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Chapter 1 General Introduction 

This thesis deals with the study on Ge02/Si02 (Ge02 submonolayer supported on Si02), its 

interaction with Rh, and catalytic reactions. The whole investigation was performed in the 

laboratory of Professor Yasuhiro lwasawa in Department of Chemistry, Graduate School of 

Science, The University of Tokyo. 

Chapter 1 is the introduction, where background of this thesis is described. Chapter 2 is the 

preparation and characterization of Ge0iSi02. The way of Ge02 deposition on Si02 is 

mentioned. Chapter 3 treats with the structural change of Rh and Ge in Rh supported Ge02/Si02 

during reduction and oxidation treatments. Reversible formation of RhGe alloy or Ge02 

submonolayer and the comparison with the use of bulk-Si02 or Ge02 support are explained. 

Chapter 4 deals with the study on the relation between the reduction temperature and the structure 

of Rh/Ge02/Si02 catalyst, where Rh carbonyl complex, Rh6(CO) 16 was used as precursor for the 

Rh/Ge02/Si02 catalyst. And its application to the catalytic reaction. Chapter 5 describes the 

general conclusions of this thesis. 

In this study, Ge02 submonolayer was prepared on Si02 surface, and applied as catalyst 

support. Several points can be given on the advantages of the use of monolayer oxide as catalyst 

support. Firstly, it becomes easy to extract the structural information of catalyst surface compared 

with bulk oxides. Because it can be regarded as the substitute of the surface of bulk metal oxide, if 

the monolayer metal oxide has the same chemical property or local structure as bulk metal oxide. 

The subtle change on monolayer support surf ace during catalytic reaction, pretreatment or 

chemisorption can be easily detected on the monolayer support without intervention of inside 

portion as bulk support. Especially, XAFS spectroscopy is suitable for application to such 

systems, because it can measure only the averaged structure of a specific element owing to the 

property of bulk technique. 

Second, appearance of new catalytic behavior or generation of novel catalyst component is 
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expected, which cannot find out on bulk metal oxide support, because sometimes monolayer 

oxides possess unique and different character form that of bulk oxides, such as generation of 

acidity on interface between monolayer oxides and connected support inorganic oxide. To achieve 

the above purpose, the structural change of support surface as well as metal supported on it was 

followed on behalf of the Ge02 monolayer/Si02 support during interaction with Rh particles. 

Finally, I have applied this metal supported on monolayer oxide to the catalytic reaction to make 

good use of the advantageous character of the monolayer support. This study may serve for the 

understanding of the support role in catalyst. 

1-1 Synthesis, Characterization of Atomic Layer Oxides and Application to 

Catalysts 

Whereas sometimes the characterization of the structure of the usual supported metal oxide is 

complicated and difficult because the supported oxide simultaneously has several different 

structures and chemical states, atomic layer oxide is advantageous in this point because of its 

homogeneity in structure, thus it is promising and valuable to design a new material with atomic 

layer oxide. Besides, atomic layer oxides are promising models of mixed oxide catalysts. To make 

use of such advantages of atomic layer ox ides, a number of oxides have been synthesized on 

highly divided inorgani c supports. 

There are many methods to deposit metal oxides on porous support surfaces. The impregnation 

in solution is most frequently carried out. However, oxides or salts in solution tend to precipitate 

and crystalli ze rather than to form layer structure during evaporation of the solvent, because the 

interaction of compound in the solution and support surface is rather weak. Thus, chemical vapor 

deposition (CVD) method is usually adopted to synthesize atom ic layer oxides, where the strong 

chemical interaction of support and the deposited compound occurs, which keeps up the atomic 

layer structure. Either the spontaneous dispersion of metal oxide or chemical reaction of precursor 
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of metal chlorides, metal alkoxides or ally Is [I) with support surface have been commonly carried 

out in recent days. 

Spontaneous dispersion is applicable to volatile metal oxides such as Mo03, NiO or V 20 5 [2). 

The spontaneous dispersion proceeds when the metal oxide with dispersed phase is 

thennodynamically advantageous over crystal phase due to the formation of bonding between 

metal oxide and support surface. The preparation procedure is quite simple, the mechanical 

mixture or impregnated form of metal oxide or salts and support component is heated for a few 

hours at elevated temperature but well below the melting point of the precursor. The formation of 

the atomic layer has been mainly proved by the quantitative phase analysis of X-ray diffraction 

where diffraction lines begin to appear at a specific loading of metal oxide, the loading agreed with 

the calculated loading value from close-pack atomic layer model. The atomic layer oxides are also 

characterized by XPS, Jon scattering, Raman or EXAFS spectroscopy, and so on . The change in 

chemical properties of the deposited material leads to the change of surface acidity or 

chemisorption amount of probe gas. 

Another way to synthesize the atomic layer oxide utilizes the chemical reaction of metal oxide 

precursor and hydroxyl groups of support surfaces by vapor deposition. In recent days, metal 

alkoxides are frequently used as precursor for metal oxides. Because this grafting method utilizes 

the chemical reaction between the alkoxide and the hydroxyl groups, the control of the number of 

surface hydroxyl groups by evacuation in the pre-treatment step becomes important subject [3). 

Silica is one of the most frequently used oxide for support of atomic layer oxides with this 

method, because of its stability, mechanical strength and the existence of hydroxyl groups on the 

surface. Silica has several types of hydroxyl groups such as isolated single, or hydrogen-bonded 

hydroxyl groups. Its surface is totally hydroxylated and covered with physisorbed water in the 

initial untreated condition [4). To remove physisorbed water on porous silica, heating above 473 K 

must necessary [5). In the dehydration steps, firstly the hydrogen bonded hydroxyl groups and 

then the isolated ones are removed to give siloxane groups. Further heating causes 
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has been reported that the total number of hydroxyl groups on a fully hydroxylated silica surface is 

about 5.0/nm2, this value is independent of the type of silica [6]. In the preparation of Ge02/Si02 

carried out in this thesis, the dehydration of silica was conducted at 473 K. In this condition, 

physisorbed water is removed and the hydroxyl groups remains on the surface. 

In the old days, IR spectroscopy was mainly used to follow the reaction mechanisms during 

chemical vapor deposition. Disappearance of the hydroxyl groups was observed during 

deposition. For instance, the intera9ction of the titanium alkoxide with the isolated or hydrogen 

bonded hydroxyl groups on silica was studied by Srinivasan etal. [7] . They tried to find out the 

factors which control the loading and the stability of dispersed Ti02 obtained by calcination of the 

attached alkoxide. On the basis of IR studies, they concluded that the hydroxyl groups that are 

capable of hydrogen bonding with neighboring hydroxyls were the preferred adsorption sites of 

Ti(i-OC:3H 7)4 , while the isolated hydroxyl groups were inert to the reaction with Ti(i-OC:3H 7)4 

[7] . 

Recently a number of instrumental techniques have been developed and applied to the synthesis 

and characterization of atomic layer oxides. Raman spectroscopy is a powerful technique to obtain 

molecular structure of the oxide layer because each molecule has a unique vibrational spectrum. 

The measurement can be preformed in-silu or under ambient conditions because this spectroscopy 

is no inherentlimitationsof conditions such as temperature or presence of gas phase. This 

technique was applied to the characterization of molybdenum oxide [8-1 0], tungsten oxide [ 11], 

rhenium oxide [12], niobium oxide [13]. vanadium oxide [14,15] and nickel oxide [15]. In case of 

vanadium oxide, Raman spectroscopy is capable of discriminating the type of vanadiaspecies 

from measurement of the stretching mode of the sample. Monomeric vanadyls, one- and two­

dimensional vanadate chains, and crystal of V20 5 on the Si02, Ti02 and AJ 2~ were identified by 

Bell et al. [16]. 

Extended X-ray absorption fine structure (EXAFS) is used to characterize the local structure of 

supported oxides. Structure of Nb20 5 atomic layer supported on Si02 prepared from 
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Nb(OC2H_s)5 was determined by EXAFS analysis and the formation of atomic layer structure was 

strongly supported by the linear dependency of the coordination number of Nb-Si bond on 

niobium loading in the catalyst, together with the X-ray diffraction results [17). The bond 

formation between loaded metal oixde and silica surface was also observed on Zr02 supported on 

Si02 [18). Asakura et al. have prepared Ti02 overlayer on Si02 surface using Ti(i-OC3H7)4 [19]. 

The characterization by means of EXAFS, together with X-ray diffraction and X-ray fluorescence 

reveals that Ti02 is deposited as one-atomic layer with anatase-like structure with the (101) 

orientation. The one-atomic-layer was proved from comparison of the coordination number of two 

types of Ti-Ti bonds with reference materials. 

Ion scanering spectroscopy is sensitive to the top layer of the surface [20] . Si02 thin layer was 

deposited on Zr02 and Ti02 surface by chemical vapor deposition of Si(OMe)4 and characterized 

by ion scanering spectroscopy, together with Auger el~tron spectroscopy and temperature 

desorption method [21). The nearly fully surface ofZr02 was covered with Si02, but it was not 

the case for Ti02. The result was concluded from the measurement of the composition of the top 

atomic layer by ion scattering spectroscopy which shows that the Si02 is fully covered on Ti02 

surface. 

Solid state NMR provides valuable information on the reactions of silanes on silica. 

Information of hydroxyl groups on si lica can be obtained by 1H and 29Si CPMAS NMR 

spectroscopies. Using 29Si CPMAS NMR spectroscopy, different silicon sites are identified, 

namely 0 2Si(OH)2, O:JSiOH and Si04 groups. These NMR t~hniques were also used for study 

of the morphology of si lica [22) or hydroxyl groups on dehydrated or rehydrated silica [23). 

X-ray photoel~tron spectroscopy (XPS) is used to study the oxidation state of metal oxides. 

Gonzea.Jez-Eiipe et al. have applied XPS to the characterization of Ti02 supported on Si02. Ti02 

thin layers were obtained by evaporation of Ti metal on to silica substrates in the presence of 

oxygen, and formation of cross-linking Ti-0-Si bonds decreases the positive charge of the Ti 

atoms at the interface and the mobility of the electrons in the titania phase [24). 
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Interestingly, the catalytic behavior of dispersed oxides is often remarkably different from that 

of bulk oxides. This behavior is mainly brought from the difference of crystal structure or the 

effect of bond formation between oxide and support surface. 

Niwa et al. have deposited the Mo oxides on Sn02 [25]. Fe03 [26]. ZID2, Ti02 and Al 20 3 

[27] by an impregnation method and the spread of molybdenum oxide in atomic layer was 

determined by the measurement of the surface area of deposited oxides by the benzaldehyde­

ammonia titration method [28]. Among the catalysts, Sn02-supported catalyst showed the highest 

tum-over frequency in methanol oxidation reaction. The generation of high activity was attributed 

to the formation of Mo oxide phase, the structure of which agrees with the active Mo03 ( 111) 

face, confirmed from the measurement of EXAFS spectra [29]. 

Sato et al. have prepared the silica-supported boria catalyst by the chemical vapor deposition of 

B(OEt)4 onto silica gel [30]. The catalyst was characterized by surface area measurement with 

BET method, SEM and temperature programmed desorption of pyridine. These experiments 

showed the uniform deposition of B20:J compared with an impregnated catalyst. The catalyst 

prepared from B(OEt)4 was highly active and selective to the the Beckmann rearrangement. The 

reason was attributed to a larger amount of effective acid sites in addition to the uniform acid 

strength. 

In the oxidation of a-xylene over V20sffi02, the selectivity to phthalic anhydride greatly 

depends on the thickness of the V20 5 on Ti02 surface [31]. This is also observed in the reduction 

of nitric oxide with ammonia on V20sfri02 [32]. Strong acid sites are generated on W03/Al 2G.3 

[33] which is highly related with the cluster size of wo3 where interaction of wo3 and AlzG.3 

surface plays an important role. 

Ti oxides [34] containing Ti-0-Si interface have attracted much attention relevant to the 

reactivity of oxidation [35] and to the chemical feature in relation with the SMSl effect of Ti02 

with an outgrowth of interest this phenomena. The catalysts are synthesized by either deposition of 

Ti02 to Si02 surface or co-precipitation of the two precursors and calcination to obtain the mixed 
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oxide. A unique example of the dispersed Ti02 is Ti-containing zeolites, which show various 

unique reaction such as oxidation of organic compounds with hydrogen peroxide [36]. Ko et al. 

have investigated the catalytic behavior of NiO impregnated on Ti02-Si02 mixed oxide. The 

behavior of the mixed oxide was different from that of bulk Ti02. They attributed the reason to the 

generation of acid sites at the interface of Ti02 and Si02 where the acidity affects the catalytic 

behavior of the NiO catalyst [37]. 

On Nb20 5 atomic layers supported with Pt, the SMSI behavior was suppressed compared with 

the use of bulk oxide [38,39]. The catalyst was applied to the esterification of ethanol and showed 

20 times higher activity than bulk Nb20 5 because of the generation of Lewis acid sites on the 

Nb20 5 atomic layer surface [40]. Pt-deposited Ti02 atomic layer is also highly resistible to the 

high temperature reduction treatment compared with the Pt-deposited bulk Ti02 which is a typical 

catalyst of SMSI effect. Another strange phenomenon was found on PI-deposited Ti02 atomic 

layer during reduction treatment, that is the transformation of Ti02 atomic layer structure from 

anatase-like structure to rutile-like structure with the ( 110) orientation. 

Probably, the modification of pore opening size of zeolite by deposition of atomic layer oxide is 

one of the must successful applications of atomic layer oxide to catalyst support. This kind of 

control became realized by grafting and hydrogenolysis of disilanes [41 ,42] or alkoxides, and 

more recent examples are the grafting of thermally stable -MgNp (43] or -GeBu3 (44] fragments 

on zeolites. Examples of the deposition of alkoxide on zeolites can be seen in the aluminum [45], 

silicon [46-49], germanium [50] compounds. In these studies, large metal alkoxide molecules 

react exclusively with OH groups on the external surface of zeolites, because the size of the 

alkoxides is bigger than the pore-opening size which makes the molecules to hardly diffuse and 

react in the pore of zeolite. Thus this treatment changes neither pore size nor acidic properties of 

zeolite. HZSM-5 zeolite modified with Si02 atomic layer was used in the alkylation of toluene 

[51]. In this study, with theincreaseoftheamountofdepositedsilica, theselectivitytom-ando­

xylene decreases, whereas the fraction of p-xylene increases to more than 98 %. This effect was 

-7-



considered to be caused by the narrowing of the pore-opening size of the zeolite. 

As described above, a number of atomic layer oxides have been synthesized by chemical vapor 

deposition method and characterized with a variety of techniques. And unique behaviors of atomic 

layer oxides have been identified when it was used as catalyst itself or catalyst support. 

1-2 Metal Support Interaction in Supported Catalysts 

Transition-metal catalysts are usually dispersed as small particles on robust inorganic oxides in 

order to achieve a high metal surface area. Extensive studies have been conducted to show the 

effect of support composition on catalytic activity and selectivity of metals supported on them. 

While some studies revealed that the difference in activity was attributed to difference in metal 

dispersion, strong evidence has been recognized for the substantial inOuence of support on the 

properties of metals. Meanwhile, Tauster et al. reported the so called strong metal support 

interaction (SMSI) where H2 and CO chemisorption was greatly suppressed for metals supported 

on Ti02 and reduced at 773 K but normal reduction after 473 K [52], and much work has been 

canied out to elucidate the essence of this phenomenon. In the pioneer work on Ptffi02, a 

bonding feature or electronic interaction between metal and support surface was emphasized to 

explain the SMSI. In addition to this, pill box morphology, local interrnetallic bonding and 

decoration model have been proposed to explain the observed phenomena. For example, Baker et 

a!. studied TEM and selected area electron diffraction patterns on Ptffi02 [53,54]. They concluded 

that the platinum forms particles with a Oat pill-box shape at the SMSI state. Upon reoxidation the 

metal particles recover the original hemispherical shapes. This reversible change of the pill-box 

morphology was considered to be a characteristic SMSI feature. On the other hand, some groups 

explained the SMSI effect by change in electronic properties of metal which altered by support 

metal oxide [55,56]. Sadeghi et al. studied the interaction of atomically thin Rh film on Ti02 ( 110) 

surface and showed that the electron transfer occurred from the reduced Ti02 surface to the Rh 
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film, using a variety of electron spectroscopies [57]. The electronic interaction between metal and 

support has also been reported in the experiments on powder catalyst systems. Koningsberger ct 

al. used EXAFS and high-resolution transmission microscopy (HRTEM) technique to study the 

structure of a Rh/Ti02 catalyst. They compared the structures obtained by reduction at low and 

high temperatures [58,59]. While they provided no information of the coverage of the metal 

particles by Ti02 suboxides in the SMSI slate, the effect of suppression of oxidation with oxygen 

was ascribed to the electronic interaction between Rh particles and TiOx suboxide, compared with 

the use of AI 20 3 support. 

