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The role of iodide promoter in selective oxidation of methanol to
formaldehyde

Wei-Lin Dai a, Yong Cao a, Jing-Fa Deng a,∗, Yuan-Yan Liao b and Bi-Feng Hong b

a Department of Chemistry, Fudan University, Shanghai 200433, PR China
b State Key Laboratory for Physical Chemistry of the Solid Surface, Xiamen University, Xiamen 361005, PR China

E-mail: jfdeng@srcap.stc.sh.cn

Received 16 February 1999; accepted 21 August 1999

The interaction of a CH3I promoter and a commercial electrolytic silver catalyst was investigated using XPS, UPS and in situ
confocal microprobe Raman spectroscopy. XPS and UPS results show evidence for formation of AgI on the surface of the silver
catalyst. Interestingly, XPS results show no evidence for formation of any carbon species on the silver catalyst at room temperature,
implying that CH3I can be used as a “pure” I-modifier in the catalytic oxidation of CH3OH to HCHO. UPS results show a positive
work function change (∆φ > 0) for the I-modified catalysts. In situ Raman studies show that both the adsorption and reaction of
methanol were promoted on the modified silver surface. The present experimental results provide not only an understanding of the
surface chemistry of the silver catalyst but also a further understanding of the promotion effect of CH3I in the selective oxidation of
CH3OH to HCHO.
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1. Introduction

It is well known that silver catalysts are extensively used
in the industrial synthesis of ethylene oxide and formalde-
hyde [1,2]. The huge product capacity as well as the
great economic profits of the two products has motivated
continuous studies for purpose of improving the charac-
teristics of the catalysts [3–15]. In the commercial eth-
ylene epoxidation process, it is routine that traces of or-
ganic chloride are continuously added to the feed to en-
hance the selectivity toward the formation of the desired
ethylene oxide product, but at the cost of decreasing the
overall reaction rate [1,16]. Intensive studies have been
carried out for better understanding of the promoting ef-
fect of Cl in the epoxidation process, and it is described
that chlorine inhibits the dissociative adsorption of oxy-
gen by poisoning dissociative sites of ensembles of more
than one Ag atom [1,17]. In the partial oxidation of
methanol to formaldehyde, most investigations were fo-
cused on the addition of various metal elements or ox-
ides in silver catalysts for improved catalyst characteris-
tics [3–17]. Various mechanisms concerning the modi-
fying action were proposed, such as variations in O2 ad-
sorption [3], mechanical block of the catalyst surface [9],
and change of the electronic work function and electron
density in the silver catalyst [11,12]. Nevertheless, very
few reports have mentioned the addition of trace promot-
ers in the feed for improved performance of the catalysts.
Fliol [18] reported the promoting effects of HCl and HBr
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on the silver catalysts, however, these two additives were
just too erosive to be used in the commercial process. Very
recently, we reported a promising CH3I promoter which
showed significant promoting effects in the partial oxida-
tion of methanol, where both the overall reactivity and
the selectivity toward formaldehyde were substantially en-
hanced [19]. For a better insight into the nature of the
iodine promoter in the partial oxidation of methanol to
formaldehyde, it is important to study the basic interac-
tion of CH3I with the commercial electrolytic silver cata-
lyst.

The present paper reports a surface characterization of
the interaction of CH3I with the electrolytic silver catalyst
by using X-ray photoelectron spectroscopy (XPS), ultra-
violet photoelectron spectroscopy (UPS), and in situ Ra-
man spectroscopy. The XPS and UPS studies showed only
evidence of AgI formation on the CH3I-exposed silver sur-
face whereas no deposited carbon species were observed on
the surfaces of the catalysts, implying CH3I can be used as
a “pure” I-modifier in the catalytic oxidation of methanol
to formaldehyde. UPS results also show a positive work
function change (∆φ > 0) for silver catalysts upon CH3I
exposure. In situ Raman studies show that both the adsorp-
tion and reaction of methanol were promoted on the mod-
ified silver surface, suggesting improved catalytic activity
on I-modified catalysts. The present experimental results
not only provide an understanding of the surface chemistry
of CH3I on silver catalysts but also provide a better un-
derstanding of the promotion effect of CH3I in catalytic
oxidation of methanol to formaldehyde on CH3I-modified
silver catalysts.

