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Abstract

Silver doped mesoporous silica materials MCM-41 were prepared by the direct hydrothermal (DHT) and template ion exchange (TIE) methods.
The properties of materials were investigated by the adsorption/desorption of nitrogen, X-ray diffraction (XRD), and photoacoustic infrared
spectroscopy (FT-IR/PAS). Redox properties were studied by the temperature programmed reduction method and temperature programmed CO
oxidation test reaction. It was found that the introduction of small amounts of silver caused structural changes of the silica materials. Silver species
in the catalysts obtained by the TIE method were strongly dispersed on the silica support. XRD and TPR studies of the catalysts prepared by the
DHT method indicated co-existence of the large crystallites and isolated silver ions in the silica material. Studies revealed the strong influence of
the pretreatment and reaction conditions on the performance of catalysts in the oxidation of CO. Reduction of catalysts was necessary to obtain
high activity at low temperatures. Complex deactivation processes were recorded above 300 °C.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Silver catalysts have found wide industrial and environ-
mental applications, including production of formaldehyde,
epoxidation of ethylene, NO, abatement and deep hydrocarbon
oxidation. The oxidative properties of silver catalysts are very
sensitive to the preparation method, pretreatment or reaction
conditions, composition, crystallite size, and they are not fully
recognized yet [1-4]. These catalysts have been tested for many
reactions, such as selective reduction of NO to N, [5-7], oxi-
dation of ammonia to N [8], CO, hydrogenation to methanol
[9,10] or preferential oxidation of carbon monoxide in the prod-
uct stream of methanol and gasoline reformers used to produce
hydrogen fuel for fuel cells [11]. Silver has been often utilized
as a modifier or main component of catalytic systems for deep
oxidation reactions [12—17]. On the other hand, silver has been
also used in the material and optical science, separation technol-
ogy and pharmacy [18,19]. High versatility of silver catalysts
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is often regarded as a result of the presence of various Ag-O
interactions. Oxygen can be present in the catalysts as physi-
cally or chemically adsorbed on the surface, which in general
favours deep oxidation reactions; as lattice oxygen, located in the
bulk-usually treated as inactive, and in the intermediate forms
(e.g. oxygen intercalated in the subsurface region) which are
responsible for selective oxidation reactions.

MCM-41 type mesoporous silica materials have found great
interests in the recent years [20-24]. Their unique features are
the extraordinarily regular structure, very narrow pore size dis-
tribution, and large surface area (often above 1000 m?/g). The
arrangement of regular parallel pores in the MCM-41 type mate-
rials resembles in some way the honeycomb structure. The
properties of these materials are strongly related to the prepa-
ration methods and thermal treatment conditions. The size of
pores can be easily controlled by using surfactants with dif-
ferent number of carbon atoms (e.g. dodecyl-, hexadecyl- or
octadecyltrimethylammonium bromide) or different types of
surfactants (e.g. Plurocnic-123), as well as an introduction of
auxiliary compounds (e.g. 1,3,5-trimethylbenzene). The struc-
tural, adsorptive or catalytic properties can be easily modelled
by the introduction of different species by various techniques,
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including direct hydrothermal (DHT), template ion-exchange
(TIE), grafting or impregnation. An increase of the mechanical
or thermal stability, as well as the creation of new acid—base
sites in the materials have been achieved by the replacement
of Si cations in the framework by the Al, Ti or Ga cations.
New types of hydrogenation or oxidation catalysts have been
prepared by the embedding of small metal crystallites (e.g. Pt,
Pd, Au or Ni), reducible oxide species (e.g. Mn, Cr, V, Mo)
or immobilization of various metal containing organic ligands.
Recent literature data show that silica mesoporous materials can
be used as catalysts, sorbents and host structures for prepara-
tion of new metallic, oxide or carbon materials [25,26]. Metal
or oxide species can be introduced to the mesoporous silica
materials by several methods. One of the simplest ways is addi-
tion of metal salts to the solution containing surfactant and
silica source molecules. This technique has been successfully
applied for preparation of Al, Mn, V, Co or Cu containing mate-
rials. It has been shown that the structural properties and nature
of metal or oxide species are strongly related to the prepara-
tion condition, including pH of the solution, temperature and
the ratio of Si/Me. The mechanism of formation of such sys-
tems is still under debate. Metal cations in the aqueous solution
are coordinated by the water molecules, inorganic ligands (e.g.
ammonia or chlorides) or bounded with hydroxyl groups. In the
solution containing surfactant molecules (for instance octade-
cyltrimethylammonium bromide), depending on the complex
charge (I), such species can be located around organic micelles
with positive charge on the nitrogen atom (S*) as S*I™ pairs
or in STX~T* arrangement with ions (X™). The TIE technique
was first used for preparation of manganese supported MCM-
41 materials, and then extended to the other metal ions [27,28].
The key feature of this technique is replacement of the surfactant
cations in the as-prepared silica material by the metal ions in the
solution of appropriate pH. The exchange process is related to
the pH of the solution, time and the type of metal ions.

