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ABSTRACT: A promising bimetallic 17 wt % Ni,Fe catalyst supported on y
ALO; was prepared via homogeneous deposition—predipitation for the
application in the methanation of CO, to gather more detailed insight into
the structure and performance of the catalyst compared to state of the art
methanation systems. X ray diffraction (XRD) analysis, detailed inves

tigations using scanning ‘transmission electron microscopy (STEM)
combined with energy dispersive X ray spectroscopy analysis (EDX) of
single particles as well as larger areas, high resolution transmission electron
microscopy (HRTEM) imaging, temperature programmed reduction (H,

TPR), and in depth interpretation of Raman bands led to the conclusion
that a high fraction of the Ni and Fe formed the desired Ni;Fe alloy 0 5 10 15 20 25 30 35 40 45

resulting in small and well defined nanoparticles with 4 nm in size and a Time on stream [h]
dispersion of 24%. For comparison, a monometallic catalyst with similar

17 wt % Ni,Fe/Al,0,

Conversion of CO, [%]

dispersion using the same greparation method and analysis was relgared. Using a fixed bed reactor, the Ni;Fe catalyst showed
better low temperature performance compared to a monometallic Ni reference catalyst, especially at elevated pressures. Long

term experiments in a microchannel packed bed reactor under industrially relevant reaction conditions in competition with a
commercial Ni based methanation catalyst revealed an improved performance of the Ni;Fe system at 358 °C and 6 bar involving
enhanced conversion of CO, to 71%, selectivity to CH, > 98%, and most notably a high stability. Deactivation occurred only at
lower temperatures, which was related to carbon deposition due to an increased CO production. Kinetic measurements were
compared with literature models derived for Ni/Al,O; catalysts, which fit well but underestimate the performance of the Ni;Fe
system, emphasizing the synergetic effect of Ni and Fe.
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1. INTRODUCTION The reaction is exothermic and thermodynamically favored
between 200—500 °C.'° At about 450 °C, the endothermic
back reaction and the reverse water—gas shift reaction (eq 2)
diminish the CO, conversion and produce CO as a byproduct,
respectively. For more details about the thermodynamics of the
reaction, the reader is referred to the work of Gao et al.'®
Details about the mechanism of the methanation reaction are
given in review articles (e.g, refs 12—14). Due to the

The methanation of CO, plays an important role in future
power systems based on renewable energy. Due to the
fluctuating s of wind and solar energy, storage systems
are needegd tgpslzgl;ilize the electricity grid.' Synthagticszatuml
gas (SNG) produced within the power to gas process is a
promising and suitable chemical energy carrier due to its long
term storage ability and the existing infrastructure in form of

o . exothermic reaction, the produced heat may cause the
the natural gas _gnd‘7 N Tbe synth‘_ms of CH“. from CO, and formation of hot spots. Usually, the catalyst bed is diluted
renewable H, via the Sabatier reaction (eq 1) is a well known

2 ) 15 with inert material such as SiC. Structured fixed bed reactors
process utilizing Ni based catalysts. with zones of optimized dilution are also possible.'” For a
better temperature control, microstructured reactors with

—_— [ p— -1 2
CO, + 4H, = CH, + 2H,0  AHg¢ = —165 kJ mol altering cooling channels have been developed.'®™’

1)

CO, + H, = CO + H,0 AH,gq¢ = —41 K mol’
@)



