




Temperature programmed reduction with H2 (H2 TPR) was
performed using a Micromeritics AutoChem II 2920
chemisorption analyzer equipped with a thermal conductivity
detector (TCD). Initially, 100 mg of the catalyst sample (mesh
100−200 μm) was placed in a U shaped quartz tube and
pretreated at 500 °C (10 K min−1) in 50 mL min−1 of 10% O2/
He followed by the TPR between 40−900 °C using 50 mL
min−1 of 10% H2/Ar.
Microscopic Raman spectroscopy was performed using a

Renishaw inVia Reflex Spectrometer System equipped with a
frequency doubled Nd:YAG Laser with 100 mW at 532 nm.
For all samples, a 20× objective and a grating with 2400 lines
mm−1 was used and 7 individual scans with 3 accumulations
each were averaged. For metal oxide bands, the acquisition time
for each accumulation was set to 60 s at 10% laser power in a
spectral range of 60−1320 cm−1. For carbonaceous species, the
acquisition time was set to 600 s at 0.1% laser power in a range
from 1000−2000 cm−1. The data treatment was performed with
WiRE 4.2 from Renishaw.
2.3. Catalytic Tests. The catalytic performance of the

catalyst samples was determined using an in house built
continuous flow laboratory setup. For this purpose 300 mg of
the catalyst samples (mesh 300−450 μm) were diluted in SiC
(210 μm) and filled into a stainless steel tubular down flow
fixed bed reactor (di = 7 mm) to obtain a catalyst bed with 35
mm in length. K type thermocouples were placed in front of
and behind the catalyst bed and the reactor was heated using a
custom made oven (HTM Reetz) regulated with an Eurotherm
2416 temperature controller. The gases were dosed using
individual mass flow controllers (Bronkhorst).
The catalyst samples were reduced in situ for 2 h at 500 °C

(10 K min−1) in 50% H2/N2 (300 mL min−1) before each
experiment followed by cooling to the intended starting
temperature. The feed gas composition was switched to H2/
CO2 = 4 in 50% N2 for the methanation of CO2 resulting in a
weight hourly space velocity (WHSV) of 6000 mLCO2

gcat
−1 h−1.

The gas hourly space velocity (GHSV) with respect to the total
gas flow and total volume of the catalyst bed was 13 400 h−1.
Gas analysis was performed using an INFICON micro gas
chromatograph Fusion (μGC) equipped with molecular sieve
(5 Å) and Q BOND columns with Ar or He carriers gas,
respectively, and a thermal conductivity detector (TCD). The
catalytic activity was recorded in the temperature range of 200−
450 °C, increasing the temperature by 50 K per step. Each
temperature was kept for ca. 30 min to obtain stable values in
the μGC analysis. This procedure was applied at 1 and 10 bar,
respectively.
A microchannel packed bed reactor concept with integrated

temperature setting possibility (Figure 1) developed at IMVT45

was utilized for long term stability tests and kinetic measure
ments. Slit dimensions are 60 × 8 × 1.5 mm3 (length × width ×
depth). Compressed air in the range of 100 L min−1, preheated
to the reaction temperature with an external device, was used as
heat transfer medium in 72 × 36 cross flow microchannels,
each 500 μm wide and 230 μm deep. Four axially distributed
thermocouples of K type in the metal housing, close to the
packed bed, allowed temperature measurement.
The reaction zone was packed with 150 mg (mesh 200−300

μm) of catalyst diluted with SiC (mesh 300−400 μm). The
reactants were dosed via MKS mass flow controllers. WHSV
values of 80500 mLCO2

gcat
−1 h−1 were adjusted using the gas

composition with the initial amount of 9.1% CO2, H2/CO2 = 4

and the reaction was operated at 6 bar. An industrial catalyst
sample with nominal 20 wt % Ni/Al2O3 and promoted by an
alkaline earth metal was used as standard for comparison in the
tests under industrially relevant conditions. As this catalyst was
supplied in tablets, it was crushed and sieved to the desired
particle size of 200−300 μm.
The product composition from the microchannel reactor

setup was analyzed using an Agilent online gas chromatograph
7890 including a Pora Plot Q capillary column, a HP Plot 5 Å
molecular sieve and He as carrier gas. For detection, thermal
conductivity and flame ionization detectors were used.
Conversion and selectivity in the catalytic tests were

calculated as follows:
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When applying higher concentrations in the microchannel
reactor, N2 was used as internal standard for volume correction:
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The turnover frequency (TOF) was calculated as moles of CH4
produced per moles of surface metal atoms per second using
the inlet flow of CO2, the molar gas volume V(m) and the
catalyst mass:
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The number of surface metal atoms N(surf) was estimated
using the dispersion from TEM analysis.44 Hence, all surface
metal atoms were assumed to be equally active.

