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Abstract 

 

In this work, the behavior of a novel manganese-promoted inverse CeO2/CuO catalyst 

under water-gas shift (WGS) reaction conditions is studied. CeO2/CuO and CeO2/Mn-

CuO catalysts are characterized by X-ray diffraction (XRD), Raman and X-ray 

photoelectron spectroscopy (XPS). Structure/activity relationships and redox 

characteristics are established on the basis of such results along with those of in situ 

XRD and X-ray absorption fine structure (XAFS) experiments performed either under 

WGS or CO-temperature programmed reduction (TPR) conditions. The manganese 

coprecipitated together with the copper during the preparation of the samples and the 

Mn-CuO phase strongly affected the size and chemical properties of the catalytically-

active ceria nanoparticles. A manganese-induced enhancement on the WGS activity was 

observed. Differences in the characteristics of the supported ceria particles are proposed 

as most relevant to explain the observed Mn-promoting effect. 
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Introduction 

 

Molecular hydrogen has been proposed as a potential fuel for motive power and is 

an essential reactant in many processes of the chemical and petrochemical industries. 

The water-gas shift (WGS) reaction (CO + H2O → CO2 + H2) is an important step for 

hydrogen production from hydrocarbons or other organic compounds [1].Industrial 

catalysts employed for the process exhibit several shortcomings including low 

efficiency, deactivation by sintering, high activity only at relatively high operation 

temperatures as well as the need of strict preconditioning and their high sensitivity to 

the presence of oxygen or water condensation [1]. This makes them inadequate for on-

board application and call for further research and catalyst development.  

Catalysts combining copper and cerium oxides have exhibited promising properties 

in this sense [2,3,4,5,6,7,8,9,10,11]. In contrast with commercial Cu-ZnO-Al2O3, the 

reducibility of ceria in Cu-CeO2 systems opens the possibility that a bifunctional 

mechanism, either redox or associative one, operates and enhances their WGS 

performance [1,3,12,13,14,15]. Accordingly, the specific properties and configuration 

of both components, copper and cerium oxide, as well as their mutual interaction and 

interfacial characteristics become most relevant for the optimization of this type of 

systems [3,12,13,14,16]. In fact, for catalysts combining copper and ceria, as a 

difference with the commercial catalyst in which the active copper is dispersed on the 

ZnO-Al2O3 support, it is the inverse configuration, i.e. that in which copper oxide (or 

copper) acts as support of ceria, which has demonstrated optimum properties for the 

process, thus emphasizing the specific role of the interface in this case [12,16,17]. It 

appears that the key to the high catalytic activity of such inverse configuration could be 

related to the nano size of the supported ceria entities as well as the particular interfacial 

characteristics established in such case [12]. 

In this context, the present work examines the promoting effect of manganese 

doping of the CuO component on the WGS activity for the inverse configuration. Such 

doping should in principle modify the interfacial properties of the catalyst since 

hopcalite-type materials, mainly based on Cu-Mn mixed oxides, are well known for 

eliminating CO through oxidation [18,19]. A study and comparison of the doped and 

undoped catalysts by means of different techniques {X-ray diffraction (XRD), Raman, 

X-ray photoelectron spectroscopy (XPS), and X-ray absorption fine structure (XAFS)} 
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provide important insight on the reasons for the mentioned promoting effect on the 

WGS activity.  

 

Experimental 

 

Inverse catalysts involving CeO2/(Cu-Mn)O {Cu:Mn nominal atomic ratio of 9:1; 

Ce:(Cu+Mn) nominal atomic ratio- of 4:6; (Cu9Mn1)6Ce4 in our notation} and 

CeO2/CuO {Cu:Cu nominal atomic ratio of 4:6; Cu6Ce4 in our notation} were prepared 

by employing reverse microemulsions containing n-Heptane, Triton-X-100 and n-

Hexanol as organic solvent, surfactant and cosurfactant, respectively, in amounts similar 

to those reported previously [20]. Full details of the method employed are similar to 

those employed previously for the preparation of a Zn-doped inverse CeO2/CuO 

catalyst, except for the use of Mn instead of Zn, as reported elsewhere [20]. Briefly, the 