 J.C. Baltzer AG, Science Publishers
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2. Experimental

The triply refined electrolytic silver catalyst (40–60 mesh,
purity >99.999%) was purchased from Shanghai Petroleum
Chemical Engineering Co. Ltd (China). The sample was
formed by pressing the powered electrolytic silver catalyst
into pellet form prior to insertion into the UHV system (base
pressure of <5×10−10 Torr). Sample heating up to 600 ◦C
was achieved using an electric resistance heater through
two tantalum rods spot-welded to the sample. Temperature
was measured by a Ni–Cr/Ni–Si thermocouple attached to
the sample. The sample surface was thoroughly cleaned
by cycles of argon bombardment (∼2 kV) and oxidation-
annealing [20]. Exposure to CH3I and O2 was performed by
backfilling the UHV chamber. The spectroscopic investiga-
tions were performed in a Perkin–Elmer PHI 5000C ESCA
System equipped with facilities for XPS and UPS analysis.
The XPS data were collected using Al Kα (1486.6 eV) ra-
diation at 14 kV voltage and 18 mA emission current; the
spherical capacitor energy analyzer (SCA) was operated in
the retarding mode using a pass-energy of 23.5 eV to collect
the high resolution spectra. The UPS spectra were taken
using the He I line with fixed analyzer transmission (FAT)
and fixed retard ratio (FRR) modes. The absolute work
function of the sample was measured from the low kinetic

energy threshold of the secondary electron emission of He
I UPS spectra.

In situ Raman investigations were conducted on a con-
focal microprobe Raman system (Dilor Labram I) [21]
equipped with a holographic notch filter and a CCD de-
tector. The Raman spectrum was obtained based on an
Olympus BX40 system and by using a 50× long working-
length objective (8 mm). The exciting wavelength was
632.8 nm from a He–Ne laser with a power of 20 mW
and a spot of ca. 3 µm on the sample surface. The pow-
dered sample was put in a specially designed quartz in situ
Raman sample cell [22]. The surface of the sample was ex-
tensively cleaned at 600 ◦C under flowing atmosphere for
about 30 min. Methanol and CH3I were purified by a se-
ries of freeze–pump–thaw cycles before being dosed to the
catalyst. Gaseous methanol or CH3I was introduced into
the sample cell by high purity N2 (99.9995%).

3. Results and discussion

3.1. Reaction of CH3I with silver on the surface

Figure 1 presents the I 3d XP spectra obtained from
the as-prepared sample as a function of CH3I exposure at

Figure 1. I 3d XP spectra as a function of CH3I exposure: (a) clean surface, (b) 0.1 L, (c) 0.2 L, (d) 1 L, (e) 2 L, (f) 10 L, (g) 50 L and (h) 100 L.
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room temperature. Two well-defined features at 619.2 and
630.2 eV corresponding to I 3d5/2 and I 3d3/2 are observed
in the spectra. The I 3d features grow with increasing ex-
posure. The chemical state of iodine can also be readily
determined from figure 1. The binding energy (BE) of the
I 3d5/2 under all CH3I exposures is 619.2 eV, which is in
good agreement with the XPS data for a silver iodide elec-
trode by Strydom et al. [23]. By reference to the binding
energy for molecular iodine at 619.9 eV [24], there is a
down shift of about 0.7 eV for the chemisorbed iodine on
the surface of the silver catalyst. Thus, the chemisorbed
iodine is assigned as AgI on the surface of the catalyst.

Figure 2. The atomic ratio of I/Ag as a function of CH3I exposure.

Figure 2 displays the atomic ratio of chemisorbed io-
dine to Ag as a function of the CH3I exposure measured
by the XPS I/Ag peak-to-peak ratio. At low CH3I exposure
(<10 L), it is clear that the surface concentration of iodine
grows almost linearly with the CH3I exposure. When the
exposure exceeds 10 L, the increment of the I 3d peak
intensity turns slowly. At high exposure of 100 L, the ad-
sorption of CH3I is saturated. The atomic ratio of I/Ag is
about 0.083 at saturation exposure, suggesting the forma-
tion of AgI islands on local sites of the silver catalyst. The
growth behavior of AgI is quite similar to the case of the
formation of AgCl islands on a Ag(111) surface [25].

