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a b s t r a c t

Monometallic copper and nickel catalysts supported on cerium-manganese mixed oxides

are prepared, characterized and evaluated for the WatereGas Shift (WGS) reaction. Active

metal loading of 2.5 wt% and 7.5 wt% are used to impregnate MnOxeCeO2 supports with

30% and 50% Mn:Ce molar ratio. The structure of the samples strongly depends on both the

active metal employed and the manganese content in the mixed support. For both Cu and

Ni samples, the best catalytic behavior is found in samples supported on the MnOxeCeO2

oxides with 30% Mn:Ce molar ratio, as a result of the presence of CuxMnyO4 spinel-type

phases in the case of copper catalysts and the presence of a NiMnO3 mixed oxide with

defect ilmenite structure in the case of nickel catalysts.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Hydrogen is the ideal fuel to feed low-temperature PEM fuel

cells (PEMFC) used in mobile sources. Noble metal based

PEMFC anodes require a CO concentration in the inlet gas

lower than 10e20 ppm. Otherwise, the anode is poisoned.

When H2 is produced from carbon containing molecules

(hydrocarbons or alcohols), a purification process is required

to reduce CO levels to cell tolerance. Considering the purifi-

cation route proposed by Zalc and Löffler [1], Wateregas Shift

(WGS) converter is expected to have the largest volume
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since the intrinsic activity of commercial catalysts is low

[2e4]. The new application of H2 in fuel cells for mobile

sources has renewed the interest in the study of WGS cata-

lysts. The requirements of WGS catalysts for fuel cell appli-

cations are quite different from those of the catalysts

currently used in chemical plants. The catalyst bedmust have

a reduced volume and weight and catalysts must retain an

acceptable activity after many start-up and shut-down cycles.

In addition, the catalyst must not require complex pre-

treatment procedures and they must be non-pyrophoric and

oxidation-tolerant on exposure to air [5,6].
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There is evidence that the support has a significant effect

on the overall catalytic behavior in oxidation reactions such as

low-temperature CO oxidation or WGS reaction [7]. The use of

active oxides as support, like ceria-based oxides, results in

superior activity compared to catalysts supported on other

oxides, such as Al2O3 or SiO2. In fact, earlierworks have shown

that the ability of the metal oxide used as support to undergo

redox cycles is crucial for the activity [8]. Furthermore, the

catalytic performance of such oxides is notably improved by

the addition of even small amounts of transition metals (Co,

Cr, Cu, Ni), which are able to enhance oxygen storage capacity

and surface mobility [8e10].

In a previous work [11], we have shown that the activity of

cerium-manganese mixed oxides for the WGS reaction is

markedly higher than that of pure CeO2 or MnOx in the tem-

perature range 400e450 �C. The superior catalytic behavior of

MneCe samples can be explained from a combination of two

effects: a greater reducibility of manganese species and a

higher surface area of mixed samples with respect to pure

manganese oxide. In that work, it was also observed that

impregnation of MnOxeCeO2 oxides with transition metals

such as copper or nickel results in superior WGS catalysts

compared to the corresponding bare supports.
Fig. 1 e XRD patterns of Ni/CeMn50 catalysts.
2. Experimental

Manganese-cerium mixed oxides support precursors were

prepared by co-precipitation technique from aqueous solu-

tions of metallic salts Ce(NO3)3 0.1 M and Mn(NO3)2$4H2O 2 M

in basic medium at room temperature, using NaOH 3 M as

precipitant agent [12]. After precipitation, precursors were

washed with bi-distilled water up to the presence of Na cat-

ions is not further detected. Then, they were dried at 100 �C
and calcined at 450 �C in air for 5 h. Supports with Mn/Ce

molar ratio of 30 and 50 were prepared, thereafter called

CeMn30 and CeMn50, respectively.

CeMn30 and CeMn50 support samples were impregnated

for 5 h at room temperature with Cu2þ or Ni2þ salts

(Cu(NO3)2$3H2O or Ni(NO3)2.6H2O), in order to obtain copper

and nickel monometallic catalysts [13]. Then, the slurry was

filtered, dried overnight at 70 �C and calcined in the same

conditions and procedure as used the MnOxeCeO2 supports.