In these days, the decoration model is the most predominant explanation for the SMSI 

phenomenon. Decorated metal particles were directly observed for Rh/Ti02 [60-62], Ptffi02 [63] 

and Ru!Ti02 [64] catalysts reduced at high temperatures by means of high resolution TEM. And 

several studies on model catalyst provided direct physical evidence for the coverage with a partially 

reduced metal oxides on metal surfaces [65-70]. In the study of Sadeghi eta!, surface composition 

of Rh-covered Ti02 single crystals suffered various thermal treatment was measured by AES as a 

function of sputtering depth [71]. The untreated sample showed a monotonic decrease in Rh signal 

and a monotonic increase inTi and 0 signals. The sample reduced at high temperatures showed an 

increase of Rh signal and a decrease of Ti and 0 signals, followed by the arrival at a the 

maximum, and then a monotonic decrease in Rh signal and an increase inTi and 0 signals. This 

phenomenon was explained in terms of Ti suboxide which covered the Rh particles during high 

temperature treatment. 

In addition to this, direct bond formation between metal and support due to the formation of 

alloy or interrne!alliccompound is still plausible. Haller et al. analyzed the EXAFS spectra of a 

reduced Rh/Ti02 catalyst and demonstrated the formation of direct Rh-Ti bonding in the catalyst 

reduced at 773 K. The distance of Rh-Ti bond was calculated to be 0.253-0.256 nm which is 

much shorter than the bond distance, 0.268 nm observed in the stable interrnetalliccompounds. 

This was taken as an evidence that Ti (or Rh) has some cationic character as a result of association 
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of oxygen. They also compared the XANES spectra of Rh!fi02 with those for several 

intermetallic compounds of Rh and Ti [72]. The results suggested that the same kind of Rh-Ti 

bonding as intermetalliccompounds occurs on Rh!fi02 reduced at high temperatures [73], 

because the XANES spectra of the reduced Rh!fi02 can be decomposed into a linear combination 

of that of Rh metal and several intermetallic compounds of Rh and Ti. Wang eta!. studied the 

Pt!fi02 system by combining HREM measurement and computer-simulated images. In addition to 

decoration of metal with amorphous Ti02 allow temperature, the formation of Pt-Ti intermetallic 

compounds such as Pt:3 Ti and PtTi was identified upon reduction at 773 and 973 K, respectively 

[74]. They also found the evidence of reversibility of SMSI effect by HREM technique. 

It may be interesting to note the recent report conducted by Basset eta!. who have tried to 

prepare and characterize the molecular analogous of supported metal particles to elucidate the 

essence of metal-support interaction using supramolecular approach [75]. Their interest is 

especially directed to the role of interface of metal and support. The concept is extrapolation of 

organometallic chemistry of metal complexes on support surface to the metal-support interaction of 

Rh metal and support surface. Using organometallic fragment, they showed that the coordinated 

OH groups participated in the reactivity of monomeric surface and non-coordinated OH groups 

facilitated the migration of surface species. 

The SMSI effect explained above is deeply related with the change in reactivity of catalyst. The 

origin of support effect to the catalytic activity of loaded transition metal has been extensively 

discussed. Enhancement of activity of the hydrogenation of CO or C02 was most intensely 

studied. Bell and co-workers have studied the influence of metal oxides on the catalytic CO and 

C02 hydrogenations on transition metals [76-80] with expectation that highly active sites may 

occur in the interface of metal and metal oxide. They reported the combination studies of XPS, 

TEM, 1 H NMR, volumetric chemisorption and catalytic reactions applied to the planar model 

system, consists of a metal foil decorated with controlled quantities of metal oxide, or to the 

dispersed metal catalyst. In the studies of model catalyst composed of metal oxide islands 
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deposited on clean Rh foil, it was observed that the hydrogenation of C02 rate reaches a maximum 

value when the coverage of the metal oxides was 0.5 atomic layer. And the degree of rate 

enhancement was strongly correlated with the Lewis acidity of metal cation, such as Ti3+ when 

Ti02 was used for decoration of the clean metal surface, which is proportional to the 

electronegativity. The Ti3+ signal observed in XPS showed maximum intensity when Ti02 

coverage reached the 0.5 atomic layer, indicating the Ti3+ was concentrated at the interface 

between the oxide layer and the clean metal substrate. The Monte Carlo simulation showed that the 

summation of the perimeter of Ti02 islands became maximum quantity when Ti02 coverage 

corresponds to 0.5 atomic layer. Their conclusion from these combined studies is that the Lewis 

acid sites exist in the boundary of Ti02 and Pt enhances the rate determining step of C02-H2 

reaction. 

Recent report on layer-by-layer Pt films grown on Zr02( 100) provided the evidence for 

bridging CO species adsorbed at the Pt and Zr02 interface from the measurements of AES, TPD 

and HREELS [81]. Reducible oxides, such as Ti02, MnO, CoO and Nb20 5 which show the 

SMSI effect were added to a Si02-supported catalyst. Promotion effect on catalytic reactions (for 

example, CO hydrogenation) was observed in these systems. Ichikawa et al. proposed the 

promotion of Fe oxide in the CO-H2 reaction on Rh to be chemical interaction of Rh clusters with 

Fc3+ ions [82). Lisitsyn et al. demonstrated that Ti ions on Si02 surface increased the dispersion 

of cobalt and led to increase in relative yield of light hydrocarbons and ethanol in CO 

hydrogenation [83]. The enhancement of activity in the catalytic oxidation of CO to C02 and N02 

to N2 without formation of NH3 was observed in a Rh catalyst when Ce02 was added to the 

catalyst support [84]. Gugl ielminotti eta!. have studied the role of Ce02 in NO-CO reaction on 

Rh!Ce02/Si02 catalyst by FT-IR technique [85). The role of Ce02 was, in addition to the role in 

storage of oxygen, improvement of thermal stability of the support and maintenance of high 

dispersion of Rh+ and prevention of agglomeration to Rh0 metal lic phase (86,87). 
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1-3 Characterization and Catalytic Reaction of Ge Containing Bimetallic Alloys 

Bimetal catalysts containing Ni, Ru, Rh, Pd and Pt combined with Sn as the second metal have 

been extensively studied (88-91), where the interest of researchers ranges from the structure of 

bimetals in organometallic chemistry to the applications to so many kinds of catalytic reactions, 

such as NO-CO, reforming of alkanes and hydrogenation. Whereas Ge belongs to the same group 

in the periodic table asSn, bimetal catalysts containing Ge has not been studied so much. 

However, in this decade, several groups have paid attention to this system. Most extensively 

studied is PtGe, in relation with the catalytic reaction of alkane reforming and hydrogenation of 

unsaturated compounds. The attention was mainly directed to the chemical stale of Ge in alloy and 

the catalytic reaction was merely conducted as the test reaction to study the chemical state of Ge, 

except for the recent report by Borgana et al., where the thioresistance was studied with kinetic 

consideration [92). Bouwman et al. studied the PtGe/AI20:3 catalyst and found that the fraction of 

Ge was in the zero valent state and it is probably alloyed with Pt by XPS measurement [93). The 

studies on the chemical state of Ge can be exemplified as follows. Goldwasser et al. reported that 

the special property observed in catalysis for isomerization was due not to the dilution effect of Ge 

but to the electronic interaction was related in the phenomena. PtGe alloy formation was also 

reported by Miguel et al. on the basis of the result of TPR and test reactions [94). They studied the 

valence state of Ge by hydrogen TPR with several hypothesis. At reduction temperatures lower 

than 623 K, germanium is located near platinum atom and provides only geometric effect, but at 

higher reduction temperatures, germanium becomes mainly zerovalent and modifies the electronic 

effect of platinum because the activity of cyclohexane hydrogenolysis is suppressed by 100 to 500 

times lower than Pt/AI20, catalyst. 

Catalytic hydrogenation on Ge-containing bimetallic alloy catalysts have been carried out by 

several groups and interesting results were reported . Galvagno et al. studied the effect of Ge 

together with Pt supported on Nylon and found that the addition of small amount of Ge to Pt 
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accelerated the selective hydrogenation of a.~-unsaturated aldehyde, namely cinnamaldehyde 

toward the corresponding unsaturated alcohol, cinnamyl alcohol under mild conditions [95] . The 

effect of Ge is so drastic as the addition of only a few atomic% Ge in the alloy increases the 

activity so much; While on the monometallic Pt sample, the selectivity to cinnamaledhyde was less 

than 2 %, the addition of only 0.2 atomic% Ge leads to a selectivity of 64 %, and 90% when the 

Ge content is 7-10 %. As analogous to the PtSn/Nylon catalyst[%], it is proposed that the such a 

high activity was brought from the activation of the C=O bond through the enhancement of the 

positive charge of the carbon atom. 

Structure and catalysis of bimetals composed of Pt or Ru and Sn, Pb, Ge, AI or Zn have been 

investigated [97,98] . In these catalysts, the attention was especially directed toward the bimetals 

containing Ge. They studied the topology of Rh particle modified by Ge in the hydrogenolysis of 

2,2,3,3-tetramethylbutane as a probe molecule. The hydrogenolysis of 2,2,3,3-tetramethylbutane 

gives selectively 2,2,3-trimethylbutane and methane upon small Rh particles, whereas isobutane 

selectively form s on larger particles, which have more sites of high coordination. The addition of 

Sn or Pb favors the formation of isobutane, but the addition of equivalent amount of Ge promotes 

the demethylation. Thus they concluded that the Sn and Pb are concentrated at the sites of low 

coordination, while Ge appears to be randomly distributed at the surface of Rh particles. They also 

characterized Ru-Ge bimetal catalyst by EXAFS, TEM and XRD. Ru particles disperse as metal 

clusters composed of no more than 12 atoms by the addition of Ge. The main ground of this 

explanation is the attenuation of EXAFS oscillation by the addition of Ge to Ru. Hydrogenation of 

citra! and cinnnamaldehyde was tried on Ge added Ru catalysts, but neither effect to activity nor 

selectivity was observed which is contrast to the above Galvagno's experiment where drastic effect 

of the on addition of small amount of Ge was observed in the hydrogenation of a, ~-unsaturated 

alcohol. 

Recently, Ge and Rh system has been started to study in the field of surface organometallic 

chemistry, which may be the extension of the chemistry of Rh-Sn system already studied [99]. 
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Surface-stabilized germylene, Rhs[Ge(Ad)(H)JJSi02 (Ad=Adamantyl) was synthesized by a 

controlled reaction between Rh/Si02 and (Ad)GeH3 complex from gas phase by Basset et al. 

[ 100]. The surface reaction and characterization of the surf ace organometallic compounds was 

mainly followed by IR spectroscopy. The germanium complex does not react with silanol groups 

on the support, and the reaction exclusively proceeds on Rh surface through reductive elimination 

of H2 from (Ad)GeH3. The species present on the surface after grafting is supposed to be a kind 

of germylene (II) surface species stabi lized by coordination of a surface rhodium atom. 

As described above, study of Ge in bimetallic catalysts is limited to few examples, but several 

groups have found interesting aspects. It is promising to explore the Ge-promoting system in the 

field not only surface organometallic but catalyst chemistry. 
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Chapter 2 Characterization of Ge02 submonolayers on Si02 Prepared by 

Chemical Vapor Deposition of Ge(0Me)4 by EXAFS, FT-IR and XRD 

Abstract 

Ge02 submonolayers on Si02 surfaces were prepared by chemical vapor deposition (CVD) 

reaction of Ge(OMe)4 with OH groups on Si02 at 393 K, followed by calcination at 693 K. The 

characterization of the obtained Ge02/Si02 was conducted by FT-IR, XRD and EXAFS. Isolated 

OH groups of Si02 preferentially reacted with Ge(OMe)4. The Si-OH peak disappeared once by 

the CVD reaction of Ge(OMe}4, and half of the original Si-OH peak appeared again after the 

calcination. The linear increase of Ge-OH peak and the linear decrease of Si-OH peak with 

increasing Ge loading suggest a monolayer growth of Ge02. The coverage of Ge02 layers at 

saturation for the sample prepared by the one-time CVD process was estimated to be 115 

monolayer of the Si02 surface which corresponds to 7.4 wt% Ge loading. There existed only 

isolated Ge-OH groups on the Ge02 layers, which is contrasted to the case of bulk-Ge02 which 

shows both isolated and hydrogen-bonded OH groups. The surface of the Ge02 layers on Si02 

has no acidic character, whereas Ge02/Al 20:J showed both Brons ted and Lewis acid sites. 

EXAFS spectra showed significantly lower Ge-Ge signal compared with that for bulk:Ge02. The 

local structure around Ge in the Gc02/Si02 was determined to be simi lar to the hexagonal type 

Ge02. 

2- 1 In t r odu cti on 

Inorganic oxide mono layers developed on the other oxide surfaces have attracted attention in 

terms of preparation of new type of surface materials with unique catalytic performance (I]. The 

simplest way to produce monolayer cata lysts is to usc an appropriate combination of overlayer 
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oxide and substrate oxide such as V20 5 on Ti02 and Mo03 on Ti02. In these systems the 

overlayer oxides wet well the substrate surfaces and spontaneously spread over the surfaces as 

monolayers by heat treatment. On the other hand, chemical reactions between surface OH groups 

and precursor complexes are the other way to synthesize monolayer materials, which do not show 

the spontaneous spread to monolayer. The surface reaction technique by using alkoxides as 

precursors has successfully applied to the synthesis of monolayer oxides with well-defined 

structures; e.g. Zr02/ZSM-5 [2], Nb20 5/Si02 [3-5] and Ti02/Si02 [6]. These samples have been 

employed to unique catalysts which converted methanol to isopentane selectively [2], and 

catalyzed esterification of acetic acid with ethanol and intramolecular dehydration of ethanol, and 

also employed as a support for Pt [6]. Recently, Ge02 monolayers were prepared on AJ 2G:3 and 

zeolite surfaces by use of Ge organometallic compounds [7-9]. It has been reported that Brons ted 

acidity was generated on the Ge02 layers deposited on AJ 20 3, and Ge-0-Ge networks were 

formed on mordenite. Ge02 has also been deposited on Si02 by chemical vapor deposition (CVD) 

of GeCI4 and subsequent hydrolysis [10]. 

In this study I have synthesized Ge02 layers on Si02 by CVD reaction of Ge(OMe)4 with 

surface OH groups of Si02, followed by calcination. The aim of the study is to estimate the 

reactivity of different kinds of OH groups at Si02 surface with Ge(OMe)4 , to characterize the 

structure and growth mode of Ge02 overlayers on Si02 by FT-IR, XRD and EXAFS, and to 

examine the difference in the reactivities of Gc-OH groups on the Gc02 layer and Si-OH groups 

on the Si02 support to Ge(OMe)4 to provide a possible way to prepare layer-by-layer structure of 

Ge02. 

-21-



2-2 Experimental 

2-2-1 Preparation of Ge02/Si02 

Preparation of Ge02/Si02 was carried out in a closed circulating system. Ge(OMe)4 as 

precursor was purchased from Soekawa Chemicals Co. (99.999 %), and purified by distillation in 

vacuum line before use. Si02 (Aerosil300; 300 m2g· 1 or ox-50; 50 m2g·1) was evacuated at 473 

K for 1 h to remove physisorbed water, and exposed to given amounts of Ge(OMe)4 vapor at 393 

K for 1 h, followed by evacuation at 473 K to remove the unreacted Ge(OMe)4 and the organic 

products. The obtained sample was calcined at 693 K for 1 h under 20.0 kPa of oxygen in the 

closed circulating system. The evolved C02 and H 20 were removed by a trap with liquid N2. 

Maximum Ge loading on Si02 (Aerosil300) by the CVD reaction with excess amount of 

Ge(0Me)4 was 7.4 wt%. The preparation conditions were varied in the CVD temperature range 

353-423 K and in the CVD period from I h to 5 h, but no change was observed with the Ge 

loading. To obtain the samples with more than 7.4 wt% loading of Ge, the above procedure was 

repeated two or three times. The Ge loading was determined on a X-ray fluorescence spectrometer 

(SEIKO SEA-2010) by using weighted Ge02 diluted with Si02 as reference. 

2-2-2 FT-IR Measurement 

Ff-IR spectra were measured on a JASCO Ff-IR 230 spectrometer with 2 cm· 1 resolution. The 

spectra were recorded in an in-situ!R cell with two NaCI windows which was combined in a 

closed circulating system. The sample was pressed to a wafer of 2 em in diameter. Preparation of 

Ge02/Si02 and subsequent treatments were carried out in -situ in the cell , because of the instability 

of Ge02/Si02 to moisture. Typically, a Si02 (50 mg) disk was placed in theIR cell, evacuated at 

473 K and reacted with a given amount of Ge(OMe)4 vapor at393 K, followed by evacuation at 

-22-



473 K and calcination under circulating oxygen (20.0 kPa) at 693 K for I h. 

2-2-3 Ge K-edge XAFS Measurement 

X-ray absorption fine structure (XAFS) spectra at Ge K-edge were measured at the beam line 

7C in Photon Factory of the National Laboratory for High-Energy Physics (KEK-PF) (Proposal 

No.94G-203). The beam line is equipped with a sagittal focusing Si( Ill) double crystal 

monochromator. The monochrometer was detuned to 70 % in order to remove the higher 

harmonics. The storage ring energy was 2.5 GeY with a ring current of 250-350 rnA. All spectra 

were recorded at room temperature in a transmission mode. The sample was transferred to glass 

cells with two Kapton windows which were connected to a closed circulating system without 

contacting air. Two ion chambers filled with N2 100% and Ar 15 %/N2 85% were used as X-

ray detectors for 10 (before sample) and I (after sample), respectively. 

