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Mixed metal oxides as solid solutions are promising catalyst precursor species, due to their atomic dis-
persion of metals within an oxide matrix. Upon activation by pre-reduction highly dispersed metal
nanoparticles grow on the surface of a functional mixed metal support. Herein, the impact of different
amounts of structure distorting manganese that is integrated in CoMnxAl2-xO4 spinel phase on the
reducibility as a measure for the ability for pre-activation was investigated. The reducibility of the spinel
increases with increasing Mn content. By using the Sabatier reaction (CO2 methanation) as model reac-
tion it was shown that the activity depends on the low temperature reducibility of the spinel. The highest
catalytic productivity of 0.65 mol/(mol�min) at 400 �C was obtained with CoMn0.5Al1.5O4 as a precursor in
line with a highly improved selectivity (S(CH4) = 97%) towards methane as compared to manganese free
CoAl2O4. In addition, the activation energy drops from 107 kJ/mol to 69 kJ/mol upon Mn incorporation.
Intense surface analysis via CO & H2 pulsed titration, BET, CO2-TPD, CO2 DRIFTS, as well as operando
DRIFTS analysis revealed, that the integration of Mn into the spinel support decreases the overall surface
basicity and enables, potentially due to its Mn3+/Mn2+ redox pairs, spillover of hydrogen from the metallic
sites towards the surface of the support. This leads to an altered reaction mechanism via formate species
without production of CO as reaction intermediates. This in combination with the ability to transfer the
CO2 conversion from the metal sites only towards the surface of the support due to hydrogen spillover
leads to the observed increase in catalytic performance. This work demonstrates the high potential of
specific modification of typically highly stable mixed metal oxides as valuable catalyst precursor species.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

One of the central issues of current society is the transition from
a ‘‘throw-away-society” into a recycling economy in order to over-
come the measurable impacts of climate changes and depleting
resources. Atmospheric CO2 concentration has risen from prein-
dustrial level of 250 ppm to 400 ppm until today. This is due to
continuous anthropogenic emission from fossil fuel combustion
into the environment [1]. Reuse of CO2 with renewable H2 as a
chemical feedstock for fuels would be a solution to transfer into
a circular economy without changing all end consumers and
energy transport facilities. So far, its economic reasonable recycling
is limited to a few large and centralised sources, such as cement
production or incinerator plants [2]. In the future separation from
air becomes considerable [3–5]. Nevertheless, the production chain
of renewable CO2 based hydrocarbons (e.g. CH4) relies on a hydro-
genation process with high efficiency that enables CO2 activation
and transformation into valuable added energy carrier on efficient
catalysts.

Even though Ni is the preferred choice of methanation catalyst,
Co/Al2O3 catalysts are active in CO2 reduction to CO, CH4 and have
the potential to produce longer chain carbohydrates via Fischer-
Tropsch-reactions [6,7]. One of the main challenges of Co/Al2O3

catalysts is the proper interaction between the support and the
Co species. On the one hand, interactions should be strong enough
to stabilize Co particles. On the other hand, too strong metal sup-
port interactions limit the reduction to the active metallic Co
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specie [8–10]. As a result oxidation of Co takes place on Co/Al2O3

catalysts and inactive spinel-type CoAl2O4 is formed that leads to
limited catalytic performance [11–13]. On the other hand, looking
at the spinel phase from another point of view, it can be considered
as a well distributed solid solution, which in general have been
reported as suitable catalyst precursor in order to generate highly
active and finely dispersed metal nanoparticles [14]. But the
reducibility of such Co-aluminate spinel needs to be improved in
order to enable reactivation by growth of Co nanoparticles on the
surface. Growth of metal nanoparticles on oxide surfaces in general
was even proven to be reversible and repeatable on perovskites, if
the crystalline structure stays intact upon reduction [15,16]. Spi-
nels are versatile mixed metal oxides whose reducibility can be tai-
lored by compositional modifications [17,18]. Thus, even though
spinels are regarded as detrimental for the methanation reaction,
highly active Co species could be created on the surface upon
reduction, serving as active sites. Thus, a proper spinel modifica-
tion might enable continuous reduction of the structure and refor-
mation of active sites under CO2 hydrogenation conditions. Mn is
known to distort the structure of such spinels [19,20]. Hence, it
should be capable to increase the reducibility of the Co-
aluminate in order to use the spinel as a solid solution precursor.
Concepts in literature to overcome deactivation so far rely on dop-
ing with relatively expensive noble metals such as Ru, Re and Pt
[21–23].

Due to its simplicity, the Sabatier reaction (1) is used as model
reaction at ambient pressure for an evaluation of the proposed
concept.

CO2 + 4 H2 ! CH4 + 2 H2O ð1Þ
In general, the Sabatier reaction can be catalysed by transition

metals such as Co [8,24–27], Ni [28–32], Ru [33–36], Rh [37] and
to a very low extend by Pd [38,39]. Ni and Co are usually preferred
over Ru and Rh due to the lower costs, but at the expense of lower
activity. On the one hand on Co based catalysts, the reverse water
gas shift reaction (2) takes place leading to decreased CH4

selectivity.