2.4. Kinetic Model. The pseudohomogeneous 1D reactor
model was used. The mass balance in differential form was
written according to eq 8.
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Figure 1. Microchannel reactor with integrated heat management for
kinetic measurements of the methanation reaction.





Raman spectroscopy (Figure 6) was performed ex situ on the
calcined samples before reduction to gather further structural
information on the bimetallic Ni3Fe alloy catalyst. In addition, a
5 wt % Fe/Al2O3 sample and bulk α Fe2O3 were used as
references to assign the Raman bands. α Fe2O3 shows
characteristic Raman bands at 222, 244, 290, 404, 492, 605,
617, and 1060 cm−1.55 These bands were present in the
spectrum of the 5 wt % Fe/Al2O3 sample. Additionally, two
main features appeared at 699 and 750 cm−1, which can both be
assigned to FeAl2O4.

56,57 This does not necessarily imply the
presence of bulk FeAl2O4 but oxidic Fe species in contact with
Al2O3, as expected for supported nanoparticles. The bimetallic
17 wt % Ni3Fe/Al2O3 alloy catalyst showed also these two
features as well as a weak shoulder at 890 cm−1. However, the

Figure 3. Representative STEM images and particle size distributions of the 17 wt % Ni/Al2O3 (upper part) and 17 wt % Ni3Fe/Al2O3 (lower part)
catalysts.

Figure 4. Overview STEM image of the 17 wt % Ni3Fe/Al2O3 catalyst
and the corresponding elemental maps obtained from STEM EDX
spectrum imaging on an individual particle marked with the box.

Table 2. Quantified Elemental Analysis of the Ni3Fe
Nanoparticles Measured at Different Regions by STEM EDX

Ni [at %] Fe [at %] Ni/Fe ratio

region no. 1 75.5 24.5 3.1
region no. 2 79.7 20.3 3.9
region no. 3 80.6 19.4 4.2
region no. 4 77.6 22.4 3.5
region no. 5 79.6 20.4 3.9

Figure 5. HRTEM image and structure analysis of the 17 wt % Ni3Fe/
Al2O3 catalyst by FFT from one particle.



bimetallic catalyst did not show any characteristic bands for
Fe2O3.

55,58 Since the presence of FeO gives a distinct band at
645 cm−155,58 and supported Fe3O4 normally gives a main band
around 665 cm−1,59 these two iron species were hardly present.
The band around 700 cm−1 may also originate from NiFe2O4
spinel in this catalyst. The band at 563 cm−1 is a Ni−O
stretching mode, which has been shifted to higher wave
numbers due to a higher iron content, as it has been observed
for oxides of bulk Ni3Fe.

60,61 The Raman spectrum of 17 wt %
Ni/Al2O3 shows the band at 554 cm−1 with a shoulder around
481 cm−1 that can be assigned to Ni−O vibrations, which is in
agreement with earlier studies for supported NiO.62,63

In general, it is difficult to conclude whether broad Raman
signals originate from a superposition of several bands or from a
broadening effect due to the small crystallite size of iron oxide
species. Raman spectroscopy cannot prove the formation of an
alloy, since it is only sensitive to metal−oxygen vibrations and
spinels such as NiFe2O4 and FeAl2O4 give similar main bands.
However, the slight change of the broad Fe−O vibration band
might indicate a different crystal structure compared to pure
supported iron oxide and a strong interaction between Fe3+ and
Ni2+already in this “precursor” state.
The reducibility of the Ni3Fe catalyst was investigated by

temperature programmed reduction with H2 (H2 TPR, Figure
7) and compared to the profile of the monometallic Ni catalyst.
The H2 consumption profile of the Ni catalyst revealed one
main peak at 573 °C referring to the reduction of NiO to
metallic Ni. The shoulder around 750 °C could be ascribed to
smaller NiO particles exhibiting stronger interactions with the
support, which have also been observed in HRTEM images.
Other possible species such as NiAl2O4 that would reduce at
higher temperatures (>800 °C, e.g., refs 51,64) have not been
detected. The results from TPR confirmed the presence of
small Ni particles with a uniform size eliminating the possible
formation of larger agglomerates on the catalyst, which would
result in reduction peaks at lower temperatures.
The TPR profile of the Ni3Fe catalyst showed the main peak

at 555 °C and an additional peak at 350 °C. Two reduction
peaks have also been reported in other studies and can be
assigned to the reduction of Fe2O3 to Fe3O4 in the ternary NiFe
oxide (350 °C) and to the reduction of Fe3O4 to Fe and NiO to