Catalysts with Cu or Ni content of 2.5 and 7.5 wt% over both

MnOxeCeO2 supports were prepared.

Solids were also analyzed by X-ray Diffraction (XRD) in a

Philips PW 1390 equipment with radiation corresponding to

CuKa. Data was collected in steps of 0.02� (2q) with a fixed-

time counting of 1 s. Temperature-programmed reduction

experiments were performed in a Micromeritics Autochem II

2920 apparatus coupled to mass spectrometer Thermostar

Pfeiffer using a 50 ml/min stream with 4% of H2 (in Ar) and a

sample mass of 30 mg. Temperature was raised from RT to

600 �C, following a temperature ramp of 10 �C/min. Prior to

TPR experiments, all samples was preheated in air (air

flow ¼ 100 ml/min, temperature ¼ 450 �C) during 60 min in

order to clean the surface. Then, the samples were cooled to

RT and purged with Ar, before starting the TPR experiment.

WGS activity tests were conducted in an isothermal fixed

bed glass reactor heated with an electrical oven. Catalytic
Please cite this article in press as: Poggio-Fraccari E, et al., Cu/MnO
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performance was evaluated at several temperatures in the

range 250e450 �C. In a typical test, 120 mg of catalyst and a

total inlet flow of 150ml/min, with 8% of CO, 24% H2O, 45% H2,

and N2 as balance, were employed. Before each catalytic run,

solids were reduced in-situ during 30 min with an H2 stream

(50% of H2 in N2) at the higher temperature of reaction (450 �C).
At the reactor outlet, analysis of non-converted CO and

gaseous products was performed by a Hewlett Packard HP

6890 gas chromatograph equipped with a TCD detector. CO

conversion is conventionally defined by Eq. (1).

x ¼ Fin
CO � Fout

CO

Fin
CO

(1)

Considering that methanation reaction could occur, con-

version towards CO2 is defined through Eq. (2).

xCO2
¼ Fout

CO2

Fin
CO

(2)

where Fin
i and Fout

i are the inlet and outlet molar flow of gas i,

respectively. Reported values of CO conversion and CO2 con-

version correspond to steady state values.
3. Results and discussion

XRD patterns of monometallic Cu and Ni catalysts supported

on CeMn30 and CeMn50 are presented in Figs. 1e4. Fig. 1

shows that the diffraction lines corresponding to NiMnO3

phase (#752089) are found for both nickel catalysts studied

(2.5Ni/CeMn30 and 7.5Ni/CeMn30 samples). These diffraction

lines are not present in the patterns of nickel catalysts sup-

ported on CeMn50 (Fig. 2). However, segregation of NiO phase

(#780643) is detected in both 2.5Ni/CeMn50 and 7.5Ni/CeMn50

samples.

Concerning to XRD patterns of copper-containing samples

shown in Figs. 3 and 4, diffraction peaks of a spinel-type

CuxMnyO4 phase are observed in all the copper catalysts

studied. Although signals of CuxMnyO4 are partially super-

imposed toMnOx reflections in the case of catalysts supported
xeCeO2 and Ni/MnOxeCeO2 catalysts for the wateregas shift
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on CeMn50 (Fig. 4), the presence of the spinel-type phases in

these catalysts can be inferred by the presence a CuxMnyO4

reflection at 2q ¼ 35.7�. Besides, the characteristic reflections

of a segregated CuO phase (#780428) are only found for copper

catalysts supported on CeMn50 (Fig. 4).

Comparison of the diffraction patterns of Ni (Fig. 1) or Cu

catalysts (Fig. 3) supported on CeMn30 with that of the bare

support reveals that the structure of the MneCe mixed oxide

drastically changes. Indeed, reflections of MnOx phases

(2q ¼ 18.1, 21.3, 31.8� and others) are visible in the case of

CeMn30 support, but they disappear in the patterns of Cu/

CeMn30 catalysts. On the contrary in Figs. 2 and 4, which

correspond to catalysts supported on CeMn50, it can be

observed that characteristic signals of MnOx phases are pre-

sent in both support and catalysts.