The C 1s XPS spectrum taken from the CH3I-modified
catalyst is not shown here for the extremely weak C 1s
peak intensity, suggesting an extremely low surface con-
centration for the carbon species on a CH3I-modified silver
catalyst. This unexpected observation indicates that only
chemisorbed iodine is present on a CH3I-modified silver
catalyst, implying that CH3I has been used as a “pure”
I-modifier in catalytic oxidation of methanol to formalde-
hyde [19]. We note that this is consistent with the TPD
data for CH3I adsorbed on Ag(111) at 110 K [26], which
will be discussed in detail below.

The determination of the chemical state of silver from
Ag 3d5/2 peaks has always been shown to be very diffi-
cult [27,28]; there remains much controversial for the in-
terpretation of these results. We do not observe binding
energy shifts for Ag 3d5/2 peaks on the CH3I-exposed sil-

Figure 3. XPS Ag MNN spectra acquired at different exposures of CH3I: (a) clean surface, (b) 0.2 L, (c) 1 L, (d) 10 L and (e) 100 L.
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Figure 4. He I UP spectra for electrolytic silver as a function of CH3I exposure: (a) clean surface, (b) 0.1 L, (c) 0.2 L, (d) 0.5 L, (e) 1 L, (f) 2 L,
(g) 5 L and (h) 10 L.

ver surface. However, the MNN Auger transitions of silver
are sensitive to the formation of ionic bonds between Ag
and other elements [28]. The XAES spectra of Ag(MNN)
obtained from the sample with varying CH3I exposure is
shown in figure 3. With increasing CH3I exposure, the Ag
XAES peaks become broader. A shoulder at 1136.7 eV
(pure silver: 1134.7 eV) gradually turns stronger along
with the increase of CH3I exposure. The shift is well
consistent with the AES spectra of a Cl-exposed Ag(111)
surface, where the peak shift of ∼2 eV was assigned to
Ag(I) [25]. Further, the Auger parameter (α), which can be
used to determine the chemical states of surface elements
primely [29], is calculated as: α = Ek(A) + Eb(P), where
Ek(A) represents the kinetic energy of Ag MNN, Eb(P) rep-
resents the binding energy of Ag 3d5/2. The value of α
for I-modified silver is 726.0 eV, while that for pure silver
is 724.0 eV. The difference between them is also ∼2 eV,
which not only agrees well with the standard values [29],
but also accords with the reference mentioned above [25].

Figure 4 presents the He I UP spectra for the electrolytic
silver catalyst as a function of CH3I exposure. The spec-
trum from the clean silver catalyst is shown in figure 4(a);
two features at 4.7 and 6.0 eV are clearly observed. The two

dominant features are consistent with the valence photoe-
mission spectrum for metallic Ag by Rodriguez et al. [30],
and are therefore assigned to the Ag 4d band. Upon CH3I
exposure, a significant spectral change is observed. Expo-
sure to CH3I induces attenuation in the 4.7 and 6.0 eV fea-
tures. With increasing CH3I exposure, two additional fea-
tures at 3.6 and 5.5 eV are gradually intensified. The feature
at 5.5 eV is assigned to AgI by reference to the valence band
spectrum for AgI by Mason [31], while the peak at 3.6 eV
is attributed to I 5p according to Nunes et al. [32]. This
interpretation is consistent with the XAES data. Therefore,
the UPS results along with the XAES data show further ev-
idence for formation of AgI on the surface of the catalyst.

It is interesting to find that the AgI formed on the sam-
ple surface is not stable on the surface under UHV condi-
tions even at room temperature. The I 3d5/2 peak for the
12000 L CH3I-pre-exposed sample as a function of temper-
ature is shown in figure 5. After 12 h in the UHV chamber
(figure 5(b)), the single peak of I 3d5/2 splits into double
peaks, corresponding to atomic (618.9 eV) and molecular
iodine (619.7 eV) respectively. When the sample is heated
to 100 ◦C, the double peaks merge into a single peak again
while the peak position shifts to 618.9 eV, indicating that all
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Figure 5. I 3d5/2 XP spectra at different treating conditions: (a) exposing to 12000 L CH3I, (b) after 12 h in UHV chamber, (c) heating to 100 ◦C,
(d) heating to 200 ◦C and (e) heating to 400 ◦C.

iodine species converse to be atomic [24]. When the sam-
ple is heated to 200 ◦C the iodine atoms react with silver
to form AgI again, which is shown in figure 5(d). When
the sample was heated up to 400 ◦C, the peak area of I
3d5/2 is gradually attenuated, indicating the desorption of
chemisorbed iodine from the silver surface. There were no
I 3d5/2 signals observed on the sample surface after the
sample was heated at 600 ◦C for 2 h, indicating that the
silver iodide on the silver surface would undergo decom-
position at elevated temperatures. The present observation
agrees well with the modification case in the catalytic reac-
tion, where the CH3I promoter must be continuously added
to the feed for lasting improved performances [19].

