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Cerium-manganese mixed oxides with different composition were prepared by co-precipitation, characterized
and evaluated for the water-gas shift (WGS) reaction. Base metal (5 wt.% Cu and 5 wt.% Ni) catalysts supported
on Ce-Mn mixed oxides were also tested for the WGS reaction. The activity of the bare supports is higher in the
mixed samples than in pure ceria or manganese oxide. This result can be explained by a combination of greater

reducibility and surface area in the mixed samples. Addition of base metals produces superior WGS catalysts. Par-
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ticularly, nickel catalysts tested are able to reduce typical CO concentrations entering the WGS process to the CO
levels tolerated by phosphoric acid fuel cells in a single unit operated at 400 °C.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the 20th century, a strong development of industry and
transportation as well as the improvement of the living standards has
forced an important increase in the global energy consumption. In par-
ticular, CO, emissions in a per capita basis augmented more than 10
times during 20th century, as a result of a striking increase in the world-
wide consumption of fossil fuels [ 1]. The use of devices more efficient for
energy conversion, such as fuel cells, is one of the advisable alternatives
for reducing the energy consumption and the greenhouse gas emis-
sions. High temperature fuel cells, such as molten carbonate fuel cells
(MCFC) or solid oxide fuel cells (SOFC), can be fueled with a hydrogen
stream also containing carbon oxides or water. Nevertheless, CO must
be partially removed from the feed in the case of fuel cells that operates
at lower temperatures, like phosphoric acid fuel cells (PAFC) or proton-
exchange membrane fuel cells (PEMFC). Hence, in the case of low tem-
perature fuel cells, hydrogen produced by reforming or partial oxidation
of a carbon containing raw material (alcohols or hydrocarbons) must be
purified in order to reduce CO levels to cell requirements. In the case of
PAFC, CO removal in a water-gas shift (WGS) reactor is sufficient to ob-
tain a CO concentration of approximately 1-2%, which can be tolerated
by the fuel cell. PEMFC are extremely sensitive to the presence of CO
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and the product stream from WGS unit must be further purified to
less than 20 ppm for a stable operation [2,3].

The water gas shift reaction (Eq. (1)) was first reported in 1888, but
it came into popular usage later, as a source of hydrogen for the Haber
process for the manufacture of ammonia [4].

CO(g) + H,0(g) = CO,(g) + Hy(g) AH’,g = —41.1k]/mol (1)

Water-gas shift reaction has been extensively used in large chemical
and petrochemical plants for many years; in such processes, WGS reactor
is placed after the reformer unit to adjust CO levels in the syngas to the
H,/CO ratio suitable for a particular application, or simply to increase
the H, yield and decrease the CO concentration, which is a poison for
some catalysts used downstream like in ammonia synthesis or oil dehy-
drogenation. Recently, non-traditional applications of hydrogen such as
electric power generation in fuel cells have given rise to new research ef-
forts pointed to find active and stable catalysts for the WGS. Among these
works, several authors, taking into account the redox properties and the
oxygen storage capacity of ceria, propose ceria-supported noble metal
catalysts [5-9] or less expensive ceria-supported base metal catalysts
[10-14]. Copper-manganese spinel oxides have shown excellent WGS
activity, comparable to that of conventional LTWGS catalysts despite its
low surface area [15]. Manganese oxide is itself a proven catalyst, in
oxidation-reduction reactions, such as, for example, the oxidation of
methane and CO [16]. Manganese, which exhibits a multiplicity of oxida-
tion states, is also a good candidate to make part of a ceria-based partially
reducible support [17] for redox reactions such as WGS [18,19] or CO
preferential oxidation [20].
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In the present article, cerium-manganese mixed oxides were co-
precipitated, characterized and evaluated in the WGS reaction. These
solids were also used as supports to prepare impregnated copper or
nickel catalysts. In this way, the present work aims to obtain cost-
effective base metal catalysts supported on Ce-Mn mixed oxides, suit-
able for WGS reaction in fuel cell applications.