CuO (or Mn-doped CuO) is precipitated first in the microemulsion upon interaction of 

corresponding nitrate salts of copper (or copper and manganese) with tetramethyl 

ammonium hydroxide (TMAH) base at mild temperature. Then, cerium is incorporated 

upon precipitation of cerium nitrate with TMAH. Final treatment consists in calcination 

under air at 500 oC. The samples will be denoted hereafter as Cu6Ce4 and 

(Cu9Mn1)6Ce4, the numbers reflecting the nominal composition in each case. The 

same microemulsion procedure was followed for the preparation of a CeO2 sample 

employed as a reference for some of the experiments and for which details can be found 

elsewhere [21]. Chemical analysis of the inverse catalysts, performed by X-ray 

fluorescence technique, revealed Cu/Ce atomic ratio of 1.547 and 1.304 for Cu6Ce4 and 

(Cu9Mn1)6Ce4, respectively, close to the nominal values employed; in turn, a Mn/Cu 

ratio of 0.071, lower than nominal 0.111, was observed. This was attributed to the 

difficulties for determining the exact number of hydration water molecules present in 

the initial highly hydrophilic Mn(NO3)2·xH2O precursor, taking into account that 

quantitative precipitation of all components is expected in any case. The specific surface 

area of the calcined catalysts (as determined by the BET method upon fitting of N2 

adsorption isotherms performed with a Micromeritics 2100 automatic apparatus at 

liquid nitrogen temperature over catalysts degassed at 140 oC for 12 h) was of 98 and 

101 m2g-1 for Cu6Ce4 and (Cu9Mn1)6Ce4, respectively.  

Time resolved X-ray diffraction (TR-XRD) experiments were carried out on beam 

line X7B of the National Synchrotron Light Source (NSLS) at BNL with an incident 
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wavelength of 0.3184 Å. The sample was loaded into a glass cell of 1 mm diameter, 

attached to a flow system. A small resistance heater was placed just below the capillary, 

and the temperature was monitored with a 0.1 mm chromel–alumel thermocouple 

placed in the capillary near the sample. Two dimensional powder patterns were 

collected with a PerkinElmer amorphous silicon area detector (409.6 mm2, 2048x2048 

pixels and a 200 mm pixel size) and the powder diffraction rings were integrated using 

the Fit2D code [22]. The instrument parameters (Thompson-Cox-Hastings profile 

coefficients) were derived from the fit of a LaB6 reference pattern. Lattice constants 

were determined by Rietveld analysis. Rietveld profile refinements were performed 

with the aid of GSAS software [23,24], which allowed for the sequential analysis of 

phase transitions during the reaction, which was carried out under similar flow 

conditions as employed for activity tests. The reaction products from TR-XRD 

experiments were measured with a 0–100 amu quadruple mass spectrometer (QMS, 

Stanford Research Systems). The samples were analysed in situ under WGS mixture 

(1% CO, 3% H2O, in He) or under CO-TPR conditions (5% CO in He with  4 oC min-1 

ramp). 

Cu K-edge time resolved XAFS spectra (TR-XAFS) were collected at beamline 

X18A of the NSLS under similar operational conditions as those employed for the TR-

XRD experiments. The same cell was used for the XAFS experiments as that for TR-

XRD, except that the sample was loaded into a Kapton capillary and heated with a hot 

air blower. The X-ray absorption spectra were taken repeatedly in the ‘‘fluorescence-

yield mode’’ using a passivated implanted planar silicon (PIPS) detector cooled with 

circulating water. The XAFS data were then analyzed using the Athena software [25].   

Raman spectra were obtained at room temperature (RT) with a Bruker RFS-100 

FT-Raman spectrometer provided with a diode-pumped germanium solid-state detector, 

which operates at liquid nitrogen temperature. A NdYAG laser (1064 nm) was used as 

excitation source at a power of 100 mW. Powdered samples were pressed in a holder 

and analyzed (100 scans, 4 cm-1 resolution) without further treatment. 