CO2 + H2 ! CO + H2O ð2Þ
On the other hand dissociative adsorption of CO2 (3) typically

takes place on free adsorption sites (*) on metallic cobalt surfaces
[40].

CO2 + 2* !CO* + O* ð3Þ
Hence, the dissociative CO2 reaction path in combination with

low binding strength of CO on cobalt additionally lead to a limited
CH4 selectivity.

In the CO2 methanation reaction usually supported Co and Ni
catalysts on Al2O3 [41,42], ZrO2 [8,43], SiO2 [44,45], TiO2 [46,47],
CeO2 [48] and zeolites [30] are used. Co-based catalysts show rel-
atively low selectivity towards methane and only a limited number
of Co-based catalysts show suitable performances with high CO2

conversion, high CH4 selectivity and long catalyst lifetime. Conver-
sions between 30% and 70% and CH4 selectivity up to 90% are
obtained on Co-based catalysts in a temperature range of 200–
400 �C [21]. With Co/Al2O3 conversion rates of 75% and selectivity
towards CH4 of 80% are obtained at 270 �C if synthesized from
nitrate precursors [11]. As described previously these Co/Al2O3 cat-
alysts suffer from thermal degradation due to formation of an
undesired CoAl2O4 spinel type secondary phase.

Theoretical studies suggest that metal support interaction play
an important role for the activity and selectivity in CO2 hydrogena-
tion [49,50]. In general, activation of CO2 can take place either on
the metal surface, or on the surface of the support. Typically, the
occurrence of CO adsorbed species from dissociative CO2 adsorp-
tion indicates the activation on the metal surface, whereas carbon-
ate and bicarbonate species relate on CO2 activation on the support
[40,51]. In both cases reaction mechanisms are proposed that react
via CO or formate intermediates towards methane. The intermedi-
ate CO production by dissociative CO2 adsorption on Co-based cat-
alysts limits the obtained CH4 selectivity [40]. Solely, for the direct
CO2 activation on the support a mechanism is proposed that
excludes CO as an intermediate and reacts exclusively via formate
[32,52–55]. This mechanism is proposed to take place on reducible
supports (e.g. CeO2 and ZrO2) that enable spillover of hydrogen
from the metal towards the surface of the support [32,55].

In the present study, the tailor ability of reduction behaviour of
spinels is utilised and investigated how fractional changes of Mn in
the Co-aluminate stoichiometry influence the catalytic perfor-
mance in the CO2 methanation as a test reaction. With extensive
surface analysis by BET, H2 and CO pulsed titration, CO2-TPD and
CO2-DRIFTS it is analysed how the Mn incorporation alters these
properties. Additional results from operando DRIFTS methanation
experiments lead to conclusions for the observed improved cat-
alytic performance of manganese modified catalysts precursor.
2. Experimental section

2.1. Catalyst preparation

CoAl2-xMnxO4 (x = 0, 0.1, 0.5, 1) catalysts were prepared by
coprecipitation of the corresponding metal nitrates with NaOH.
For this stoichiometric amounts according to the desired sum for-
mula of Co(NO3)2 �6H2O (Sigma Aldrich, purity 98%), Mn(NO3)3�6
H2O (Sigma Aldrich, purity 98%) and Al(NO3)3�9H2O (Sigma Aldrich,
purity 98%) were dissolved in deionized water. The hydroxides pre-
cipitated by dropwise addition of 2 M aqueous NaOH under intense
stirring until a pH of 10. The precipitate was filtered and washed
with deionized water until neutrality. The obtained solids were
dried for 8 h at 80 �C in a circulating air furnace and transferred
into the oxides by calcination at 650 �C for 4 h (ramping 5
K/min) under a constant flow of air.
2.2. Characterization

X-Ray diffraction (XRD) of calcined and used catalysts were
measured on a Bruker D8 Advance diffractometer with Ni filtered
Cu Ka radiation (1.5406 Å) and a step size of 0.2� from 20 to
110�. Crystallite sizes (dcryst) were calculated according the
Debeye-Scherrer equation using the half width of the (3 1 1) reflex.
Textural properties were determined by N2-physisorption in a
Quantachrome Autosorb IQ TPX. Prior to sorption measurements,
the samples were degassed at 200 �C for 12 h in vacuum. Specific
surface area (SBET) was determined by the Brunauer-Emmett-
Teller method at p/p0 = 0.05–0.21.

Temperature-programmed analyses were performed on the
same device in dynamic TPX mode. The samples were degassed
for 30 min at 400 �C in a flow of N2 (Pangas, 5.0) prior to the
temperature-programmed reduction (TPR) analysis. TPR were per-
formed in 5% H2 in N2 at a flow of 25 ml/min and a temperature
ramp of 15 K/min to 900 �C. The change in gas composition was
monitored by a thermal conductivity detector. For the
temperature-programmed desorption of CO2 (CO2-TPD) a pre-
reduction in H2 (Pangas, 4.5) for 30 min at 500 �C, according to
the pre-treatment conditions of catalytic screening, was per-
formed. In such way, the number and strength of basic sites are
comparable to the surface properties under reaction conditions.
Remaining adsorbed H2 was purged from the catalyst surface with
He (Pangas, 4.6) for 30 min at 500 �C. After cooling down, pure CO2

(Pangas, 4.8) was adsorbed at 100 �C for 30 min followed by
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purging of physisorbed CO2 for 30 min at 100 �C in He. CO2-TPD
were performed in a flow of 25 ml/min He and a ramping of
10 K/min to 600 �C.

