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Role of Gas Dropouts in CO, Methanation over MOF-Derived
NisFe@C Catalysts: An In Situ XAS and PDF Study
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Thomas Lunkenbein,!d Roland Schoch,’®! Wolfgang Kleist,[?! Matthias Bauer,*!

and Mirijam Zobel*!? €

With industrial chemical processes facing the challenges of
renewable energy supply, catalysts are needed that withstand
fluctuations of operating conditions. For methanation reactions
using hydrogen from electrocatalytic water splitting, dropouts
of hydrogen are amongst the realistic scenarios. While Ni-
based catalysts are the most widely used, bimetallic Ni/Fe-based
catalysts recently emerged as superior. A new method of prepar-
ing highly active metallic catalysts is the decomposition of
metal-organic frameworks. Even though it is difficult to con-
trol the particle size distribution and the homogeneity of the
formed nanoparticles with this method, the carbonaceous fea-
tures present between the nanoparticles permit avoiding the
use of support, leading to a high-loading catalyst with supe-

1. Introduction

For the transition toward a sustainable economy based on
renewable energies, base chemicals such as methane need to be
produced from renewable sources. The methanation of carbon
dioxide can be described by the reverse water—gas shift reaction
(Equation 1) followed by the subsequent methanation of carbon
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rior stability. Here, we investigate with in situ X-ray absorption
spectroscopy and pair distribution function analysis the struc-
tural details of a NizFe@C methanation catalyst derived from
a metal-organic framework during its activation and catalysis
under H,-dropout conditions. Despite the similarity of these
phases, it was possible to identify two fcc phases of NizFe and Ni
coexisting during catalytic cycling, with a Fe;NiO, spinel phase
appearing during dropouts. This indicates oxidation of the par-
ticle surface in the absence of hydrogen, which can be fully
recovered by reactivation in pure hydrogen atmosphere, provid-
ing high stability of the catalyst during an industrially relevant
dropout scenario.

monoxide (Equation 2).["?!

CO, +H, = CO+H,0 U]

To run this reaction renewably, carbon dioxide can be gained
via direct air capture or other capture processes and hydro-
gen from electrocatalytic water splitting. Nickel catalysts play a
major role for the methanation reaction because of their low
cost and high natural abundance, being industrially employed
supported on alumina, for instance.’! Catalysts derived from
metal-organic frameworks (MOFs) via their controlled thermal
decomposition have appeared as an alternative route to nanos-
tructured catalysts for use in, e.g., Fischer-Tropsch synthesis.!*¢!
Hereby, the metallic nodes of the MOF can result in well-
dispersed metal nanoparticles within carbonaceous shells.l4-¢!
The decomposition conditions (inert, non-oxidative, or reducing
gas atmospheres as well as temperature) play a major role in
the control of the particle size, morphology, and carbon con-
tent of the MOF-derived compounds, as shown, for example, on
Fe-MIL-127,7) Cu-BTC (HKUST-1),!®! or a Ni(BDC)(PNO)-MOF." The
carbonaceous shells of these MOF-derived catalysts are hypoth-
esized to contribute to their enhanced stability during catalytic
cycling. For a Ni@C catalyst consisting of Ni nanoparticles in a
carbonaceous shell, derived from Ni(BDC)(PNO), we have inves-
tigated the impact of different gas dropout conditions in the
methanation reaction on the catalyst stability and activity via
in situ X-ray absorption spectroscopy (XAS) and total scattering
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experiments with subsequent analysis of the pair distribution
function (PDF).I'Y! Three different types of dropout scenarios
were investigated: a) full hydrogen loss, b) partial hydrogen
dropout by 50%, and c) reduction of H, and CO, flows keeping
their stoichiometric relation constant. The stoichiometric reduc-
tion showed the highest catalyst activity over 24 h compared to
the other dropout scenarios, keeping the carbon shell around
the Ni nanoparticles intact."”’