X-ray photoelectron spectra (XPS) were collected utilizing a Specs Gmbh 

spectrometer under UHV conditions (P ≈ 10-10 mbar) and using Mg K radiation and a 

Phoibos 1509MCD energy analyzer. During data processing of the XPS spectra, the 

binding energy values were estimated by using as reference the C 1s peak of 

contaminant carbon at 285.0 eV; correct correction was further checked by adjusting the 
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characteristic u”’ peak of Ce 3d to 917.0 eV [26]. The Casa XPS software package was 

used for data analysis. 

The WGS reaction activity test was carried out using a fixed-bed reactor system 

from PID Eng&Tech (model Microactivity Reference) at atmospheric pressure. 1 g of 

calcined catalyst (diluted with 4 g of CSi) was positioned inside the 9 mm i.d. Hastelloy 

C reactor. Prior to reaction, the catalyst was calcined in situ in a 20% O2/He gas mixture 

at 500 oC for 1 h. The reactant gas mixture consisted of 5 % CO and 15 % H2O diluted 

in He. Distilled water was dosed by means of a Gilson 307 HPLC pump and evaporated 

in a heat box, operating at 180 oC, which is integrated in the reactor system. The total 

reactant flow was 250 cm3 min-1 (STP), which corresponds to GHSV of ca. 15.000 h-1. 

The analysis of the outlet flow was made under apparent steady state conditions 

(temperature stabilized over, at least, 45 minutes) every 50 oC from 200 to 500 oC. 

Reaction products and remaining reactants were efficiently separated by means of 

capillary columns, and qualitatively and quantitatively analyzed with a Shimazdu gas 

chromatograph equipped with a TCD detector. The transfer line between the reactor 

system and gas chromatograph was heated to 190 oC using a heating tape in order to 

prevent water vapor condensation and to ensure acquisition of reliable data. 

 

Results and discussion 

 

Characterization of the catalysts. X-ray diffractograms for the Cu6Ce4 and 

(Cu9Mn1)6Ce4  catalysts are shown in Figure 1. They appear very similar to each other 

and only exhibit peaks attributable to the fluorite phase of CeO2 and the tenorite phase 

of CuO. No peak attributable to segregated Mn-containing phases is observed in 

(Cu9Mn1)6Ce4. The results of Rietveld analysis of these diffractograms are shown in 

Table 1. Crystal size was estimated using the Scherrer equation [23,24]. The two 

catalysts are composed of small crystals of cerium oxide (between ca. 4 and 5 nm) and 

larger particles of copper oxide (around 20 nm). The doping of the catalyst with 

manganese leads to a decrease in the crystal size of both components, particularly 

important in the case of the CeO2 phase (Table 1). It also worth mentioning that the 

molar ratio of CuO to CeO2 obtained by X-ray diffraction (based on the Rietveld 

quantification of CuO vs. CeO2) is significantly lower than expected from chemical 

composition values (see Experimental) for both catalysts; this difference is more 

pronounced for the Mn-containing catalyst. This suggests that in any case an 
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appreciable amount of the copper forms amorphous entities, in a more pronounced way 

for (Cu9Mn1)6Ce4.  

The structural analysis was complemented by Raman spectroscopy. Figure 2 

displays the spectra obtained for the two catalysts as well as that for a CeO2 reference 

prepared under similar conditions. In all cases a band is observed around 460 cm-1, 

corresponding to the triple degenerate vibrational mode F2g of the fluorite structure 

(face-centered cubic) of the ceria, for which this band corresponding to the first-order 

transition is the only one allowed for a perfect crystal [27]. It is observed a very strong 

decrease in the intensity of this peak in the inverse catalysts with respect to the CeO2 

reference. This effect may be due, on the basis of UV-Vis results in this type of systems 

[28], to a great increase in optical absorption when copper is present in the system. This 

effect can also limit the sampling depth of the exploration, making more difficult to get 

information from the bulk of the sample [29]. It is also observed that the band around 