Active metal surface areas were determined by CO (Pangas, 5.0)
and H2 pulsed titration after reduction of the samples at 500 �C for
30 min and purging at the same temperature with He for 2 h to
desorb residual adsorbed H2 from the surface. After cooling down
to 40 �C in He, pulses of titration gas were injected by a calibrated
sampling loop of the Quantachome Autosorb IQ TPX device. The
pulses were injected in a flow of He until surface saturation. The
apparent average metal particle sizes were calculated from the val-
ues of measured metal surface area via CO pulse titration assuming
a M:CO stoichiometry of 1, a shape factor of 5 for spherical parti-
cles attached to the surface, and utilizing the corresponding uptake
of hydrogen during pre-treatment to define the moles of metal
contributing to the obtained metal surface area. The accuracy of
procedure and measured adsorbed CO and H2 amounts, were vali-
dated by the use of a Pt/Al2O3 standard, and yield in the same mea-
sured metals surface area for both titration gases. Elemental
compositions of catalysts were measured by inductively-coupled-
plasma-optic-emission-spectroscopy (ICP-OES) on an Agilent
720-ES device.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) of adsorbed CO2 species and operando analysis under
methanation conditions were performed in a N2 purged Bruker
Vertex 70 infrared spectrometer equipped with a liquid N2 cooled
MCT detector. The sample compartment was equipped with a Har-
rick Praying Mantis DRIFTS chamber with a high temperature reac-
tion cell and CaF2 windows. The temperature was adjusted by a
temperature controller and electrically heated. CO2 adsorption-
desorption experiments were performed in the DRIFTS gas cell to
identify the nature of basic sites (Bønsted or Lewis) as a comple-
mentary analysis to CO2-TPD. The catalysts were in situ reduced
for 30 min at 550 �C in pure H2 followed by a purging step with
He for additional 30 min at 550 �C. After cooling down to 100 �C
a background reference spectrum was collected in He. Then CO2

was adsorbed until saturation at 100 �C and followed by purging
with He at the same temperature to avoid the detection of physi-
sorbed CO2 species. CO2 was desorbed in a flow of He and the tem-
perature was increased stepwise starting from 200 to finally
500 �C. After 30 min of constant desorption temperature the sam-
ple was cooled down and equilibrated to 100 �C in a flow of He to
collect the spectra (32 scans with a resolution of 2 cm�1).

In the operando DRIFTS methanation experiments fresh cata-
lysts were reduced in the reaction chamber like described previ-
ously. All background spectra of reduced materials were collected
in a flow of He at the given temperature. At each temperature, first
pure CO2 was passed through the catalyst until saturation and no
observable change of IR bands. Subsequently, it was switched to
methanation conditions by changing the gas composition to
CO2 + H2 with a stoichiometric ratio of 1:4. The change of surface
species was continuously tracked and spectra were collected for
about 20 min to obtain steady state conditions.

2.3. Catalytic performance

The activity of catalysts in the hydrogenation of CO2 was mea-
sured using a fixed bed flow reactor (inner diameter 4 mm) at
ambient pressure. In each test 200 mg of catalyst with a particle
size of 250–400 mm filling a reactor volume of 0.21 ml was used.
A pre-reduction of the catalyst for 30 min at 500 �C in a flow of
H2 was performed prior to the catalytic reaction in the reactor.
Afterwards, CO2 was added in a molar CO2 to H2 ratio of 1 to 4 at
ambient pressure. Gas flows were adjusted by mass flow controller
(Bronkhorst EL-Flow Select) to a total flow of 100 ml/min resulting
in a GHSV of 28570 h�1. During the catalytic run, the temperature
was decreased from 500 �C to 200 �C in steps of 50 �C. Each tem-
perature step was kept constant for 30 min in order to reach steady
state conditions. Reactant and product gas compositions were con-
tinuously analysed online by a Kaiser Raman RXN2 spectrometer
equipped with AirHead probes. The CO2 conversion X, selectivity
S to CH4 and productivity were calculated according to Eqs. (3)–
(5):

X CO2ð Þ ¼ _nCO2;in � _nCO2;out

_nCO2;in
� 100% ð3Þ

S CH4ð Þ ¼ _nCH4;out

_nCO2;in � _nCO2;out
� 100% ð4Þ

Productiv ity ¼ _nCO2;in � _nCO2;out

ncatalyst
ð5Þ

Wherein _nCO2,in and _nCO2,out represent the molar CO2 concentra-
tion detected before and after the reactor, respectively. The pro-
duced molar concentration of CH4 is represented by _nCH4,out.
ncatalyst is the molar amount of Co within the reactor, irrespective
if activated by reduction, or still present in the bulk of the catalyst.
For each temperature step, the average of measured concentrations
over the last 10 min of constant temperature was used for the cal-
culations. Reported reaction rates in the Arrhenius plots where cal-
culated under the condition of a reaction of pseudo first order,
whereat the concentration of H2 was kept much higher than the
CO2 concentration by maintaining the CO2 conversion rate below
30%.

