate equations were 
obtained: 

59 



60 

A. A Y AME. et at. 

At Po, ~ 0.08 atm, 

rEO = 13.5 exp ( -43,900jRT) Pg·,7A. p~;5 ( 1 ) 

At Po,;::;: 0.08 atm, 

rEO = 7.5 exp ( - 43,900jRT) Pg·.7~2 ( 2) 

where R is gas constant (JK-1mol- 1). The apparent activation energy agrees 
with 42-55 KJ mol-1 estimated from data shown in Fig. 2 and is less than 
those reported in literature. 14,15,19-22) Also, the fractional reaction order might 

suggest that the epoxidation proceeds through Langmuir-Hinshelwood type 
mechanism. The high thermal stability of Ag-NaCl catalysts was evidenced 
by the effects of calcination (Fig. 9). The crystallite size of Ag when annealed 
at 673K was about 420A and is larger than that observed for pure Ag. These 
results mean that Ag particles have been aggregated at lower reduction 
temperatures by the strong interaction of Ag and NaCI. The elevation in 
selectivity and the decrease in activity with aggregating Ag particles have 
been reported by many workers.30) 

The variation of bulk composition in the course of catalyst preparation 
is an interesting phenomenon. Especially, the variation after drying the 
precipitated mixture must be caused by a solid phase reaction. Ag20-K2S04 

mixture and pure Ag20 were completely reduced by H2 at 323-373 K for 
20 h. 16

,17) Comparing with these results, the reduction temperature of the 
NaCl-doped catalysts is shifted to higher temperatures. In the dried mixture, 
the following equilibrium woul have been established. 

2AgCI(s) + 2Na+ + 20H- ~Ag20(S) + 2NaCl(s) + H20 ( 3 ) 

where most of Na other than NaCl is present in cationic form with equivalent 
amount of OH-, since no XRD peaks of NaOH crystal were detected and 
the mixture was not completely dehydrated. In such a situation, we believe 
that Na20 can not exist because Na20 is thermodynamically less stable than 
NaOH. The qualitative composition of the dried mixture determined by XRD 
corresponds to an equilibrium state. The slower disappearance of Ag20 XRD 
peaks than AgCI with increasing temperature (Fig. 10) suggests that AgCI 
is converted thermally to AgzO, and then reduced by Hz. This has been 
ascertained by the result that when the precipitate was heated in a stream 
of He at atmospheric pressure up to 673 K, the reaction of Eq. (3) took 
place in the same manner as shown in Fig. 10.23) 

According to AES spectrum in Fig. ll-(b), it is speculated that distribu­
tion of each element in the bulk is not uniform; the surface concentration 
of elements, calculated from the relative intensities of AES peaks, is 1: 0.6 : 
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2.2: 0.1 for Ag : Na : Cl : o. Comparing with the original composition of the 
catalyst, it is noted that Cl and Na concentrate on the surface layers. 

The binding energy of 368.3 e V for Ag 3d5/2 and the separation due to 
spin-orbit splitting for the silver powder agreed with those reported by 
Romand et al.241 The FWHM of 1.1 eV of Ag 3d5/2 was smaller than 1.3 eV 
reported by Romand et al., but rather near to 1.15 e V for silver meta1.251 

The binding energy and the spin-orbit energy separation for the 0.5 NaCl­
doped catalyst were almost the same as for the pure Ag powder. However, 
Ag 3d5/2 peak broadened and a new peak (or shoulder) developed (Fig. 13). 
At the same time, Ag 4d doublet peak broadened at the higher binding 
energy side. Zatko nad Prather261 reported that Ags+ of diamagnetic ethyl­
enebis (biguanide) silver (III) persulfate gave an Ag 3d5/2 peak at 371.4 e V. 

Romand et al.241 indicated that the difference in binding energy of Ag 3d 
between Ag and Ag20 was only +0.1 eV and the FWHM for Ag20 was 
larger than for Ag. Consequently, the new peak at about 369.5 e V seems 
to correspond to a higher oxidation state of Ag other than Ag+, and the 
368.3 e V peak may include an effect of the presence of Ag+ because of 
spreading of +0.2 eV in its FWHM. 