The reaction of CH3I with silver results in an increase
of the work function of the silver catalyst. The change of
work function as a function of CH3I exposure is shown
in figure 6. According to figure 6, ∆φ increases rapidly
with increasing CH3I exposure. When the silver surface is
exposed up to 7 L of CH3I, further exposure could only
change the work function very little. The absolute value of
∆φ saturates at +0.5 eV. This value is almost the same as
that obtained from an oxygen exposing experiment [33],
but much smaller compared with that for Cl adsorption
(1.3 eV) [30]. Upon the adsorption of gas molecules on a
metal surface, the work function changes are usually asso-
ciated with electron transfer between adsorbate and metal,

Figure 6. The work function change (∆φ) for the catalyst as a function of
CH3I exposure.

and the value represents the extent of the electron trans-
fer. The sameness of work function change value between
CH3I and oxygen exposure suggests that these two sys-
tems may have a similar valence electron structure. Hence
it is reasonable to observe the similar adsorption and re-
action behavior with methanol on iodide- and oxygen-pre-
adsorbed silver surfaces in the partial oxidation of methanol
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Figure 7. O 1s XP spectra for exposure to 12500 L O2 of 50 L CH3I-
pre-dosed silver surface as a function of temperature: (a) background,
(b) 25 ◦C, (c) 100 ◦C, (d) 200 ◦C, (e) 400 ◦C, (f) 500 ◦C and (g) 600 ◦C.

to formaldehyde. We propose that iodine plays a similar
role as oxygen in the oxidation of methanol to formalde-
hyde. Since iodine itself will not take part in the oxidation
of methanol but can promote the adsorption of methanol at
the same time, this interpretation is well consistent with the
enhancement of both the selectivity and the overall activity
in the CH3I-promoted reaction [19].

3.2. Effects of iodine on the adsorption of oxygen

Figure 7 displays the temperature dependence of O 1s
XP spectra for exposure to 1.2 × 104 L O2 of a 50 L
CH3I-pre-exposed silver surface. The O 1s peak inten-
sity gradually increases with increasing adsorption temper-
ature. This result is similar to that on clean silver sur-
face, but the intensity of O 1s peak under this condition
is relatively smaller, implying that iodine atoms may have
replaced some oxygen adsorption sites. This conclusion
was further confirmed by exposing an O2-pre-covered sil-
ver surface to CH3I (figure 8). Figure 8(a) shows the O
1s XP spectrum for 1.2 × 104 L oxygen exposed silver
surface, the O 1s peak has a binding energy at 529.4 eV
and is assigned to the strong adsorbed atomic oxygen [34].
Subsequent exposure to 1.2× 105 L CH3I produces signif-
icant spectral changes for the O 1s peak (figure 8(b)). The
peak at 529.4 eV is weakened along with the appearance

Figure 8. O 1s XP spectra before and after exposure to 12500 L CH3I:
(a) the same as (g) in figure 7, (b) after exposure to 12500 L CH3I, (b) −

(a) difference spectra.

of a shoulder at 532.0 eV. To illustrate the spectral change
more clearly, the difference spectrum is displayed also in
figure 8. A strong negative peak at 529.4 eV correspond-
ing to the strongly adsorbed atomic oxygen [34] indicates
that certain adsorbed oxygen species have been replaced
by iodine, while the weak positive peak at 532.0 eV sug-
gests the appearance of molecular oxygen species [34]. It
is noted that the present observation is quite similar to the
adsorption of chlorine on Ag(111) [35]. It is noted that the
relative intensity ratio of the negative peak to the positive
one reflects the decrease of the total amount of adsorbed
oxygen upon the subsequent exposure to CH3I.