3. Results

3.1. Characterization of CoAl2-xMnxO4 precursor species

Phase analyses via XRD of spinels indicate the phase pure syn-
thesis without detectable formation of secondary phases (cf.
Fig. 1A). The shift in lattice parameter a0 from 8.0988 to 8.2638 Å
(cf. Table 1) as well as the change of reflex intensities (e.g. at
48.9� (1 3 3)-layer) according the occupation level of Mn proves
the successful incorporation of Mn into the spinel in all composi-
tions. All compositions show crystallite sizes in a comparable range
between 28 and 38 nm and low specific surface areas of 3–33 m2/g.
The obtained type II isotherm indicates the absence of internal
porosity for all catalysts. XRD of the catalysts after use in the CO2

methanation reaction up to a temperature of 500 �C (Fig. 1b) shows
that the spinel structure is completely retained for Mn amounts up
to � = 0.5. Solely for CoMnAlO4 the degradation products MnO (*)
and Co (o) are observed next to the spinel phase. Based on the
reflex position and applying Vegard‘s law this spinel has a compo-
sition of CoMn0.747Al1.252O4. All other used catalyst show only a
minor change in lattice parameter an hence similar Mn content
after the catalytic run (Table 1). Hence, the spinel phase is stable
under reaction conditions up to a Mn content of 0.75.

Temperature-programmed reduction analysis (TPR, Fig. 2)
shows that incorporation of Mn in CoAl2O4 improves the reducibil-
ity and enables partial reduction of the material at temperatures
lower than observed for CoAl2O4. As well, full reduction of the
compounds shifted towards lower temperatures with increasing
Mn content. The TPR can be distinguished in three sections. At
temperatures between 200 and 450 �C reduction of Co2+ to Co0

takes place [17,57]. In the same range Mn4+ reduces to Mn3+ (not
present in the samples) and reduction of Mn3+ to Mn2+ is possible
as well [58]. If Co2+ reduces to metallic Co0 particles and is released
from the spinel structure, then a portion of Mn3+ must be reduced
to Mn2+ to stabilize the spinel structure by maintaining its charge
neutrality. Bulk reduction of Co and Mn (Mn3+?Mn2+) in



Fig. 1. XRD of (A) freshly synthesized CoMnxAl2-xO4 and (B) reduced CoMnxAl2-xO4

after the use as catalysts in the Sabatier reaction.
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aluminates takes place at much higher temperature region (450–
800 �C) due to the stabilizing effect of Al3+ by increasing the polar-
ization of the Co-O bonds [57,59]. Complete reduction of Mn2+ to
Mn0 has been only observed at temperatures above 1000 �C [60].
Based on this discussion, the formation of metallic manganese dur-
ing the applied pre-reduction of the catalysts is highly unlikely.
From the shift of the bulk material reduction at high temperatures
towards lower temperatures with increasing Mn quantity it is
Table 1
Calculated lattice parameter a0 of calcined materials, determined crystallite size dcryst, spec
and average metal particle diameter dmetal obtained from CO-pulse titration, elemental co
extracted Mn stoichiometry x within the CoMnxAl2-xO4 according Vegard’s law from lattic

a0 (as calcined)
/Å

dcryst

/nm
SBET
m2/g

MSA
m2/g (CO)

CoAl2O4 8.09880(4) 38 15 0.123
CoMn0.1Al1.9O4 8.10674(7) 30 33 0.165
CoMn0.5Al1.5O4 8.18072(5) 28 9 0.143
CoMnAlO4 8.26386(5) 36 3 0.153

1 Calculated from CO-chemisorption: Values correspond to apparent average metal p
2 Calculated according to Vegard‘s law by the shift of lattice parameter.
evident that the reduction capability of the spinels is increased
by higher Mn quantities in the samples.

As well Ellingham diagrams [61] suggest the preferential reduc-
tion of Co over Mn in reductive environment. Even though the
above discussion as well as thermodynamics suggest the preferen-
tial reduction of Co2+ towards metallic Co, it not possible at this
stage to distinguish if Co, Mn or both metals are reduced. After
reduction for 30 min in pure H2 at 500 �C, according to the pre-
treatment conditions for catalytic testing, the measured active
metal surface areas obtained from CO pulse titration are in the
same range of 0.123–0.153m2/g for all tested catalysts (cf. Table 1).
In line with these findings, the metal particles have similar appar-
ent average particle diameter of 18–22 nm. Even though different
particle size distributions might be present in the reduced catalysts
the impact of the Co-particle size effect on the selectivity of the
investigated catalysts is excluded on the basis of similar apparent
average particle sizes. In contrast, measured metal surface areas
obtained by H2 are higher for the Mn modified spinels, while the
unmodified spinel shows the same value as compared with the
result from CO pulse titration (cf. Fig. 3). This behaviour points
towards an enabled hydrogen spillover from the surface of the
metal towards the oxide surface for the Mn modified catalysts
only. The spillover is most pronounced for the CoMn0.5Al1.5O4

precursor.
3.2. Catalytic performance of reduced CoMnxAl2-xO4

The spinels with varying Mn content were used as catalysts in
CO2 methanation with H2 at ambient pressure. Prior to the cat-
alytic run, all catalyst precursor powders were exposed to a pre-
reduction step for 30 min in pure H2. Based on TPR analysis a mod-
erate temperature of 500 �C was chosen in order to activate the
oxide surface, but to prevent full reduction and thus preserving
the spinel structure as the support. After pre-reduction a signifi-
cant CO2 conversion was observed for all compositions in the tem-
perature range between 200 and 500 �C (Fig. 4A).