Ni (555 °C).34,37,65 Other studies involving bimetallic NiFe
catalysts with higher metal loading and larger metal particles on
a support with lower specific surface area showed TPR profiles
with one single broad reduction peak. A second reduction peak
appeared for catalysts with a higher amount of Fe.32,66 In our
case, the high temperature reduction peak might be sharper due
to the small metal particles compared to literature and,
therefore, separated into two peaks. The main reduction peak
of the Ni3Fe catalyst in Figure 7 shifted to slightly lower
temperatures (573 to 555 °C), as a consequence of a higher
reducibility of the Ni3Fe alloy compared to the monometallic
Ni catalyst.32,34

The combined characterization results from XRD, STEM,
Raman spectroscopy and H2 TPR led to the conclusion that a
high amount of the desired Ni3Fe alloy was formed and small,
rather uniformly sized particles were present. In addition, some
very small Ni/NiO particles were identified but no Fe
containing single metal particles were observed. Hence, the
supported Ni and Ni3Fe catalysts exhibited similar structural
properties such as total metal content, metal particle size and
dispersion, which is optimal to determine the potential of the
Ni3Fe alloy catalyst in the methanation of CO2 and to gain
insight into structure−performance relationships.

3.2. Catalytic Performance: Screening of Temperature
and Pressure. The catalytic performance of both catalysts was
investigated in the temperature range of 200−450 °C during
the methanation of CO2 at atmospheric pressure (1 bar) and at
elevated pressure (10 bar) using a tubular packed bed reactor.
Figure 8 shows the catalytic data for the Ni3Fe alloy catalyst
compared to the monometallic Ni catalyst. At 200 °C and 1
bar, the conversion of CO2 (Figure 8a) was very low for both
catalysts (2−3%). The conversion started between 200−250 °C
and increased with rising temperature. At 250−300 °C, a
slightly higher conversion of CO2 was achieved for the Ni3Fe
catalyst (21−76%) compared to the monometallic Ni catalyst
(15−73%). The best results for both catalysts at atmospheric
pressure were realized at 350 °C (Ni3Fe: 82%; Ni: 85%). A
further increase of the temperature resulted in a decline of the
activity due to the thermodynamic equilibrium,16 converting
only 71% (Ni3Fe) and 72% (Ni) of CO2 at 450 °C.
Increaseing the pressure to 10 bar resulted in a significantly

higher conversion of CO2 in the temperature range of 250−450
°C. The superior activity of the alloyed catalyst emerged already
at 250 °C, where an exceptional CO2 conversion of 87% (21%

Figure 6. Raman spectra of the calcined 17 wt % Ni3Fe/Al2O3 catalyst
and monometallic 17 wt % Ni/Al2O3 compared to 5 wt % Fe/Al2O3
and bulk α Fe2O3. The deconvolution represents in green: Ni−O,
blue: A1g vibrations of FeAl2O4, red: α Fe2O3 and orange: shoulder
only present for the bimetallic catalyst. A list of the full deconvolution
data is given in the Supporting Information.

Figure 7. H2 TPR profiles of the 17 wt % Ni3Fe/Al2O3 (top) and the
17 wt % Ni/Al2O3 (bottom) catalyst, conditions: 100 mg of sample,
10% H2/Ar (50 mL min−1), and a ramp rate of 10 K min−1.