The catalytic properties of silver mesoporous silica materials
have not been extensively studied. Such systems were mainly
examined in the field of optical and material science [29-32]
or separation technology [33,34]. However, most of them have
been prepared by the impregnation of the silica support with
silver nitrate and then direct decomposition of the precursor
at elevated temperatures. The aim of the studies was to com-
pare the influence of the direct hydrothermal and template ion
exchange preparation methods, and the preteratment conditions
on the structural, surface, redox, and catalytic properties of silver
doped silica mesoporous materials.

2. Experimental
2.1. Catalyst preparation

Mesoporous silica catalysts were obtained by the modified
procedures described in the literature [35]. Silver was intro-
duced to the silica support by the direct hydrothermal (DHT)
and template ion-exchange (TIE) techniques.

In order to obtain the MCM-41 materials with wide pores, the
surfactant containing 18 carbon atoms in the aliphatic chain and

1,3,5-trimethylbenzene (TMB) were used. In the first method
8.5 g of octadecyltrimethylammonium bromide was dissolved in
350 ml of distilled water, then 1,3,5-trimethylbenzene was intro-
duced to a reacting mixture. Next 30 ml of ammonium hydroxide
(25 wt.%) and aqueous solution of silver nitrate (0.3 g of sil-
ver nitrate dissolved in 10 ml of water) were introduced to the
synthesis mixture and stirred for 0.5 h at 40 °C. Then, tetrachy-
lortosilicate TEOS (30 ml) was slowly introduced to the mixture.
After 0.5 h of stirring the obtained product was filtered, washed
with distilled water, dried at 80 °C for 2 h and calcined in air at
550 °C for 6 h. Pure silica material was prepared using the same
amounts of template, ammonia and silica source, as described
above. In the TIE technique, the as-synthesized silica material
containing surfactant molecules in the channels was filtered and
washed with distilled water. Next 0.3 g of silver nitrate was dis-
solved in 50 ml of water and added to the product. The mixture
was stirred for 1h, and then kept at 80 °C for 20 h. The resul-
tant material was filtered, washed, dried, and calcined at the
same conditions. All the obtained samples were separated into
two grain fractions (below 0.1 mm and 0.1-0.5 mm). For further
studies the second fraction containing larger grains was selected.
Samples were coded according to the preparation method (DHT
or TIE), the type of the surfactant (containing 18 carbon atoms
in the aliphatic chain) and the support applied (MCM-41).

2.2. Catalyst characterization

The catalysts composition was determined by applying the
X-ray fluorescence method (ED-XRF Canberra 1510, USA).

Porous structure of the samples was investigated by the X-ray
diffraction studies (XRD) performed in the modified diffrac-
tometer DRON 3 (Russia) using Cu Ka radiation. The primary
mesopore diameter (wq) was calculated from the XRD (100)
interplanar spacing d using the following equation [36]:

v 172
wq = cd(“)
1+ oV

where c is a constant equal to 1.213 for cylindrical pores [35], p
the pore wall density assumed to be equal to that of amorphous
silica —2.2 g/em® and Vp is the volume of primary mesopores.

The mesoporous structure was determined by the analysis
of the nitrogen adsorption/desorption isotherms obtained vol-
umetrically at —196 °C (77 K) using ASAP 2405N apparatus
(Micromeritics Corp., USA). Before measurements the sam-
ples were outgassed (~1072 Pa) at 220 °C. The adsorption data
were used to evaluate the BET specific surface area, Sggr (from
the linear BET plots) and the total pore volume, V; (from the
adsorption at the relative pressure p/pg=0.98) [37]. The exter-
nal (macropore) surface area, Sex;, and the primary mesopore
volume, V,,, were obtained from the s plot method [38] using
macroporous silica gel LiChrospher Si-1000 as the reference
sample [37]. The mesopore structure was characterized by the
distribution function of mesopore volume calculated by applying
the Barrett—Joyner—Halenda (BJH) method [36].