Compared to Mn-free CoAl2O4, all Mn incorporated spinels
show substantially improved catalytic performance even though
the accessible metal surface is the same in all catalysts (cf. Table 1).
In order to rule out differences in Co loading due to differing spinel
stoichiometry, the results are compared on the basis of productiv-
ity, whereat the obtained activity is normalized by the total num-
ber of moles Co included in the reactor of each composition,
independent if Co is reduced or not. At 300 �C the catalyst produc-
tivity raises significantly by a factor of 24 from 0.025 for CoAl2O4 to
0.6 mol/(mol � min) for the most active composition of CoMn0.5-
Al1.5O4. With the latter catalyst, having the highest productivity
of 0.65 mol/(mol�min) at 400 �C. Also, the two remaining Mn con-
taining compositions show substantial improved productivities
compared to CoAl2O4, but the effect is less pronounced than for
CoMn0.5Al1.5O4. Additionally, Mn incorporation remarkably
ific surface area SBET, metal surface area (MSA) after reduction of investigated catalysts
mposition obtained by ICP-OES, lattice parameter a0 after use in the catalytic run and
e parameter of the used catalysts.

Elemental Analysis After use

dMetal
1

/nm
Co
wt%

Mn
wt%

Al
wt%

a0 /Å x2

21.5 33.3 0 30.5 8.09747(1) 0
18.4 32.8 3.1 28.5 8.10903(7) 0.083
19.6 30.9 14.4 21.2 8.17825(9) 0.493
18.7 28.8 26.8 13.2 8.22116(9) 0.747

article diameter.



Fig. 2. TPR of calcined spinels with variation of stoichiometry.

Fig. 3. Measured metal surface area after pre-reduction at 500 �C for 30 min for
CoMnxAl2-xO4 materials dependent on the titration gas CO vs H2.

Fig. 4. Methanation performances of reduced catalysts. (A) Productivity of CO2 conver
ml/min, GHSV = 28570 h�1.
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enhances the selectivity towards CH4 in all compositions. In a wide
range of temperatures from 300 to 450 �C the CH4 selectivity of the
most active catalyst CoMn0.5Al1.5O4 is above 97%. In contrast,
CoAl2O4 shows a rather low, but progressively increasing selectiv-
ity from 0 to 87% by increasing the temperature from 300 to 450 �C.
In comparison to literature results on a Co/Al2O3 catalyst optimized
with up to 0.43 wt% Pt [21] the herein presented CoMn0.5Al1.5O4

catalyst shows 8% higher CO2 conversion at 350 �C with compara-
ble CH4 selectivity under the same methanation conditions, but
without the presence of any noble metal.

Extracted from Arrhenius-Plots (Fig. 5), the activation energy of
CO2 reduction to CH4 drops from 108 kJ/mol on CoAl2O4 to 69 kJ/
mol on CoMn0.5Al1.5O4 (cf. Table 2). The activation energy of CoAl2-
O4 agrees well with literature data of 15 wt% Co/SiO2 of 93 kJ/mol
for Co systems on non-reducible supports [56]. The change of acti-
vation energy due to incorporation of Mn indicates a change of the
catalytic active species or an alternative reaction mechanism,
which will be discussed later. Catalysts with manganese content
of � = 0.5 and 0.1 show a similar activation energy, indicating
the presence of the same active sites and mechanism in those
two compositions. The superior performance of CoMn0.5Al1.5O4

over CoMn0.1Al1.9O4 is explained by a higher number of active sites
created by better dispersion and interaction between Co and Mn.

XRD analyses of the used catalysts indicate the stability of the
catalysts by the presence of the spinel phase in all catalysts even
after thermal treatment in reductive environment (cf. Fig. 1B).

Only in the XRD spectra of the CoMnAlO4 catalyst, reflexes from
MnO and Co appear as secondary phases after the catalytic run.
This evidences the facilitated reducibility due to high Mn amounts
incorporated in the structure. An excessively high reduction leads
to destruction of the spinel phase and thus to lower catalytic
activities.
3.3. Investigation of basic surface properties

In order to investigate changes of surface properties such as sur-
face basicity, DRIFTS CO2 adsorption-desorption measurements
were performed to clarify the nature of basic sites on the surfaces
of the catalysts (Fig. 6). On reduced CoAl2O4 (Fig. 6A) bands at 1674
and 1517 cm�1 belong to CO2 adsorbed on surface OH-groups
(weak basic sites) in form of a bicarbonate species [62]. Bands at
1618 and 1321 cm�1 are assigned to CO2 adsorbed on Brønsted-
acid-Lewis-basic pairs (medium basic sites) in a bidentate coordi-
nating carbonate form [62]. Bands at 1563 and 1353 cm�1 indicate
the presence of unidentate coordinating carbonate on strong basic
sions; (B) Selectivity towards CH4. Reaction conditions: CO2/H2 = 1/4, _V total = 100