For extended X-ray absorption fine structure (EXAFS) analysis, the oscillation was extracted 

from EXAFS data by a spline smoothing method [II]. The oscillation was normalized by edge 

height around SO eY above the threshold. The energy dependence of the edge height was corrected 

by the McMaster equation [12]. The Fourier transformation of the k3-weighted EXAFS oscillation 

from k space tor space to obtain a rad ial distribution function was performed over the range 30-

140 nm· 1. The inversely Fourier filtered data were analyzed by a curve fitting method based on eq 

(!). 

X(k)=LNl/k)exp(-2o/k/)sin(2kr/<l>/k))ikr/ 

kj=(k2-2m~oj 1 nz) 112 

(I) 

where Nj, rj, oj and t.Eoj represent coordination number, bond distance, Debye-Waller factor and 

difference of the threshold energy between reference and sample, respectively. F/k) and <1>/k) 

represent amplitude and phase shift functions, respectively. For the curve fitting analysis, 

empirical phase shift and amplitude functions were extracted from hexagonal type Ge02 as the 
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reference compound. Error of the analysis was estimated by R factor CRrl calculated by eq (2). 

Rr = I I k3x(k)obs_k3x(k)calc I 2dk/ I I k3x(k)obs I 2dk (2) 

The error bars in the present curve fining analysis for bond distance and coordination number are 

estimated to be ±0.003 nm and ±20 %, respectively. The above analysis of EXAFS data was 

performed using the "REX" program (RIGAKU). 

2-3 Results and Discussion 

2-3-1 Characterization of Ge02 supported on Si02 by FT-IR and XRD 

Figure 1 shows the relation between the amount of Ge(OMe)4 exposed to the pretreated Si02 in 

a closed circulating system and the Ge wt% in the obtained Ge02/Si02 sample. The Ge/Si02 

weight ratio increased linearly until it reached saturation at 7.4 wt%. Introduction of Ge(OMe)4 

vapor more than 1.3 kPa to the system did not raise the Ge loading at saturation significantly as 

shown in figure 1. Thus 7.4 wt% was the maximum Ge loading attained by the one-time CVD 

process of Ge(OMe)4 on Si02. 

Fr-IR spectra after the reaction of Ge(0Me)4 with Si02 surface and the calcination of the 

obtained sample were measured to examine the CVD process on Si02 pretreated for 1 h at473 K 

(Figure 2 (A)) and at 723 K (Figure 2 (B)). In figure 2 (A) spectrum (a) for the473 K-treated 

Si02 shows a sharp peak at 3745 cm·1 and a broad one at 3650 cm· 1 which have been assigned to 

isolated and hydrogen bonded OH groups, respectively. Afterthc CVD reaction with excess 

amount of Ge(OMe)4 (spectrum (b)), most of all the isolated OH groups disappeared, and the 

peaks at 2989, 2946 and 2843 cm· 1 due to the C-H stretching modes and at 1465 and 1452 cm· 1 

due to the bending modes developed, which may originate from the surface Ge(OMe)x (x:::;;4), 

because they coincide with the peaks for Ge(OMe)4 [13). The intensity of the broad band for the 
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hydrogen bonded hydroxyl groups also decreased by the CVD of Ge(OMe)4, and a new peak at 

3450 cm·1 appeared, which may be due to OH groups also interacted with Ge(OMe),. After 

calcination of the Ge(OMe),iSi02 sample, the methoxy groups completely disappeared and the 

two absorption bands appeared at 3745 cm· 1 and 3676 cm·1 The former band is identical to the 

isolated OH groups originally bound on Si02 which once disappeared by the CVD reaction with 

Ge(OMe)4 and reappeared with half of the original intensity. The new peak of 3676 cm·1 is 

assignable to isolated OH groups on the Ge02 overlayer deposited on Si02, because the observed 

wavenumber agrees well with isolated OH groups on bulk-Ge02 reported in the literature (14,15). 

Both isolated and hydrogen bonded OH groups are observed on bulk-Ge02, whereas the 

hydrogen bonded OH groups were not present on the deposited Ge02 layers. 

The reactivity of hydroxyl groups on Si02 pretreated at 723 K with Ge(0Me)4 was also 

examined by Ff-lR in figure 2 (B). The averaged number of surface OH groups on silica can be 

controlled by changing evacuation temperature [16,17). Most of physisorbed water is removed at 

473 K, leaving a saturated amount of OH groups (ca. 5 OH nm·2), while strongly-hydrogen 

bonded OH groups and a part of the weakly hydrogen-bonded OH groups are removed by 

evacuation at 723 K. As shown in figure 2 (B) most of the hydrogen bonded OH groups were 

removed, and the isolated OH groups were retained on the Si02 surface treated at 723 K. The 

preferential reaction of the isolated OH groups on the 723 K-treated Si02 with Ge(0Me)4 was 

observed in figure 2 (B) similarly to the case for the 423 K-treated Si02 (Figure 2 (A)). A new 

peak at 3420 cm·1 appeared, which may be due to OH groups interacted with surface Ge(OMe), 

species. By calcination of the obtained Ge(OMe).JSi02 sample at 693 K the isolated OH groups 

appeared again and the new peak at3677 cm· 1 also appeared, which is assigned to isolated OH 

groups on the deposited Ge02 layers. These feature is similar to that observed with the 423 K 

treated Si02. 

The CVD of Ge(OMe) 4 was a lso performed on the low surface area Si02 (ox-50) whose 

surface area is 116 of Aerosil300, to check inOuence of the surface area on the CVD process. The 
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similar Ff-IR spectra were obtained as shown in figure 3, which indicates the CVD process to 

form Ge02 overlayers is independent of the kind of Si02. 

After the CVD reaction with Ge(OMe)4 at 393 K the sample was evacuated at 473 K for 2 h to 

remove the excess unreacted Ge(0Me)4, but the Si-OH peak at 3745 cm-1 remained unchanged 

and the methoxy peaks retained their intensity. The peak of the isolated Si-OH groups was 

recovered only after calcination of the sample at 723 K. The X-ray fluorescence analysis showed 

no change of the Ge loading in Ge02/Si02 before and after the calcination, which implies that the 

reappearance of the Si-OH peak is not due to desorption of the deposited Ge02. 

Figure 4 shows the typical Ff-IR spectra of Ge02/Si02 with different Ge loadings prepared by 

varying the amount of Ge(OMe)4 vapor (up to 7.4 wt%) exposed to Si02. The samples with Ge 

loadings of more than 7.4 wt% were prepared by further CVD of the 7.4 wt% Ge02/Si02 sample 

with Ge(OMe)4 vapor at 393 K, followed by calcination at 693 K. The intensity of the Ge-OH 

peak at 3676 cm-t increased with an increase of Ge loading, while the intensity of the Si-OH peak 

at 3745 cm-1 decreased as Ge loading increased. Figure 5 shows the plots of their intensities 

against the Ge wt%. The linear increase of Ge-OH intensity and reversely the linear decrease of Si­

OH intensity were observed in the range of Ge loading 0-7.4 wt%. The isolated Si-OH intensity 

for the sample with the Ge loading of 7.4 wt% decreased to half of the original Si-OH intensity 

before Ge deposition, at which the Ge-OH intensity was nearly the same as the Si-OH intensity. 

The CVD of Ge(OMe)4 consumed the isolated OH groups on the Si02 surface and the produced 

Ge02 over! ayers possessed isolated Ge-OH groups. The number of the isolated Ge-OH groups 

per Ge atom in Ge02/Si02 can be estimated from comparison of the Ge loading with the intensity 

of the Gc-OH groups observed in the Ff-IR spectra, assuming that the absorption coefficients of 

0-H stretching peaks arc similar between Ge-OH groups on Ge02 and Si-OH groups on Si02. 

The density of isolated OH groups on Si02 evacuated at 473 K was estimated to be 2 OH nm-2 by 

1H MAS NMR [21]. According to their estimation, on Ge0z!Si02 (7.4 wt%) the amount of Si­

OH groups decreased to I OH nm-2 and simultaneously the same number of Ge-OH grew. From 
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the number of the Ge-OH groups and the Ge loading it can also be estimated that one Ge-OH 

group exists per two Ge atoms in the Ge02/Si02. The loading of Ge corresponds to occupation of 

115 monolayer of the silica surface when the Ge loading is 7.4 wt%, assuming that 2-dimensional 

[Ge02] unit area has 0.1 nm2. 

I have tried to obtain Ge02 fullmonolayer on the Si02 surface by repeated Ge(OMe)4-CVD 

calcination cycles. To know the reactivity of Ge(OMe)4 with the Si02 surface and the Ge02 1ayer 

(Ge02/Si02; 7.4 wt%) obtained by one CVD-calcination cycle using excess Ge(OMe)4, a small 

amount of Ge(0Me)4 vapor (67 Pa) was introduced to the 7.4 wt% Ge02/Si02 at 393 K . Figure 6 

shows the drastic decrease of the Ge-OH peak by the reaction of Ge(0Me)4 with the Ge02/Si02. 

On the contrary, the Si-OH peak little reduced. It suggests that Ge(0Me)4 vapor reacts 

preferentially with the Ge-OH groups on the Ge02 submonolayers rather than the Si-OH groups 

on the exposed Si02 surface as shown in figure 7. The break in the lines in figure 5 suggests the 

change in the growth mode of Ge02 1ayer. It may be difficult to obtain fullmonolayer of Ge02 on 

Si02 surface under the present CVDconditions. However, these results present a possible way for 

layer-by-layer growth of Ge02 by the repeated deposition procedure. 

The phenomena that the saturated amount of Ge deposited in the one-time CVD process by 

using excess Ge(OMe)-l was about 115 monolayer of the Si02 surface and that the Si-OH peak 

once disappeared by the CVD reaction with Ge(0Me)4 at 393 K and appeared again by calcination 

of the Ge(OMe)x/Si02 at 693 K may be explained as follows. As the amount of the disappeared 

Si-OH groups was equal to the amount of Ge loading as discussed above, it seems that the 

reaction of Si-OH with Ge(OMe)4 at 393 K took place stoichiometrically as follows: 

Si-OH + Ge(OMe)4-->Si-O-Ge(OMe)3 + MeOH, 

Si-OH + MeOH-->Si-0-Me+ H20 

Calcination of the Si-OMe group results in the formation of Si-OH group again. Alternatively, the 

CVD reaction may occur as follows: 

Si-0, OMc 
2 Si-OH+Ge(OMe) 4--> of +2 MeOH 

Si-0' 'oMe 
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In this case the reaction of Me-OH with Si-OH is excluded. The obtained (Si-0)2Ge(0Me)2 

species may be transformed to Si-OH (recovered) and Si-0-GeOx. However, the concentration of 

the isolated Si-OH groups on the Si02 surface has been suggested to be as small as 2 OH/nm2 

The probability of the reaction of a Ge(OMe)4 molecule with two Si-OH groups should be small. 

The 1: 1 stoichiometry between the amount of Si-OH disappeared and the amount of Ge loaded by 

the CVD is assumed to be due to the surface chemical process. If Ge species is incorporated into 

the Si02 bulk, the intensities of Si-OH and Ge-OH peaks would not change linearly as a function 

of Ge loading unlike the result of figure 5. The 1/5 monolayer coverage of Ge02 at saturation in 

the one-time CVD process indicates that the coverage of Ge02 was limited by the Si-OH quantity 

and that Ge(OMe)4 did not react with other surface sites like Si-0-Si. 

Figure 8 shows the XRD pattern of Ge02/Si02. No diffraction line was detected with the 1 ~3 

times CVD samples, which demonstrates that the deposition of Ge02 on Si02 did not grow to 3-

dimensional crystals. 

Figure 9 shows FT-IR spectra of the Ge02/Si02 sample preserved under moisture, together 

with the fresh Ge02/Si02. Moisture significantly decreased the Ge-OH peak intensity (3676 cm-

1). This change is possibly caused by crystallization of the Ge02 overlayers and the decrease of 

Ge02 surface area. The crystallization of the Ge02 overlayers was evidenced by the growth of 

diffraction line at 28=25.5° as shown in figure 8 (d). The ease of destruction of the Ge02 

structure with moisture may be related to the crystal structure of Ge02, which was similar to the 

water-soluble hexagonal type Ge02 as characterized by EXAFS (discussed hereinafter). It was 

supposed that the crystallization of the Ge02 submonoiayer to the 3-dimensional Ge02 caused the 

reappearance of the Si02 surface which was covered by Ge02 layers and hence the reappearance 

of Si-OH groups, but Si-OH peak intensity did not increase on exposure to moisture. However, 

the peak became somewhat broader due to the overlap of a new peak at 3741 cm- 1 with the original 

Si-OH peak at3745 cm- 1. Morrow et al. observed appearance of a band at 3742 cm- 1 during 

rehydration when small quantity of water was added to the fully dehydrated silica [I 8-20]. They 
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attributed the new band to the weakly interacting pair of vicinal single silanols. In the present case, 

vicinal OH pairs originate from the Si-OH groups grown by the hydration of Si-0-Ge bond. 

Figure 10 shows the FT-JR spectra of pyridine adsorbed on Ge02/Si02 to examine the acidic 

character of Ge02/Si02. There are neither strong Bronsted nor Lewis sites on Si02 surfaces [21]. 

The spectrum after the adsorption of pyridine and subsequent evacuation at room temperature 

shows two bands at 1445 cm·l and 15% cm·l in the region of ring vibration of pyridine. It is 

known that adsorption of pyridine on Brtinsted acid sites yields pyridinium ion with an absorption 

band at 1540 cm·1 [22]. Pyridine coordinated on Lewis acid sites has a band at 1440-1465 cm· l 

and the frequency depends on the strength of bonding. By evacuation at 373 K the adsorbed 

pyridine disappeared. Thus there is no pyridine strongly adsorbed on Ge02/Si02, indicating no 

Bronsted and Lewis acid sites on the surface. This is contrasted to the report on Ge02/AI 2~ 

where both types of acidic sites were detected from theIR measurement of adsorbed pyridine [9]. 

The reason of neutrality of the Ge02 Iayers on Si02 may be ascribed to the neutral character of the 

Ge-0-Si bond at the interface and also to the equivalent valency of Ge and Si atoms. 

2-3-2 C haracterization of Ge02 Sup ported on Si02 by EXAFS 

EXAFS spectra for Ge0z!Si02 were measured to characterize the local structure around Ge 

atom. Figure 11 shows the EXAFS oscillations (k3x(k)) at Ge K-edge and their Fourier 

transformations (FT) for the Ge02/Si02 samples with different Ge loadings and for bulk-Ge02 

(hexagonal type). The spectra of figure II (a)-( d) are similar with each other, but the feature is 

considerably different from that of the bulk-Ge02 (Figure II (e)). The intense peak for bulk-Ge02 

at 0.28 nm (phase shift uncorrected) attributed to Ge-Ge bond remarkably reduced in Ge02/Si02, 

but the peak height and position of the Ge-0 bond observed at 0.14 nm (phase shift uncorrected) 

did not change in these Ge02/Si02 samples. Similar results were obtained on Ge02 supported on 

a low surface area Si02 (ox-50). The low intensity of Ge-Ge peak for Ge02/Si02 was 
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independent or Ge loading in the range ~7.4 wt% Ge. The Ge-Ge contribution in the EXAFS 

spectra a little increased above this loading (two- or three-times CVD samples), which is apparent 

by the rapid wave observed around 98 and 118 nm-1 in the k3x(k) spectra as indicated by arrows 

(Figure 11 (d)). This observation suggests the existence or Ge-0-Ge networks in the Ge02 

overlayer on Si02. The constant height or the Ge-Ge peak ror the samples with Ge loadings below 

7.4 wt% implies that the Ge02 submonolayers grow as islands with an identical dimension and the 

number or islands increases with the increase in Ge loading. Table 1 summarizes the curve ritting 

results or the EXAFS data ror Ge02/Si02 as well as the crystallographic data ror hexagonal and 

tetragonal Ge02 [23,24]. Bond distances determined by the curve ri tting analysis were 0.172-

0.173 nm ror Ge-0 and 0.306-0.313 nm ror Ge-Ge. Compared with the structural data ror the two 

kinds or Ge02, the local structure around Ge in Ge02/Si02 was similar to that ror hexagonal 

Ge02. The EXAFS data ror the as-CVD sample berore calcination in figure 11 (a) is essentially the 

same as those ror the calcined samples. This suggests that rundamental rrame or the Ge02 layer on 

Si02 was simi lar berore and after calcination and the Ge-Ge bonding has already existed berore 

calcination. The Si-O-Ge(0Me)3 species may be assembled through the methoxy linkage leading 

Ge-0-Ge network. The rormation or a similar network structure has been proposed in the process 

or deposition or Si(OMe)4 on mordenite by IR and gas-phase analysis [25]. 