FT-IR/PAS spectra of the samples were recorded by means
of the Bio-Rad Excalibur 3000 MX spectrometer equipped with
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photoacoustic detector MTEC300 (in the helium atmosphere in
a detector) over the 4000-400 cm™~! range at the resolution of
4cm~! and maximum source aperture. The spectra were nor-
malized by computing the ratio of a sample spectrum to the
spectrum of a MTEC carbon black standard. A stainless steel
cup (diameter 10 mm) was filled with powder samples (thick-
ness <6 mm). Interferograms of 1024 scans were averaged for
each spectrum.

Reducibility of the oxide species in catalysts was determined
by the temperature programmed reduction method (TPR) per-
formed in the Altamira AMI-1 system (Zeton Altamira). In order
to remove any adsorbed contaminants (e.g. CO; or H,O) and
standardize the samples, before reduction they were heated in
the mixture of 5% O,/He at 500 °C for 0.5 h. After cooling to
room temperature the reduction process was conducted in the
mixture of 6.2% Hjy/Ar. The rate of temperature increase was
10 °C/min. Water evolved during reduction was removed from
the carrier gas in a cold trap (at LNp—methanol mixture temper-
ature —98 °C) placed between reactor and thermal conductivity
detector (TCD). Calibration of the TCD signal was done by
injecting pulses of Ar to 6.2%Hj/Ar carrier gas.

CO oxidation was chosen as probe catalytic reaction. The
measurements were performed in the Altamira AMI-1 system
(Zeton Altamira) coupled via heated stainless steel capillary with
the quadruple mass spectrometer HAL201RC (Hiden Analyti-
cal). U-tube quartz reactor (10 mm id) with quartz wool bed was
filled with small amounts of the samples (m =0.02 g). Temper-
ature was monitored by a quartz shielded K-type thermocouple.
Samples were initially heated in the mixture of 5% Oy/He up
to 500 °C, after 0.5h were cooled down or reduced in hydro-
gen for 0.5h, and then flushed with He (30 cm?/min) at room
temperature for 15 min. After switching of the feed to the mix-
ture containing 0.5% CO, 2.5% O, and He (the total flow rate
was 40 cm’/min) the temperature was increased up to 500 or
800 °C, and next decreased with the rate of 10 °C/min. Such tem-
perature programmed manner allowed to observe and analyze
deactivation processes.

3. Results and discussion
3.1. Structural properties

Composition and structural properties of the studied samples
are shown in Table 1. The differences in silver content indicate
different nature of the processes of silver binding to silica sup-
port. Inorganic species during silica skeleton formation can be
directly incorporated into the silica framework or bounded to
the surface. However, the presence of silver may cause also the
formation of AgBr precipitate (Ksp=7.7 x 10713 mol? dm ).
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Fig. 1. The nitrogen adsorption/desorption isotherms for pure and doped with
silver MCM-41 materials.

On the other hand the precipitation of AgBr can be hindered in
the solution containing ammonia through formation of diammi-
nesilver(I) complex ions [Ag(NH3),]" (K= 1.6 x 10’7), which
lower dissolved silver ions concentration. Silver compounds are
not stable, and can be decomposed to the metallic species, espe-
cially at elevated temperatures or in the reductive environment.
Thermal decomposition [39] or chemical reduction in the pres-
ence of ethanol, ethylene glycol, polyvinyl alcohol, or large
surfactant molecules, e.g. Triton X-100 [31,40] has been recently
utilized for preparation of silver nanoparticles. In the case of
TIE technique, silica was washed before introduction of the sil-
ver precursor, hence the bromide ions were removed from the
materials. The oxide species in the materials obtained by this
technique are usually strongly dispersed on the silica surface.
However, in the case of silver the exchange process may by per-
turbed by the reduction of silver ions to the metallic crystallites
by the surfactant molecules or high temperature treatment.