2. Experimental
2.1. Catalyst preparation

The precursors of the manganese-cerium mixed oxides were pre-
pared by co-precipitation technique from aqueous solutions of metallic
salts Ce(NOs3)3; 0.1 M (Fluka) and Mn(NOs3),.4H,0 2M (Sigma-Aldrich)
in basic medium at room temperature, according to Inamura et al.
[21], using NaOH 3M as precipitant agent. The solids were prepared
with the several Mn/Ce atomic ratios. The obtained samples were
washed with bi-distilled water until the presence of Na cations is not
further detected. Then, they were dried at 100 °C and calcined at
450 °Cin air atmosphere for 5 h. The nomenclature used for describing
cerium-manganese mixed oxides is CeMnX, where X is the atomic frac-
tion of manganese. Then, samples CeMnO (Ce0O,), CeMn30, CeMn50,
CeMn70 and CeMn100 (MnOx) are studied throughout the work.

A portion of samples CeMn30 and CeMn50 were impregnated
with Cu?™ or Ni?* salts (Cu(NOs),.3H,0 from Sigma-Aldrich or
Ni(NO3),.6H,0 from Merck, respectively) to give 5 Cu wt.% or 5 Ni
wt.% catalysts supported on Ce-Mn mixed oxides. The supports
were in contact with a solution of Cu or Ni nitrates in constant agita-
tion for 5 hours at room temperature. Then, the obtained slurry was
filtered, the solid dried overnight at 70 °C and subsequently calcined
in air following the same procedure as the Ce-Mn oxides.

2.2. Characterization

The specific BET surface of the samples was measured in a
Sortometer Micromeritics ASAP 2020. Solids were also analyzed by X-
ray Diffraction (XRD) in a Philips PW 1390 equipment with radiation
corresponding to CuKa. Temperature-Programmed Reduction experi-
ments were performed in a Quantachrome Quantasorb Jr. apparatus
using an H,/N, stream (5% H,, total flow: 20 cm®/min) and 20 mg of
the sample, while operation temperature was raised following a ramp
rate of 20 °C/min.

2.2.1. WGS activity tests

Activity tests were conducted in an isothermal fixed bed glass reac-
tor heated with an electrical oven. The catalytic performance was eval-
uated at several temperatures in the range 250-450 °C. In a typical test,
120 mg of catalyst and a total inlet flow of 150 cm>/min are employed;
in the case of bare supports, tests were performed with 240 mg of cata-
lyst and a total gas flow of 85 cm>/min. Before each analysis the solids
were reduced during 30 minutes with a H, stream (50% of H, in N;)
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. (2). Consider-
ing that methanation could occur, selectivity towards CO, is defined
through Eq. (3).
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where F™ and F°'* are the inlet and outlet molar flow of gas i,
respectively.

Reported values of CO conversion and selectivity correspond to
steady state values.

3. Results and discussion
3.1. Cerium-manganese mixed oxides

BET surface areas of CeMnX samples are reported in Table 1. It can be
noted that surface area values pass through a maximum with respect to
the composition of the Ce-Mn mixed oxides. Manganese oxide presents
the lowest BET area (17 m?/g) and the equimolar CeMn50 sample has
the highest value (69 m?/g). A similar behavior was found by Chen
et al. [22]. Comparison of these results with some of our previous
works on samples calcined at a lower temperature (350 °C) reveals a
strong influence of the thermal treatment in this temperature range.
In effect, BET area drops from 137 m?/g in ceria calcined at 350 °C to
50 m?/g in ceria calcined at 450 °C and from 22 m?/g in MnOx calcined
at 350 °C to 17 m?/g at 450 °C [23].

Fig. 1 presents XRD patterns of the solids analyzed in this work. Pure
ceria (CeMnO) pattern shows the peaks corresponding to the face-
centered cubic fluorite-type structure typical of CeO,.

Comparison of XRD patterns of CeO, and Ce-Mn mixed oxides re-
veals a partial substitution of Mn into ceria lattice. In effect, reflections
of ceria shift to higher 26 angles in the mixed oxides due to the lower
atomic radius of manganese with respect to cerium. On the other
hand, different manganese phases are found in the patterns of mixed
samples compared to pure manganese oxide. Thus, as it is exposed in
Fig. 1, MnO, phase is only present in cerium containing samples, while
the Mn3O, phase (ie. MnO.Mn,03;) is only observed in sample
CeMn100. As it can be concluded, the presence of cerium stabilizes
phases involving higher oxidation states of manganese after calcination
of mixed samples at 450 °C.