460 cm-1 shows a slight red shift with respect to that in the CeO2 reference. Along with 

this, a broad band around 600 cm-1, related to the presence of lattice defects (oxide 

anions either in the environment of an oxygen vacancy and/or interstitial ones) 

[27,30,31]. This band could arise as a consequence of a certain degree of ceria reduction 

(necessarily accompanied by formation of oxygen vacancies to keep lattice neutrality), 

which is favored for CeO2 crystals of a few nanometers in size [27,32], as it occurs for 

the two inverse catalysts (Table 1). In this sense, it should be noted that, according to 

the data collected in Table 1, the lattice parameter of the fluorite phase in the inverse 

samples is slightly higher than expected for pure CeO2 (5.411 Å), as expected when the 

sample presents a certain reduction degree. Nevertheless, we cannot discard that some 

amount of copper or manganese heterocations could be inserted in the ceria lattice, 

which could also lead to similar effects [21]. In addition, two peaks are observed at 

about 296 and 350 cm-1, corresponding to the presence of the tenorite phase of copper 

oxide [33], a third band around 620 cm-1 would also be expected for this phase, note 

however it appears as an overlapped shoulder over the wide band associated with 

defective oxygens in the ceria phase. These bands practically disappear or become 

strongly broadened when the catalyst is doped with Mn. This is in line with an increase 

in the amount of amorphous material in the copper oxide phase of this catalyst and 

correlates with the analysis of the XRD results presented above, as well as with the fact 

that the manganese is coprecipitated together with the copper during the preparation of 

the sample and therefore strongly affects the copper oxide phase. 
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Characterization of the surface layers of the initial calcined catalysts has been 

performed by XPS. Figure 3 displays the spectra obtained in most relevant regions. The 

spectra in the Ce 3d region show a set of two doublets which correspond to a 

deconvolution into eight peaks labelled as u (u-u’’’) for 3d3/2 and v (v-v’’’) for 3d5/2 . 

Among them, the doublet v’/ u’ is considered as the fingerprint of the presence of Ce3+ 

(note this is only a practical simplification since it corresponds only to the center of 

most intense peak among the set of peaks observed for Ce2O3 [34]) whereas the other 

peaks are attributed to Ce4+ [26,34]. According to the relative contribution of the Ce3+ 

features to the spectrum, 15.6 and 18.6% of the cerium appears as Ce3+ in Cu6Ce4 and 

(Cu9Mn1)6Ce4, respectively, as collected in Table 2. The relatively higher amount of 

Ce3+ in the latter can be due to the lower crystal size observed for it (Table 1), as 

discussed above. Concerning the O 1s region, basically two peaks are observed for the 

two samples at 532.0 and 530.4 eV. The peak at 530.4 corresponds to bulk oxygens 

either from CeO2 or CuO components [35]. The peak at 532.0 eV is typical for oxygens 

from chemisorbed or surface species like hydroxyls or carbonates difficult to eliminate 

during steps of precursor decomposition involved in the preparation and/or as a 

consequence of interaction with atmospheric air [35]. No important difference appears 

between the spectra of the two samples in this O 1s region. 

In the Cu 2p3/2 region, the spectra are basically constituted by two main peaks at 

ca. 934.0 and 935.8 eV. The two peaks, along with satellite peaks appearing in the 947-

938 eV region, can correspond to Cu2+ species in oxidic and oxy-hydroxidic 

environments, respectively [35,36,37]. The latter correlates well with the important 

intensity observed for oxygen in hydroxyls in the O1s region, as described above. 