The adsorption/desorption isotherms of nitrogen are shown
in Fig. 1. The curves show distinct step over a narrow range of
relative pressures p/pg =0.4-0.55, which is typical for ordered
mesoporous silica materials. The unmodified silica sample
MCM-41(18) shows large surface area Sggr = 1140 m2/g, rela-
tively low external surface area (Sext), and significant total pore
volume (V;). An introduction of silver causes structural changes.
Total surface area decreases to 860 for Ag(HT)-MCM-41(18),

Table 1

Composition and structural properties of the samples

Materials Ag (%) SBET (mz/g) Sext (mzlg) Vi (cm3/g) Vo (cm3/g) D (nm)
MCM-41(18) - 1150 264 1.38 0.84 3.13
Ag(HT)-MCM-41(18) 2.6 860 235 0.97 0.58 4.02
Ag(TIE)-MCM-41(18) 1.0 570 325 0.74 0.26 4.14
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Fig. 2. Pore size distributions (PSD) of the samples.

and 570m?/g for Ag(TIE)-MCM-41(18), primary mesopore
volume (V),) decreases to 0.58 and 0.26 cm’/g, respectively. The
step on the isotherms moves to higher values of p/po. The courses
of isotherms corresponding to the samples synthesized by using
DHT and TIE methods are different over the whole pressure
range. The hysteresis loop is wider for the material Ag(TIE)-
MCM-41(18), which indicates that the ion-exchange method
disturbs the cylindrical pores typical for MCM-41 structure and
differentiate the pore sizes.

Fig. 2 shows pore size distributions, calculated according
to BJH method from the adsorption branch of the isotherms.
Very narrow distribution for the pure silica material indicates
the uniformity of mesopores. The silver modified materials
are characterized by broader distributions. It results from the
introduction of heteroatom and TMB in the synthesis which
disturbs the silica skeleton. In spite of larger amount of silver
the Ag(HT)-MCM-41 sample shows more regular structure and
higher surface area than Ag(TIE) samples. It has been shown that
silver, palladium or platinum often form in the MCM-41 type
materials large particles in the shape of single crystal nanowires
of the size equal to pore width [9]. In the case of both synthe-
sized samples the maximum volume occupied by silver metal is
relatively low (0.95 x 1073 and 2.5 x 1073 cm3/g for Ag(TIE)
and Ag(HT), respectively). We can expect that only the presence
of a large number of silver species distributed along the chan-
nels or blocking the entrances (e.g. at high silver loading) can
influence pore volume.

The XRD patterns recorded at low diffraction angles and pre-
sented in Fig. 3 reveal regular structure of the MCM-41 silica
materials. For pure MCM-41 material one observes the promi-
nent peak and two other reflections which can be attributed to
(100), (110) and (200) indices of hexagonal arrangement of
pores.
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Fig. 3. XRD patterns of the samples at low diffraction angles.

The regularity of pore arrangement is worse for two Ag doped
samples. The (100) peak intensity decreases in order MCM-
41> Ag(HT)-MCM-41 > Ag(TIE)-MCM-41, which confirms
the structural changes observed in the nitrogen sorption studies.
The calculated values of the pore size are included in Table 1.

3.2. FT-IR/PAS spectroscopy

Figs. 4 and 5 show the FT-IR/PAS spectra of the samples in
the two regions. A sharp peak at 3743 cm™! is connected with
vibration of the isolated =Si—OH silanol groups. Slight shoulder
with the center located at around 3650 cm™! is often ascribed
to the bridging hydroxyls (=SiOH-OSi) vibrations. Stretching
vibrations voy (Si—O-H) are visible in the broad peak with the
center at around 3440 cm™~!. Lower intensity of vibrations of
the isolated silanol group in the Ag(TIE) sample may directly
results from the changes of the structural properties (e.g. smaller
surface area). However, such decrease may also imply that sil-
ver species are highly dispersed over silica support. Small triplet
located at the shoulder of the broad band is assigned to the asym-
metric CH3, CH, and symmetric CH, + CH3 vibrations. The
presence of these bands unambiguously indicates the presence
of the traces of template molecules. Such species are also vis-
ible in the bands at 1970 cm™!, 1870 cm™! as C—H vibrations,
and 1630 cm™~! as R-NH3* vibrations. Although in the studied
samples the intensities of these bands are not strong, and indi-
cate only the traces of the hydrocarbon species, the presence of
these species may strongly influence catalytic activity, especially
when they are located on the metal or oxide species.