2-4 Co nc lu s io ns 

Formation or Ge02 over! ayers on Si02 was ach ieved by the chemical reaction or Ge(0Me)4 

vapor with OH groups on Si02 surrace. The reaction occurred prererentiall y with the isolated OH 

groups or Si0 2. Monolayer growth or Ge02 (Ge loading< 7.4 wt%) on Si02 was characterized 

by FT-1 R, XRD pattern and Ge K-edge EXAFS. Neither Bronsted nor Lewis acidic characters 

were detected on Ge02/S i02. The Ge02/Si02 showed Ge-0-Ge networks and the existence or one 

isolated OH group per two Ge atoms. The local structure or Ge in Ge02/Si02 was similar to that 

-30-



for hexagonal Ge02 as characterized by EXAFS. The maximum Ge loading obtained by the ]-time 

CVD process on Si02 (Aerosil300) was 7.4 wt% which corresponds to 1/5 of the Ge0
2 

full­

monolayer over the Si02 surface. The repeated CYD processes resulted in the multi layer growth 

of Ge02 on the first Ge02 overlayer as suggested by FT-IR. 
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Figure I. Relation between given amounts of Ge(OMe)4 exposed to Si02 at 393 K and Ge/Si02 
weight ratios in the obtained Ge02/Si02. 

-33-



<!) 
() 

c 
"' ..0 ..... 
0 
<I) 

..0 

--< 

(A) 

(c) 

(b) 

(a) 

4000 3500 3000 2500 2000 1500 

Wavenumber I em·' 

Figure 2 (A). Ff-IR spectra of (a) Si02 evacuated at473 K for I h, (b) after CYD reaction with 

excess Ge(0Me)4 at393 K followed by evacuated at 473 K, (c) after calcination of (b) at 693 K 
for I h. 
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Figure 2 (B). Fr-IR spectra of (a) Si02 evacuaJed at 723 K for I h, (b) after CVD reaction with 

excess Ge(OMe)~ at393 K fo ll owed by evacuated at473 K, (c) after calcination of (b) at693 K 

for I h. 
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Figure 3. Ff-IR spectra of Ge02/Si02 (SiOz: ox-50). 

-36-



4000 3800 3600 3400 
Wavenumber I cm- 1 

Figure 4. FT-IR spectra of Ge02/Si02 with different Ge loadings prepared by one-time CYD 

process with various amounts of Ge(0Me)4 (less than 7.4 wt%), and by repealed CYD processes 

(above 8.7 wl%). 
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Figure 5. Intensity of Ge-OH (3676 cm- 1) and Si-OH (3745 cm-1) peaks for Ge02/Si02 as a 

function of Ge wt%; 0: Ge-OH, X: Si-OH. 
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Figure 6. FT-JR spectra of (a) Ge02/Si02 (Gc: 7.4 wt%) and (b) after exposure of (a) to a small 

amount (67 Pa) of Ge(0Me)4 to (a) at 393 K 
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Figure 7. Simplified scheme for lhe CVD process for formation of Ge02 sub-monolayers on 

Si02. 
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Figure 8. X-ray diffraction pallems of Ge02/Si02 prepared by repealed CVD processes; (a) !­

time CVD, (b) 2-limes CVD, (c) 3-times CVD; (d) Ge02/Si02 exposed to moisture-saturated 
air. 
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Figure 9. FT-IR spectra of (a) Ge02/Si02 (Ge: 7.4 wt%) and (b) Ge02/Si02 exposed to 

moisture-saturated air. 
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Figure 10. Fr-IR spectra of (a) Ge02/S i0 2 (Ge 7.4 wt%), (b) after exposure to 6.6 k:Pa of 

pyridine, followed by evacuation at room temperature and (c) after evacuation of (b) at373 K. 
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Figure I L Ge K-edge EXAFS oscillations (A) and Fourier transforms (B); (a) as-Ge(OMe)
4 

reacted (no calcination); (b) Ge02/Si02 (3.2 wt%), (c)7.4 wt%, (d) 8.3 wt%; (e) Ge0
2 

(hexagonal type). 
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Table 1. Curve fitting results of Ge K-edge EXAFS spectra for Ge02 and Ge02/Si02. 

Sample 
Scallerer 

CN" r/nmb 8.ErJeVc o/nmd Rr/o/oc 
atom 

Si02 (Aem;il3CXJ) 0 4.1 0.172 -2.4 0.0050 

rea:led with Ge(Q\.1e~ 
5.9 

Ge 2.3 0.311 -10.0 0.0089 
- - - - - - - - -

0 4.6 0.172 -1.2 0.0061 
Ge02/Si02 (ox-50) 3.8 
1.7 wt% Ge 2.8 0.307 -16.6 0.0098 
- - - - - - - - -

Ge02/Si02 (Aerosil 300) 0 4.1 0.173 -0.2 0.0052 
3.5 

3.1 wt% 
Ge 2.0 0.306 -19.9 0.0105 

- - - - - - -- - - - - - - -

Ge02/Si02 {Aerosil300) 
0 3.9 0.173 -1.5 0.0052 

4.4 
7.4 wt% Ge 2.0 0.311 -10.0 0.0086 

- - - - - - -- - - - -
0 4.5 0.173 -1.5 0.0059 

Ge02/Si02 (Aerosil 300) 2.6 
8.7 wt% Ge 2.4 0.313 -6.2 0.0083 
- - - - - - - - - - -

0 (4) (0.174) 
Ge02 (hexagonal)f 

Ge (4) (0.3 15) 

- - - - - - - - - - - - - - - - -
0 (4) (0.187) 

Ge02 (tetragonaJ)f 0 (2) (0.190) 

Ge (8) (0.342) 

a: coordination number, b: bond distance, c: energy difference in the origin of photoelectron 
between the reference and the sample, d: Debye-Waller factor, e: residual factor, f: data from 
X-ray crystallography. 
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Chapter 3 Reversible Structural Change of Rh Particles Supported on Ge0
2 

Submonolayers/Si02 in Reduction and Oxidation by XAFS, XRD, TEM and 

FT-IR 

Abstract 

The behaviors of Rh particles and Ge02 submonolayers supported on Si0
2 

in oxidation and 

reduction were investigated to reveal structural change in the outmost support surface of 

supported metal catalysts by means of XAFS, XRD, TEM and FT-IR. Partial reduction of the 

Ge02 overiayers in Rh/Ge0 21Si02 occurred to form RhGe alloy particles by reduction with H
2 

at423-723 K, as proved by direct Rh-Ge bonding observed by EXAFS at both Rh and Ge K-

edges. The RhGe alloy particles were transformed to Rh oxides and Ge02 submonolayers by 

calcination at 673 K, and reversely these oxide phases were converted to the RhGe alloy 

particles by reduction at 423-723 K again. These transformations on Si02 reversibly took place 

in the oxidation-reduction treatments. This is a unique structural change at the Rh/Ge0
2 

overlayer interface in contrast to the behaviors of Rh and Ge on bulk Ge0
2 

which were 

irreversible due to subsidence of Rh into Ge02 bulk. 

3-1 Introduction 

In supported metal catalysts the principal role of support is to disperse the metals and to 

prevent them form sintering under catalytic conditions. In addition to these physical 

interactions, catalyst supports often affect the catalytic properties of metals on them through 

electronic or structural interactions. However, we have few pieces of information about the 

structural change of metal-support interface, because the investigation of structural change of 

support surfaces demands surface sensitive techniques to discriminate it from that of the bulk. 

EXAFS spectroscopy have been applied to two model systems for this purpose though EXAFS 
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is not a surface spectroscopy; monolayer-oxide or thin layer-oxide samples specially prepared 

as target interfaces. One is the dispersed thin-layerZr02 on Pd (!].The other is monolayer 

oxides deposited on the other oxide surfaces as supports for metals, such as Pt/Nb20 5/Si02 [2] 

and Pd/~0,/ZSM-5 [3], which showed unique catalytic properties. It was also found that 

irreversible structure change in the Ti02 monolayer of Pt/Ti02/Si02 occurred in the oxidation­

reduction treatments [4]. Designed metal si tes at oxide surfaces by using appropriate metal 

complex precursors have also been characterized by EXAFS. For example, Rh dimers attached 

on Si02 were observed to show dynamical structure change including metal-metal bond 

formation and breaking which promoted catalyticethene hydroformylation [5]. 

To select the kind of monolayer metal-oxide suitable for the above purpose, I have prepared 

several monolayer oxides deposited on Si02 and the interaction with Rh was studied by IR 

measurement of CO as a probe molecule. The prepared oxides were Ti02/Si02, Zr02/Si02, 

Nb20 5/Si02 and Ge02/Si02. When Ti02/Si02, Zr02/Si02 and Nb20 5/Si02 were used as 

supports for Rh, no difference from theIR spectra of CO on Rh/Si02 was observed. On the 

other hand the Rh/Ge0z!Si02 reduced above 523 K showed only linear CO at 2074 cm-t. 

which was different from the others which showed linear, bridge and germinal CO peaks, 

suggesting the occurrence of chemical and structural Rh-Ge02 interaction. 

Ge02 is the same family as Si02 and has similar structure and valency. In the previous 

chapter Ge02 submonolayer (one-atomic layer) was prepared on Si02 surface and characterized 

to have a sim ilar structure to hexagonal Ge02 with Ge-0 and Ge-Ge bonds at 0. 173 nm and 

0.3 11 nm, respectively. The Ge02 submonolayer surface showed almost no Bronsted and 

Lewis acidity, indicating that Ge-0-Si bonding is rather covalent and neutral due to the similar 

character and structure between Ge02 and Si02. The spectroscopic characte rization of the 

outmost surface of oxide supports which directly interacts with supported metal and metal oxide 

particles is usually difficult because of the presence of the oxide bulk. The Ge02 submonolayer 

may be regarded as a model of the outmost surface of Si02 support and characterized separately 
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from the Si02 support. Besides the Ge02 submonolayer system may provide new surface 

phenomenon different from the bulk Ge02. 

In the present study I preformed the EXAFS analysis of Rh/Ge02 submonolayer/Si02 under 

oxidation and reduction together with XRD, TEM and FT-IR to find the reversible structural 

change of the Rh/Ge02 interface, where Rh was deposited on Ge02 submonolayers supported 

on Si02 to more clearly ex tract the information on the metal/oxide structural change. The 

Ge02/Si02 was prepared by CVD of Ge(0Me)4 on Si02 surface as reported in chapter 2. The 

behavior of the Rh/Ge02 submonolayer/Si02 was compared with those of Rh particles on bulk 

Ge02 and Si02. 

3-2 Experimental 

3-2-1 Sample Preparation 

Ge02 overlayers on silica (Aerosil300) were prepared by a chemical vapor deposition 

(CVD) method using Ge(0Me)4 as precursor. The detail of the synthesis of the monolayers was 

already reported elsewhere in chapter 2. The samples are denoted as Ge02/Si02. The coverage 

of Ge02 prepared by one-time CVD procedure was 0.2 monolayer which corresponds to 7.4 

wt% loading of Ge on the Si02. In this study the loading of Ge was fixed at 7.4 wt% otherwise 

especiall y noted. All handling of the Ge02/Si02 was conducted without exposing to air to avoid 

destruction of the Ge02 overlayer caused by moisture in the atmosphere. 

A given amount of Rh dimer complex, [Rh(C5Me5)Mch{ft-CH2)2 was dissolved in 

chloroform which had been purified by renux over dried molecular sieves followed by 

distillation before usc. The chloroform solution of the complex and the Ge02/Si02 were mixed 

and stirred for I hat room temperature. The deep red solution of the Rh complex became 

transparent, which indicates that attachment of the complex on the support was completed. The 
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solvent was removed by evacuation and the obtained sample was transferred to aU-shaped tube 

reactor which was combined in a closed circulating system (dead volume: 210 cm3). The 

sample was oxidized at 673 K under circulating oxygen (20.0 kPa) with a liq. N2 trap to 

remove the remaining ligands on Rh in the closed circulating system. Subsequently, the 

oxidized sample was reduced with H2 ( 13.3 kPa) at given temperatures in the range 423-723 K. 

These samples are denoted as Rh/GeOiSi02 (!). The sample(!) reduced at 723 K was 

oxidized with~ at 673 K and reduced with H2 in the temperature range 423-723 K again. 

These are denoted as Rh/Ge02/Si02 (~. The loading of Rh was 2.0 wt%. The Rh dimer was 

also supported on bulk Ge02 (hexagonal type) (Rh 2.0 wt%) and treated similarly to the case of 

Rh/Ge02/Si02. 

3-2-2 XAFS Analysis 

X-ray absorption fine structure (XAFS) spectra at Rh and Ge K-edges were measured at 

room temperature in a transmission mode at the beam lines JOB and 7C of Photon Factory in 

the National Laboratory for High-Energy Physics (KEK-PF), respectively (Proposal No.94G-

203). The storage ring energy was operated at 2.5 GeV with a ring current of 250-350 rnA. The 

lOB and 7C stations are equipped with a Si(311) channel cut monochromator and a Si( Ill) 

sagittal focusing double crystal monochromator, respectively. In order to remove the higher 

harmonics, the monochromators were detuned to 70 %. The sample was transferred to glass 

cells with two Kapton windows connected to a closed circulating system without contacting air. 

For the measurement of Rh K-edge spectra two ion chambers filled with Ar and Kr were used 

as detectors of 10 and l, respectively, and two ion chambers filled with N2 100% and Ar 15% 

/N2 85% were used for the measurement of Ge K-edge spectra. 

Extended X-ray absorption fine structure (EXAFS) analysis was carried out similarly as 

reported in section 2-2-3. For the curve fitting analysis, the empirical phase shift and amplitude 
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functions for Rh-Rh, Ge-Ge, Rh-O and Ge-0 were extracted from the data for Rh metal, Ge 

metal, Rh2G:3 and Ge02 (hexagonal), respectively. 

3·2·3 FT·IR Measurement 

FT-IR spectra were measured on a JASCO FT-IR 230 spectrometer with 2 cm- 1 resolution. 

The spectra were scanned and summed up by 128 times. The measurement was conducted in an 

in-silu JR cell combined in a closed circulating sys tem. The sample was pressed into a wafer 

with diameter of 2 em. Preparation and treatments of Rh/Ge02/Si02 were carried out under in­

situ conditions. The spectra for the adsorbed CO were obtained by subtracting the spectrum of 

gaseous CO from the spectrum measured under 13.3 kPa CO. 

3·3 Results 

3-3·1 Rh K-edge XAFS 

Figure I shows the k3 x(k) oscillations, their associated Fourier transforms and curve fining 

analyses for the EXAFS data at Rh K-edge for Rh/Ge0 2/Si02 (l) (Rh: 2.0 wt%) after oxidation 

and successive reduction treatments. The curve fitting results are listed in table 1. In the Fourier 

transform in figure I (B) (a') for the fresh calcined sample (l), two peaks were observed at 

0.16 nm and 0.26 nm (phase shift uncorrected), which correspond to Rh-O and Rh-Rh bonds 

of Rh oxide, respectively. Similar results were also obtained on Rh/Si02 calcined at 673 K as 

shown in figure 3. By reducing the calcined sample at423 K the two peaks disappeared and a 

single peak around 0.25 nm developed (Figure I (B) (b')). The peak was analyzed to be due lO 

Rh-Rh bond by the curve fitting technique in figure I (C) (b"). The determined Rh-Rh distance 

(0.266 nm) in table I agrees with Rh-Rh nearest neighbor bond distance in Rh metal. After 
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further reduction at 523 K, the intensity became smaller (Figure 1 (B) (c')) and the intensity 

further decreased by reduction at 623 K (Figure I (B) (d')}, which was accompanied by the 

shift of peak position to shorter length as shown in figure I (B) (b')-(d') and table I. The curve 

fitting analysis was carried out for the inversely Fourier transformed data over 0.15-0.30 nm. 

When the peak was assumed to be composed of Rh-Rh alone, the calculated curve did not 

sufficiently reproduce the observed data. The observed EXAFS oscillation was successfully 

reproduced only by the addition of Rh-Ge bonding besides Rh-Rh bonding as shown in figure 

I (C). The distances of Rh-Rh and Rh-Ge bonds were determined at 0.264-0.266 nm and 

0.236-0.242 nm, respectively in table I. The above results suggest that the Ge02 overlayers 

were partially reduced to Ge metal which incorporated into Rh metallic particles to form RhGe 

alloy particles by reduction with H2 above 523 K. 

Upon oxidation of the 723 K-reduced Rh/Ge02/Si02 (.!), the EXAFS feature changed 

drastically from figure 1 (A) (e) to figure 2 (A) (f) and from figure I (B) (e') to figure 2 (B) 

(f'). Destruction of the RhGe alloy particles to Rh oxides took place because the obtained 

spectra are similar to those measured for the calcined Rh/Ge0 2/Si02 (.!)after the first 

calcination step. However, the EXAFS oscillation (Figure 2 (A) (g)) and the Fourier transform 

(Figure 2 (B) (g')) for the Rh/Ge02/Si02 (£)reduced at 423 Kin the second cycle were entirely 

different from those (Figure I (A) (b) and Figure I (B) (b')) for the Rh/Ge02/Si02 (.!) reduced 

in the first cycle. The inversely Fourier transformed data were never fitted with single Rh-Rh 

wave, but were reproduced only by two-waves (Rh-Rh+ Rh-Ge). The best fit results are 

shown in figure 2 (C) (g") and table 2. During the second reduction procedure, the intensity of 

the single peak in Fourier transform gradually increased with rise of the reduction temperature, 

which was accompanied with the shift of peak position to the shorter length. The tendency of 

the intensity change is reverse against that in the first reduction step. The curve fitting results in 

table 2 and figure 2 (C) showed the increase in the coordination number of Rh-Ge bond. The 

coordination number of Rh-Rh bond decreased with rise of the reduction temperature from 423 
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K to 523 K and kept nearly constant at 523-723 K. In every RhGe alloy particle on the 

Rh/Ge02/Si02 (~reduced at 423-723 K the fitted distances of Rh-Rh and Rh-Ge bonds 

remained constant as shown in table 2. 