Despite the fact that the combination of XAS and PDF stud-
ies has emerged as a highly effective approach to elucidate
the structural characteristics of disordered nanoparticles, this
methodological amalgamation remains scarcely utilized in in situ
and operando studies of heterogeneous catalysts."?] XAS is a
dedicated method to investigate the local structure in terms of
type, number, and distance of coordinating neighbors around an
X-ray absorbing atom up to a realistic limit of 5 A by extended
X-ray absorption fine structure (EXAFS) analysis. Moreover, this
information can be obtained in an element-specific manner
predestined for the analysis of mixed metal compounds. Addi-
tionally, the oxidation state of the investigated metal can be
probed by X-ray absorption near edge structure (XANES).3™!
The PDF complements the short-range order with distances of
~1A, but add the medium- or long-range order of several tenths
of nanometers, yet being not element-sensitive.!”! In recent
years in the field of heterogeneous catalysis, PDF measurements
accessed, for instance, the local disorder and size of supported
catalytic clusters and nanoparticles,!! even with laboratory PDF
data only,[” and in situ experiments could follow the formation
and structural evolution of catalytic particles during activation
and catalytic cycling.l"®"]

Bimetallic NiFe catalysts have been shown to be promising
candidates to alleviate the insufficient low-temperature activity
and deactivation encountered in Ni methanation catalysts./2*2!
Iron can easily form alloys with Ni, resulting in an expansion of
the Nig. lattice, while for high Fe contents, the bcc lattice of
pure Fe can be adopted./?®! The formed NiFe alloys remain intact
during the reaction and provide a synergistic effect, which low-
ers the energy barrier for methane formation.”>?!! For instance,
XAS found the formation of surface FeO, clusters on top of the
bimetallic Ni—Fe particles during catalyst activation with a highly
dynamic redox process in iron activating CO, by promoting its
hydrogenation to formate intermediates, which are crucial in
the methanation pathway as found by density functional theory
simulations.[25-28!

In analogy to our Ni@C catalyst studies, catalytic tests have
revealed a superior catalyst stability of a Ni;Fe@C MOF-derived
methanation catalysts during full hydrogen dropout conditions
in catalytic cycling. Hence, here we combine in situ XAS and
PDF experiments to reveal the structural changes of the catalyst
during activation, methanation and full dropout conditions.

2. Results and Discussion
2.1. Catalytic Tests

In line with other works highlighting the particular role of the
NisFe composition on Al,O; and SiO, supports'?="! and in line
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with theoretical predictions on the optimum Ni/Fe ratios,®?
the composition of NisFe is favorable in MOF-derived catalysts
for the catalytic performance of CO, methanation compared to
higher iron fractions.**! Hence, here we investigate the catalytic
performance of a Ni;Fe@C (determined molar Ni/Fe ratio = 3.35:1;
total metal content: 70 wt %) catalyst obtained by decomposi-
tion of a MIL-53-derived Ni,Fe-MOF at 500 °C in 10% H,/He for
1 h. The full details of the standard characterization for this cata-
lyst, as well as an in-depth study on its catalytic behavior and
stability in the methanation of carbon dioxide under dynamic
conditions in a lab setup are reported elsewhere.®3! For the
catalytic characterization, we study two dynamic operation con-
ditions simulating full and partial dropouts in comparison to
static conditions."”! For the dropout scenarios, a cycle duration
of 30 min was applied. The investigated catalyst is highly active
in the methanation of CO,. Under static methanation conditions
(see Figure 1a,d), the CO, consumption rate and the methane
production rate are decreasing over time, and the selectivity
shifts toward carbon monoxide. A comparable behavior can be
observed under partial dropout conditions (see Figure 1b,e). At
the beginning of the experiment, the consumption rate of CO,
decreases for the first 5 h and then remains nearly constant.
The methane production rate is slightly decreasing over time,
and the selectivity shifts toward carbon monoxide. During the
dropouts, more carbon monoxide is produced at the cost of
the methane production rate, as the reaction stoichiometry is
altered. A completely different behavior can be observed during
the experiment under full H, dropout conditions (see Figure 1¢,f).
The full H, dropout scenario revealed the best catalytic stability
for a time on stream of 24 h. The catalyst exhibits a strong activa-
tion behavior after the first dropout and a high CO, consumption
rate between the dropouts. In between the first 3-4 dropouts,
the CO, consumption rate is still increasing and then decreases
only slightly over time from 0.36 mmol min™ in the second cycle
to 0.30 mmol min in cycle 24 (see Figure 1c). After each full H,
dropout, the CO, consumption rate and the methanation pro-
duction rate are nearly full restored. The CH, selectivity stays as
high as 89% (Figure 1f).