at 1 bar) was observed, whereas the Ni catalyst reached
moderate activity with a conversion of only 28% (15% at 1 bar).
For the Ni catalyst, a similar steep increase in activity occurred
at 300 °C at the higher pressure, following the trend observed
at atmospheric pressure. Both catalysts achieved excellent
activity at 300−350 °C, converting 98−99% (Ni) and 95−96%
(Ni3Fe) of the CO2 fed into the reactor.
The selectivity toward CH4 is plotted in Figure 8b. As the

reaction started at 250 °C under atmospheric pressure the
Ni3Fe catalyst showed moderate selectivity to CH4 (ca. 96%).
The value reached by the monometallic Ni catalyst was slightly
higher (98%). CO was formed as the only byproduct for both
catalysts. The selectivity to CH4 increased with temperature
and reached values >99% at 300−350 °C for both catalysts. At
higher temperatures, the selectivity decreased slightly, which
was caused by the formation of CO due to the endothermic
reverse water−gas shift reaction (eq 2).16 At 10 bar, both
catalysts produced CH4 with a selectivity close to 100% over
the whole temperature range. Only at 450 °C, the selectivity
toward CH4 declined slightly due to the detection of ca. 600
ppm of CO in the μGC.
The significantly enhanced low temperature activity over the

Ni3Fe alloy catalyst compared to the monometallic Ni reference
especially at elevated pressure (10 bar) supports results by
Hwang et al.34 or Ren et al.36 However, in those studies,
substantially different reaction conditions, catalyst loadings, and
support materials were used, which makes a direct comparison
difficult. At higher temperatures, no significant promoting
influence of Fe was observed.
3.3. Long-Term Performance and Kinetic Data. The

catalytic results in section 3.2 showed that the Ni3Fe alloy
catalyst is an attractive alternative compared to a monometallic
Ni catalyst. For a more realistic performance rating the Ni3Fe
catalyst was compared with a commercially available Ni based
methanation catalyst under industrially oriented reaction
conditions with focus on catalyst stability and avoidance of
mass and heat transport limitations using a microchannel
packed bed reactor.
The extent of the external mass transport limitation was

examined using the Carberry number.67 The inequality was
clearly fulfilled with 6 × 10−3 < 0.1 at given experimental
conditions. The mass transfer coefficient was taken from ref 68.
The reaction rate was approximated with the literature kinetics
given by Koschany et al.46 with an apparent reaction order of
0.5; this approximation was also applied for the evaluation of
the internal mass transport limitation, i.e. the Weisz−Prater

criterion.69 On the average sized particle of 250 μm, the Weisz
number was calculated to 0.07 and satisfied the suggested limit
of 0.08 (360 °C, 6 bar, 9% CO2, H2/CO2 = 4). The effective
diffusion coefficient for CO2 was governed by Knudsen regime
to be 1.1 × 10−6 m2 s−1 (particle porosity of 0.7 and tortuosity
of 3). The extent of the external heat transfer limitation was
evaluated according to Mears.67 The heat transfer coefficient
from particle to fluid in the packed bed was calculated to 1488
W m−2 K−1 from70 at 360 °C and a Reynolds particle number
of 24 (Pr = 0.7) for the examined reaction mixture and
conditions. The film overheating on the 250 μm particle was
calculated to 2.7 K which is slightly above the suggested limit of
2 K, however, this was considered negligible for the
determination of the kinetic parameters.
The long term stability of the commercial Ni based

methanation catalyst is shown in Figure 9a in terms of CO2
conversion as a function of time on stream (TOS). The
corresponding selectivity toward CH4 is depicted in Figure 9b.
Starting at 358 °C, the commercial Ni based catalyst achieved a
CO2 conversion of 52% with a selectivity toward CH4 of 90%.
CO was detected as the only byproduct. These conditions were
kept for a 47 h TOS steady state operation during which a
linear decline in conversion of −0.12% h−1 was observed. After
47 h, the conversion of CO2 decreased to 46%, although the
selectivity toward CH4 remained constant (90−91%).
The effectiveness factor is used to describe the percentage of

pore utilization of the catalysts and is estimated to around 90%
according to ref 71. Thus, the temperature was decreased to
minimize mass transport limitations. At 328 °C, 22% of CO2
was converted by the catalyst with a calculated effectiveness
factor of >95%, and therefore, the catalyst particles in the bed
operated near full utilization. The selectivity toward CH4
decreased slightly to 85% due to an increasing production of
CO. As the formation of CO by the reverse water−gas shift
reaction is generally assumed to happen at higher temperature,
this increased CO production could indicate that the parallel
reverse water−gas shift reaction can improve in importance due
to the competition on the same active sites. However, the
selectivity calculation could also be falsified by the overall lower
concentration of products at lower conversion (i.e., leading to a
higher experimental error).
The temperature was kept constant at 328 °C for 44 h,

during which a further slight decline of the CO2 conversion of
−0.09% h−1 was observed following the trend monitored at 358
°C and resulting in 18% CO2 conversion in the end.
Additionally, a declining selectivity toward CH4 to 81% was