Figure 4 shows the Rh K-edge XANES spectra of Rh/Ge02/Si02 (!)and(~. Gradual 

attenuation of the peak intensity was observed with an increase in the reduction temperature. 

Figure 5 shows the EXAFS spectra for Rh/Ge02/Si02 (!) reduced at 723 K (RhGe alloy) 

followed by contact with 13.3 kPa of dry oxygen (a) or 13.3 kPa of oxygen containing 1.3 kPa 

of H20 vapor (b). These exposures were conducted at room temperature. The Fourier 

transform spectrum after exposure to dry oxygen showed two peaks which were analyzed to be 

due to Rh-O and Rh-Rh by the curve fitting technique as shown in figure 5 (a") and table 3 . 

There was no contribution of Rh-Ge. The calculated Rh-Rh distance of 0.265 nm agrees with 

the bond distance of Rh metal. On the other hand, the spectrum (Figure 5 (b)) measured after 

contact with oxygen containing moisture was surprisingly different from the spectrum after 

contact with dry oxygen (Figure 5 (a)). The EXAFS analysis revealed Rh-O and Rh-Rh bonds 

at the distances of 0.207 nm and 0.276 nm, respectively, which correspond to those of Rh 

oxides [6]. 

3-3-2 Ge K-edge XAFS 

To examine the behavior of the Ge02 submonolayer on Si02 in oxidation and reduction, 

XAFS spectra at Ge K-edge were measured. Figure 6 shows the Fourier transforms of the 

EXAFS data for Rh/Ge02/Si02 (.!)with different Ge loadings of 1.3-7.4 wt% after reduction a1 

723 K. Growth of a new peak around 0.21 nm (phase shift uncorrected) was observed with 

decreasing Ge loading. To extract the oscillation from the new peak, the moieties of Ge-0 and 

Ge-Ge which partially overlap in this region were extracted as follows. The Ge K-edge EXAFS 

oscillation for Ge02/Si02 was subtracted from that for Rh/Ge02/Si02 (.!),where the 
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oscillations were normalized for Ge-0 by multiplication of the ratio of Ge-0 intensities 

calculated from the spectra of both samples. Figure 7 shows the k3-weighted EXAFS difference 

spectra thus obtained. As for the 3.2 wt% Ge02 sample the S/N ratio of the spectrum was low, 

and the oscillation only over 40-100 nrn-t was presented in figure 7. I have applied Ge-Ge or 

Ge-Rh wave to the extracted wave in the curve fitting analysis. The curve fitting results are 

shown in figure 7 and the fitted parameters are listed in table4. Figure 7 (c") shows the fitting 

curve assuming Ge-Ge bonding, but the Ge-Ge wave did not fit with the extracted oscillation. 

The reasonable result was attained by Ge-Rh bonding (Figure 7 (c')). The bond distance for 

Ge-Rh in Rh/1.3 wt% Ge02/Si02 was calculated to be 0.239 nm (Table 4), which is close to 

the distance (0.240±0.003 run) for Rh-Ge determined from the Rh K-edge EXAFS. Thus it is 

evident that RhGe alloy particles with direct Rh-Ge bonds were produced. In table 4, the curve 

fitting results of Rh/Ge02/Si02 (!)with other Ge loadings are also listed. The results show the 

increase in the coordination number of Ge-Rh with a decrease of Ge loading, while the Ge-Rh 

bond distance is almost constant. 

X-ray absorption near-edge structure provides more information about the valence state of 

Ge atoms in Rh/Ge02/Si02 (!). Figure 8 (a)-( c) are the Ge K-edge XANES spectra of 

Ge02/Si02, Rh/Ge02/Si02 (!)reduced at723 K, and Ge powder. Although the position of the 

threshold did not change after the deposition of Rh on the Ge02/Si02 and after the reduction of 

the Rh/Ge02/Si02 at723 K, a small shoulder appeared around 11107 eV in the reduced 

Rh/Ge02/Si02 ( 1). To see more clearly the shoulder structure, I differentiated the spectra 

against photon energy as shown in figure 8 (d)-(f). The shoulder structure appeared atl!IOS 

eV in the first derivative of the XANES spectrum of Rh/Ge02/Si02 ( 1), which corresponds to 

the peak position the Ge metallic powder, indicating the presence of Ge atoms probably in the 

metallic state in the reduced Rh/Ge0z!Si02 (!). 

On the other hand no reduction occurred with Ge02/Si02 without Rh as evidenced by the 

XANES of figure 8 (e) and the EXAFS of figure 6 (a) . The reduction of Ge02/Si02 may occur 
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by spillover hydrogen coming from Rh metal particles. 

The RhGe alloy particles in Rh/Ge02/Si02 <.D reduced at 723 K were reoxidized with 0 2 at 

673 K to form Rh oxide (denoted as RhOx) and Ge02. Interestingly, no X-ray diffraction 

pattern due to Ge02 particles was observed. I measured Ge K-edge EXAFS spectra of the 

Rh/Ge02/Si02 sample reoxidized with 0 2 at 673 K. I also measured the EXAFS of the 

reoxidized Rh/1.3 wt% Ge02/Si02 sample, because Ge-Rh bonding was clearly detected with 

the reduced state of this sample as shown in figure 6 (e) and table4. Figure 9 shows the 0-

weighted EXAFS oscillations and their Fourier transforms of Rh/1.3wt% Ge02/Si02 after 

oxidation at 673 K, reduction at 723 K, and reoxidation at 673 K. From comparison of figure 9 

(a) and (c), it is concluded that the RhGe bimetallic particles in the reduced sample are destroyed 

and the initial RhOx/Ge02/Si02 was recovered in the reox.idized sample(£). No increase in Ge­

Ge peak intensity in figure 9 (c) compared to that in figure 9 (a) indicates the regeneration of the 

original Ge02 overlayer structure without aggregation to Ge02 bulk particles. The regeneration 

of the submonolayer structure after the reoxidation was also supported by IR observation of 

surface OH groups on the Ge02 layer. The intensity of v(GeO-H) peaks did not change 

between the original calcined Rh/Ge02/Si02 sample <.D and the reoxidized sample(£) after the 

reduction at 723 K. 

3-3-3 Particle Size Distribution by TEM 

The size distributions of Rh particles in Rh/Ge02/Si02 (!)reduced at 423 K and 723 K and 

Rh/Ge02/Si02 (£)reduced at 723 Kin the second oxidation -reduction cycles were estimated 

by transmission electron microscope (TEM). The histograms of size distribution of the particles 

are shown in figure 10. The size distribution was somewhat narrower with the sample reduced 

at 723 K than with the 423 K-reduced sample. The average particle sizes are 2.0 nm, 2. 1 nm 

and 2.3 nm for the samples reduced at 423 K (first) , 723 K (first) and 723 K (second), 
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respectively. The average size and size distribution of the Rh particles were preserved after the 

repeated treatments of oxidation at 673 K and reduction at 723 K. 

3-3-4 Observation of CO Adsorbed on Rh/Ge02/Si02 by FT-IR 

Figure 11 shows the FT-IR spectra of adsorbed CO on Rh/Ge02/Si02 ( 1) reduced at 423-

723 K and on Rh/Si02 reduced at 723 K. The spectra were measured under 13.3 kPa of CO. In 

the CO spectrum for Rh/Si02, three kinds of peaks appeared. An intense peak at 2080 cm·t can 

be assigned to linear CO on Rh, and a peak at 2036 cm·1 and a shoulder peak at 2105 cm·l can 

be assigned to the symmetric and asymmetric stretching modes of geminal CO species, 

respectively. A broad peak at 1870 cm·1 is assignable to the bridge CO on neighboring Rh sites. 

On Rh/Ge02/Si02 (!) reduced at 423 K there existed a linear CO peak and small bridge and 

geminal CO peaks. After reduction above 523 K, the bridge and geminal CO species 

disappeared completely. The peak position of linear CO, 2075 cm·1 is lower by 5 cm·1 than that 

observed with Rh/Si02. On the sample(~ reduced after reoxidation, CO adsorbed in the linear 

form. The intensity and position of the linear CO peaks were the same as those in the first 

reduction step. 

Figure 12 shows the change of the amount of adsorbed CO measured under 13.3 kPa CO a1 

273 K. The adsorbed amounts were determined by subtracting the amount of physisorbed CO 

in the second measurement from the adsorbed amount observed in the first measurement. 

Although a higher value was recorded after the first reduction of Rh/Ge02/Si02 at 423 K, the 

measured amounts were among CO/Rh=0.3~0.4 independent of the reduction temperature 

and the repeated treatment. 
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3-3-5 Rh K-edge and Ge K-edge XAFS for Rh/bulk-Ge02 

XAFS spectra for Rh/bulk-Ge02 reduced at 723 K were also measured at both Rh and Ge 

edges. Rh K-edge EXAFS spectra and the curve fitting analysis are shown in figure 13. The 

determined parameters are listed in table 5. Although the spectrum is a little noisy because of the 

large X-ray absorption coefficient due to the bulk Ge02 support compared with the Ge02 

submonolayer/Si02, the curve fitting in figure 13 (c) was successfully performed and indicated 

RhGe alloy formation (Table 5). The Rh-Ge distance was determined as 0.246 nm, which is 

longer than the observed Rh-Ge bond (0.240 nm) distance in the RhGe alloy particles on the 

Ge02 layer/Si02. 

EXAFS spectra at Ge K-edge and the curve fitting analysis are shown in figure 14. Besides 

two peaks attributed to Ge-0 and Ge-0-Ge bonds, which are originally seen in Ge02, a new 

peak appeared at 0.21 nm (phase shift uncorrected). The curve fitting analysis with three waves 

(Ge-0 and two Ge-Ge bonds) was achieved in figure 14 (c). In contrast to the case of 

Rh/Ge02/Si02 the addition of Ge-Rh parameter did not give any good fitting. The determined 

distance of 0.246 nm corresponds to the Ge-Ge distance in Ge metal. On the other hand, the 

similar reduction treatment of bulk Ge02 without Rh did not cause any change in both XANES 

and EXAFS spectra. The reduction of Ge02 is possible by the coexistence of Rh metal 

particles. 

3-3-6 Observation of CO Adsorbed on Rh/bulk-Ge02 by FT-IR 

Figure 15 shows FT-lR spectra of adsorbed CO on Rh/bulk-Ge02 reduced at 423 K (a) and 

at 523 K (b), and successively calcined at 673 K followed by reduction at423 K (c). A linear 

CO peak at 2074 cm·1 was observed after reduction at 423 K. The peak position is almost the 

same as that for the RhGe alloy particles on the Ge02 layer/Si02. The linear CO peak almost 

-56-



disappeared by reduction at 523 K, which was accompanied by the decrease of Ge-OH peak. At 

the same time, the transparency of IR beam became much worse, probably because Ge metal 

was formed on the surface of bulk Ge02 as characterized by the Ge K-edge EXAFS. After 

calcination at 673 K and reduction at 423 K, the Ge-OH intensity recovered nearly to the initial 

level, but CO did not adsorb on the sample any more as shown in figure 15 (c), which indicates 

irreversible behavior of Rh particle on bulk Ge02. This result is contrasted to that on 

Rh/Ge02/Si02 which showed the reversible behavior of Rh/Ge02 overlayer on Si02 in the 

repeated oxidation-reduction treatments. 

3-4 Discussion 

3-4-1 RhGe Alloy Formation on Ge02 submonolayer 

Ge0z!Si02 was not reduced by H2 at 723 K, whereas in the presence of Rh the partial 

reduction of the submonolayer Ge02 on Si02 took place even at 423 K. As a result of the 

reduction, Rh-Ge bimetallic particles were formed on the Ge02/Si02 as characterized by 

EXAFS at Rh K-edge (Figures 1 and 2, Tables 1 and 2) and at Ge K-edge (Figures 6 and 7, 

and Table 4) and XANES (Figure 8). The Rh-Ge bond distance was determined as 0.240± 

0.003 nm, which was independent of the reduction temperature (423-723 K), the Ge loading up 

to 7.4 wt% and the repetition of oxidation-reduction treatments. The determined bond length is 

much shorter than those (0.252-0.257 nm) of intermetallic compounds of Rh-Ge such as 

Rh 2Ge, RhGe and RhGe4 [7-9]. The length is also much shorter than the sum (0.257 nm) of 

the metallic radii of both elements, i.e., 0.12249 nm forGe and 0.13451 nm for Rh metal. This 

fact indicates that the Rh-Ge bonding in the RhGe al loy particles on Ge02/Si02 has a covalent 

character rather than a metallic one. Furthermore, it is to be noted that the Rh-Rh bond length 

0.266±0.003 nm Rh/Ge02/Si02 (!)reduced at 423 Kin the first reduction process is similar 
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to the Rh-Rh bonding in Rh foil and is not so affected by the Rh-Ge bonding. The Rh-Rh 

distance in the Rh/Ge02/Si02 (~ reduced at 723 Kin the second reduction process decreases to 

0.262 nm. This means that the RhGe bimetal does not form solid solution structure, but 

probably the RhGe bimetallic phase is gradually formed from the surface of the Rh particles on 

Ge02/Si02 during the reduction. 

While the covalent Rh-Ge bond character was suggested from EXAFS, the linear CO peak 

shifted only by 4 cm-1 by RhGe alloy formation as shown in figure II. The electronic effect of 

Ge on Rh seems small or negligible in the RhGe particles generated on the Ge02 layer/Si02. 

The result is different from that observed on RhSn alloy particles on Si02, where the CO peak 

shift as large as 50 cm-1 to lower wavenumber was observed probably due to the electronic 

modification of Rh by Sn [10-12). 

Recently, the structure and catalysis of supported Rh or Ru catalysts doped with Ge have 

been studied extensively [13-24]. In these studies, a significant decrease in the peak intensity in 

Fourier transforms of Rh or Ru K-edge EXAFS spectra for Rh or Ru/Si02 by the addition of 

Ge is observed, which is similar to my present observation in figure I. Because direct Rh-Ge or 

Ru-Ge bond was not detected except for one sample, it was concluded that the intensity change 

was brought from the scission and redispersion of the metal particles to small clusters 

composed of only ten atoms or so as a result of the Ge addition [13-24]. On the contrary, in the 

present Rh/Ge02/Si02 system the averaged size and size distribution of the Rh particles 

determined by TEM did not show significant difference among the samples(!) reduced at low 

and high temperatures and the sample Q) reduced again after calcination as shown in the 

histograms of figure 10. The decrease in the intensity of the EXAFS Fourier transform after the 

high temperature reduction should be referred to the alloy formation of Rh with Ge. One 

explanation to this is the cancellation of EXAFS oscillations by overlapping of Rh-Ge and Rh­

Rh waves when RhGe alloy particles are formed. The slight increase of peak intensity in the 

Fourier transforms during the second reduction treatments in figure 2 may be due to the increase 
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in the coordination number of Rh-Ge bond in the RhGe alloy particles as shown in table 2. 

The new feature is also observed in the EXAFS spectra measured at Ge K-edge for Rh/1.3 -

7.4 wt% Ge02 layers/Si02 (.!.)reduced at 723 K (Figures 6-8). The curve fitting analysis for 

the new peak around 0.21 nm (phase shift uncorrected) in figure 6 by Ge-Ge wave was 

unsuccessful and the best fit results were obtained by the curve fitting analysis by Ge-Rh wave 

as shown in figure 7. The formation of metallicGe is also confirmed by XANES (Figure 8). 

These results mean that the reduced Ge atoms do not remain on the Si0
2 

support but 

incorporate into the Rh particles. The Ge-Rh intensity grew as the Ge loading in Ge02/Si02 

decreased (Table 4). This means that the portion of Ge incorporated to the Rh particles in Ge02 

on Si02 increases as the Ge loading decreases because the EXAFS technique gives the averaged 

information on the structure around a specific element. The Rh particles may be located closely 

with the Ge02 submonolayers on Si02 and probably located on the Ge02 layers. Otherwise, 

the portion of reduced Ge02 in the 1.3 wt% Ge02/Si02 would have been smaller unlike the 

result. 

The Rh K-edge EXAFS data of the reduced Rh/Ge02/Si02 (1) demonstrate that Rh-O bond 

and metallic Rh-Rh bond appear by exposing to dry oxygen at room temperature, and hence that 

the surface of the RhGe alloy particles is oxidized. The reason of the resistance to oxidation of 

inner Rh under dry oxygen may be due to the existence of Ge which prevents the particle being 

further oxidized. The oxidation of Rh to Rh oxide at room temperature occurred by contact with 

oxygen containing moisture as evidenced by EXAFS (Figure 5 and Table 3). Deep oxidation of 

the RhGe alloy particles was also observed with Ge which was converted to 3-dimensional 

crystalline Ge02. 