Doping of these Ni catalysts with a second metal can
improve both the catalytic performance and the stability of the
catalyst.'>'* Enhanced low temperature performance and
stability was reported using complex supported Ni MgO
systems”' > Doping a Ni catalyst with noble metals leading
to Ni—Ru”**’ or Ni—Pd”® systems was reported to enhance the
activity and stability. These are interesting and promising
catalyst systems on an academic level, but industrially, Ni/
AL O; doped with CaO or MgO is still the most commonly
used system due to its low cost. Recently, NiFe alloy catalysts
have been reported to claim a significantly better catalytic
performance due to an improved CO dissociation as predicted
by DFT calculations.””*° Experimental results showed that the
addition of Fe improved the methanation of CO compared to
the monometallic Ni catalysts, and an excellent catalytic
performance was reported.””*> Furthermore, bimetallic NiFe
catalzsts achieved higher performance in the methanation of
CO,” ¢ as well as combinations of CO and CO,**’
compared to monometallic Ni catalysts. A monometallic Fe
catalyst was significantly less active than the Ni catalyst.****
The influence of dopants such as Fe, Co, Cu, Zr, Y, and Mg on
Ni catalysts in the methanation of CO, was experimentally
investigated by Hwang et al.** and Ren et al* The superior
performance of the NiFe catalyst among the other dopants was
ascribed to the weak metal—support interaction and an %pﬁmal
CO dissociation energy at the surface of the alloy.”**® NiFe
catalysts show the lowest peak temperature in temperature
programmed surface reactions compared to monometallic
catalysts or other bimetallic systems, which experimentally
supports the optimal CO dissociation energy in the CO,
methanation.”* The optimum Ni/Fe ratio in the desired alloy
was found to be around 3, as reported by various
studies 3333537

However, long term stability and performance tests under
harsh and industrially relevant reaction conditions combined
with in depth structural investigations are necessary to evaluate
the potential of the Ni;Fe system in methanation applications.
Such structure—performance relationships require uniformly
sized and well dispersed Ni;Fe alloy nanoparticles on the
support material also allowing to monitor changes and
modifications of the active material after the reaction.

In the present study, advances with respect to the
preparation of the catalyst, new insights into its structural
properties, and the catalytic potential at elevated pressures are
reported. The Ni;Fe catalyst was prepared via a homogeneous
deposition—precipitation method on an Al,O; support that is
suitable to obtain small and well dispersed metal nano
particles.’® ™' This catalyst and, for comparison, a mono
metallic Ni reference catalyst were well characterized using X
ray diffraction (XRD), scanning transmission electron micros
copy (STEM) combined with energy dispersive X ray spec
troscopy analysis (EDX), high resolution transmission electron
microscopy (HRTEM), temperature programmed reduction
with H, (H, TPR), and Raman spectroscopy. A combination of
these methods was important to prove the formation of the
desired NijFe alloy. The catalytic performance in the
methanation of CO, was screened in a custom made
continuous flow laboratory setup equipped with a tubular
packed bed reactor with diluted catalyst in the temperature
range of 200—450 °C at 1 and 10 bar. Additionally, long term
stability tests under industrially relevant conditions were
performed in a microchannel packed bed reactor setup for
the Ni;Fe catalyst in comparison to a commercial Ni based

methanation catalyst to compare the results and to draw
conclusions concerning the potential and the limitations of the
bimetallic Ni;Fe system.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The bimetallic Ni;Fe/AL O,
catalyst and a monometallic Ni/ALO; reference system were
both prepared via homogeneous deposition—precipita
tion”** with an intended total metal loading of 20 wt %.
The synthesis mixture consisted of a 0.3 mol L™ aqueous
solution of the nitrate precursors ((Ni(NO;),6 H,0 and
Fe(NO,;);9 H,0 both Merck, > 99%) with n(Ni)/n(Fe) = 3
and 7 equiv of urea (Carl Roth, cystalline, >99.6%). High
surface area Al,O; (1/8 in. pellets, Alfa Aesar, crushed to fine
powder, calcined at 600 °C (5 Kmin™"), 4 h) was suspended in
the solution as catalyst support and stirred for 1 h at room
temperature. The starting pH value was 6. Typically, 2 g of the
catalyst was prepared in one batch consisting of 1.600 g of
AL, O3, 1.502 g of nickel nitrate, 0.695 g of iron nitrate, 3.270 g
of urea, and 230 mL of deionized water in the case of the
bimetallic catalyst. The suspension was heated to 90 °C and
stirred under reflux for 18 h (Ni/ALO;) or 36 h (Ni;Fe/ALO,)
at constant temperature. Afterward, the suspension was cooled
to room temperature and stirred for another hour, reaching a
pH value of 8. The solid was filtered off, washed with ca. 500
mL of deionized water, dried at 110 °C overnight, and calcined
for 4 h at 500 °C (5 K min™") in static air. To characterize the
catalyst in its reduced state, the samples were treated with 50%
H,/N, for 2 h at 500 °C (5 K min™") and stored under N,
atmosphere.