Figure 8. (a) CO2 conversion and (b) CH4 selectivity of the 17 wt % Ni/Al2O3 (squares, black) and 17 wt % Ni3Fe/Al2O3 (circles, red) catalysts in
the methanation of CO2 at 1 bar (open symbols) and 10 bar (filled symbols) (6000 mLCO2

gcat
−1 h−1).



observed over 44 h TOS at 328 °C. Increasing the temperature
to 358 °C again led to a conversion of 34%, which is nearly the
value that would have been expected for a linear decrease over
time at this temperature.
The conversion of CO2 achieved by the Ni3Fe system is

shown in Figure 10a as a function of TOS, the corresponding
selectivity toward CH4 is depicted in Figure 10b. At 358 °C, the
Ni3Fe catalyst achieved a high CO2 conversion of 71%, which
was superior to the conversion reached by the commercial
catalyst at the same starting temperature. In addition, excellent
stability was achieved over 45 h, which is of crucial importance
for industrial applications. A linear decline in the conversion of
−0.02% h−1 was observed, which was 6 times slower than for
the commercial catalyst. During this period, the selectivity
toward CH4 was high with a constant value of around 98%
making the bimetallic Ni3Fe system superior to the commercial
Ni catalyst (S(CH4) = 91−92%). The effectiveness factor for
this condition was estimated to 70%. In accordance with the
long term performance test of the commercial methanation
catalyst, the temperature was then decreased to obtain similar
CO2 conversions and an effectiveness factor of >95% at about
305 °C (compared to 328 °C for the commercial catalyst). At
that temperature, 21% of CO2 was converted for the first 6 h of
TOS. The selectivity toward CH4 slightly decreased to 91% due
to the lower temperature, which is also in alignment with the
results from the commercial catalyst. The initial turnover

frequency (TOF) of the Ni3Fe catalyst based on the yield of
CH4 and the catalyst characterization data was calculated to be
0.26 s−1 (305 °C, 6 bar). The received TOF value located in
typical dimensions for alumina supported Ni catalysts reported
in literature, ranging from 0.041−0.097 s −172 and 0.1 s−173 up
to 0.69 s −1.74 However, the reaction rates are difficult to
compare due to the unknown effectiveness factors and various
reaction conditions, which were applied in different studies.
This is also the case, if results of long term performance tests in
the literature are compared.
After 6 h TOS with near constant conversion at 305 °C, the

conversion of Ni3Fe dropped significantly during the total 40 h
TOS period at 305 °C to only 9% in the end. The degradation
was ca. 17 times faster than at 358 °C. The deactivation
behavior in this period was less predictable due to a nonlinear
conversion decline. At the same time, the selectivity toward
CH4 declined distinctly to only 63% after 40 h TOS due to the
rising production of CO. Both catalyst deactivation and loss of
selectivity were considerably less pronounced for the
commercial system under full pore utilization and lower
temperature conditions compared to the Ni3Fe catalyst.
Therefore, the low temperature leading to a higher CO
production ability could probably accelerate the degradation
process due to an enhanced probability for soot formation from
CO or segregation of the particles. Slightly decreasing
conversion of CO2 over time has also been reported in

Figure 9. (a) Conversion of CO2 and (b) selectivity toward CH4 of the commercial Ni based methanation catalyst during long term performance
testing at 80 500 mLCO2

gcat
−1 h−1 and 6 bar.

Figure 10. (a) Conversion of CO2 and (b) selectivity toward CH4 of the 17 wt % Ni3Fe/Al2O3 catalyst during long term performance testing at
80 500 mLCO2

gcat
−1 h−1 and 6 bar.



literature and seems to be a common problem for Ni
catalysts.75−79 Such deactivation over time was attributed to
both sintering of the metal particles and a small degree of coke
formation,75,78,79 but also oxidation of Ni during long term
operation might play a role.15,41,75,80 Studies on degradation
under CO methanation conditions revealed that asymptotic
conversion decline is a common problem48,81 and could be
attributed to a strong deactivation mechanism (e.g., pore mouth
blockage by coke).82 Indeed, in most cases, carbon deposition
due to CO decomposition to surface carbon was speculated as
the main deactivation route.81,83−86