3-4-2 Behavior· of Ge in Rh/Ge0 2/Si02 in Oxidation and Reduction 

Several experiments were carried out to study the behavior of Ge in the Rh/Ge0
2
/Si0

2 
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sample during repeated oxidation and reduction treatments. The reoxidation of the reduced 

Rh/Ge02/Si02 (!.) at 673 K destroyed the RhGe alloy structure as shown in figures 1 and 2 . 

The results of EXAFS and XRD indicate that the RhGe alloy particles on the Ge02 

submonolayers supported on Si02 are transformed to the original Rh oxides on the Ge02 

over! ayers on Si02 again . No three-dimensional Ge02 particles were formed by repeated 

reduction-oxidation cycles. The structural change in the reduction and oxidation is illustrated in 

figure 16. This structure change is unique by the following reasons. Bulk Ge02 particle is more 

stable than the submonolayer Ge02 on Si02 because the submonolayer Ge02 was only formed 

by the reaction of Ge(0Me)4 vapor surface OH groups of Si02, followed by calcination at 673 

K, and was never produced by the solid state reaction between Ge02 and Si02 at high 

temperatures. In fact, once 3-dimensional Ge02 particles were formed from the Ge02 overlayer 

by exposing to H20 vapor, they were stable against any treatment and were not converted to the 

original submonolayer Ge02. The monolayer Ge02 may be a thermodynamically metastable 

state. It has been demonstrated that volatile GeO (sublimation temperature 983 K [25]) is 

formed in the oxidation of CuGe alloy where Ge segregates on the surface [26]. In the RhGe 

particles on the Ge02 submonolayers supported on Si02, [GeO]n may also be formed at the 

beginning of the oxidation and chemically attached on the Si02 surface to form the Ge02 

submonolayers. The transformation between Rh0/Si02/Ge02 and RhGe/Ge02/Si02 

reversibly takes place as illustrated in figure 16. 

3-4-3 Co mparison of Rh /Ge02/S i0 2 and Rh /b ulk -Ge02 

The most distinct difference in the behavior of Rh particles on the Ge02 submonolayer on 

Si02 and bu lk on Ge02 is attributed to the reversibility of the formation of RhGe alloy particles 

under the red uction conditions. On the Ge02/Si02, RhGe alloy particles were reversibly 

reproduced by the oxidation-reduction treatments as characterized by EXAFS. It is also 
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confirmed by the Ff-IR spectra of adsorbed CO on the Rh/Ge02/Si02 (!)and(£) which were 

identical between the first and second reduced samples as shown in figure II (d) and (e), 

respectively. The size distributions of the RhGe particles in these two samples are also almost 

the same as indicated in the TEM images of figure 10 (b) and (e). 

When Rh/bulk-Ge02 was reduced at 723 K, RhGe alloy particles were formed as proved by 

EXAFS (Figure 14 and Table 5), but the alloy surface is different from that of the 

Rh/Ge02/Si02 as shown in figure 15. The spectrum of Rh/Ge02 reduced at 423 K shows a 

linear CO peak at 2074 crn-1 which is similar to that observed on the reduced Rh/Ge02/Si02 in 

figure II. However, CO does not adsorb on Rh/Ge02 after reduction at 523 K. The decrease of 

surface OH groups on the Ge02 and the simultaneous reduction of IR transparency imply that 

the reduction of Ge02 to meiallic Ge occurs mainly on the surface in this condition. After 

calcination of the 523 K-reduced sample, followed by reduction at423 K, no CO peak appeared 

as shown in figure 15. Thus the CO adsorption experiments also reveal the irreversible behavior 

of Rh on the bulk Ge02 in the reduction-oxidation treatments. The RhGe alloy formation (Rh­

Ge=0.246 nm) is evident from the EXAFS analysis at Rh K-edge (Table 5) and meiallic Ge is 

also characterized by EXAFS at Ge K-edge (Figure 14 and Table 5). The Ge-OH groups 

reappears by reoxidation of the 523 K-reduced Rh/Ge02 (Figure 15), indicating the oxidation 

of the meiallic Ge to Ge oxides, whereas the subsequent reduction of the oxidized sample at423 

K never recovers the adsorption capacity for CO. Accordingly, it is likely that Rh forms RhGe 

alloy particles with the produced meiallicGe in the reduction conditions and the alloy particles 

incorporate into the Ge02 bulk or at least below the surface, which can not come up to the 

Ge02 surface. The behaviors of Rh and Ge on bulk Ge02 is in much contrast to those on the 

submonolayer Ge02. The difference between the two systems is attributed to the difference in 

easiness on the reduction between the bulk Ge02 and the submonolayer Ge02/Si02. The Ge02 

submonolayers are chemically attached on Si02 surface making Ge-0-Si bonds which regulate 

the reducibility of the Ge02 species and the population of Ge atoms reduced and supplied to 
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form RhGe alloy particles. 

3-5 Conclusions 

(1) By using a Rh dimer [Rh(C}v1e5)Meh(~-t-CH2)2 as precursor, Rh was supported on the 

Ge02 submonolayers attached on Si02 to study how the Ge02 layers are perturbed through 

the interaction with deposited Rh. 

(2) The EXAFS analysis at both Rh and Ge K-edges revealed RhGe alloy formation by 

reduction with H2 at 423-723 K, accompanied by the partial reduction of the Ge0
2 

submonolayers. 

(3) While a part of Ge02 !ayers is incorporated into the RhGe alloy particles, the other part of 

Ge02 retains its submonolayer structure. 

(4) The reversible behaviors of Rh and Ge in the reduction and oxidation steps were 

characterized by XAFS, XRD, TEMand FT-IR. MetallicRh and Ge form RhGe alloy 

particles on the Ge02/Si02 during reduction, and the Ge atoms alloyed with Rh come back 

to the Ge02 submonolayers on Si02 by calcination of the alloy. The Rh atoms are reversibly 

transformed between RhGe alloy particles and Rh oxides on the Ge02/Si02 surface. 

(5) The reversible behavior of Rh in the Rh/Ge02/Si02 sample is in contrast to the behavior of 

Rh in the Rh/bulk Ge02 where Rh species are irreversibly transformed to RhGe alloy 

particles in the bulk Ge02. 
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Figure 4. Rh K-edge XANES spectra for Rh/Ge02/Si02 W (a-d) and Rh/Ge02/Si02 (;D (e-h); 

reduced at (a, e) 423 K, (b, f) 523 K, (c, g) 623 K, (d, h) 723 K. 
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Figure 8. Ge K-edge XANES spectra (a, b, c) and their first derivatives (d, e, f) forGe powder 
(a, d), Ge02/Si02 (b, e), and Rh/Ge02/Si02 (D reduced at 723 K (c, f). 
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Figure 1 L Fr-IR spectra; (a) Rh/Si02reduced at723 K; Rh/Ge02/Si02 CD reduced at (b) 423 K, 

(c) 623 K, (d) 723 K; Rh/Ge02/Si02 W reduced at (e) 723 K; CO: 13.3 k:Pa. 
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Figure 15. Ff-IR spectra in the OH and CO stretching regions for Rh/Ge02 reduced at423 K (a) 

and at 523 K (b); (c) after calcination of (a) at673 K followed by reduction at 423 K; The 
spectra were measured under 13.3 k:Pa of CO. 
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illustrated. 
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Table I. Curve fitting results of the Rh K-edge EXAFS data for 2.0 wt% Rh/7.4 wt% Ge02/Si02 (l) 

reduced at different temperatures. 

Treatment Scatterer 
CN• r/nmb L".EofeVc a/nmd Rf/%e atom 

0 6.3 0.202 -3.1 0.0089 
1.7 Oxidized at 673 K Rh 3.4 0.274 1.8 0.0124 

Reduced at 423 K Rh 7.0 0.266 -7.3 0.0064 1.0 

Reduced at 523 K Rh 3.8 0.264 -13.0 0.0105 
0.8 

Ge 1.2 0.237 -14. 1 0.0085 

Reduced at 623 K Rh 3.3 0.264 -15.0 0.0102 
0.8 

Ge 2.4 0.236 -18.0 0.0073 

Reduced at 723 K Rh 3.7 0.266 -12.4 0.0096 
1.0 

Ge 1.4 0.242 -10.0 0.0093 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor defined in text. 
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Table 2. Curve fitting results of the Rh K-edge EXAFS data for 2.0 wt% Rh/7.4 wt% Ge02/Si02 W 
reduced at different temperatures. 

Treatment Scatterer 
atom 

CN3 r/nmb 6ErJeVc o/nmd Rff%C 

Oxidized at 673 K 
0 9.2 0.204 -0.5 0.0116 

4.1 
Rh 2.3 0.279 6.9 0.0106 

Reduced at 423 K 
Rh 3.0 0.265 -14.0 0.0097 

0.6 
Ge 1.6 0.241 -11.2 0.0093 

Reduced at 523 K 
Rh 2.2 0.263 -18.0 0.0095 

0.4 Ge 1.9 0.241 -12.0 0.0092 

Reduced at 623 K 
Rh 2.2 0.262 -16.0 0.0094 

0.6 Ge 2.2 0.238 -13.0 0.0090 

Reduced at 723 K 
Rh 2.4 0.262 -14.0 0.0097 

1.2 
Ge 2.4 0.239 -13.0 0.0100 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor defined in text. 
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Table 3. Curve fitting results of the Rh K-edge EXAFS spectra for 2.0 wt% Rh/7.4 wt% Ge02/Si02 (D 

reduced at 723 K and exposure to 0 2 or a mixture of 0 2 and H20 vapor at room temperature. 

Exposed gas 
Scatterer 

CN• r/nmb !J.Ec}eVc o/nmd Rri%c 
atom 

Ozc 
0 4.8 0.201 2.8 0.0106 

0.6 
Rh 4.5 0.265 -6.1 0.0109 

- - - - - - - - -

0 8.7 0.207 2.8 0.0113 
0 2+ H20 g 1.5 

Rh 2.7 0.276 4.9 0.0110 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor, f: 0 2 (13.3 

kPa) was exposed for 1 h, g: 0 2 (13.3 kPa) + H20 vapor ( 1.3 kPa) were exposed for I h. 
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Table 4. Curve fitting results of the Ge K-edge EXAFS spectra for 2.0 wt% Rh/Ge02/Si02 CD 
reduced at 723 K. 

Ge loading Scatterer 
CNa r/nmb /':.EofeV 0 a/nmd Rr/o/oe /wt% atom 

1.3 Rh 1.1 0.239 -7.1 0.0086 7.4 
- - - - - -

( 1.3) (Ge)f (0.7) (0.250) ( -20.3) (0.0056) (25.8) 
- - - - - - - - -

3.2 Rh 0.7 0.242 -3.6 0.0081 3.1 

7.4 Rh 0.5 0.240 -5.4 0.0082 9.9 

a: coordination number, b: bond distance, c: difference of the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor, f: Ge-Ge 
bonding was assumed. 
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Table 5. Curve fitting results of the Rh and Ge K-edge EXAFS data for Rh/bulk-Ge02 
reduced at 723 K 

Absorber Scatterer 
r/nmb /',.Er:JeVC o/nmd atom atom 

CNa Rrlo/oe 

Rh Ge 4.9 0.246 -6.1 0.0088 1.6 

0 2.1 0.205 -7.1 0.0086 

Ge Ge 1.0 0.246 -20.3 0.0059 2.0 

Ge 2.1 0.315 2.0 0.0053 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor. 
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Chapter 4 Structural Transformation and Low Pressure Catalysis for Ethyl 

Acetate Hydrogenation of Rh/Ge02 submonolayer/Si02 Prepared from Rh6(C0) 16 

Abstract 

Catalytic hydrogenation of ethyl acetate was performed on Rh supported Ge02/Si02 (Ge02 

submonolayer supported on Si02 surface) , where Rh6(C0) 16 was used as a precursor for Rh. The 

activity and selectivity to the ethanol formation was correlated with the structure of Rh determined 

by EXAFS spectroscopy. The structures of the catalyst were classified to three types depending on 

the reduction temperatures. They are, the Rh carbonyl cluster, Rh metal, and RhGe al loy. The 

most acti ve structure for the production of ethanol was Rh metal supported on Ge02/Si02. From 

the comparison with the catalysis and FT-IR measurement of adsorbed ethyl acetate of Rh 

supported on bulk-Ge02, Si02 and Ge02 particles/Si02, the direct participation of Ge02 

submonolayer to the reaction was concluded. 

4-1 Introduction 

monolayer atomic layer oxides have been demonstrated to provide a new kind of supports for 

metals and also new catalysts [1-6]. Spread of monolayer oxides on e.g. Si02 not only increases 

the surface area of the oxides, but also makes it easy to characterize the topmost surface of oxides 

relevant to the catalytic phenomena. Metal-support interaction may be well characterized compared 

to that in metal-bulk oxide systems. As already described in chapter 3, I have prepared Rh/Ge02 

submonolayer/Si02 by reaction of Ge(OMe)4 with surface OH groups of Si02 followed by 

calcination at673 K and by reaction of a Rh dimer complex with isolated OH groups of the 

obtained Ge02 submonolayer on Si0 2 fo ll owed by reduction with H2 at 423 to 723 K. It was 

obtained that Rh and Ge atoms in the Rh/Ge02/Si02 behaved in an entirely different manner from 
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those in Rh/bulk-Ge02 during the reduction as characterized by EXAFS, XRD and Ff-IR. The 

aim of this study is ( 1) to prepare Rh/Ge02/Si02 by using Rh6(CO) 16 cluster, (2) to examine 

structural transformations of the Rh/Ge0z!Si02 sample during reduction with H2 at various 

temperatures, and (3) to apply the new sample to a catalytic reactions. 

In this study, I have applied the Rh/Ge02/Si02 catalyst to the several reactions (CO-H2, NO­

CO and hydrogenation of ethyl acetate) to find out the catalytic reaction which makes good use of 

the characteristic of monolayer support. CO-H2 and NO-CO reaction are attractive to test because 

these reactions are known to be greatly innuenced by the kind of supports. But, within the tried 

reactions, the hydrogenation of ethyl acetate to ethanol is most attractive. Ge has the potential to 

provide hydrogenation reactions that occur on noble metals. For instance, the addition of 3 atom% 

Ge to Pt particles increases the activity and selectivity in selective hydrogenation of a,j3-

unsaturated aldehyde to unsaturated alcohol [7]. Catalytic hydrogenation of esters to the 

corresponding alcohols has been practiced so many years. Copper chromi te is a current 

commercial hydrogenation catalyst and has been applied to the production of diols from diesters or 

the production of methanol from carbon monoxide and hydrogen by two stage processes [8,9]. In 

the two steps methanol synthesis, the first step involves CO insertion into the C-0 bond of 

methanol to form methyl formate, and in the following second step a methyl formate is 

hydrogenated to two methanol molecules. This process is thermodynamically superior to the 

conventional direct hydrogenation of CO [10-13] . In commercial processes, copper chromite is 

operated at the pressure as high as 23 MPa and 423-573 K, but this catalyst is not so stable and is 

deactivated. However thermodynamic calculations show that this reaction can proceed at 

atmospheric pressure and moderate temperatures lower than 500 K. Recently, several groups have 

developed new catalysts for the ester hydrogenation. Grey et al. have conducted the hydrogenation 

reactions in solution by using a soluble anionic ruthenium hydride complex as catalyst [14]. Basset 

and her co-workers have reported the catalytic property of RhSn alloy catalyst for the acetate 

hydrogenation at low pressure conditions [15, 16]. Wehner et al. used Pd/ZnO which is also 
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known to be active for methanol synthesis in CO hydrogenation [17]. Deshpande et al. reported a 

Ru-Sn boride catalyst to be active for the hydrogenation of long chain fatty acids [18]. In addition 

to the hydrogenation of esters, hydrogenation of acid anhydrides has also been studied; a typical 

example is the highly regioselective reduction of asymmetrical cyclic carboxylic acid anhydrides to 

y-lactonses [19]. 

I have found the excellent catalytic property of the Rh/Ge02 submonolayer/Si0
2 

sample in the 

ethyl acetate hydrogenation to ethanol under mild conditions. The activity and selectivity of this 

catalyst was entirely different from those of Rh/bulk-Ge02, Rh/Si0
2 

and Rh/Ge0
2 

particles/Si0
2
. 

The new Rh/Ge02/Si02 catalyst were characterized by EXAFS, TPD, and FT-IR. The present 

study demonstrates the advantageous application of inorganic-oxide monolayer as a new class 

catalyst. 

4-2 Experimental 

4-2-1 Cata lyst Preparation 

Preparation of submonolayer Ge02 supported on Si02 was conducted as reported in chapter 2. 