2.2. Characterization. The elemental composition of the
catalyst samples was determined by optical emission spectros
copy using inductively coupled plasma (ICP OES). For this
purpose, the samples were first digested in HCI + H,SO, +
H,0, (2:2:1) at 240 °C for 12 h using a Berghof pressure
digestion system DAB 2 and then the solution was analyzed
using a PerkinElmer Optima 4300 DV System. The specific
surface area of the catalyst powders was determined by N,
physisorption according to the method of Brunauer, Emmet
and Teller (BET) applying multi point measurements at a
Rubotherm BELSORP mini II system. X ray diffraction (XRD)
patterns were recorded using a PANalytical X'Pert PRO
diffractometer with Ni filtered Cu Ka radiation (4 = 1.54060
A) at 20 = 20—-80° with a step size of 0.017° (0.51 s per scan
step). The catalyst powders were measured ex situ in their
reduced state on a rotating sample holder. The crystallite size
was estimated using the Scherrer equation.

Electron microscopy investigations were also performed on
the reduced catalyst samples. The powder samples were directly
dispersed on copper grids covered with holey carbon film. The
morphology and structure of the catalysts was characterized by
HRTEM and high angle annular dark field (HAADF) STEM in
a FEI Titan 80—300 microscope operating at 300 kV. The
composition was estimated at specific locations using EDX with
an EDAX S UTW EDX detector. Quantification of the EDX
spectra and STEM EDX spectrum imaging were carried out by
using TEM Image & Analysis (TIA 4.7 SP3 version) software.
The size of the supported metal nanopartides was estimated
using Image]J software fitting the particles with ellipsoid shapes.
The metal dispersion was derived from their mean diameter by
assuming spherical particle shape and by using element spedific
data such as the area occupied by surface metal atoms and the
volume occupied by metal atoms in the bulk material.**



Temperature programmed reduction with H, (H, 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 pm) was placed in a U shaped quartz tube and
pretreated at 500 °C (10 K min™") in 50 mL min™" of 10% O,/
He followed by the TPR between 40—900 °C using SO mL
min~! of 10% H,/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 20X objective and a grating with 2400 lines
mm™' 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 ™. For carbonaceous species, the
acquisition time was set to 600 s at 0.1% laser power in a range
from 1000—2000 cm™". 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 ym) were diluted in SiC
(210 pm) and filled into a stainless steel tubular down flow
fixed bed reactor (d; = 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™") in 50% H,/N, (300 mL min~') before each
experiment followed by cooling to the intended starting
temperature. The feed gas composition was switched to H,/
CO, = 4in 50% N, for the methanation of CO, resulting in a
weight hourly space velocity (WHSV) of 6000 mL, g ‘h7L

The gas hourly space velocity (GHSV) with respect to the total
gas flow and total volume of the catalyst bed was 13400 h™".
Gas analysis was performed using an INFICON micro gas
chromatograph Fusion (#GC) equipped with molecular sieve
(5 A) 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 #GC 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 IMVT*
was utilized for long term stability tests and kinetic measure
ments. Slit dimensions are 60 X 8 X 1.5 mm”® (length X width X
depth). Compressed air in the range of 100 L min~", preheated
to the reaction temperature with an external device, was used as
heat transfer medium in 72 X 36 cross flow microchannels,
each 500 um wide and 230 pm 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
um) of catalyst diluted with SiC (mesh 300—400 ym). The
reactants were dosed via MKS mass flow controllers. WHSV
values of 80500 mLco, ... ' h™' were adjusted using the gas

composition with the initial amount of 9.1% CO,, H,/CO, = 4

Figure 1. Microchannel reactor with integrated heat management for
kinetic measurements of the methanation reaction.

and the reaction was operated at 6 bar. An industrial catalyst
sample with nominal 20 wt % Ni/Al,O; 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 pm.