3.3. The adsorption of methanol on CH3I-modified silver
surface

An in situ Raman spectroscopy experiment was carried
out to investigate the adsorption and reaction of methanol
on a AgI-modified silver surface. After the sample was
carefully cleaned at high temperature, a N2 flow mixed with
small amount of CH3I was introduced to the sample cell to
mimic the real catalytic reaction. Methanol vapor mixed
with N2 was passed through the catalyst at room tempera-
ture. But no Raman signals corresponding to chemisorbed
methanol were observed. Upon heating to 100 ◦C, two
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Figure 9. In situ Raman spectra of chemisorbed methanol on I-modified
surface of electrolytic silver catalyst: (a) 25 ◦C, (b) 100 ◦C, (c) 200 ◦C

and (d) 300 ◦C.

bands are evident at 1080 (ν(CO)) and 1153 cm−1 (ρ(CH))
(figure 9), typical for methoxide (CH3O–) adsorbed on
silver surface [36]. Upon heating to 200 ◦C, these two
bands are attenuated and disappeared at 300 ◦C, indicating
that methanol could be adsorbed and decomposed on the
iodine-modified silver surface. Since methanol cannot be
chemisorbed on the clean surface of silver, this experiment
yields direct evidence of the promotion of CH3I on the ad-
sorption and reaction of methanol over silver catalysts. It is
well known that oxygen promotes methanol adsorption, so
there goes the so-called “oxygen-induced adsorption” [2].
We suggest that, in our case, the “iodine-induced adsorp-
tion” of methanol plays an essential role in the promoting
action.

3.4. Discussion

The trace CH3I promoter has been reported as an ex-
cellent modifier in the partial oxidation of methanol to
formaldehyde; both the selectivity and activity were pro-
foundly promoted [19]. The XPS/UPS study of the inter-
action of the CH3I with electrolytic silver catalysts showed
only formation of AgI on the surface of the silver catalysts.
The extremely low surface concentration for carbon species
on CH3I-exposed catalyst implies that CH3I has been used
as a “pure” I-modifier in the catalytic oxidation of methanol
to formaldehyde. This interesting observation is, however,

in excellent agreement with the latest TPD results for CH3I
on Ag(111) by Wu et al. [26]. Their TPD experiments ex-
hibited C2H6 desorption at 255 K for CH3I adsorbed on
Ag(111) at 110 K due to the C–C coupling reaction of the
surface-bound CH3· fragments upon thermal activation. In
the present case, it is expected that CH3I would decompose
fully upon initial adsorption on the polycrystalline silver
catalysts, then the resulted CH3· fragments undergo a quick
C–C recombination and desorb as C2H6 from the catalyst
at room temperature. Hence, it is reasonable that our XPS
C 1s data do not show evidence for the presence of carbon
species on CH3I-modified silver catalysts.

The presence of two additional features at 3.6 and 5.5 eV
in UPS spectra together with the significant increase of the
surface work function reflected that the valence band elec-
tron density of the catalyst was significantly changed upon
the exposure to CH3I. The nature of the active sites of the
silver catalysts was considered as an intrinsic property of
silver, determined by unique characteristics of the valence
electronic shell [10]. It was expected that a promoted cat-
alytic silver catalyst could be achieved by appropriate mod-
ifying on the valence electronic shell of the silver. This is
consistent with the present promoting effects of the iodide
additive in the catalytic oxidation of methanol to formalde-
hyde.

The XPS characterization of the adsorption of oxygen on
a CH3I-pre-dosed silver surface revealed that the formation
of AgI on the silver surface would inhibit the following ad-
sorption of O2 although the temperature dependence behav-
ior was quite similar to that on a clean silver surface. Fur-
ther study of the XPS O 1s peak for post-exposure to CH3I
of an O2-pre-dosed silver surface indicated that the O1s
peak at 529.4 eV corresponding to strong adsorbed atomic
oxygen species was attenuated, while a peak at 532.0 eV
associated with the adsorbed molecular oxygen species ap-
peared. It can be concluded that there were variations in
oxygen adsorption on the AgI-modified catalyst surface. It
is well documented that those different forms of oxygen
adsorbed on silver direct the different reaction pathways
on silver surface, such as dehydrogenation, partial or deep
oxidation [2]. In our case, the formation of AgI on the sil-
ver surface would alter the population of different adsorbed
oxygen species on the catalyst surface. The I-modified sil-
ver surface was found to inhibit certain strongly adsorbed
atomic oxygen species corresponding to deep oxidation. It
is well known that only atomic oxygen atoms take part in
the partial oxidation of methanol to formaldehyde. How-
ever, molecular oxygen can also be detected under the reac-
tion conditions, which can be interpreted as a precursor of
atomic oxygen [37]. This can well explain the enhancement
of the selectivity to formaldehyde in the CH3I-promoted
partial oxidation of methanol to formaldehyde.