Fig. 2 shows the H,-TPR profiles of the CeMn supports studied in this
work. It can be seen that the reduction behavior of ceria (CeMn0 sample)
is completely different than those of the Ce-Mn mixed samples. In fact,
reduction profile of ceria is characterized by a typical bimodal curve
that presents the first reduction event between 400 °C and 600 °C and
the second event between 700 °C and 900 °C. The first peak is usually
assigned to H, consumption during the surface reduction process
whereas the second one is related to bulk ceria reduction [24,25]. The ex-
tension of the reduction for ceria sample is markedly lower than those of
manganese oxide or Ce-Mn mixed samples, as it can be seen from the H,
consumption in the whole temperature range (100-900 °C) reported in
Table 1. Ce-Mn mixed oxides exhibit a reduction profile similar of that of
pure manganese oxide, even for the lowest Mn content analyzed. In
these cases, two reduction peaks are present between 200 °C and
500 °C, which are named « (low temperature peak) and (3 (high temper-
ature peak). Similar reduction profiles were reported in the literature. Al-
though Hamoudi et al. [26] attributed the « peak to the reduction of
manganese oxide and 3 peak to the reduction of ceria, the reduction
events observed in the 200-500 °C temperature range were assigned
to manganese oxide species and not to cerium reduction by most of
the authors; moreover, & and 3 peaks were ascribed to the step reduc-
tion of species with different Mn oxidation states [27-30]. H,-TPR pro-
files of Mn,05 reported by Morales et al. [30] exhibit two well-defined
peaks, with maxima at 374 °C and 477 °C, that probably correspond to
a step reduction Mn,03 — Mn304 — MnO. Carnoé et al. [27] observed
a TPR profile with three reduction events in their alumina-supported
manganese oxides calcined at 500 °C. In this case, the first peak of hydro-
gen consumption was attributed to the MnO, — Mn,05 reduction step.
Both works [27,30] agree that samples remain as MnO after TPR experi-
ments since further reduction of MnO to metallic Mn only occurs at tem-
peratures higher than 1200 °C. Chen et al. [22] also found TPR profiles
featured by two main reduction events in pure manganese oxide or in
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Table 1
BET area and H,-TPR results of Ce-Mn mixed oxides.

Sample BET area (m?/g) Total H,-TPR consumption® H,-TPR consumption (T < 450 °C) o Peak position 3 Peak position (B/ar) area
(umol) (umol) (°C) (°C) ratio

CeMnO 50 6.6 - - - -

CeMn30 54 714 70.6 315 410 0.55

CeMn50 69 86.7 85.5 315 425 0.53

CeMn70 51 124.2 114.2 320 435 0.58

CeMn100 17 190.1 149.8 338 465 1.11

2 Temperature range 100-900 °C.

manganese rich Mn-Ce mixed oxides; nevertheless, they also reported a
slight shoulder at the reduction onset, probably corresponding to the
first step reported by Carnd et al. [27], which could be misinterpreted
in many TPR profiles [31]. Craciun et al. [29] working with MnOx/YSZ
catalysts calcined at 800 °C reported a main peak of hydrogen consump-
tion at 447 °C corresponding to the MnsO4 — MnO final reduction,
while the presence of small quantities of MnO, and Mn,O3 cannot be
discarded. The position of e peaks in the H,-TPR profiles of Fig. 2 is prac-
tically independent of the manganese content of the samples. As report-
ed in Table 1, maxima of these peaks are positioned in the temperature
range 315-338 °C. A slight decrease in the temperature of the maximum
H, consumption as the Ce content increases is observed, in agreement
with the observations of Chen et al. [22]. It is shown in Table 1 that the
position of 3 peaks also shift to lower temperatures as cerium content
of the samples increases, being these changes more pronounced with re-
spect to « peaks. From the above results, it can be concluded that the re-
ducibility of the mixed oxides, mainly for the Mn3;04 — MnO reduction
step, is enhanced by cerium addition that favours oxygen mobility [22].
The slight variation in the onset of a peaks might also be explained by
the different surface area of the samples [32].