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 § A
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:

_ COZ, out
CO, o + CH,

,out

conversion: X(CO,) = (1 J-IOO%

©)
When applying higher concentrations in the microchannel
reactor, N, was used as internal standard for volume correction:

t + COout

COZ out'NZ in
conversion: X'(CO,) =|1 — : — |-100%
2,out. 2,in (4)
CH4 out OF Coout
yield: Y(CH, or CO) = - -100%
COZ,out + CH4,out + Coout
()
Y(CH
selectivity: S(CH,) = (CH,) -100%
X(C0o,) (6)

The turnover frequency (TOF) was calculated as moles of CH,
produced per moles of surface metal atoms per second using
the inlet flow of CO,, the molar gas volume V(m) and the
catalyst mass:

_ V(CO,, in)-Y(CH,)
ToF= V(m)-N(surf)-m(cat) (7)

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.

dF

dm

= 1.R.

J ]

(8)



Thereby, F, is the molar flow of the component i [mol s™'], m,,
is the catalyst mass [kg], v, is the stoichiometric coefficient of
the component i, and R, is the net reaction rate of the
component i [mol kg™' s™']. The inlet boundary condition F,
for each component was calculated according to gas
throughput, temperature, pressure, and gas composition
adjusted in the experiments. The integration of the literature
kinetic models was conducted in MATLAB using a Runge—
Kutta (4th order) routine. Kinetic models of Koschany et al,*®
Kopyscinski et al,*’” and Zhang et al.*® were used for
comparison with the results of this work.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization: Particle Size, Alloy
Formation, and Crystal Phases. The desired metal loading
was chosen on the basis of literature identifying an optimum of
15—20 wt % of the active metal on the support for the
methanation of CO, (eg, refs 49—51) as well as for CO
methanation.”® Elemental analysis of the catalyst samples
(Table 1) revealed a total metal loading of about 17 wt % for

Table 1. Elemental Composition of the Prepared Catalysts
Supported on y Al,O4

catalyst total metal loading [wt %) Ni [wt %] Fe [wt %]
Ni 16.6 16.6 -
NijFe 170 129 41

both catalysts. Therefore, a slightly lower total metal content
was obtained for the applied preparation procedure, which
means that the metal ions in the solution were not precipitated
entirely. The bimetallic catalyst exhibited the intended molar
Ni/Fe ratio of 3, which was the most suitable composition for
CO, methanation reported in literature.””***> The spedific
surface area of the catalysts was determined as 220 m* g~ The
catalyst samples of the Ni and the bimetallic Ni;Fe catalyst as
well as the pure y AL, O; support were analyzed by XRD to
identify the crystalline phases (Figure 2).

The XRD patterns of the catalysts are dominated by the
reflections of AL O;. The Ni catalyst showed reflections of the
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Figure 2. XRD patterns of the reduced 17 wt % Ni/ALO; (black) and
bimetallic 17 wt % NisFe/ALO; (red) catalyst samples compared to
the pure y ALO; support (gray).

Ni(111) plane at 20 = 44.5° (ICSD 044767) represented as a
shoulder of the reflection from Al,O;. At a similar 20 value, a
reflection of the Fe(110) plane (ICSD 064998) is expected for
the iron containing catalyst. The reflections of Ni(111) and
Fe(110) could not be resolved by XRD. The shoulder next to
the Al,O; reflection appeared to be slightly broader in the case
of NijFe catalyst compared to the monometallic sample. This
might be caused by an additional reflection occurring from the
Ni;Fe(111) plane at 20 = 44.2° (ICSD 040334).

An isolated reflection was observed for the Ni(200) plane at
20 = 51.8°. Using this reflection a crystallite size of 5.4 nm was
estimated from the Scherrer equation. The pattern of the
bimetallic catalyst revealed a reflection at slightly lower angles,
which can be ascribed to the Ni;Fe(200) plane at 20 = 51.5°.
This angular shift based on the formation of a Ni;Fe alloy and
its change in the lattice parameters compared to metallic Ni has
been reported in literature.”**>*>~>* The crystallite size of the
alloyed catalyst was calculated as 5.7 nm. No reflections from
Fe at 20 = 65.0°, NisFe at 20 = 75.8°, or Ni at 20 = 76.4°
were observed.