Recently, the promoting effects of iodine have also been
explored theoretically by performing a bond order conser-
vation Morse potential (BOC-MP) study by our research
group [38]. By calculation, we have found that the partial
oxidation of methanol to formaldehyde is preferable to the



56 W.-L. Dai et al. / CH3I promoter and commercial electrolytic silver catalyst

direct dehydrogenation pathway. The promoting effects of
CH3I to the catalyst were interpreted as not only control-
ling the concentration of surface atomic oxygen, but also
promoting the replenishing of surface oxygen during the
processing of the reaction. Hence, apart from the equilib-
rium between the gaseous molecular oxygen and the ad-
sorbed oxygen, there is also another equilibrium between
the adsorbed molecular oxygen and the atomic oxygen so
that the concentration of atomic oxygen could be controlled.
If the atomic oxygen was consumed, it could be replen-
ished faster from the adsorbed molecular oxygen and the
adsorbed molecular oxygen was just like a storeroom for
atomic oxygen.

Our XPS analysis also shows that the AgI formed by
exposing CH3I to the silver catalyst is unstable even at
room temperature under UHV conditions. Upon heating to
600 ◦C (∼900 K, typical temperature for partial oxidation
of methanol), the disappearance of I 3d features indicates
the decomposition of AgI and desorption of I2 from the
silver surface. This result indicates that chemisorbed io-
dine on a polycrystalline silver surface is much more stable
than that on a Ag(111) surface, suggesting CH3I a desir-
able modifier for high temperature oxidation of methanol
to formaldehyde. It is noted that this observation agrees
well with our previous analysis for the CH3I-modified sil-
ver catalyst exposed to a clean feed for 2 h [19], where the
surface reaction of CH3I with silver and decomposition of
AgI was proposed as:

2Ag + 2CH3I→ 2AgI + C2H6 (1)

2AgI→ 2Ag + I2 (2)

Again, the gradual loss of the promoting effects under
clean feed [19] confirms the essential effects of surface
AgI species to the catalyst. Hence, to maintain the im-
proved performance, the promoter must be continuously
added into the feed.

The in situ Raman study shows evidence for methanol
chemisorption on the I-modified electrolytic silver catalyst.
Two vibrational features at 1080 and 1153 cm−1 were ob-
served, corresponding to chemisorbed methanol on CH3I-
modified silver catalyst. The “iodine-induced-adsorption”
of methanol is coincident with the improved total activ-
ity in the CH3I-modified partial oxidation of methanol to
formaldehyde.

4. Conclusions

In summary, the promoting effects of CH3I on the partial
oxidation of methanol to formaldehyde have been studied
by using XPS, UPS, and in situ Raman spectroscopy. XPS
and UPS results show only the presence of AgI species
on CH3I-modified silver catalysts, implying that CH3I has
been used as a pure I-modifier in the promotion reaction
of methanol to formaldehyde. UPS experiments show a
positive work function change (∆φ > 0) for I-modified
silver catalysts, reflecting the modification of the valence

electronic shell of the silver catalyst by the formation of
AgI species on the silver surface. The observation of the
“iodine-induced-adsorption” of methanol in Raman exper-
iments further implied that the total activity was also im-
proved on the CH3I-modified silver surface. The present
experimental results provide not only an understanding of
the surface chemistry of CH3I on silver catalysts but also a
better understanding of the promotion effect of CH3I in the
catalytic oxidation of methanol to HCHO on CH3I-modified
silver catalysts.

Acknowledgement

We are grateful for the financial support from SINOPEC,
the National Nature Science Foundation of China and the
State Key Laboratory for Physical Chemistry of the Solid
Surface at Xiamen University.

References

[1] P.A. Kilty and W.M.H. Sachtler, Catal. Rev. 10 (1974) 1.
[2] M.A. Bartern and R.J. Madix, in: Chemical Physics of Solid Surface

and Heterogeneous Catalysis, Vol. 4 (Elsevier, Amsterdam, 1982)
p. 139.

[3] S.M. Braylovski, O.N. Toomkin and I.V. Trofimova, Probl. Kinet.
Catal. (Russian) 19 (1985) 146.