Loading of Ge in the Ge0z!Si02 was fixed at 7.4 wt%. No decolorization of the solution was 

observed during stirring, which suggests that reaction of Rh6(CO) 16 with Ge0
2
/Si0

2 
does not 

take place significantly at room temperature. Therefore the solvent was removed by evaporation to 

support Rh6(CO) 16. Rh6(CO) 16 was also supported on Si0 2 (Aerosil300) and Ge0
2 

(hexagonal 

type; Wako Pure Chern. Co.) in a simi lar manner to the case of the Ge0
2
/Si0

2
. The loading of Rh 

in every catalyst was fixed at2.0 wt%. The samples were reduced for 2 hat given temperatures 

under 13.3 kPa of hydrogen without calcination of the incipient supported Rh
6
(CO) 

16 
samples. 

Hexarhodium hexadecacarbonyl Rh6(CO) 16 (purity: 98 %) was purchased from Aldrich Chern. 

Co. and used without further purification. Chloroform was purified by renux over SA Molecular 
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Sieves and distillation before use as solvent for Rh6(CO) 16. A chloroform solution of Rh
6
(CO) 

16 

was stirred vigorously with the submonolayer Ge02/Si02 under Ar atmosphere at room 

temperature. 

4-2-2 Rh K-edge and Ge K-edge XAFS Measurement 

Rh K-edge and Ge K-edge XAFS measurement and analysis were canied out as simi lar 

manner reported in section 3-2-2, except for the use of theoretical parameters for the filling of Rh­

C1 (terminal CO in Rh6(CO) 1J and Rh-Cb (f!3-CO in Rh6(CO) 16) calculated by FEFF6.0. 

4-2-3 Temperature Programmed Desorption 

Temperature programmed desorption was carried out under hydrogen ( 13.3 kPa) in a closed 

circulating system. The temperature was raised from room temperature up to 773 Kat a heating 

rate of 4 K min- 1. The desorbed products were analyzed with a gas chromatograph (Shimadzu 

GC-8A, Column: Molecular Sieve SA). 

4-2-4 CO-H2 and NO-CO Reaction 

CO-H2 and NO-CO reactions were conduc ted with a closed circulating system (dead volume: 

210 cm3). Equimolar mixture of CO and H2 (total pressure: 26.6 kPa) was reacted with the pre­

treated catalyst at S23 K. The products except for methane was coll ected with liq.N
2 

trap and 

analyzed by Gas chromatograph equi ppcd with DOS and Molecular Sieves SA columns. NO-CO 

reaction was conducted with mixture of NO (4.2 kPa) and CO (4.2 kPa) at 423 K. The products 

were analyzed by Gas chromatograph. The used column are Molecular Sieves SA (methane) and 

Unibeads C (the other products). 
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4-2-5 Catalytic Hydrogenation of Ethyl Acetate 

Catalytic hydrogenation reactions of ethyl acetate over 0.1 g of catalyst were conducted in a 

closed circulating system equipped with a gas chromatograph. Reduction of the catalyst was 

conducted at hydrogen of 13.3 kPa and given temperatures (423-723 K) for 2 h in-situ before use 

as catalysts, followed by evacuation at the same temperatures. The ethyl acetate was purified by 

repealed freeze-thaw cycles. The catalytic reactions were conducted under a mixture of 6.6 kPa of 

hydrogen and 1.3 kPa of ethyl acetate. The reaction temperature was fixed at 473 K. The products 

were analyzed by a gas chromatograph using a DOS column for analysis of ethanol and 

acetaldehyde and a VZ-lOcolumn for analysis of methane and ethane. 

4-2-6 Measurement of FT-IR spectra 

Fr-IR spectra were measured on a JASCO Fr-IR 230 spectrometer with 2 cm· 1 resolution. The 

samples were pressed to their wafers with 20 mm in diameter and placed in a holder in an in -situ 

IR cell combined in a closed circulating system. The samples, Rh/Ge02/Si02, Ge02/Si0
2
, Ge0

2
, 

and Si02 were exposed to 6.6 kPa of ethyl acetate at various temperatures ranging 373-473 K, 

followed by evacuation. 

4-3 Results and Discussion 

4-3-1 Structural Change of Rh6 (C0) 16 during Reduction Treatments Determined 

by XAFS Spectroscopy 

Figure I shows Rh K-edge EXAFS spec tra Rh6(C0) 16 cluster, the incipient supported 

Rh6(CO) 16 on Ge02/Si02, and the Rh/Ge02/Si02 samples reduced with H2 at423-723 K. The 
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incipient supported Rh6(CO) 16 shows the similar EXAFS data as those for Rh6(CO) 16 cluster 

itself (Figures 1 and 2) and the curve fitting analysis in figure 3 and table 1 reveals that the 

framework of the Rh carbonyl cluster is retained on the Ge02/Si02 surface. The feature did not 

change by reduction at 343 K. It was suggested that Rh6(CO) 16 preferentially interacts with the 

Ge02 submonolayer ( 115 monolayer) rather than the exposed Si02 surface as proved by FT-IR as 

shown in figure 4. Isolated Ge-OH peak at 3676 cm-t decreased and shifted to the lower 

wavenumber side due to hydrogen bonding with the cluster, while Si-OH peaks at 3745 cm-1 did 

not change significantly upon supporting Rh6(CO) 16. 

The EXAFS feature changed by reduction with H2 at 423 K (Figure 1 (c)). The single peak 

around 0 .25 nm (phase shift uncorrected) observed in the Fourier transform shifted toward the 

shorter length as shown figure 2 (c). The Rh-Rh bond length was determined by curve fitting to be 

0.266 nm (Table 1), which is close to the Rh-Rh bond distance of Rh metal (0.269 nm). Besides 

the decrease in the Rh-Rh bond distance from 0.277 nm to 0.266 nm, the Rh-Ct and Rh-Cb 

bonding disappeared with Rh/Ge02/Si02 reduced at 423 K as shown in table 1 . 

Desorption of CO from the incipient supported Rh6(C0) 16 was examined by TPD under 

hydrogen as shown in figure 5. A small desorption peak at390 K may correspond to the change in 

the EXAFS spectra. However, two major desorption peaks were observed at 550-650 K in figure 

5 and the amount of CO desorbed around 390 K was only 8% of the total amount of desorbed CO 

in TPD. The desorption feature may be incompatible with the EXAFS results in table 1. The 

EXAFS data for the samples reduced at the higher temperatures than 423 K demonstrate 

destruction of the cluster framework accompanied with decarbonylation of the supported 

Rh
6
(CO) 

16 
and aggregation of the Rh6 cluster to small Rh particles with the coordination number 

of 7.4-7.5 for Rh-Rh bond. The decarbony lation process is not a simple desorption process 

because the majority of the carbonyls did not desorb below 500 K. I propose that the Rh6 cluster 

on GeOiSi02 is not destructed after full decarbonylation, but transformed to larger clusters by 

partial decarbonylation. TPD was also carried out Rh6(CO) 16 supported on the Si02 for 
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comparison. A small desorption at 390 K was also observed, suggesting desorption at 390 Kin 

Rh/Ge02/Si02 is not related with the Ge02 submonolayer. On the other hand, a major desorption 

was observed at 590 K on Rh/Si02 which differs from Rh/Ge02/Si02 where double peaks were 

observed. It is supposed that in addition to the simple decarbonylation from Rh metal particles at 

550 K, the RhGe alloy formation should be closely related with the second desorption peak of CO 

at 620 K on Ge02/Si02. The mechanism of the partial decarbonylation-induced structural 

transformation is not clear at present and the structure and shape of the produced Rh 

clusters/particles can not be characterized by EXAFS and FT-IR. 

The peak intensity in the Fourier transform decreased by reduction of the sample at 623 K as 

shown in figure 2 (e). The curve fitting analysis of the k3x(k) spectrum of this sample using Rh­

Rh single wave never reproduced the observed data and good fitting was obtained by the addition 

of Rh-Ge wave as shown in figure 3 (e). The Rh-Rh and Rh-Ge distances were determined to be 

0.268 nm and 0.241 nm, respectively as shown in table 1. The peak in the Fourier transforms for 

Rh/Ge02/Si02 reduced at 723 K (Figure 2 (f)) shifted toward shorter distance. As for this sample, 

the curve fitting based on Rh-Ge one-wave gave the best result (Figure 3 (f) and Table I). The 

fitting was not improved by two-waves (Rh-Ge and Rh-Rh) analysis. These results suggest the 

formation of RhGe alloy particles on Ge02/Si02. The determined Rh-Ge bond distance was at 

0.244 nm which is essentially the same as 0.241 nm for Rh-Ge in the sample reduced at 623 K, 

while the coordination number of Rh-Ge bond increased from 0.9 to 3.5 as the reduction 

temperature increased from 623 K to 723 K, respectively. The change in the bonding modes of 

Rh-Rh and Rh-Ge indicates a gradual RhGe alloy formation of the metallic Rh particles with the 

reduced Ge02 submonolayers on Si02. These results are different from those on RhGe alloys 

prepared by the deposition of Rh dimercomplex [Rh(C5Me5)Meb(~-t-CH2) 2 and successive 

calcination and reduction treatment, where Rh-Rh bonding was always observed. The reason may 

be referred to the difference of Rh particle size. The Rh6(CO) 16-derived catalyst was prepared by 

reduction with H2 without oxidation before the reduction, while the Rh dimer-derived sample was 
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prepared by reduction after oxidation of the incipient supported species. 

Figure 6 shows the XANES spectra of Rh6(CO) 16, the incipient supported Rh6(CO) 16 and the 

reduced Rh/Ge02/Si02. The peaks at 10 and 35 eY above the threshold energy attenuated with rise 

of reduction temperature, which is evident in the spectrum of the sample reduced at 723 K. The 

first peak is related to the electronic transitions from the core level (Is) to the empty states above 

the Fermi level and the second peak is due to the multiple scattering processes of the outgoing 

electron [22]. The calculation of multiple scattering in different cluster sizes shows the increase of 

the second peak with an increase in particle size [23]. As for the observed attenuation of the peak 

intensity may be due to the formation of RhGe alloy particles where Rh atoms are replaced by Ge 

atoms and the back scattering of photoelectrons by Ge atoms is less that that by Rh atoms. 

Figure 7 shows the Ge K-edge EXAFS spectra of Rh/Ge02/Si02 reduced at 723 K. A small 

peak appears in the EXAFS Fourier transform with the reduction treatment. The curve fitting 

analysis of the extracted spectra with Ge-Rh single wave gives reasonable result. The fitted Ge-Rh 

distance is 0.243 nm which agrees well with the measurement from Rh K-edge within 

experimental error. This result supports the RhGe alloy formation on Ge02/Si02 reduced at high 

temperature. The innuence of RhGe alloy formation is also observed in the XANES spectrum. 

Small shoulder appears in the spectrum reduced at 723 K which become clearer by subtraction of 

the spectrum with that of Ge02/Si02 as shown in figure 7 (c). The position corresponds to the 

metal Ge. 

As consequence, Rh6(CO) 16 is supported on Ge02/Si02 with retention of the cluster 

framework below 343 K, the supported Rh 6(CO)tG clusters are converted to Rh metallic particles 

by reduction with H2 at423-523 K, and RhGe alloy particles arc produced on Ge02/Si02 by 

reduction above 623 K. 

4-3-2 CO-H2 and NO-CO React ion 
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Figure 8 shows the total activity and selectivity toward oxygenates formation in CO-H2 reaction 

plotted against the reduction temperature. The reduction temperature could be correlated with the 

state of Rh particles as stated in the previous section. The total activity of the sample reduced at 

723 K decreased to 1/25 of that reduced at 523 K. The RhGe alloy formation with rise of 

reduction temperature may be renected to this result. On the other hand, the selectivity to 

oxygenates increased with reduction temperature up to 90%. The reason of this acti vity change 

may come from the alloy formation which cause the suppression of adsorption of hydrogen on Rh 

surface which accelerated the methanation reaction with CO, where the role of Ge may be the 

dilution and the scission of surface Rh ensemble. 

Figure 9 shows the correlation between activity or selectivity of NO-CO reaction and reduction 

temperature during pre-treatment step. C02, N20 and N2 were detected as the reaction products. 

The activity of every product gradually increased with rise of reduction temperature, reached the 

maximum at 623 K, and then decreased above this temperature (a). The selectivity to N2 and N20 

formation derived by the division with C02 activity was shown in figure 9 (b). The selectivity to 

N20 formation was constant within the whole temperature of reduction, but the selectivity to N2 

continued to increase from 17% (reduced at 423 K) to 59% (reduced at 723 K). This result 

clearly shows the enhancement of Ge to the N2 formation, probably which is different reason of 

the promotion of N20 and C02 because its profile differs from the others. For comparison, the 

reaction was carried out on Rh/Si02 reduced at 623 K (the temperature where the most active 

phase was obtained on Rh/GeOiSi02) and the results were also plotted in figure 7. The activity 

and selectivity were close to the Rh/Ge02/Si02 catalyst reduced at 423 K, where alloy formation 

was not recognized. This result shows that the alloy formation of Ge enhances the activity and 

increases the selectivity towards N2 formation, which differs from the result on CO-H2 reaction 

where activity was greatly suppressed with rise of reduction temperature. EXAFS spectra were 

measured on NO exposed RhGe all oy to obtain the information about the active structure of 

catalyst under the NO-CO reaction. Exposure of CO did not affect the EXAFS results. Figure 10 
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shows the Fourier transforms and k3x(k) EXAFS spectra of Rh/Ge02/Si02 reduced at 723 K, 

followed by exposure to 2.7 kPa of NO and evacuation as well as its curve fitting result with 3-

waves (Rh-Rh, Rh-Ge and Rh-O). The fitted parameters are listed in table 3. The curve fitting 

results shows the increase of Rh-Rh and decrease of Rh-Ge wave, compared with before 

introduction of NO. At the same time, Rh-O bond appears, but the Rh-Rh bond, the distance of 

which corresponds to Rh oxide, was not found. Therefore the oxidation of metal particles may be 

restricted on the surface of metal particles. This result suggests that the partial oxidation of alloy 

surface with NO takes place under reaction condition. Though the active phase is not identical with 

the initial alloy under NO-CO reaction condition, the participation of Ge oxide or Ge metal rest on 

the alloy surface cannot be excluded, because its existence was confirmed in the EXAFS result. 

4-3-3 Catalytic Hydrogenation of Ethyl Acetate to Ethanol on Rh/Ge02 
submono layer/Si02 

Figure 11 shows the activity and selectivity of the catalytic hydrogenation of ethyl acetate on 

Rh/Ge02/Si02 as a function of the reduction temperature. For comparison, the results on 

Rh/Ge02 and Rh/Si02 are shown in figure II. Further, Rh6(CO) 16 supported on three-

dimensional Ge02 particles on Si02 (denoted as Rh/c-Ge02/Si02) was also employed as catalyst 

after reduction with H2 at various temperatures (Figure II) . Ideally, the reaction proceeds by 

eq.(l). 

(I) 

The by-products in the parallel reactions are acetaldehyde or hydrogenolysis products such as 

methane and ethane. The selectivity to ethanol (SCzH.sOH) is defined as carbon-base selectivity 

which is given by eq.2. 

S TC2HSOH 
C2H.SOII= rczH.sOH+TCH3010+ l/2TCI14+rC2H6 (2) 
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rC2H50H, rCH3CHO, rCH4 and rC2H6 are the initial rates for the formation of C2H50H, 

CH3CHO, CH4 and C2H6 in mol min- 1 g-cac1. 

Rh/Ge02/Si02 showed the highest selectivity for ethanol formation when the catalyst was 

reduced at 423 K. The Rh/Ge02/Si02 catalysts reduced at 423-523 K were not active for ethanol 

formation. In these catalysts, the Rh is located as metallic particles on Ge02/Si02 as characterized 

by EXAFS. The activity and selectivity for ethanol formation successively decreased with rise of 

reduction temperature as shown in figure II. It is to be noted that the ethanol formation proceeded 

with high selectivity at such a low hydrogen pressure as 13.3 kPa, which is a considerably 

moderate condition for this kind of catalytic reactions compared with the conditions operated on 

copper chromite or other catalysts thus far studied. Acetaldehyde as a by-product was produced on 

Rh/Ge02/Si02 reduced at 623 K and the formation was enhanced by increasing reduction 

temperature. The temperature of the beginning of acetaldehyde formation agreed with the 

temperature of the beginning of the RhGe alloy formation. 

The catalytic reactions were compared with those on Rh/bulk-Ge02 and Rh/Si02 in figure II . 

On Rh/Ge02 very small amounts of acetaldehyde were detected over the whole temperature range. 

Thus it is ascertained that Rh/Ge02 is inactive for the ethyl acetate hydrogenation. The reason of 

the inactivity of Rh/Ge02 is attributed to the dissolution of Rh into metallic Ge generated by the 

reduction of Ge02 surface to form RhGe alloy particles which are suggested to be located in the 

Ge02 bulk and below the surface of Ge02 support. No adsorption of CO and H2 was observed on 

the reduced Rh/Ge02 samples. The TPD spectrum in figure 5 (c) showed a CO desorption peak at 

400 K, suggesting the carbonyls of Rh6(CO) 16 on Ge02 desorb before the RhGe alloy formation. 

On Rh/Si02 ethane and methane were major products in the whole temperature range of 

reduction and no ethanol and acetaldehyde was produced as shown in figure II (c). The total 

activity decreased with rise of reduction temperature. 