The STEM image showed well dispersed metal particles on
the support (Figure 3) for the NiyFe catalyst. Small metal
nanoparticles with a narrow size distribution (d, = 39 + 09
nm) were observed with a dispersion of 24%. Similar results
were obtained for the Ni catalyst regarding both, the metal
particle size (d, = 3.8 + 0.9 nm) and the dispersion (24%). The
sizes of the metal particles from the STEM images are in a
similar range as the crystallite sizes estimated from XRD. The
particle sizes determined by STEM also accounted for smaller
particles that might be invisible for XRD.

Upon iron addition the particle size and, thus, the dispersion
remained almost the same (Figure 3). NiFe/alumina catalysts
(40 wt % ) have been prepared by Hwang et al.** via a single
step sol—gel method, which led to slightly larger particles of
about 7.4 nm (but 2 fold metal loading) as determined by
XRD. In contrast, larger metal partides of 10—12 or 13—15 nm
depending on the support and loadings were reported in
literature for NiFe catalysts that were prepared by impregnation
methods.*">

Composition maps of single Ni;Fe nanoparticles obtained
from a STEM EDX spectrum image (Figure 4) revealed that Ni
and Fe elements exhibited similar distribution, indicating the
formation of alloy particles.

The compositions of the NijFe nanoparticles quantified by
STEM EDX in different regions are shown in Table 2. The
calculated Ni/Fe ratios are slightly higher than the overall
desired Ni/Fe ratio of 3 and revealed slight local variations.

The NijFe nanoparticles were further analyzed using
HRTEM (Figure S), and the crystal structure was identified
by fast Fourier transformation (FFT) from an individual
particle. The lower right part of Figure S shows the magnified
image of the partide, and the upper right part shows the
corresponding FFT, indicating that the catalyst particles
consisted of the intended Ni;Fe alloy, thus, confirming the
observations from STEM EDX spectrum imaging and XRD.

Some of the Ni;Fe particles were surrounded by very small
NiO clusters that could not be detected using XRD. This also
explains the local variations in the Ni/Fe ratio quantified by
STEM EDX. The oxidation of the small Ni particles might have
occurred during the TEM sample preparation handled in air.
Monometallic iron or iron oxide particles were not observed in
the regions explored by electron microscopy.
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Figure 3. Representative STEM images and particle size distributions of the 17 wt % Ni/ALO; (upper part) and 17 wt % NisFe/ALO; (lower part)

catalysts.

Figure 4. Overview STEM image of the 17 wt % NiyFe/Al,O; 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 Ni;Fe
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 42
region no. 4 77.6 224 3.5
region no. S 79.6 20.4 3.9

Figure 5. HRTEM image and structure analysis of the 17 wt % Ni;Fe/
Al,Oj5 catalyst by FFT from one particle.

Raman spectroscopy (Figure 6) was performed ex situ on the
calcined samples before reduction to gather further structural
information on the bimetallic Ni;Fe alloy catalyst. In addition, a
5 wt % Fe/Al,O; sample and bulk a Fe,O; were used as
references to assign the Raman bands. o Fe,O; shows
characteristic Raman bands at 222, 244, 290, 404, 492, 605,
617, and 1060 cm™'.>° These bands were present in the
spectrum of the S wt % Fe/Al,O; sample. Additionally, two
main features appeared at 699 and 750 cm ™', which can both be
assigned to FeAl,0,.°*"” This does not necessarily imply the
presence of bulk FeAl,O, but oxidic Fe species in contact with
Al,O;, as expected for supported nanoparticles. The bimetallic
17 wt % Ni;Fe/ALO; alloy catalyst showed also these two
features as well as a weak shoulder at 890 cm™!. However, the
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Figure 6. Raman spectra of the calcined 17 wt % NiyFe/Al,O; catalyst
and monometallic 17 wt % Ni/Al,O; compared to 5 wt % Fe/Al,O;
and bulk @ Fe,O;. The deconvolution represents in green: Ni—O,
blue: A;, vibrations of FeAl,O,, red: a Fe,O; and orange: shoulder
only present for the bimetallic catalyst. A list of the full deconvolution
data is given in the Supporting Information.