In order to compare with the Na Is and Cl 2p XPS spectra in Fig. 14, 
the spectra for pure NaCI were measured (4.0 eV charging-up was observed). 
The binding energies of Na Is and Cl 2p3/2 peaks were 1072.4 eV (FWHM 
2.2 eV) and 198.3 eV (FWHM 2.6 eV), respectively, and the Na 1s-Cl 2p2/3 

peak separation was 874.1 e V. Comparing these results with those obtained 
for the 0.5 NaCI-doped catalyst, i. e. the Na Is peak at 1073.0 and the Cl 
2p3/2 peak at 198.9 e V were similar to their original peaks and the peak separa­
tion was of the same value. In general, Na Is is a singlet, Cl 2p a doublet, 

and Cl 2p3/2 has higher intensity, nearly equal to 3/2 of Cl 2Pl/2. Con­
sequently, the 1075.8 eV peak of Na Is and the 201.9 eV peak of Cl 2p in 
Fig. 14 are new ones, which seems to be related to the emergence of the 
369.5 e V peak of Ag 3d5/2 • The peak separation between the new peak at 
the high binding energy side and its original peak for Ag 3d, Na Is, or Cl 
2p were 1.2, 2.8, or 3.0 e V, respectively. If the so called "charging-up" is 
responsible for the shifts, an equal separation should be observed for each 
of the atoms. Further, large shifts for Na Is and Cl 2p can not be found 
in literature, except for Cl 2p3/2 at 206 and 208 e V for KClOs and CsCI04, 

respectively.251 The assignments of the peaks at the high binding energy 
side will be the subject of future studies by us. The fact that the values 
of FWHM for Ag 3d5/2 , Na Is, and Cl 2p spectra for the doped catalyst 
were larger than those of pure Ag reflects the spreads or distortions of their 
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band structures. 
When oxygen was adsorbed on pure silver at 295 K, three 0 Is peaks 

at 530.0, 531.3, and 533.5 e V have been observed, and these peaks, were 
assigned respectively to surface oxygen atom, subsurface oxygen atom, and 
oxygen admolecule. 27) Thereby, the largest 0 Is peak at 532.0 eV in Fig. 
14-(c) is assigned to subsurface oxygen atom, and the 533.3 peak to oxygen 
admolecule. 28) The peak at 534.5 e V would be related to the appearance of 
the Ag 3do/2 369.5 e V peak, but its details are uncertain. The 0 Is spectrum 
and AES peak of oxygen were not eliminated even after several times of 
overnight in situ reduction at 673 K in the preparation chamber. Even at 
673 K, the XPS spectrum due to subsurface oxygen was observed. It was, 
therefore, speculated that small amount of oxygen is confined in the surface 
layers by strong ionic interactions with Ag, Na, and Cl. The concentration 
ratio of oxygen to Ag was about 0.1 as deduced from the AES spectrum. 

In a separate study it has been shown that most of the oxygen adsorbed 
on the NaCI-doped catalysts at 373-673 K exhibited irreversible behaviour 
(Table 2), and are less active for the epoxidation of C2H 4.23) The irreversibly 
adsorbed oxygen seems to correspond to the subsurface oxygen atom. Such 
an oxygen atom would function as a direct or indirect active site in the 
subsequent oxygen adsorption and epoxidation of C2H 4• Finally, it is deduced 
that the existence of NaCI in silver catalyst causes the spreading of band 
structure of Ag thus leading to the formation of its higher oxidation states 
and, at the same time, the band structures of Na and Cl are distorted. The 
distortions of their band structures are promoted by the presence of subsur­
face oxygen. 

TABLE 2. The total and irreversible amount of oxygen 
adsorbed on the NaCl-doped catalysts. (by the 
gas chromatographic method using a stream 
of helium including oxygen at 1.15 X 10-2 atm) 

Amount of Adsorbed Oxygen (mC/g-cat) __ 

Catalyst NaCI-content* at 353K at 473K 

Total Irr.** Total Irr.** 
--- ----------- --------------------------

Ag-NaCI 0.4 

1.0 

* Mole ratio of NaCl to ~ Ag. 
** Irreversibly adsorbed oxygen. 

0.013 

0.019 

0.011 

0.018 

0.026 

0.039 

0.017 

0.029 
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