The absorption bands at around 1030 and 1080cm™! are
due to asymmetric stretching vibrations of Si—O-Si bridges.
The absorption band at 960-970cm™! is connected with the
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Fig. 4. FT-IR/PAS spectra of the samples at high wavenumbers.

stretching vibrations of the Si—~OH groups, while the bands at
780-800 cm~!, and 540-560 cm~! are the symmetric stretch-
ing vibrations of Si—O-Si bridges. The bands located at
450-460cm~! are assigned to the Si—-O bending vibration
[41,42]. Broadening of the peaks located between 1000 and
1300 cm™! in the samples obtained by the TIE method indicates
more amorphous nature of these materials. Similar results have
been observed for the samples containing different elements pre-
pared by the TIE method [43]. In many studies, the incorporation
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Fig. 5. FT-IR/PAS spectra of the samples at low waveumbers.
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Fig. 6. TPR curves of the catalysts.

of metal into the silica framework has been deduced from the
changes of band intensity located at 960-970 cm™', assigned
to stretching vibration of the Si—~O-Me linkage [44,45]. In the
present studies, it has been observed a small shift of band posi-
tion from 966 cm™~! for the MCM-41 sample to 950 cm ™! for the
Ag(TIE)-MCM-41 sample, and the formation of the shoulder at
the same position for the Ag(HT)-MCM-41 sample.

3.3. Temperature programmed reduction studies

The temperature programmed reduction curves of the sam-
ples pretreated at 500 °C, are shown in the Fig. 6. Several peaks
are observed in the range of 20-800°C. A complex shape of
the TPR curves is usually associated with the reduction of oxide
species on the different oxidation states and showing various
interactions with support. It was often reported that position of
the peaks for the supported catalysts was shifted to lower tem-
peratures and intensity of easily reducible forms increased with
increase of silver loading [46]. Silver precursors during prepa-
ration of catalysts are decomposed to the oxide forms and then
partially to the metallic crystallites. In the pretreatment proce-
dures of the TPR experiments oxygen is adsorbed at elevated
temperatures on the surface of metallic silver and accommodated
in the subsurface or bulk regions, forming oxide species. The
TPR curves show the presence of low-temperature peak, which
can be attributed to the reduction of bulk-like silver oxide phases
(without strong interaction with support). Both samples show
reduction peaks in the range 200-500 °C. However, the shape
of the peaks for the sample obtained by the direct hydrothermal
method is more complex, and shifted to higher temperatures,
moreover there is also visible considerable high-temperature
maximum (above 600 °C). Larger reduction peaks for Ag(HT)-
MCM-41(18) sample results from higher silver loading. The
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quantitative analysis revealed that consumption of hydrogen is
equal to 0.132 and 0.056 mmol/g for Ag(HT) and Ag(TIE) sam-
ples, respectively. Considering silver loading this indicate the
presence of the oxides with formal notation Ag; gO and Ag; 6O,
respectively. The presence of different reduction peaks has been
often related to the reduction of AgO or Ag,O species of vari-
ous size and location. Whereas high temperature peaks have been
ascribed to the reduction of Ag* isolated ions [47,48]. Furusawa
attributed two low-temperature peaks in the Ag-ZSM-5 catalysts
to the reduction of large AgrO and AgO clusters located out-
side of the zeolite pores, while middle temperature peak—to
the reduction of small Ag;O clusters [5]. On the other hand,
Shimizu showed that in the Ag-MFI catalysts all of Ag* was
initially reduced to the Agy,P* clusters consisting of 3—4 Ag
atoms, which were reduced above 400 °C to the metal particles
[49]. Our studies evidenced the presence of different forms of
silver oxide species in the catalysts. The samples obtained by
the HT method are characterised by worse reducibility, resulting
from stronger silver—oxygen bounding and stabilization of the
small oxide species in the silica support.

3.4. XRD studies

The results of the XRD studies are shown in Fig. 7. Strong sil-
ver reflections are visible only on the patterns of Ag(HT) sample.
The additional reflections are well suited to the AgBr phase. It
is interesting that similar species have been recently reported as
active components of catalysts in the visible light photocatalitic
gas phase CH3CHO oxidation [50].