[4] P.F. Carcia and V.N. Rao, US Patent No. 4 474 996 (1984).
[5] D.E. Verbster and I.M. Rouse, UK Patent No. 1 603 821 (1981).
[6] H.R. Gerberish and E.T. Smith, US Patent 4 386 014 (1983).
[7] M.L. Kalia, G.U. Nechaeva and N.V. Kulkova, Kinet. Catal. 23

(1982) 1287.
[8] R.M. Fild and A.E. Krasotkin, Kinet. Catal. 3 (1962) 282.
[9] R. Iede, E. Mansko and O. Ganshow, J. Vac. Sci. Technol. 3 (1985)

1983.
[10] A.N. Pestryakov and A.A. Davydov, Appl. Catal. A 120 (1994) 7.
[11] J.F. Deng, J. Yang, S. Zhang and X.H. Yuan, J. Catal. 138 (1992)

395.
[12] A.N. Pestryakov, Catal. Today 28 (1996) 239.
[13] F. Graf, H. Engelbach and L. Hupfer, Ger. Offen. DE 3 643 469

(1988).
[14] A. Aicher, W. Disteldof, N. Petri and G. Reuss, Eur. Patent EP 467

169 (1990).
[15] X. Bao, J.F. Deng and S. Dong, Acta Chim. Sinica 44 (1986) 619.
[16] G.H. Law and H.C. Chitwood, US Patent 2 279 469 (1942).
[17] R.A. van Santen and H.P.C.E. Kuipers, in: Advances in Catalysis,

Vol. 35, eds. D.D. Eley, H. Pines and P.B. Weisz (Academic Press,
New York, 1987) p. 265.

[18] R.M. Floil, Khim. Prom. (Russian) 10 (1980) 589.
[19] W.-L. Dai, Q. Liu, Y. Cao and J.-F. Deng, Appl. Catal. A 175 (1998)

83.
[20] X. Bao, S. Dong and J.-F. Deng, Surf. Sci. 199 (1988) 493.
[21] S. Sahronov, I. Nabiev, I. Chourpa, A. Feofanov, P. Valsa and M.

Manfait, J. Raman Spectrosc. 25 (1994) 699.
[22] R.Q. Long, Y.P. Huang and H.L. Wan, Chinese Patent Appl.

96200851.6 (1996).
[23] C.A. Strydom, J.F. van Staden and H.J. Strydom, Electroanal. 3

(1991) 197.
[24] F.M. John, F.S. William, E.S. Peter and D.B. Kenneth, in: Handbook

of X-Ray Photoelectron Spectroscopy, ed. J. Chastain (Perkin Elmer
Corp., Physical Electronics Division, 1992).

[25] K. Wu, D. Wang, J. Deng, X. Wei, Y. Cao, M. Zei, R. Zhai and X.
Guo, Surf. Sci. 264 (1992) 249.



W.-L. Dai et al. / CH3I promoter and commercial electrolytic silver catalyst 57

[26] H.-J. Wu, H.-K. Hsu and C.-M. Chiang, J. Am. Chem. Soc. 121
(1999) 4433.

[27] S.W. Gaarenstroom and N. Winograd, J. Chem. Phys. 67 (1977) 15.
[28] V.K. Kaushik, J. Electr. Spectrosc. Relat. Phenom. 56 (1991) 273.
[29] C.D. Wagner, W.M. Riggs, L.E. Davis, J.F. Moulder and G.E.

Muilenberg, in: Handbook of X-Ray Photoelectron Spectroscopy,
ed. J. Chastain (Perkin Elmer Corp., Physical Electronics Division,
1979).

[30] J.A. Rodriguez and J. Hrbek, J. Phys. Chem. 98 (1994) 4061.
[31] M.G. Mason, Phys. Rev. B 11 (1975) 5094.
[32] G.S. Nunes, P.B. Allen and J.L. Martins, Solid State Commun. 105

(1998) 377.

[33] X. Bao, Ph.D. thesis, Fudan University (1982).
[34] B. Pettingerm, X. Bao, I.C. Wilcock, M. Muhler and G. Ertl, Phys.

Rev. Lett. 72 (1994) 1561.
[35] K. Wu, D. Wang, X. Wei, Y. Cao and X. Guo, J. Catal. 140 (1993)

370.
[36] Q. Dai and A.J. Gellman, Surf. Sci. 257 (1991) 103.
[37] J. Deng, X. Xu, J. Wang, Y. Liao and B. Hong, Catal. Lett. 32 (1995)

159.
[38] B. Shen, X. Chen, K. Fan and J.-F. Deng, Surf. Sci. 408 (1998) 128.