In addition, from the comparison between XRD patterns of

copper catalysts and supports it is evident that characteristic

peaks of the fluorite-like cubic phase of ceria become more

pronounced in the case of the catalysts. XRD patterns of Cu/

CeMn30 catalysts and CeMn30 support in the 2q range from

26� to 31� are showed in Fig. 5. In the same figure, pure CeO2

diffraction pattern is added for the sake of comparison. In a

previous work, D’Alessandro et al. [12] reported that this ceria

reflection shifts to the right (towards higher q values) upon

formation of MnCe solid solution. This feature could be

explained by the partial substitution of a bigger cation (Ce4þ,
ionic radii ¼ 0.098 nm) by a smaller one (Mn3þ, ionic

radii ¼ 0.065 nm) into the fluorite structure of ceria [14,15].

Fig. 5 reveals that the peak located at 2q ¼ 28.7� in the

diffraction pattern of the MneCe bare oxides shifts approxi-

mately 0.10� towards lower 2q values in the case of copper

catalysts. Similarly to what was proposed regarding a

MnOxeCeO2 solid solution, this shift to a lower angle might

come from the substitution of Mn3þ by a bigger cation (Cu2þ,

ionic radii¼ 0.073 nm). To sustain this interpretation, it should

be mentioned that some works have reported that CuO can

dissolve within CeO2 lattice at low dopant concentrations

[16,17]. However, an additional interpretation of the peak

shifts in Fig. 5 arises from our XRD results previously pre-

sented for copper catalysts, where characteristic reflections of
Fig. 2 e XRD patterns of Ni/CeMn30 catalysts.
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CuxMnyO4 spinel-type phase were found. It could be readily

seen from Fig. 5 that ceria (111) signal is more intense in the

catalysts than in the supports, which would indicate a lower

degree of manganese substitution in the formers. As a

consequence, it could be suggested that some Mn ions are

removed from ceria lattice to form the spinel phase after

impregnation with copper of MnOxeCeO2 support and the

subsequent calcination procedure. Obviously, some manga-

nese ions in the spinel phase could also come from segregated

manganese oxides. XRD reflections of MnOx are still visible in

the patterns of Cu/CeMn50 catalysts but completely absent in

the patterns of Cu/CeMn30 catalysts.

TPR profiles of CeMn30 and CeMn50 mixed oxides were

presented in a previous work [13]. In both cases, two reduction

peaks (a and b as temperature increases) are present in the

temperature range 200e450 �C. Both peaks were attributed to

H2 consumption by manganese oxide species and not to

cerium reduction by most of the authors [18,19]. As we have

previously reported [13], these two peaks were ascribed to the

step reduction of species with different Mn oxidation states.

Furthermore, from the ratio between H2 consumption in both

events, it was postulated that most of the manganese in

CeMn30 and CeMn50 samples is present asMnO2 before TPR is

performed, as Mn3O4 after peak and as MnO for temperatures

higher than 450 �C (after b peak).

Fig. 6 shows the temperature-programmed reduction pro-

files of copper and nickel catalysts supported on CeMn30. To

help the interpretation of the results, the positions of a and b

peaks of CeMn30 support are included in the same figure. In

the profiles of Ni catalysts, a and b consumption peaks are

closer one to each other. The resulting broad event includes

the step reduction of manganese oxides and the reduction of

the spinel NiMnO3 detected by XRD for both Ni/CeMn30 cat-

alysts studied. The profiles of copper catalysts exhibit a broad

peak in the 160e320 �C temperature range. In agreement with

XRD analysis, this feature corresponds to H2 consumption

during the reduction of spinel-type phases generally named

CuxMnyO4. Itmust be remarked the absence of other reduction

peaks at higher temperatures, which is in good agreement
Fig. 3 e XRD patterns of Cu/CeMn30 catalysts.
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Fig. 4 e XRD patterns of Cu/CeMn50 catalysts.

Fig. 6 e TPR of Cu/CeMn30 and Ni/CeMn30 catalysts.
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with the nonappearance ofMnOxXRD reflections for these Cu/

CeMn30 samples.