The AgBr phase disappears during high temperature treat-
ment in hydrogen atmosphere. In the samples prepared by TIE
technique AgBr, oxide or metallic silver species are not visible
on the XRD curves. The size of such species is below detection
limit of the XRD method, and hence it is difficult to calculate
their diameter. On the other hand the presence of well visible
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Fig. 7. XRD curves of the samples.

patterns for Ag(HT) sample indicates the existence of relatively
large silver crystallites. Studies of the size of Ag crystallites
by the XRD method in the samples after reduction in pure and
diluted hydrogen did not show considerable differences (not pre-
sented here). Taking into account the TPR results it seems that
Ag(HT) sample after reduction contains different types of silver
crystallites—Ilarge crystallites evidenced by the XRD method
and very small ones, not detected by this method but inferred
from the low reducibility of the oxide phases in the TPR studies.

3.5. Oxidation of CO

Figs. 8 and 9 show the changes of CO conversion after differ-
ent pretreatment conditions. Samples obtained by the DHT and
TIE techniques, heated in the oxygen-containing atmosphere
(5%0>/He) up to 500 °C and then cooled down directly before
reaction show very low activity. Several studies indicated that
carbon monoxide can be oxidized over silver even below room
temperature [51]. For Ag-MCM-41 type systems low activity
(prior reduction step) can be connected with the presence of
the species blocking the surface of silver crystallites, e.g. car-
bon from unburned template molecules, silver bromide or silica
(due to strong bounding or encapsulation of silver). During
the reduction process such species are removed, via silver sur-
face reconstruction and sintering, hydrogenation and desorption
of the hydrocarbon or hydrogen bromide molecules. However,
the most probable reason of low initial activity is formation
of the strong silver—oxygen bounding. This view can be sup-
ported by the TPR results and the changes of the performance of
the reduced catalysts at high temperatures. It was shown above
that after pre-treatment of the samples in the oxygen containing
atmosphere silver was present in the catalysts in the form of the

oxides.
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Fig. 8. CO conversion over Ag(TIE)-MCM-41 catalysts (recorded during tem-
perature increase: filled symbols and temperature decrease: open symbols).
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Fig. 9. CO conversion over Ag(HT)-MCM-41 catalysts (recorded during tem-
perature increase: filled symbols, and temperature decrease: open symbols).

The activity of catalysts in the CO oxidation reaction strongly
increases after reduction at 500 °C, both in pure and diluted
hydrogen. The oxidation of CO is then observed almost at
room temperature. Conversions monotonically increase with
an increase of reaction temperature. However, at higher tem-
peratures (250-350 °C) the oxidation process is retarded. The
curves indicate some deactivation phenomena. As mentioned
above the decrease of activity could be explained by the
strong silver—oxygen interaction. At relatively high tempera-
tures (700-800 °C) conversion increases again. Values recorded
during temperature decrease from 800 °C (or 500 °C) are lower
than that obtained during temperature increase. The hysteresis
loops are formed. The extent of deactivation is related to the
pre-treatment conditions. It is interesting that after reduction in
pure hydrogen the activity of both samples is similar, regardless
of the different silver loading and crystallite diameter (inferred
from the XRD results). These results may indicate that high ini-
tial activity is related to the presence of small silver crystallites.
On the other hand deactivation of the catalysts in the oxidising
conditions (including CO oxidation reaction conditions) may
occur more easily in the presence of such species. The activity
of both types of catalysts after reduction in the diluted hydrogen
is slightly worse. Lower conversions at the same temperatures
are observed over the catalysts obtained by the DHT method.
These catalysts above 300 °C deactivate more easily; but in the
range 500-800 °C show much better activity. Another interest-
ing observation is an increase of activity of catalysts after high
temperature treatment. The initial activity of the catalysts in the
second run, recorded after reaction performed up to 800 °C and
then reduction at 500 °C is much better than in the first run. The
catalysts show similar general deactivation trends. The results
indicate that catalytic activity of the samples in the CO oxi-
dation reaction is connected with the presence of small silver

crystallites, and formation of the oxide species, which in turn
are related to the preparation method, pre-treatment and reaction
conditions.