Fig. 5. Obtained Arrhenius-Plots for CO2 hydrogenation of investigated reduced
catalysts.
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sites [62]. Desorption of CO2 from the weak basic sites takes place
between 100 and 200 �C. In the temperature region between 200
and 400 �C desorption of CO2 from medium basic sites takes place
while the intensity of bands from CO2 adsorbed on strong basic
sites remains constant over the screened temperature region.
Because of amended electronic properties on reduced CoMn0.5-
Al1.5O4 due to Mn incorporation, the position of bands of adsorbed
CO2 species are shifted (Fig. 6B). Bands of CO2 on weak basic sites
appear at 1647 and 1525 cm�1, on medium basic sites at 1577 and
1291 cm�1 and on strong basic sites at 1553, 1403 and 1291 cm�1

[62]. The relative intensity of bands resulting from CO2 adsorbed
on weak basic sites is much lower than the intensity of medium
and strong basic sites. This suggests a much higher relative concen-
tration of medium and strong basic sites on the reduced CoMn0.5-
Al1.5O4 as compared to reduced CoAl2O4. CO2 desorption fromweak
basic sites takes place between 100 and 200 �C, frommedium basic
sites between 200 and 400 �C and bands of CO2 adsorbed on strong
basic sites still remain up to 500 �C.

TPD of CO2 was conducted additionally to determine the des-
orption temperature of CO2 and the number of weak, medium
and strong basic sites (Fig. 7). Prior to the adsorption of CO2 the
samples were pre-reduced at 500 �C in pure H2 for 30 min to anal-
yse the surface properties as comparable as under reaction
conditions.

The CO2-TPD show that CoAl2O4 has a much higher number of
basic sites than all other Mn containing spinels. The total number
of basic sites decreases with increasing Mn content. Even a small
Mn addition of � = 0.1 markedly decreases the total number of
basic sites by a factor of 3.4 and 71% compared to CoAl2O4. This
result clearly proves the strong impact of Mn on the basic surface
properties of the herein investigated CoAl2O4 spinel. In all TPD
measurements three different desorption peaks are deconvoluted
and assigned to weak, medium and strong basic surface sites (cf.
Table 2) according to CO2-DRIFTS results. For spinels with � = 0.1
Table 2
Obtained activation energies (EA), molar amount of desorbed CO2 n(CO2)des, amount of we

EA
kJ/mol

n(CO2)des
mmol/g

CoAl2O4� 108 (±2) 111.98
CoMn0.1Al1.9O4 84 (±3) 32.77
CoMn0.5Al1.5O4 69 (±2) 15.59
CoMnAlO4 106 (±12) 6.00
and 0.5 the desorption temperature of weak basic sites decreases
slightly about 10 K. Especially the number of weak basic sites is
significantly decreased by introduction of Mn into the spinel which
is in agreement with the observed relative band intensities from
CO2-DRIFTS. In sum CO2 desorption analysis shows a much higher
degree of surface hydroxylation for reduced CoAl2O4 based cata-
lysts in contrast to Mn incorporated reduced spinels. Hence, the
improved selectivity of all Mn containing spinels correlates to
the decreased number of weak basic sites and increased binding
strength of CO2 on the surface of the catalyst.

3.4. Operando DRIFTS CO2-methanation investigations

In order to understand the increased activity and selectivity due
to Mn integration into the spinel, operando DRIFTS measurements
were performed under CO2 methanation conditions as a function of
reaction temperature (Fig. 8). In order to distinguish between
adsorbed CO2 species and hydrogenated reaction intermediates,
only CO2 was initially introduced into the reaction chamber until
all signals had stabilized. Subsequently, H2 was added at to the
CO2 flow, resulting in a CO2:H2 ratio of 1:4, until no further change
in signals was observed.

Under continuous CO2 feed (dotted lines in Fig. 8) bands of
weakly bonded bicarbonate species or physisorbed CO2 at 1674
and 1517 cm�1 appear at 100 �C on reduced CoAl2O4. These bands
decrease in intensity with increasing temperature on reduced
CoAl2O4 (Fig. 8A) while a small shoulder stays present even at ele-
vated temperatures up to 500 �C. Additionally, bands from biden-
tate coordinating carbonate at 1624 and 1320 cm�1 and
unidentate coordinating carbonate at 1559 and 1365 cm�1 appear
at all temperatures [62]. Especially at 100 �C, but also up to 250 �C
a broad band of adsorbed CO [63] between 2000 and 2200 cm�1 is
visible. The broadness originates from the superposition of CO
adsorption in different geometries (linear CO-Co0 at 2059 cm�1

and bridged CO-Co0 at 1942 cm�1) as well as different Co sites pre-
sent within the catalysts (CO-Co+2 at 2176 cm�1 and CO-Co1+ at
2143 cm�1) [64]. The appearance of CO upon CO2 adsorption indi-
cates a dissociative adsorption on the surface of the catalyst. In line
with the appearance of CO surface species and increase of reaction
temperature CO is detected as a reaction product in the gas phase.
Under continuous CO2 and H2 feed (solid lines in Fig. 8) no signif-
icant changes of adsorbed species or relative intensities compared
to H2 free conditions are present on the reduced CoAl2O4 catalyst.
Solely at 500 �C the intensity of bands related to bidentate coordi-
nating carbonate species at medium basic sites decrease slightly
upon H2 addition. CO is the only observed reaction intermediate
at all reaction temperatures.