However, the ratio of intensities between satellite and main peaks (Table 2) appears 

well below expected value for pure CuO (around 0.55 [38]), indicating that an 

appreciable part of the copper appears probably as Cu+ in both samples, the 

corresponding contribution probably appearing overlapped in the peak at 934.0 eV. Use 

of corresponding CuLMM Auger peak (not shown) does not unfortunately help to get 

more details in this respect; in both cases, a broad peak with maximum around 917.8 

eV, close to that shown by CuO [39], is observed and suggests on the whole that most 

of the copper is in a Cu2+ state in both samples. It can be noted that no peak for Cu+ 

species around 931.0 eV is detected for (Cu9Mn1)6Ce4; such peak is characteristic for 

Cu+ species in the tetrahedral position of the CuMn2O4 spinel [40,41], most stable 

mixed oxide compound between Cu and Mn [40], thus suggesting that such type of 
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compound is not formed. In turn, the Mn 2p spectra reveal the presence of two 2p3/2 

contributions at 642.5 and 645.0 eV which can be assigned to Mn2+ (along with possibly 

minor satellite peak at ca. 648 eV, not considered during fitting due to overlapping with 

the broad high BE peak) and Mn4+ species, respectively [41,42].  

Finally, Table 2 collects relevant atomic ratio values determined from the intensity 

of the XPS peaks, corrected with adequate sensitivity factors [43]. A first one 

([Ce]/([Ce]+[Cu]+[Mn])) is related with the relative dispersion of the CeO2 as supported 

phase employed in the two examined catalysts. It is noted that this ratio is slightly lower 

in (Cu9Mn1)6Ce4. This is in contrast with the lower crystal size observed for the 

supported CeO2 particles in this sample and taking into account that it is the structure of 

such supported phase which is expected to determine the textural properties of this type 

of samples [41]. However, one should bear in mind that the CeO2 crystals typically 

organize in the form of agglomerates over the surface of copper oxide [20,44], previous 

high resolution electron microscopy images for Cu6Ce4 are available and demonstrate 

this [20]. It appears therefore that the degree of agglomeration of the ceria nanocrystals 

is higher for (Cu9Mn1)6Ce4. This could also explain the fairly similar specific surface 

area exhibited by the two samples, despite the important difference in CeO2 crystal size 

(Experimental and Table 1). On the other hand, the [Mn]/([Mn]+[Cu]) atomic ratio 

observed for (Cu9Mn1)6Ce4 evidences certain surface enrichment in manganese for 

this sample, taking into account its chemical composition (Experimental). 

Catalytic and redox properties. Figure 4 shows the WGS activity observed over the 

Cu6Ce4 and (Cu9Mn1)6Ce4 catalysts. The (Cu9Mn1)6Ce4 system is shown to be more 

active than Cu6Ce4. It reaches more than 70% CO conversion at 200 oC at which 

Cu6Ce4 shows 60% conversion. Differences become lower as the reaction temperature 

becomes higher while equilibrium conditions are achieved above 300 and 325 oC for 

(Cu9Mn1)6Ce4 and Cu6Ce4, respectively. In any case, the promoting effect of the 

presence of manganese on the WGS activity appears evident. These differences in 

activity did not change after several cycles of catalyst use. 

In order to explain such a promoting effect, the catalysts were examined by TR-

XRD under WGS reaction conditions. The evolution of the different phases observed in 

the diffractograms as a function of time/temperature for the two examined catalysts is 

shown in Figure 5. The catalysts start from oxidized states in both components, as 

discussed above (Fig. 1), and evolve to reduced states during the course of the run. 

Concerning the copper component, the original tenorite CuO phase becomes 
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transformed, first to Cu2O and finally to metallic copper, during the course of the 

heating under the WGS mixture up to 200 oC. The main difference between the two 

catalysts for such component is related to a somewhat lower reducibility of the copper 

for (Cu9Mn1)6Ce4. Thus, first reduction to Cu2O starts a little before for Cu6Ce4 while 

full reduction to metallic copper is accomplished also in a faster way over this catalyst 

and the reduction of the Cu2O intermediate appears also slower in (Cu9Mn1)6Ce4. In 

turn, the CeO2 component becomes concomitantly reduced. This is based on the 

expansion observed in corresponding lattice parameter, taking into account that the 

reduction of CeO2 implies the lattice expansion as a consequence of formation of Ce3+ 