bimetallic catalyst did not show any characteristic bands for
Fe,05.°"° Since the presence of FeO gives a distinct band at
645 cm™*>°% and supported Fe;O, normally gives a main band
around 665 cm™,*” these two iron species were hardly present.
The band around 700 cm™' may also originate from NiFe,O,
spinel in this catalyst. The band at 563 cm™ 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 NisFe.””®" The Raman spectrum of 17 wt %
Ni/AL O, shows the band at 554 cm™" with a shoulder around
481 cm™' that can be assigned to Ni—O vibrations, which is in
agreement with earlier studies for supported NiQ.*>**

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 NiFe,O, and FeAl,O, 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 Fe** and
Ni**already in this “precursor” state.

The reducibility of the NisFe catalyst was investigated by
temperature programmed reduction with H, (H, TPR, Figure
7) and compared to the profile of the monometallic Ni catalyst.
The H, 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 NiAl,O, 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 NijFe 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 Fe,O; to Fe;O, in the ternary NiFe
oxide (350 °C) and to the reduction of Fe;O, to Fe and NiO to

17 wt % Ni Fe/AL,0,

TCD signal [a.u.]

17 wt % Ni/ALO,

100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 7. H, TPR profiles of the 17 wt % Ni;Fe/AL,O; (top) and the
17 wt % Ni/ALO; (bottom) catalyst, conditions: 100 mg of sample,
10% H,/Ar (50 mL min™"), and a ramp rate of 10 K min™".

Ni (555 °C).>**"% 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.*”*® 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 Ni;Fe catalyst in Figure 7 shifted to slightly lower
temperatures (573 to 555 °C), as a consequence of a higher
reducibility of the NijFe alloy compared to the monometallic
Ni catalyst.”>**

The combined characterization results from XRD, STEM,
Raman spectroscopy and H, TPR led to the conclusion that a
high amount of the desired NisFe 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 NizFe catalysts exhibited similar structural
properties such as total metal content, metal particle size and
dispersion, which is optimal to determine the potential of the
Nj;Fe alloy catalyst in the methanation of CO, 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 CO, 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 Ni;Fe alloy catalyst
compared to the monometallic Ni catalyst. At 200 °C and 1
bar, the conversion of CO, (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 CO, was achieved for the Ni;Fe
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 (NiyFe: 82%; Ni: 85%). A
further increase of the temperature resulted in a decline of the
activity due to the thermodynamic equilibrium,'® converting
only 71% (NiyFe) and 72% (Ni) of CO, at 450 °C.

Increaseing the pressure to 10 bar resulted in a significantly
higher conversion of CO, in the temperature range of 250—450
°C. The superior activity of the alloyed catalyst emerged already
at 250 °C, where an exceptional CO, conversion of 87% (21%
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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%
(Ni;Fe) of the CO, fed into the reactor.

The selectivity toward CH, is plotted in Figure 8b. As the
reaction started at 250 °C under atmospheric pressure the
Ni;Fe catalyst showed moderate selectivity to CH, (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 CH, 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).'° At 10 bar, both
catalysts produced CH, with a selectivity close to 100% over
the whole temperature range. Only at 450 °C, the selectivity
toward CH,, declined slightly due to the detection of ca. 600
ppm of CO in the uGC.