To examine the property of Rh particles on the Ge02 submonolayer supported on Si02 surface, 

I also compared the catalysis of Rh/Ge02 submonolayer/Si02 with that of Rh/c-Ge02/S i02, where 
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c-Ge02 represents crystalline Ge02 particles dispersed on Si02. The c-Ge02/Si02 is prepared by 

exposing the Ge02 submonolayer/Si02 to 1.3 k.Pa of H20 for 1 hat room temperature. In the 

present study the Rh/Ge02/Si02 reduced at 523 K was exposed to water vapor in the similar 

condition. The effect of the exposure of H20 vapor the Rh metal was examined by EXAFS, but 

the spectral feature did not change in both Fourier transform and k3x(k) oscillation spectra after 

exposure of H20 vapor as shown in figure 12. The Rh-Rh coordination number determined by the 

curve fitting analysis for the Rh/c-Ge0z!Si02 was almost the same as that for the original523 K­

reduced Rh/Ge0z!Si02 in table 1. This means that the Rh metal does not suffer any effect by 

exposure to H20 vapor. The activity and selectivity of the Rh/c-Ge02/Si02 for the ethyl acetate 

hydrogenation were plotted as a function of reduction temperature in figure 11 (d). A small change 

in the activity for the formation of methane and acetaldehyde was observed by transfonnation of 

the Ge02 monolayer to the crystalline three-dimensional Ge02 particles. More drastic effect of the 

morphological change of Ge02 on the catalysis was observed with the formation of ethanol which 

was suppressed drastically as shown in figure II (d) . Thus, the formation of methane and 

acetaldehyde is insensitive to the morphology of Ge02 on Si02, while the ethanol is produced 

preferentially in the presence of the Ge02 monolayers rather than the Ge02 particles. 

From these results, it is concluded that the most active phase for the ethanol formation from 

ethyl aceta te is the Rh metallic particles deposited on the Ge02 submonolayer, where the 

participation of the Ge02 submonolayer in the catalytic hydroformylation reaction is expected. The 

Rh particles themselves do not catalyze the selective ethanol formation because the Rh/Si02 

catalysts were inactive for the ethyl acetate hydrogenation (Figure I I (c)) . The RhGe alloy 

particles produce acetaldehyde rather than ethanol. 

To explore the role of the Ge02 monolayer on Si02 in the ethanol formation, FT-IR spectra of 

adsorbed eth yl acetatcon the Ge02/Si02 and Si02 were measured. Figure 13 (a) shows the FT-IR 

spectra of Gc02/Si02 after exposure of 1.3 kPa of eth yl acetate at 373 K, 423 K and 473 K, 

followed by the evacuation of the gas phase at the same temperatures. The peaks are observed at 
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2980, 2934, 2901 , 1728, 1391 and 1376 cm-l The bands at2980, 2934 and 2901 cm-t and 139 1 

and 1376 em -! are assigned to the CH-stretching and CH-bending vibrations, respectively. The 

band at 1728 cm-1, it is assignable to the C=O stretching mode of unidentate acetate because it 

agrees with the spectrum of unidentate germy! acetate ester obtained by the dissociative adsorption 

of acetic acid on Ge02 [24]. Thus the observed spectra indicate the dissociative adsorption of ethyl 

acetate to form unidentate acetate on Ge02/Si02. The peak intensity of the adsorbed species 

became more intense with an increase of adsorption temperature. The similar spectra were 

observed under the catalytic reaction condi lions on Rh/Ge02/Si02 at 473 K, and no other species 

was detected. The peak intensity of the adsorbed species on the Ge02/Si02 without Rh remained 

unchanged under hydrogen at 473 K, whereas it rapidly reduced on Rh/Ge02/Si02 by introducing 

H2 to the system. Similar spectra were observed on bulk-Ge02, which implies that the adsorption 

mode is inherent in Ge02. Ethyl acetate dissociates to bidentateacetateand ethanol on Ti02 

[25,26], where the dissociation of ethyl acetate occurs on OH groups at Ti02 surface which 

possess Bronsted acidity. Considering the lack of surface acidity on Ge02/Si02, it is plausible that 

the dissociative adsorption proceeds on Ge-0-Ge sites. Indeed, it has been demonstrated that the 

dissociative adsorption of acetic acid on Ge02 was accompanied with scission of Ge-0-Ge bond 

to form germy! ester and isolated OH groups [24]. Similar explanation has been applied to the 

chemisorption of methanol on Ge02 [27]. Ethyl acetate may also adsorb on the Ge-0-Ge sites of 

Ge02 submonolayer to form unidentate acetate and ethoxy groups as illustrated in figure 14. On 

the other hand, ethyl acetate did not adsorb on Si02 as shown in figure 13 (b) which coincides 

with the literature [28]. 

From these results on the catalytic properties of Rh/Ge02/Si02, Rh/c-Ge02/Si02, Rh/Ge02 

and Rh/Si02 and the characterization of the catalysts by EXAFS and FT-1 R, a possible reaction 

mechanism of the hydrogenation is stated as follows. Ethyl acetate dissociatively adsorbs to form 

un identate acetate and ethoxy on the Ge02 submonolayers, whi le hydrogen adsorbs on the Rh 

metallic particles supported on the Gc02 over! ayers to supply adsorbed hydrogen atoms. The 
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hydrogen atoms are spillover from the Rh particles to the Ge02 submonolayers on which the 

hydrogenation of the adsorbed species proceeds to produce ethanol as illustrated in figure 14. 

4-4 Conclusions 

(1) Rh/Ge02/Si02 catalysts were prepared by supporting Rh6(C0) 16 on Ge02 submonolayer 

attached on Si02 surface, followed by reduction with H2 at 423-723 K. 

(2) The Rh/Ge02/Si02 catalysts reduced at 423-723 K showed high activity and selectivity for the 

ethyl acetate hydrogenation to produce ethanol. On the contrary, Rh/Ge02 and Rh/Si02 were 

inactive for the ethanol formation from ethyl acetate. 

(3) The Ge02 submonolayer was much more effective as support for Rh metallic particles than 

three-dimensional Ge02 particles dispersed on Si02. 

(4) Structural change of Rh6(CO) t6 on the Ge02/Si02 was followed by EXAFS , TPD and FT­

IR. In the samples reduced below 343 K the Rh6(CO) t6 cluster framework was retained. By 

reduction at423-523 K the carbonoyls partiallydesorbed and metallicRh particles were 

formed. By further reduction above 673 K RhGe alloy particles were formed. 

(5) Decrease of total activity as well as increase of the oxygenates selectivity in the CO-H2 reaction 

and the increase of total activity and selectivity to N2 in the NO-CO reaction was observed with 

rise of the reduction temperature. 

(6) Ethyl acetatedissociatively adsorbs to form acetate and ethoxy on the Ge02 submonolayer, 

while hydrogen adsorbs on Rh metallic particles. 

(7) The spillover hydrogen through the Rh surface reacts with the adsorbed species on the Ge02 

submonolayer on Si02. 

(8) This study demonstrates the significance of the use of monolayer sample as a support for metal 

in the catalytic hydrogenation of ethyl acetate and exemplifies the advantageous applications of 

inorganic oxide monolayer. 
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Figure I. Rh K-edge EXAFS k3x(k) osci ll a ti ons for Rh6(C0) 16 (a) and Rh/Ge02/Si02 (b-f); (b) 

incipient supported Rh6(CO) 16, (c) reduced at 423 K, (d) reduced at 523 K, (e) reduced at 623 K, 

and (f) reduced at 723 K. 
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Figure 2. Rh K-edge EXAFS Fourier transfonns for Rh6(C0) 16 (a) and Rh/Ge02/Si 0 2 (b-f); a-f: 

corresponding to fi gure I. 
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Figure 3. Curve fitting analysis for Rh K-edge EXAFS speclra for Rh6(C0) 16 (a) and 

Rh/Ge02/Si02 (b-f); a-f: same as in Figure 1; (a,b): analysis with Rh-C1, Rh-Cb and Rh-Rh three 

waves, (c, d): analysis with Rh-Rh single wave, (e): analysis with Rh-Rh and Rh-Ge two waves, 
(f) analysis with Rh-Ge single wave. 
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Figure 4. Fr-IR spectra of (a) Ge02/Si02, (b) after attachment of Rh6(C0) 16 at room 

temperature. 
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Figure 5. Temperature programmed desorption of CO under 13.3 kPa of H 2; (a) Rh/Ge02/Si02, 

(b) Rh/Si02 , (c) Rh/Ge02 ; heating rate: 4 K min· 1 
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Figure 6. Rh K-edge XANES spectra of (a) Rh6(CO) tG and (b-f) Rh/Ge02/Si02; (b) incipient 

supported species, (c) reduced at 423 K, (d) reduced at 523 K, (e) reduced at 623 K, and (f) 
reduced at 723 K. 
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Figure 7. Ge K-edge XAFS spectra: (a) EXAFS Fourier transforms of Ge02, Rh/Ge02/Si02 

reduced at 723 K and the spectrum subtracted form the Ge-0 oscillat ion; (b) k3x(k) spectrum 
and (b') curve filling analysis with Ge-Rh single wave of the difference spectra of Rh/Ge02/Si02 
reduced at 723 K after subtraction of the Ge-0 oscillation in Rh/Ge02/Si02; (c) XANES spectra 

of Rh/Ge02/Si02 reduced at 723 K after subtraction of Ge02/Si02 spectrum and Ge metal 

powder. 
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plotted as a function of reduction temperature; reaction temperature: 473 K, hydrogen pressure: 
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Table 1. Curve fitting results of Rh K-edge EXAFS spectra for Rh/Ge02/Si02. 

Sample 
Scatterer 

atom CN• r/nmb !J. Er:JeV 0 o/nmd Rri%c 

ct 2.1 0.277 0.8 0.00.54 

Incipient supported cb 2.0 0.277 0.8 0.00.54 5.6 
Rh6(CO)I6 

Rh 2.8 0.280 0.9 0.0059 

- - - - - - - - - -
reduced at 423 K Rh 7.4 0.266 -9.0 0.0085 1.8 

- - - - - - - - - - - - - -
reduced at 523 K Rh 7.5 0.266 -9.1 0.0085 1.8 

- - - - - - - - - - - - - -

Rh 3.7 0.268 -6.6 0.0074 

reduced at 623 K 0.9 
Ge 0.9 0.241 -5.9 0.0049 

- - - - - - - -

reduced at 723 K Ge 3.5 0.244 -5.8 0.0086 2.5 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: De bye-Waller factor, e: residual factor. 
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Table 2. Curve fitting results of Ge K-edge EXAFS spectra for Rh/Ge0
2
/Si0

2
. 

Redu:tioo Scatterer 
tern~ atom CN• r/nmb 

723K Rh 0.7 0.243 -3.9 0.0099 10.7 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor. 
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Table 3. Curve fitting results of Rh K-edge EXAFS spectra for Rh/Ge02/Si02 reduced 

at 723 K and exposed to 2.7 kPa NO, followed by evacuation at rl. 

Scallerer 
Rlnmb 6.f-deV 0 a/nmd Rri%e atom CN3 

0 1.2 0.200 5.0 0.0126 

Rh 2.3 0.267 -12.4 0.0095 0.5 

Ge 0.7 0.241 -9.4 0.0088 

a: coordination number, b: bond distance, c: difference in the origin of photoelectron energy 
between the reference and the sample, d: Debye-Waller factor, e: residual factor. 
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Chapter 5 General Conclusions 

To develop the chemistry of atomic layer oxide and apply to catalyst is a challenging task 

because it is a relatively new material and it possesses several advantages over previous catalyst 

support. I have tried to use the monolayer oxide to the metal support to achieve the following 

tasks. First, to investigate the interaction of support surface and metal. The interest was mainly 

directed to the structural change of support surface which has not sufficiently exploited so far, 

because atomic layer oxide is especially suitable for structural investigation with EXAFS 

spectroscopy. Second, to elucidate the characteristic feature of monolayer oxide which cannot find 

out on bulk oxide support. And finally, making good use of the character of monolayer oxide, to 

apply to the actual catalytic reactions. 

For the achievement of above purpose, I have studied the Ge oxide deposited on silica for 

catalyst support. Ge and Si belong to the same group in periodic table, thus Ge02 was considered 

to be a good candidate as a substitute of the outermost layer of silica surface. Deposition of Ge02 

was carried out by chemical reaction between Ge(0Me)4 and isolated hydroxyl groups on silica 

surface. CharacteriZAtion of the synthesized Ge oxide (Ge02/Si02) with FT-IR, XRD and EXAFS 

spectroscopies gave several evidences for submonolayer deposition of Ge02. They were the 

deposition manner of Ge02 obtained from IR measurement of OH groups on Ge02 and Si02, the 

disappearance of diffraction line in XRD measurement and the ex treme reduction of Ge-Ge bond 

intensity observed in EXAFS spectra. Ge loading reached by excess Ge(0Me)4 and silica was 7.4 

wt% which corresponds to the 115 of the full-monolayer coverage. It was difficult to obtain Ge02 

monolayer with full coverage over silica surface, because the repeated reaction and calcination of 

Ge(0Me)4 results the growth of Ge02 with layer-by-layer fashion. The local structure around Ge 

in Ge02/Si02 was similar to the hexagonal type Ge02, the structure was similar to silica in that it 

has tetrahedral coordination of oxygen around germanium. 

Then the Rh was deposited on Ge02/Si02 to study how the Ge02 submonolayer is perturbed 
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through interaction with deposited Rh. It was reported in chapter 3. The observed phenomenon 

was RhGe alloy formation during reduction at high temperature, as confirmed by XAFS measured 

from both elements. For the formation of alloy state, the reduction of Ge02 to metal Ge is 

necessary. It was considered to be brought from the existence of Rh particle, probably it plays a 

role for dissociation of hydrogen and supplies spillover hydrogen to the surface of Ge02/Si02 

because no change was observed without Rh. Though a part of Ge02 submonolayer was intruded 

to the alloy, the other part of Ge oxide retains its submonolayer structure. Such a structural 

information could not be captured on bulk-oxide used catalyst, because of the existence of inner 

part of the oxide. Though, the above RhGe alloy formation was also mensurable from metal , i.e . 

Rh side, interesting behavior was observed on Ge02 submonolayer support side. That is the 

reversible behavior of Ge between reduction and calcination steps. Ge migrated from Ge02/Si02 

to form RhGe alloy during reduction, and the Ge alloyed with Rh came back onto Si02 surface by 

calcination of the alloy. \blatile GeO was supposed to be the correlated with the phenomenon. The 

reversibility was also observed between RhGe alloy and Rh oxide during repeated oxidation and 

reduction treatments, which was confirmed from EXAFS, FT-IR spectra of adsorbed CO, 

adsorption amount of CO and particle size measurement with transmission electron microscopy. 

The above RhGe alloy formation was supposed to be classifiable to the SMSI effect. 

For comparison, similar experiments were also conducted on Rh supported on bulk-Ge02. 

Though alloy formation was also observed on it, not only the support surface but the inner part of 

the support was involved to the alloy formation. Therefore, different from Rh/Ge02/Si02, it was 

difficult to directly extract the restricted information on support surface which interacts with Rh, 

even from the EXAFS measurement from Rh side. Although Ge02/Si02 oxide could not be a 

simple substitute of Ge02 support, specific characters of Ge02/Si02 became clear from the 

comparison with bu lk-Ge02. One of the character of Ge02/Si02 is the reversible behavior of Rh 

and Ge. Because RhGe alloy formati on was irreversibl e on bulk-Ge02 as proved by the FT-IR 

measurement of adsorbed CO on Rh. The reason is the dissolution of Rh into the support. The 
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origin of the difference was attributed to the difference in the structure and resistibility of Ge oxide 

to reduction on Ge02/Si02 compared to bulk-Ge02, which comes from the bond formation 

between Ge and support. 

Finally, I have tried to use the monolayer oxide as catalyst support and find out a catalytic 

reaction where specific character of monolayer can be applicable. The combined experiments of 

Rh/Ge02/Si02 with Rh/Ge02, Rh/Si02 and Rh/c-Ge02/Si02 showed the significance of 

submonolayer Ge02 support to the selective formation of ethanol in the hydrogenation of ethyl 

acetate. To assign the active structure, structural change of Rh6(CO) tG on Ge02/Si02 support was 

followed by XAFS measurement. The structure could be classified to three groups according to 

the reduction temperature, they are, Rh6(CO) 16 structure. Rh metal particle formation by partial 

desorption of CO, and RhGe alloy fonnation . The most active structure was Rh/Ge02/Si02 

reduced at 423 K, where Rh metal was supported on Ge02/Si02. The reaction proceed via 

hydrogenation of dissociated species of ethyl acetate on Ge02 submonolayer. The beneficial 

character of submonolayer Ge02 was applied to the reaction in that the Rh metal could be stably 

loaded on the support under reaction conditions and it could directly participate in the reaction. 

In this thesis, I have opened the way to understand the structural change of support surface, 

using monolayer support. In addition, this study revealed the several novel aspects of monolayer 

oxide and exemplified the advantageous catalytic reaction for the good use of monolayer oxide as 

catalyst support and possibility to deve lop the new class "monolayer catalyst". 
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