and oxygen vacancies [27,32,45], as represented in Fig. 5. Up to ca. 15 min., the 

observed increase is attributed to thermal expansion; note about 0.15 Å shift is expected 

as a consequence of such expansion from 25 to 200 oC [45]. Then, simultaneous to the 

reduction of CuO to Cu2O, reduction of the ceria component is revealed by the increase 

observed in lattice parameter which apparently exceeds the linear increase expected for 

simple thermal expansion. A more important increase in the lattice parameter, and 

therefore a higher reduction level, is then observed simultaneous to the reduction of the 

copper component to metallic copper. The main difference between the two samples for 

such reduction process is related to the respective degree of reduction achieved in the 

ceria nanoparticles. This is higher for (Cu9Mn1)6Ce4 where an expansion of 0.037 Å is 

observed up to 200 oC while Cu6Ce4 expands to 0.035 Å. In turn, the analysis of gases 

evolution (Fig. 5) reveals that the reduction of the samples takes place as a consequence 

of interaction with CO with consequent CO2 production while WGS activity, revealed 

by the increase in the m/e = 2 MS signal corresponding to H2, only starts when copper 

reduction becomes practically complete. 

Similar trends are observed when analyzing the reduction of the systems under CO, 

as shown in Figure 6. Thus, copper appears less reducible in (Cu9Mn1)6Ce4. In both 

catalysts, as a difference with the experiments in the presence of H2O (Fig. 5), CuO is 

practically reduced to metallic copper without practical formation of intermediate Cu2O 

during the reduction process. Such reduction takes place in practically one step for 

Cu6Ce4 (reduction maximum at ca. 125 oC) while it appears more complex since it 

takes place in two separated steps with maxima at ca. 150 and 190 oC, for 

(Cu9Mn1)6Ce4. Such complexity is probably a consequence of heterogeneities 

associated to the presence of manganese in the catalyst. In any case, the lower 

reducibility of the copper in (Cu9Mn1)6Ce4 is revealed by the slightly higher 
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temperature at which CuO reduction starts as well as the fact that such reduction 

proceeds in an apparently slower way, full reduction to metallic copper being achieved 

at appreciably higher temperature. In contrast, as it occurred under the WGS reaction 

mixture, the level of reduction achieved for the ceria component appears larger for 

(Cu9Mn1)6Ce4, as revealed by the higher shift observed in the evolution of the lattice 

parameter during the run.   

Since XRD characterization of (Cu9Mn1)6Ce4 revealed that an appreciable part of 

the copper in the initial calcined sample was present in the form of amorphous entities 

not detected by XRD, this catalyst has been examined by XAFS in the Cu K-edge, as 

shown in Figure 7. The starting calcined sample presents a state which appears quite 

similar to that of the CuO reference and in which most of the copper appears as Cu2+. In 

agreement with XRD results (Fig. 5), the sample evolves towards reduced states upon 

increasing the temperature under the WGS mixture. Further than small differences in 

the temperature at which the reduction process takes place in every case, which is 

related to differences in respective type of experimental set-ups employed, the evolution 

of copper state appears fairly similar in both types of experiments (XRD and XAFS, 

Figs. 5 and 7, respectively). Thus, according to the XAFS investigation, the initial 

oxidized state (Cu2+) is kept up to ca. 180 oC where the sample begins a reduction 

process, first to Cu+ and then, immediately after, to metallic copper with the Cu+ state 

becoming partially stabilized at intermediate temperature. 

Structure/activity relationship. WGS activity over catalysts combining copper and 

cerium oxides has been related to the properties of the interfaces established between 

the two components and in which active sites are proposed to be located 

[3,11,12,13,14,16,17,46]. These have been proposed to involve both metallic copper 

and oxygen vacancies in ceria, thus emphasizing the interfacial character of the process 

[3]. Discussion still exists with respect to the type of mechanism operating, either redox 

or associative one (or both, depending on the reaction temperature), in which the 

interfacial sites are involved in any case, as discussed in detail elsewhere [16]. The 

involvement of metallic copper and reduced cerium entities (or oxygen vacancies in 

their close environment) as active sites is in agreement with the results presented in Fig. 