After 40 h of TOS at 305 °C the temperature was increased
gradually resulting in an improved conversion and selectivity.
However, even at the initial temperature of 358 °C only 29% of
CO2 (compared to 71% at the beginning) was converted with a
selectivity of 70% toward CH4 (compared to 98% in the
beginning). Hence, a serious deactivation of the Ni3Fe catalyst
system occurred during the low temperature period.
Comparison of both catalyst systems revealed an enhanced

conversion, selectivity, and stability for the Ni3Fe system at 358
°C pointing to a synergetic effect of Ni and Fe. The enhanced
activity may be explained by parallel contributions of an
enhanced CO2 adsorption and activation at the Fe species35,36

and an optimal CO dissociation energy of the NiFe alloy that
has been claimed in DFT studies29 and confirmed exper
imentally.31,33,34 However, the Ni3Fe catalyst was not able to
further convert CO to methane at 305 °C due to a combination
of low temperature and consequently increased CO formation
ability. Similar behavior was observed in the screening
experiment (Figure 8) at 250 °C and 1 bar. Increased CO
formation was also observed for iron rich NiFe catalysts.35

Furthermore, Fe catalysts are active in the reverse water−gas
shift reaction (eq 2) applied in Fischer−Tropsch processes.87,88

Hence, operando spectroscopic investigations4,89−93 should be
conducted in the future to elucidate the structure of the Ni3Fe
catalyst at work and to evaluate whether surface segregation of
Fe might play a role in the enhanced CO production. However,
this is beyond the scope of this study, and such studies are
currently being performed on these well characterized Ni based
catalysts.

Due to the deactivation that occurs at lower temperatures,
the methanation of CO2 with the Ni3Fe catalyst needs to be
operated at 358 °C to maintain optimal performance. Since
internal mass transport limitations could only be prevented at
different temperatures (305 °C for Ni3Fe, 328 °C for the
commercial catalyst), a more pronounced deactivation of the
commercial catalyst at 305 °C in alignment with the
deactivation observed on the Ni3Fe catalyst due to further
increased CO formation also on the pure Ni catalyst could not
be ruled out.
In the following, the measured kinetic data of the 17 wt %

Ni3Fe/Al2O3 and the commercial catalyst were compared with
literature models by Koschany et al.,46 Kopyscinsky et al.,47 and
Zhang et al.48 (Figure 11) developed for Ni/Al2O3 catalysts.
The activity of the commercial catalyst in its fresh state was
extrapolated based on data points at TOS < 70 h and was
compared to literature models (initial conversion) in Figure
11a. Excellent agreement of the experimental conversion was
found with the model given by Koschany et al.46 and a relatively
accurate prediction was made by the model of Kopyscinsky et
al.47 The kinetics by Zhang et al.48 were less accurate while
overestimating the experimental conversion by a factor of ≈2.
Furthermore, the experimental conversion data for 358 °C at
TOS ∼ 110 h from Figures 8 and 9 were averaged and plotted
for comparison in the same graph (marked as “aged”). It was
observed that still tolerable agreement was achieved by the
Koschany model, whereas the error by the Kopyscinski model
increased up to ca. 40%. Based on this information, the
development of the time dependent deactivation description
for the commercial catalyst is feasible, which could play a role in
technical applications. The amount of CO produced as
byproduct could not be neglected. Therefore, despite great
accuracy, the model of Koschany et al.46 needs to be corrected
as it ignores the formation of CO species in the reaction.
The Ni3Fe catalyst showed CO2 conversions in the same

order of magnitude as predicted by the literature kinetic models
(Figure 11b). Due to the decline of the performance at lower
temperatures, two regions were determined for kinetic
comparison. The first experimental conversion data are taken
from the period of 40−50 h TOS under extremely low activity
loss of the catalyst (i.e., for 320/358 °C, almost initial

Figure 11. Conversions of CO2 for the (a) commercial Ni catalyst and (b) the 17 wt % Ni3Fe/Al2O3 catalyst directly compared with kinetic models
from literature by Koschany et al.,46 Kopyscinski et al.,47 and Zhang et al.48 under methanation conditions (WHSV = const.) at different
temperatures.