Table 1 also presents the ratio of 3 to e peak areas. As it can be seen,
this ratio is faintly higher than 0.5 and approximately independent of
sample composition for Ce-Mn mixed oxides, but (3/«) ratio doubles
in the case of pure manganese oxide. Considering that the reduction
steps proposed for the different manganese oxide species totally

occur, theoretical (/) ratios can be calculated. If we assume that all
the manganese is present as MnO, in the samples before TPR experi-
ments, and that the bimodal profile is related to the consecutive steps
MnO, — Mn304 (« peak) and Mns0, — MnO (3 peak), then (/)
ratio should have the value 0.5. This is approximately the case of
CeMn30, CeMn50 and CeMn70 samples where it can be assumed that
most of the manganese added is in the Mn*™ oxidation state before
TPR is performed. On the contrary, if we assume that the first reduction
step is Mn,0O3 — Mn304 and the second one is Mn304 — MnO, then
stoichiometry determines that (3/«) ratio should be equal to 2. This
last result indicates that a mixture of Mn?*, Mn?>* and Mn* "oxides
might be found in the CeMn100 sample before TPR experiments.
These conclusions are in good agreement with XRD observations previ-
ously presented.

The catalytic behavior of CeMnX samples for water-gas shift reac-
tion was tested. CO conversion obtained at the outlet of the experimen-
tal plug flow reactor is represented as a function of the operating
temperature (Fig. 3). As it can be observed, mixed samples are more ac-
tive than CeO, or MnOx samples. In particular, equimolar CeMn50 sam-
ple exhibits the best catalytic behavior in the whole temperature range
analyzed.

Since samples are reduced in-situ at 450 °C before the catalytic runs,
the amount of manganese reduced at this temperature can be estimated
from the integration of TPR profiles in Fig. 2 up to 450 °C (see Table 1).
As it can be seen, H,-TPR consumption in the range 100-450 °C
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Fig. 1. XRD patterns of Ce-Mn mixed oxides. “x": Mns0,4 (ICDD file #18-0803); “w": MnsOg (ICDD file #39-1218); “v": MnO, (ICDD file #39-0375); “0": CeO, (ICDD file #34-0394).
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Fig. 2. H,-TPR profiles of Ce-Mn mixed oxides.

increases as Mn content increases. However, Table 1 also exposes that
surface area has a maximum as a function of Mn content of the sample
and that BET area dramatically drops for the pure manganese oxide
sample (CeMn100). Hence, the enhanced catalytic performance of
mixed oxides could be attributed to the combination of both effects.

3.2. Copper and nickel catalysts supported on cerium-manganese
mixed oxides

It has been reported that the activity of ceria-based materials for the
WGS reaction is significantly improved by the addition of base metals,
such as copper or nickel [33]. In addition, some of our previous results
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Fig. 3. Catalytic activity of Ce-Mn mixed oxides for the WGS reaction. Catalytic
mass = 240 mg. Gas flow = 85 ml min~'. Feed composition: 8% CO, 24% H,0, N, as
balance.

have also shown that, among several base metals analyzed, copper
and nickel catalysts supported on ceria-based oxides are extremely ac-
tive for CO oxidation by O, under COPROX conditions [34]. Taking this
background into account, copper and nickel catalysts (5 wt.%) support-
ed on some of the cerium-manganese mixed oxides described in the
previous section were considered for the WGS reaction.

XRD patterns of copper catalysts prepared in this work are
presented in Fig. 4. XRD patterns suggest the presence of a small
amount of copper segregated as tenorite (ICDD file #45-0937) in
both samples: Cu/CeMn30 and Cu/CeMn50. Fig. 5 shows the XRD pat-
terns of Ni/CeMn30 and Ni/CeMn50 catalysts. In this case, typical signals
of a segregated bunsenite phase (ICDD file #47-1049) are not distin-
guished in the XRD patterns. In both cases, copper and nickel catalysts,
comparison of XRD patterns with those of the corresponding supports
(Fig. 1) indicates that there are not structural changes in the Ce-Mn
mixed oxides after metal impregnation and subsequent calcination.