5 in which the WGS activity is shown to trigger only in the presence of such type of 

species. Taking into account the interfacial character of the process, a first hypothesis to 

explain the higher activity of (Cu9Mn1)6Ce4 would be the fact that a higher amount of 

interfacial sites is present in this catalyst. This follows from the fact that this catalyst 
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presents lower size in the supported ceria particles and therefore a higher degree of ceria 

dispersion on the copper oxide support could be expected. However, as mentioned 

above, it must be taken into account that the ceria nanoparticles do not appear as 

isolated entities dispersed on the support but they form aggregates. In this sense, as 

discussed above, the XPS results (Fig. 3 and Table 2) do not support a higher ceria 

dispersion in (Cu9Mn1)6Ce4 but rather, most likely as a consequence of respective 

degree of agglomeration of the ceria particles, this would finally present poorer 

dispersion than Cu6Ce4. Then, the highest activity of (Cu9Mn1)6Ce4 must not be 

attributed to the presence of a higher amount of interfacial active sites in it.  

Rather, the results point to a higher intrinsic activity of the active sites present in 

(Cu9Mn1)6Ce4. The presence of manganese in this catalyst apparently decreases the 

reducibility of the copper oxide phase both under WGS conditions (Fig. 5) or under 

pure CO (Fig. 6). According to results in the scientific literature, promoting effects of 

manganese on copper WGS activity are typically of an indirect character and related to 

the enhancement of copper dispersion or reducibility [47,48]. In the case of 

(Cu9Mn1)6Ce4, as discussed above, no evidence of mixed oxide Cu-Mn spinel 

formation is found and in principle any effect of manganese on the copper oxide 

properties would also be of an indirect character and as a consequence of the interaction 

of copper with dispersed manganese oxide entities. On the other hand, correlation 

between WGS activity and copper reducibility has been also pointed out [48,49,50,51]. 

Therefore, the fact that manganese decreases the reducibility of copper in 

(Cu9Mn1)6Ce4 (Figs. 5 and 6) does not point towards this effect as responsible of the 

observed enhancement in WGS activity for this catalyst (Fig. 4). In contrast, the ceria 

component displays higher reducibility in (Cu9Mn1)6Ce4 (Figs. 5 and 6), as discussed 

above. This can explain the higher WGS activity observed for this system (Fig. 4). 

Thus, if a redox mechanism operates, a higher level of reduction in the ceria component 

will increase the H2O dissociation activity, considered as rate determining step [12,46], 

during the step of surface oxidation. In turn, the mentioned associative mechanism can 

be also enhanced when the ceria component becomes more reduced [13,14]. Therefore, 

the promotion of WGS activity observed for (Cu9Mn1)6Ce4  can be related to the lower 

size of the supported ceria particles formed when manganese is present in the catalyst; 

according to the characterization results, it cannot be discarded some role of 

heterocationic (copper and/or manganese) modification of the ceria fluorite phase. The 

important role of the supported ceria particles on the WGS activity of this type of 
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catalysts was already pointed out during studies of gold or copper model systems in 

which the direct participation of the deposited ceria nanoparticles on the activity was 

demonstrated [16,52].  

 

Conclusions    

 

Introduction of manganese as a dopant in the copper oxide phase during the 

preparation of an inverse CeO2/CuO catalyst enhances its WGS activity. 