The significantly enhanced low temperature activity over the
Nij;Fe alloy catalyst compared to the monometallic Ni reference
especially at elevated pressure (10 bar) supports results by
Hwang et al>* or Ren et al>® 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 Nis;Fe alloy
catalyst is an attractive alternative compared to a monometallic
Ni catalyst. For a more realistic performance rating the Ni;Fe
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.”” The inequality was
clearly fulfilled with 6 X 107> < 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.** with an apparent reaction order of
0.5; this approximation was also applied for the evaluation of
the internal mass transport limitation, ie. the Weisz—Prater

criterion.”” On the average sized particle of 250 pm, the Weisz
number was calculated to 0.07 and satisfied the suggested limit
of 0.08 (360 °C, 6 bar, 9% CO,, H,/CO, = 4). The effective
diffusion coefficient for CO, was governed by Knudsen regime
to be 1.1 X 107 m* s™" (particle porosity of 0.7 and tortuosity
of 3). The extent of the external heat transfer limitation was
evaluated according to Mears.”” The heat transfer coeficient
from particle to fluid in the packed bed was calculated to 1488
W m2 K™ from™ 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 um 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 CO,
conversion as a function of time on stream (TOS). The
corresponding selectivity toward CH, is depicted in Figure 9b.
Starting at 358 °C, the commercial Ni based catalyst achieved a
CO, conversion of 52% with a selectivity toward CH, 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™' was observed. After
47 h, the conversion of CO, decreased to 46%, although the
selectivity toward CH,, 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 CO,
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 CH,
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 CO, conversion of
—0.09% h™" was observed following the trend monitored at 358
°C and resulting in 18% CO, conversion in the end.
Additionally, a declining selectivity toward CH, to 81% was
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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 CO, achieved by the Ni;Fe system is
shown in Figure 10a as a function of TOS, the corresponding
selectivity toward CH, is depicted in Figure 10b. At 358 °C, the
Ni;Fe catalyst achieved a high CO, 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™! was observed, which was 6 times slower than for
the commercial catalyst. During this period, the selectivity
toward CH, was high with a constant value of around 98%
making the bimetallic Ni;Fe system superior to the commercial
Ni catalyst (S(CH,) = 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
CO, conversions and an effectiveness factor of >95% at about
305 °C (compared to 328 °C for the commercial catalyst). At
that temperature, 21% of CO, was converted for the first 6 h of
TOS. The selectivity toward CH, 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 NijFe catalyst based on the yield of
CH, and the catalyst characterization data was calculated to be
0.26 s! (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 ~*"* and 0.1 s7'7° up
to 0.69 s ~'.7* 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 Ni;Fe 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
CH, 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 Ni;Fe 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 CO, over time has also been reported in
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literature and seems to be a common problem for Ni
catalysts.””””” Such deactivation over time was attributed to
both sintering of the metal particles and a small degree of coke
formation,”>”®”® but also oxidation of Ni during long term
operation might play a role.">*"”>*" Studies on degradation
under CO methanation conditions revealed that asymptotic
conversion decline is a common problem*®*" and could be
attributed to a strong deactivation mechanism (e.g., pore mouth
blockage by coke).®” Indeed, in most cases, carbon deposition
due to CO decomposition to surface carbon was speculated as
the main deactivation route.*"**%

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
CO, (compared to 71% at the beginning) was converted with a
selectivity of 70% toward CH, (compared to 98% in the
beginning). Hence, a serious deactivation of the Ni,Fe catalyst
system occurred during the low temperature period.

Comparison of both catalyst systems revealed an enhanced
conversion, selectivity, and stability for the Ni;Fe 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 CO, adsorption and activation at the Fe species®>*
and an optimal CO dissociation energy of the NiFe alloy that
has been claimed in DFT studies” and confirmed exper
imentally.”"*>** However, the Ni,Fe 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.”
Furthermore, Fe catalysts are active in the reverse water—gas
shift reaction (eq 2) applied in Fischer—Tropsch processes.®”**
Hence, operando spectroscopic investigations™*” =" should be
conducted in the future to elucidate the structure of the Ni;Fe
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 CO, with the Ni;Fe 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 Ni;Fe, 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 NijFe 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 %
Ni;Fe/Al,O; and the commercial catalyst were compared with
literature models by Koschany et al,,*® Kopyscinsky et al.,*” and
Zhang et al.** (Figure 11) developed for Ni/AlLO; 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.** and a relatively
accurate prediction was made by the model of Kopyscinsky et
al.*” The kinetics by Zhang et al."® 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.*® needs to be corrected
as it ignores the formation of CO species in the reaction.