In the case of reduced CoMn0.5Al1.5O4 catalyst in pure CO2 (dot-
ted lines in Fig. 8B) bands from physisorbed or weakly adsorbed
bicarbonate species (1647 and 1220 cm�1) [62] are present at
100 �C. Bands from this species completely vanish indicating no
significant CO2 adsorption on weak basic sites at temperatures
higher than 250 �C. Above this temperature and in pure CO2 atmo-
sphere, bi- and unidentate coordinating carbonates are the main
adsorbed species on medium and strong basic sites respectively.
In addition, the absence of any detectable CO bands shows that
ak (nweak), medium (nmedium) and strong (nstrong) basic sites derived from CO2-TPD.

nweak

mmol/g
nmedium

mmol/g
nstrong

mmol/g

34.73 41.20 36.05
10.35 9.83 12.59
2.61 6.48 6.50
1.15 3.97 0.87



Fig. 6. DRIFTS analysis of stability of adsorbed CO2 species for the identification of surface basicity of A) CoAl2O4 and B) CoMn0.5Al1.5O4.

Fig. 7. TPD of CO2 on reduced catalysts with different compositions.
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CO2 is not dissociatively adsorbed on the surface of Co-metal but
preferentially adsorbed on the surface of the oxide. After changing
from pure CO2 to stoichiometric methanation conditions signifi-
cant changes appear in the DRIFTS spectra at temperatures above
150 �C: Bands resulting from adsorbed formate species appear at
1585 and 1368 cm�1. The appearance of this species correlates to
the observed increasing catalytic activity. Compared to literature
values [65] the position of these two bands shift due to superposi-
tion of bands originating from formate (1598 cm�1; 1372 cm�1)
and unidentate carbonates species (1577 and 1353 cm�1). Addi-
tionally, a shoulder at 1313 cm�1 appears at 250 �C and higher
temperatures showing the formation of methane [65,66]. Neither
in pure CO2 nor under methanation conditions do bands appear
in the spectra that indicate the presence of CO-species on the sur-
face of the reduced CoMn0.5Al1.5O4 catalyst. The absence of a disso-
ciative CO2 adsorption by formation of CO surface intermediates
indicates a shift of CO2 activation from the Co metal surface onto
the surface of the support itself.
4. Discussion of improved reactivity

As shown by TPR and CO2-adsorption experiments (DRIFTS and
CO2-TPD), introduction of manganese into the crystal structure
alters the surface properties. This leads to an improved catalytic
performance and a lower activation energy for CO2 methanation
from 108 to 69 kJ/mol on the reduced CoMn0.5Al1.5O4 catalyst com-
pared to the reduced CoAl2O4 catalyst. All catalysts possess bifunc-
tional character upon reduction: metallic sites enable dissociation
of H2 and the oxidic support adsorption of CO2. The observed dif-
ference induced by Mn incorporation and its effect on CO2 hydro-
genation towards CH4 is discussed in the following:

CoAl2O4 shows the lowest reducibility of all analysed mixed-
metal oxides. Nevertheless, Co reduces from the spinel and forms
metal particles on the surface with comparable average metal par-
ticle diameter as in the Mn incorporated case. Due to the relatively
high temperatures necessary to detect significant reduction of the
bulk (TPR), the surface of the support has manly non-reductive
character at reaction temperatures relevant for CO2 methanation
and thus does not enable hydrogen spillover from the metal centre
towards the oxide surface. Additionally, after pre-reduction the
support surface of reduced CoAl2O4 is in a highly hydroxylated
state as evidenced by CO2-adsorption experiments (TPD & DRIFTS).
CO2 adsorbs preferentially as bicarbonate species upon reaction
with the weak basic surface hydrogen groups on highly hydroxy-
lated surfaces [67]. Even without presence of H2, dissociative CO2

adsorption into adsorbed CO and O species takes place on the
metallic Co sites. This is evidenced by the presence of CO species
from DRIFTS-CO2 desorption experiments. These adsorbed CO spe-
cies fully desorb until 250 �C, indicating a weak bonding of CO with
the surface of the catalyst and providing the reason for the low
selectivity towards methane. The only observed reaction interme-
diate at all temperatures is CO within operando DRIFTS methana-
tion experiments. Only at 500 �C a decrease of surface
bicarbonate species is visible upon change of reaction conditions
from pure CO2 to a mixture of H2 and CO2. The production of CH4

starts already at 350 �C. The decrease of bands originate from
bicarbonate species only at much higher temperatures than neces-
sary to produce CH4 and this indicates the preferential adsorption
of this species on the support. Hence, conversion of the bicarbonate
species becomes considerable only at very high temperatures.
Based on these observations, CO2 methanation on reduced CoAl2O4

proceed similar to Co/Al2O3. The observed characteristics corre-
spond to literature results suggesting activation of H2 as well as
CO2 conversion on the surface of the Co-nanoparticles via CO as
the main reaction intermediate [40]. The low CH4 selectivity is
the result of the low bond strength of CO on the surface and the
preferential CO desorption at lower reaction temperature. Only at
elevated temperatures, hydrogenation of CO becomes fast enough
to produce significant amounts of CH4. For this reason, reduced
CoAl2O4 has a high selectivity to CO below 450 �C. This conclusion