TPR profiles of catalysts supported on CeMn50 are dis-

played in Fig. 7; again, a and b peak temperatures for CeMn50

support are indicated. As it can be seen, the bimodal curve of

the MnOxeCeO2 support is conserved in the profiles of Ni

catalysts and the positions of both peaks are similar to those

of the bare support. In any case, reduction temperatures of

both features are lower than the temperature value found for

bulk NiO reduction (ca. 400 �C) under the same operation

conditions [11,20,21]. H2 consumption during the first event

increases as nickel content increases, suggesting that NiO

reduction takes place in the low-temperature region. From the

above, it can be concluded that nickel and manganese

reduction occurs simultaneously during the low-temperature

consumption peak. Reduction profiles of Cu/CeMn50 catalysts

are also presented in Fig. 7. In this case, the consumption
Fig. 5 e XRD patterns of (111) reflection of fluorite phase for

Cu/CeMn30, catalysts, CeMn30 and CeO2.
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curves, which are completely different from the profile of the

corresponding support, are more complex and they exhibit at

least four reduction peaks. The first signal at approximately

150 �C was attributed to the reduction of finely dispersed CuO

in contact with CeO2 [22]. H2 consumption in the second peak

(located at ca. 200e210 �C) increases as copper loading of the

samples also increases. CuxMnyO4 spinel-type phase was also

detected by XRD in this sample. Considering that copper ions

strongly interacting with the support require higher reduction

temperatures, the reduction of CuxMnyO4 phase could take

place simultaneously during this broad reduction event. The

peaks at higher temperatures are ascribed to the step reduc-

tion of manganese oxides found by XRD. In accordance with

other authors [23], the broad peak (centered at ca. 285 �C)
corresponds to the reduction of MnO2 to Mn3O4 (a peak) and

the high-temperature reduction peak (centered at ca. 315 �C)
involves the reductions of large clusters of copper oxide

detected by XRD, surface CeO2 and Mn3O4. As it can be seen,

the reduction step Mn3O4 / MnO is notably favored with

respect to the b peak of the bare CeMn50 support. For a similar
Fig. 7 e TPR of Cu/CeMn50 and Ni/CeMn50 catalysts.
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Fig. 8 e CO conversion versus temperature of copper

catalysts.

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 3 ) 1e7 5
Cu/MnOxeCeO2 catalytic system, it has been reported that the

presence of copper significantly shifted the high-temperature

reduction events to lower temperature regions, indicating the

occurrence of metalesupport interaction. This improvement

was often interpreted in terms of the activation and spillover

of hydrogen from the initially reduced copper to the manga-

nese and cerium oxides [24].

Wateregas Shift activity of copper catalysts is represented

in Fig. 8 in terms of CO conversion attained at the outlet of the

isothermal fixed bed reactor as a function of the operating

temperature. Firstly, it should be remarked that the activity of

copper catalysts is considerably higher than the activity of

bare CeMn30 and CeMn50 supports, which were reported in a

previous work [13]. TPR profiles presented in Figs. 6 and 7

indicate that addition of copper to CeMn30 and CeMn50 sup-

ports greatly prompted the reducibility of the catalysts, which

is related to their redox activity [23]. CO conversion values

obtained with copper catalysts, which are far from the
Fig. 9 e CO conversion versus temperature of nickel

catalysts.
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equilibrium conversions, increase with the reaction temper-

ature for the four catalytic samples studied in this work. The

best catalytic activity is found for catalyst is found for sample

2.5Cu/CeMn30, with a CO conversion higher than 50% at

450 �C. Nevertheless, copper loading of the catalysts has little

influence on the activity of the samples. In relation to the role

of the support, Fig. 8 clearly exposes that samples prepared on

CeMn30 are more active than samples supported on CeMn50

for both copper loadings studied. Other authors [25] have

found a correlation between the reducibility of several

CuOeCeO2 catalysts doped with transition metal oxides (ZnO,

MnO2 and Fe2O3) and their low temperature catalytic activity

for CO oxidation reaction. Therefore, the presence of highly

reducible CuxMnyO4 spinel-type species observed in both XRD

and TPR characterizations would be responsible for the

enhanced WGS activity of samples supported on CeMn30.