The NijFe catalyst showed CO, 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 (ie, for 320/358 °C, almost initial



conversion). According to Figure 11b, the obtained activity of
the fresh 17 wt % NizFe/Al,O; catalyst was clearly higher than
that of pure Ni/ALO; systems from literature,**~** 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 NijFe catalyst compared to
the 50 wt % Ni catalysts utilized by Kopyscinski et al.*” and
Zhang et al,,*® which makes the bimetallic Ni;Fe 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.” and Kopyscinski et al,*’ which
underestimated the conversion only up to 30%. The model of
Zhang et al.* 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
CO, conversion decrease by a factor of ~2 (i.e., in 90—95 h of
TOS). The model of Zhang et al.* 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
CO, conversions seemed promising using almost all models,
the description of the selectivities toward CH, and CO remains
open. The reason for this is the continuous decline of the
selectivity toward CH, 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 Ni;Fe 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.*® 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."” and
Zhang et al.*® 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.*’ and Zhang et al.** 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™' could be
assigned to the D1 and G bands representing a disordered
graphitic structure and an ideal graphitic lattice, respec
tively.”””> 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™},
respectively, indicated that the carbon depositions were
graphitic rather than amorphous. In case of the NisFe 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.®"***
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

D1 band
G band

Commercial
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Intensity [a.u.]

1000 1200 1400 1600 1800 2000
Raman shift [cm™]

Figure 12. Raman spectroscopy performed ex situ on the 17 wt %
Ni;Fe/Al,O; and the commercial Ni based catalyst after the long term
experiment under industry oriented conditions.

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 NijFe catalyst were recorded after re reduction. The
evaluation of the average particle size (Figure 13) showed a
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Figure 13. STEM evaluation of the 17 wt % NisFe/Al,O; catalyst in
the fresh state (red) and after the long term experiment (blue).

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.”

The characterization results of the spent NijFe 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



formation, particle sintering, and loss of metal dispersion might
have occurred at all temperatures on the commercial catalysts,
explaining the slightly diminishing CO, conversion independ
ent of the temperature. Because of the high performance
stability of the Ni;Fe catalyst, we suggest that carbon deposition
for this catalyst occurred only during the low temperature
sequence when more CO was formed, and therefore, the initial
activity could not be retrieved after increasing the temperature
again. Slight particle growth and loss of metal dispersion might

be the reason for the minimal loss of activity during the first 45
h of TOS. 8

4. CONCLUSIONS

A promising 17 wt % Ni,Fe alloy catalyst supported on y Al,O,
with high dispersion was prepared (24%) by a homogeneous
deposition—precipitation method with urea. The combination

of all results obtained from extensive characterization verified
that a high fraction of Ni and Fe formed the intended Ni;Fe

alloy as 4 nm particles with a narrow size distribution. Catalytic
tests revealed an enhanced low temperature activity of Ni;Fe
compared to a Ni monometallic reference catalyst, which was
most prominent at elevated pressure. Long term experiments of
45 h under industrially oriented conditions including much
higher catalyst load revealed a significantly enhanced activity
(71% conveyrsion of CO,) and §elect1'vi§lyy (>98% selectivity
toward CH,) of the Ni;Fe alloy compared to a commercially
available Ni based methanation catalyst. Most remarkably, the
17 wt % NisFe/Al,O; catalyst was highly stable above 350 °C,
whereas a decline of conversion was observed for the
commercial catalyst. Deactivation of the Ni;Fe system occurred
in the low temperature regime and the selectivity shifted
significantly toward CO. Both catalysts showed some carbon
deposition after the long term treatment, which may contribute
to the deactivation phenomena. Comparison of kinetic
measurements with literature models for Ni/Al,O; catalysts
supported the higher catalytic performance of the NisFe
system, emphasizing the synergetic effect of Ni and Fe. In
conclusion, an outstanding catalyst with high performance and
stability was obtained when combining Ni and Fe in the mid
temperature (358 °C) methanation of CO, for power to gas
application.
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