Fig. 8. Operando DRIFTS analysis after CO2 adsorption (dotted lines) and under methanation conditions (solid lines) at indicated temperatures and zoom into the CO-adsorbed
region. (A) CoAl2O4; B) CoMn0.5Al1.5O4. Reaction conditions: Pre-reduction at 500 �C in H2 for 30 min and purging in He, CO2 adsorption in pure CO2 until saturation, addition
of H2 with CO2:H2 = 1:4.
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is in line with the proposed reaction mechanism of CO2 methana-
tion on supported Co on non-reducible supports.

In contrast, reduced CoMn0.5Al1.5O4 shows a much lower total
number of basic sites. But the available sites have a stronger basic-
ity. Hence, this material has a less hydroxylated surface. As shown
in DRIFTS experiments, CO2 adsorbs as carbonate species upon
reaction with the stronger basic surface oxygen sites of reduced
CoMn0.5Al1.5O4. Evidenced by the high desorption temperature in
CO2-TPD, these carbonate species have a much higher binding
strength with the surface of the catalyst compared to the binding
strength of bicarbonate species on reduced CoAl2O4. In conclusion:
From the absence of adsorbed CO intermediates formed in DRIFTS
experiments, CO2 does not adsorb predominantly in a dissociative
way on CoMn0.5Al1.5O4. Instead, bands originating from formate
species rise in the operando DRIFTS-spectra upon H2 addition.
Due to the reducible character of the oxide surface under methana-
tion conditions and evidenced by pulse titration experiments,
hydrogen spillover from the Co particles towards the surface of
the Mn modified oxides is enabled most likely via the Mn3+/Mn2+

redox couple. Consequently, conversion of CO2 on the surface of
the oxide support becomes possible. The reaction of hydrogen with
the carbonate species on the surface of the oxide stands in line
with the observed strong signals of formate species detected in
operando DRIFTS methanation experiments. Due to the strong
intensity of these bands the signals cannot solely originate from
species adsorbed on the metal surface. Hence, the surface of the
support gets involved in the catalytic reaction. In addition, all
observed characteristics point towards a reaction mechanism that
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is comparable to CeO2, ZrO2 or CeO2-ZrO2 supported systems via
formate intermediates [32,52–55]. Hence, the observed significant
improvement of the catalytic activity towards CO2 methanation of
Mn integrated systems can be understood by a shift of CO2 metha-
nation from the surface of the metal nanoparticles towards the sur-
face of the support. In addition, CO2 hydrogenation is enabled on
the support via a reaction path mediated by formates. In the case
of reduced CoAl2O4 the support is non-reducible at reaction tem-
peratures. Hence, it is not capable of enabling hydrogen spillover
from the metal centre towards adsorbed CO2 on the support. The
only remaining reaction site is the surface of the Co-
nanoparticles itself under preferential CO formation or the intersti-
tial area between the metal nanoparticle and its support. Whereas
the whole surface of reduced Mn modified catalysts is utilised as
catalytic active surface area. Hence, the improved reducibility of
the oxide is the key factor to shift the reaction from the metal
nanoparticle towards the surface of the support and subsequently
leading to substantially higher active surface area.
5. Conclusions

The herein presented results show, that the use of spinel based
solid solutions are suited to be used as catalyst precursor species
for Co based methanation catalysts, even though CoAl2O4 is in gen-
eral detrimental for this reaction. In order to obtain best methana-
tion activity the spinel phase is additionally modified in
reducibility by the introduction of manganese species into the
structure and the reducibility depends on the Mn content within
the structure. The most suited solid solution precursor composition
for CO2 methanation within this study is CoMn0.5Al1.5O4 pre-
reduced at 500 �C. Compared to the pure CoAl2O4 precursor the
number of weak basic sites decreases, while the bond strength
with CO2 increases by modification of the spinel with Mn after pre-
reduction. In addition, hydrogen spillover from the active Co sites
towards the spinel support is enabled due to Mn incorporation.
These modifications yield into a significantly improved catalytic
performance on the Mn incorporated catalysts. This is accompa-
nied by drastically lowered activation energy from 108 kJ/mol to
69 kJ/mol. Therefore, this work emphasizes, if Mn is present in
the spinel the reaction site shifts from the Co metal surface solely
via a CO-mediated reaction path towards the surface of the support
via a formate-mediated reaction mechanism. On the Mn modified
spinel precursor, the dissociative CO2 adsorption of cobalt-based
catalysts is suppressed. Hence, formation of CO as a by-product
in CO2 methanation is decreased. Besides, the enabled hydrogen
spillover facilitates CO2 hydrogenation on the surface of the sup-
port as well. This results into a significantly increased catalytic
active surface area of the Mn modified catalysts in contrast to
the limited active metal surface area of the unmodified catalyst.
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