conversion). According to Figure 11b, the obtained activity of
the fresh 17 wt % Ni3Fe/Al2O3 catalyst was clearly higher than
that of pure Ni/Al2O3 systems from literature,46−48 emphasiz
ing the synergetic effect of Ni and Fe. As a result, higher
conversions were obtained in this work with a significantly
lower Ni loading (17 wt %) in the Ni3Fe catalyst compared to
the 50 wt % Ni catalysts utilized by Kopyscinski et al.47 and
Zhang et al.,48 which makes the bimetallic Ni3Fe system very
attractive from the economical point of view. The best match of
the kinetic data in this region was obtained with the model
given by Koschany et al.46 and Kopyscinski et al.,47 which
underestimated the conversion only up to 30%. The model of
Zhang et al.48 underestimated the kinetic measurements of this
work by a factor of ≈2 and was considered less appropriate for
this regime.
The “aged” conversion data points were taken after the low

temperature period (40−90 h TOS), which led to a subsequent
CO2 conversion decrease by a factor of ≈2 (i.e., in 90−95 h of
TOS). The model of Zhang et al.48 revealed the best accuracy
with ±20%, whereas the others overestimated the experimental
data considerably by around 40%. Obviously, a rough
estimation of the catalyst activity by the kinetic models is
possible as a precise determination of the kinetic parameters is
aggravated by the deactivation process.
Although, the comparison of the calculated and the measured

CO2 conversions seemed promising using almost all models,
the description of the selectivities toward CH4 and CO remains
open. The reason for this is the continuous decline of the
selectivity toward CH4 with progression of deactivation at
lower temperatures without reaching a steady state even after
45 h TOS. A simple time dependent extrapolation in activity
and selectivity is not possible for the Ni3Fe catalyst in the lower
temperature regime. The high amount of CO produced at 305
°C could not be reflected by any model. From this viewpoint,
the model given by Koschany et al.46 was found as the most
inappropriate due to a complete negligence of the CO species
in the reaction system. The models by Kopyscinski et al.47 and
Zhang et al.48 predicted selectivities toward CO at lower
temperatures of around 3 and 10%, respectively; among them
the model by Zhang reflected the CO trend best. The kinetics
by Kopyscinski et al.47 and Zhang et al.48 are thus considered as
potential candidates for parameter estimation.
3.4. Characterization of the Catalysts after Long-Term

Application. Since both catalyst systems suffered from
deactivation in the long term experiments they were charac
terized afterwards to gain information on the deactivation
mechanism. Raman spectroscopy (Figure 12) revealed the
deposition of carbon species on both catalysts.
The Raman bands around 1380 and 1595 cm−1 could be

assigned to the D1 and G bands representing a disordered
graphitic structure and an ideal graphitic lattice, respec
tively.94,95 The absence of further defect bands as well as the
distinct and narrow shape of the D1 and G bands with full
widths at half maximum of around 50 and 70 cm−1,
respectively, indicated that the carbon depositions were
graphitic rather than amorphous. In case of the Ni3Fe system,
the carbon formation might have occurred during the low
temperature period where CO was formed that caused carbon
deposits on Ni based catalysts during CO methanation.81,84,85

Even though Raman microscopic measurements are barely
quantitative, the intensity of the carbon signals was so low
(compared to similar measurements on carbon poisoned Ni

based catalysts within our group) that the actual deposition
might be very subtle.
Another reason for the deactivation of the catalysts might be

sintering of the metal particles. Therefore, STEM images of the
spent Ni3Fe catalyst were recorded after re reduction. The
evaluation of the average particle size (Figure 13) showed a

slight increase from 3.9 ± 0.9 nm to 4.6 ± 1.3 nm. Especially
particles in the range of 5−7 nm were observed to a higher
extent on the spent catalyst. The dispersion decreased to 19%
for the spent catalyst (fresh: 24%). HRTEM and STEM EDX
evaluation of the spent catalyst (cf. Supporting Information,
Figures S1−S3 and Table S4) showed that still most of the Ni
and Fe were alloyed with similar Ni/Fe ratios compared to the
fresh catalyst. Moreover, the additional reduction step to
recover a full reduction of the used catalyst might have
contributed to redispersion effects.96

The characterization results of the spent Ni3Fe catalyst
indicated that the loss of activity in the present case seemed to
be caused by a loss of metal particle dispersion combined with
some carbon deposition (cf. discussion with respect to the long
term experiments). In addition, some oxidation of the active
sites might also be responsible for the deactivation. Carbon

Figure 12. Raman spectroscopy performed ex situ on the 17 wt %
Ni3Fe/Al2O3 and the commercial Ni based catalyst after the long term
experiment under industry oriented conditions.

Figure 13. STEM evaluation of the 17 wt % Ni3Fe/Al2O3 catalyst in
the fresh state (red) and after the long term experiment (blue).
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