Water-gas shift activity of copper and nickel catalysts is displayed in
Figs. 6 and 7 respectively. Comparison of Figs. 6 and 7 with Fig. 3 reveals
that the activity of copper or nickel catalysts is markedly higher than
that of the corresponding supports. For example taking copper samples,
it can be noted that CO conversions with catalysts or supports are sim-
ilar to those obtained with the bare supports although the contact
time used in Fig. 3 is 3.5 times larger than in Fig. 6.

Comparing Fig. 6 with Fig. 7 it is evident that the activity of copper
samples is lower than that of nickel catalysts. In effect, maximal CO con-
version attained with the most active copper sample (Cu/CeMn30) is
slightly higher than 40%. On the other hand, both nickel catalysts evalu-
ated are able to reach CO conversions higher than 80%. Curves of CO
conversion vs. T curves for Ni catalysts are steeper and with a higher
light-off temperature (Fig. 7) with respect to the curves of copper cata-
lysts (Fig. 6). These results are in good agreement with those presented
by other authors [33,35,36] predicting a higher activation energy in the
case of nickel catalysts.

It must be mentioned that methane is detected at the reactor outlet
when the reaction is carried out with nickel catalysts. As it is known,
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Fig. 4. XRD patterns of Cu/CeMn30 and Cu/CeMn50 catalysts. “T": Tenorite (CuO) signals at 26 = 35.5% and 38.8%.

nickel is an effective catalyst for methanation reactions [37,38]. In par-
ticular, nickel catalysts supported on ceria-based oxides have demon-
strated high activity for CO methanation (Eq. (4)) in reformate gas
[39,40].

CO(g) + 3H,(g) = CHy(g) + H,0(g) AH’,05 = —206 kj/mol 4)

CO methanation helps to reduce CO concentration in the H, stream
but, at the same time, this reaction consumes 3 moles of H, for each
mole of CO. As a consequence, selectivity (as defined by Eq. (3)) should
be higher than 0.75 to avoid hydrogen loss in the WGS reactor. Fig. 8
presents selectivity values in the temperature range 300-400 °C for
both nickel catalysts tested in this work. Selectivity values are presented
for operating temperatures lower than 400 °C because, as shown in
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RO

Ni/CeMn50
Ni/CeMn30
T T T T T T T T T T T
20 25 30 35 40 45 50 55 60

20

Fig. 5. XRD patterns of Ni/CeMn30 and Ni/CeMn50 catalysts. “B”: Bunsenite (NiO) signals at 20 = 37.2° and 43.3°.
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Fig. 7, CO conversion diminishes above 400 °C due to the limitations im-
posed by thermodynamic equilibrium. It can be observed in Fig. 8 that
selectivity is higher for the catalyst supported on the oxide with higher
cerium content (Ni/CeMn30). As expected, selectivity decreases with
reaction temperature for both catalysts. Finally, it should be noted that
all the values presented in Fig. 8 are close or higher than 0.75, indicating
that hydrogen consumption is not important in any case.

4. Conclusions

The activity of cerium-manganese mixed oxides for the WGS reac-
tion in the temperature range 400-450 °C is markedly higher than
that of pure CeO, or MnOx. XRD and TPR results revealed that Ce-Mn
mixed oxides contain a greater proportion of Mn** species than pure
MnO,. The superior catalytic behavior of Mn-Ce samples can be ex-
plained from a combination of two effects: a greater reducibility of man-
ganese species during the in-situ activation at 450 °C and a higher
surface area of mixed samples with respect to pure manganese oxide.
Impregnation of Ce-Mn oxides with 5 wt.% copper or nickel results in
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Fig. 7. Activity of Ni/CeMn30 and Ni/CeMn50 catalysts for the WGS reaction Catalytic
mass = 120 mg. Gas flow = 150 ml min~'. Feed composition: 8% CO, 24% H,0, 45%
H,, N, as balance.
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Fig. 8. Selectivity of Ni/CeMn30 and Ni/CeMn50 catalysts towards CO, production.

superior WGS catalysts compared to the corresponding bare supports.
In particular, Ni catalysts operating at ca. 400 °C has shown to be capa-
ble of purifying a hydrogen stream from 8%CO to less than 2%CO, which
can be tolerated by a PAFC, even generating additional H.
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