The changes of activity of silver catalysts in various oxida-
tion reactions conditions have been often discussed as a result
of modification of the surface properties, related to the dis-
persion of crystallites or formation of strong silver—oxygen
bounding. It is well-accepted opinion that deep oxidation or
oxi-dehydrogenation reactions over silver surface occur with
participation of the strong nucleophilic surface oxygen O.
These species are not stable at high temperatures. Oxygen from
the gas phase at such conditions may easily diffuse to the bulk
of the crystallites forming subsurface O or bulk Og oxygen
species, which are regarded as less active. That species take
part in the selective oxidation reactions, e.g. dehydrogenation
of methanol to formaldehyde. At more elevated temperatures
Og oxygen easily diffuses back to the surface, forming O, Oq,
which in turn can increase deep oxidation capability. Similar
phenomena may occur in the confined systems of silver crys-
tallites in the silica MCM-41 channels, and may explain the
changes of activity of catalysts in the oxidation of CO. It has
been reported that silver oxygen species O, are easily formed on
the defect sites or on the planes with higher surface-roughness,
e.g. (110), while undisturbed (11 1) surfaces weakly adsorb
oxygen [52]. The changes in the silver crystal morphology may
strongly influence oxygen adsorption, and as a result, catalytic
performance. The influence of pretreatment conditions on the
surface structure has been often reported for the supported and
electrolytic silver catalysts. It has been shown [53,54] that high
temperature treatment in oxygen leads to the faceting of silver
crystallites with predomination of (11 1) planes. Formation of
the silver nanowires with (1 1 1) planes along the wire, parallel
to the channel walls of the silica mesoporous materials SBA-15
and similar platinum particles in the MCM-41 support has been
recently evidenced by Piquemal et al. [26] and Liu et al. [55].
Meima et al. [52] argued that oxygen at high temperature may
adsorb and then dissolve in the silver crystallites. The removal of
oxygen during reduction leads to the surface roughening. The
dynamic restructuring of the electrolytic silver influenced by
high temperature treatment in the methanol/oxygen atmosphere
has been evidenced by Millar et al. [56] and Schlogl [1,57].
They indicated inhibition of oxygen diffusion from the bulk to
the surface due to elimination of the structural defects in the
temperature range of 400-600 °C, and on the other hand, the for-
mation of new structural defects (holes) from the bulk-dissolved
hydrogen and oxygen, which improved catalytic activity. Such
phenomena were not reported so far to our knowledge for meso-
porous silica silver catalysts and therefore need more detailed
studies. For similar supported catalysts, containing gold or pal-
ladium, there were observed only some general changes of the
shapes of nanoparticles confined in the mesoporous structure,
attributed to the sintering along the channels [58].

4. Conclusions

We have compared structural, surface and catalytic prop-
erties of the Ag-MCM-41 materials obtained by the direct
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hydrothermal synthesis and template ion-exchange methods.
During preparation of the catalysts by the DHT technique the
embedding of the silver species was a consequence of the
detailed balance between silver—-ammonia complex stability, sol-
ubility of silver bromide, decomposition of the silver compounds
to the metallic crystallites, formation of Si—O-Si framework and
then adsorption or incorporation of silver species into the silica
mesoporous material. In the template ion exchange technique
silver was added to the system containing as-prepared ‘weak’
silica skeleton, before the template removal. The behaviour of
such systems was related to competitions of various processes,
including adsorption of the cations on the outer surface of the sil-
ica support, diffusion of silver cations, replacement of surfactant
molecules, and reduction of the silver ions to the metallic species
inside the channels or on the outer surface of silica support. It
was found that silver species obtained by the TIE technique were
strongly dispersed on the silica support. The support showed less
ordered structure than Ag(HT)-MCM-41 materials. XRD and
TPR studies of the catalysts prepared by DHT method indicated
co-existence of the large crystallites and small silver species in
the silica material. AgBr species were detected in the fresh cata-
lysts prepared by this method. Studies revealed strong influence
of the pretreatment and reaction conditions on the performance
of catalysts in the oxidation of CO. Reduction of catalysts was
necessary to obtain high activity. Both types of catalysts showed
high activity at low temperatures. Complex deactivation pro-
cesses were recorded above 300 °C. Although catalysts shoved
similar catalytic performance in the carbon monoxide oxidation
reaction, detailed studies evidenced slightly different properties
of the silver crystallites in both types of catalysts.
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