Characterization of the Mn-containing catalyst in comparison with its analogous Mn-

free system reveals differences which affect mainly the supported ceria particles. These 

display lower crystal size while they can be more affected by the presence of 

heterocations (copper and/or manganese) in their structure for the manganese-

containing catalyst. Despite the lower crystal size of the supported ceria particles in the 

Mn-containing catalyst, XPS results do not point towards a higher dispersion of cerium 

in it, which is attributed to differences in respective degree of agglomeration of the ceria 

nanoparticles in each case. This means that the enhanced WGS activity of the Mn-

containing catalyst cannot be attributed to the presence of a higher amount of interfacial 

active sites in it. Rather, the results point towards a higher intrinsic activity of the active 

sites in this catalyst. In this sense, the difference in the characteristics of the supported 

ceria particles is proposed as most relevant to explain the observed promoting effect on 

the WGS activity. This is based on the comparative analysis of the two catalysts by 

means of in situ-XRD or –XAFS either under WGS reaction conditions or during CO-

TPR examination. While the presence of manganese hinders to a certain extent the 

reduction of copper in the catalyst, an increase of the reduction level in the supported 

ceria particles is produced. This can favour water activation and/or generation of active 

intermediates leading to enhanced WGS activity. Therefore, as the main conclusion and 

in agreement with previous studies on model systems [52], the results evidence that, 

among the two components of this type of catalysts, it is the characteristics of the ceria 

nanoparticles which mainly determine the WGS catalytic properties of catalysts 

combining copper and CeO2. 
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Table 1. Main structural properties of the catalysts, as determined by Rietveld analysis 
of the X-ray diffractograms shown in Fig.1. 
  

Catalyst 

CeO2 

crystal 
size 

(nm) 

CuO 
crystal 

size 
(nm) 

CeO2 
lattice 

parameters  
(Ǻ) 

CuO lattice 
parameters 

(Ǻ) 
[CuO]/[CeO2]a 

Cu6Ce4 4,9 20,1 5,421 
a = 4,680 
b = 3,441 
c = 5,133 

1.25 

(Cu9Mn1)6Ce4 3,9 18,7 5,419 
a = 4,688 
b = 3,432 
c = 5,136 

0.91 

a Ratio determined from quantification of peaks corresponding to the indicated phases 
 
 
Table 2. Atomic ratios extracted from analysis of the XPS results. 
 
Catalyst [Ce3+]/[Cetotal] ICusat/ICumain [Ce]/([Ce]+[Cu]+[Mn]) [Mn]/([Mn]+[Cu]) 

Cu6Ce4 15.6% 0.24 0.56  

(Cu9Mn1)6Ce4 18.6% 0.27 0.50 0.17 
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Figure captions 

 

Figure 1. X-ray diffractograms for the indicated catalysts. Marks for the observed phases 

are indicated. 

Figure 2. Raman spectra for the indicated samples. A CeO2 reference is included for 

comparative purpose (see main text). 

Figure 3. XPS spectra of the indicated initial calcined samples in regions Ce3d (top left), 

Cu2p3/2 (top right), O1s (bottom left) and Mn2p3/2 (bottom right). 

Figure 4. CO conversion during the WGS reaction (5% CO + 15% H2O in He) over the 

indicated catalysts. 

Figure 5. Bottom: evolution of the indicated phases, as monitored by XRD, during 

indicated thermal treatment under WGS mixture of Cu6Ce4 (left) and (Cu9Mn1)6Ce4 

(right) catalysts. The shift of the fluorite CeO2 lattice parameter with respect to the initial 

value is also represented (values in the right axis). Top: evolution of indicated gases 

during the treatment under the WGS mixture. 

Figure 6. Top: evolution of the indicated phases and shift of the fluorite CeO2 lattice 

parameter with respect to the initial value (right axis), as monitored by XRD, during 

treatment under CO-TPR conditions of Cu6Ce4. Middle: the same for  (Cu9Mn1)6Ce4. 

Bottom: evolution of m/e = 44 MS signal corresponding to CO2 during the CO-TPR run 

for the indicated catalysts. 

Figure 7. Top: XANES spectra of (Cu9Mn1)6Ce4 at the Cu K-edge under WGS mixture 

at the indicated temperatures and reference samples. Middle: EXAFS radial distribution 

function obtained from corresponding Cu K-edge spectra for (Cu9Mn1)6Ce4 under WGS 

mixture at the indicated temperatures and reference samples. Bottom: evolution of copper 

states under the WGS mixture as obtained from analysis of the Cu K-edge XANES 

spectra. 
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