The activity of nickel catalysts presented in Fig. 9 evidences

that Ni catalysts are more active than Cu catalysts, particu-

larly at high temperatures and at high metal contents. Cata-

lyst 7.5Ni/CeMn50, for example, is able to convert more than

90% of CO for temperatures higher than 380 �C. The influence

of metal content is completely opposite to that previously

presented for copper catalysts. As it can be observed in Fig. 9,

the activity of the samples significantly increases with nickel

content. With regards to support effect, the results also show

the inverse trend with respect to copper samples: catalysts

prepared on CeMn50 are more active than samples supported

on CeMn30 for both nickel contents. However, the influence of

the support is less important for the samples with low nickel

content.

It waswidely reported that nickel is an effective catalyst for

methanation reactions [26,27]. In particular, nickel catalysts

supported on ceria-based oxides have demonstrated to favor

CO methanation in reformate gas [28,29]. Since the catalysts

studied in this work have shown activity for methane pro-

duction, it is necessary to quantify the undesiredmethanation

occurrence. Hence, Fig. 10 presents the effective CO conver-

sion towards CO2 by WGS reaction, as defined by Eq. (2). From

the comparison of Figs. 9 and 10, it can be inferred that total

CO conversion and WGS conversion to CO2 are coincident at
Fig. 10 e CO2 conversion versus temperature of nickel

catalysts.
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low temperature. As temperature increases, methanation re-

action becomes more important and both curves take

different paths. Methanation starts at lower temperatures for

higher nickel content catalysts. Besides, bringing into com-

parison catalysts with constant metal loading, methanation

appears at lower temperatures for samples supported on

CeMn50. Even more, the trends observed for total CO con-

versions (Fig. 9) are completely different in Fig. 10: (i) Ni/

CeMn30 catalysts are more selective than Ni/CeMn50 sam-

ples, and (ii) WGS activity weakly depends on nickel loading of

the catalysts.

Nickel particles supported on oxides are well-known cat-

alysts for the formation ofmethane fromCO andH2. Then, the

high methanation activity of Ni/CeMn50 catalysts can be

explained by the presence of a segregated NiO phase, which

was found by XRD and TPR. In addition, TPR profiles of these

samples have shown that the peak assigned to NiO reduction

is greater for the high Ni content catalysts. This observation is

in good agreement with the enhancedmethanation activity of

7.5Ni/CeMn50 catalyst.

On the contrary, catalysts supported on CeMn30 have

shown the presence of a NiMnO3 mixed oxide with ilmenite-

like structure [30]. The improved WGS selectivity of these

samples has been explained by a stronger Ni-support inter-

action that prevents the formation of bulk-like particles of Ni

[30] and by the presence of stabilized Mn4þ ions in the defect

ilmenite structure that improve the oxygen mobility and the

redox activity of the catalysts [31,32].
4. Conclusions

Monometallic copper and nickel catalysts supported on

cerium-manganese mixed oxides were prepared, character-

ized and evaluated for the WatereGas Shift (WGS) reaction.

The structure of the samples strongly depends on both the

active metal employed and the manganese content in the

mixed support. Copper catalysts supported on the low man-

ganese content sample (CeMn30) have shown greater reduc-

ibility and higherWGS activity than copper catalysts prepared

on the high manganese content support. CuxMnyO4 spinel-

type species are identified as responsible for this improved

catalytic behavior. Total CO conversion values attained with

nickel catalysts supported on the high manganese content

oxide (CeMn50) are greater than those of Ni/CeMn30 samples

but methanation reaction, which consumes H2 present in the

feed, proceedsmore readily on the formers. Consequently, Ni/

CeMn30 samples exhibit superior activity for the effective

WGS conversion to CO2. The better selectivity of Ni/CeMn30

samples is ascribed to NiMnO3 phase with ilmenite-like

structure detected by XRD that prevents the formation of

bulk-like particles of Ni and improves the oxygenmobility and

the redox activity of the catalysts.
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