2.2. PXRD and PDF Analysis

The fits of the in situ PDF data measured during the catalyst
activation (400 °C in H, atmosphere) require three phases to
model the data: one Fe, phase and two fcc phases (Nig, and
NisFes.), see Figure 2a,b. Due to the similarity in the crystal struc-
ture of the NisFe alloy and bulk Nig. or bulk Fer. phases, it is
difficult to discriminate the alloy from the metallic phases in the
PXRD data. In the PDF, too, the first metal-metal interatomic dis-
tances are very similar with 2.49 A for Nig., 2.54 A for Fey., and
2.51 A for NisFer.**! The fitted lattice parameter of the phase is
a = 3535 A for t = 0 h, and since this value is closer to the bulk
Nie lattice parameter of 3.525 A than to the bulk Fey. one of
3.591 A,35) we labeled this phase Nig.. Yet, an absolute distinction
just based on the lattice parameter is not possible, as internal
strain can further modify the nanoparticles, and Fe is known
to form Fe-rich surface layers on NiFe alloy particles,>® result-
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Figure 1. CO, methanation catalyzed by NisFe@C under static CO, methanation conditions a), d) and different dynamic operating conditions b), c), e), f).
Every 30 min, the reaction conditions were switched between methanation conditions (66 mL min~' Ny:H,:CO, = 0.5:4:1), full H, dropout conditions c), f),
and partial H, dropout conditions b), e). The reaction was performed at 425 °C and 1 atm.
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Figure 2. Activation: a) representative PDF refinement during the activation process (400 °C, H, atmosphere) for t = 0 min; b) intensity of the graphite
Bragg peak (002) from PXRD, and refined lattice parameters from PDF refinements for the three phases Fep. (yellow triangle), Nig. (green circle), and Ni3Fe
alloy (red triangle) as a function of time, together with the temperature ramp in the bottom panel.

ing in a variation of composition and lattice parameters within
individual nanoparticles. The second phase we labelled NisFey,
because TEM measurements with EDX maps further helped in
confirming the existence of the alloy phase, see the co-existence
of Ni and Fe in the same regions in Figures S6 and S7. Further,
ICP-OES measurements confirm the NisFe composition. Figure 2a
shows the PDF fit for t = 0 h over the r range up to 20 A
and Figure S3 for the full r range, while Figure S4 shows a PDF
refinement fort = 15 h.

During the heating ramp of the activation for T <400 °C, the
two fcc phases (Ni and NizFe) have similar lattice parameters of
~3.53 A, but different particle diameters of about 6 and 14 nm,
see Table S1 for the PDF fit results of lattice parameters, scale
factors, and particle diameters. Those PDF-derived particle diam-
eters are an ensemble average and correspond to crystalline
domain diameters. An additional bcc Fe phase of 16 nm parti-
cles is coexisting during heating up to 400 °C, which disappears
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entirely when the final temperature of 400 °C is reached, see
Figure 2b.

Upon this, there is a noticeable increase in the Nig lattice
parameter to 3.613 A and an increase in the particle diameter
to 9 nm. Keeping the temperature at 400 °C for 1 h, the lat-
tice parameter of this phase decreases from 3.613 to 3.594 A,
matching the bulk Fer lattice parameter.!*! The lattice param-
eter of the NisFer. phase increases less, but gradually up to
3.57 A, indicating the formation of an iron-rich alloy phase, which
has a larger lattice parameter compared to NisFe.?%*”] The corre-
sponding nanoparticle diameter increases only slightly from 14
to about 16 nm. Hence, at the end of the activation, both fitted
fcc phases have increased in average domain size and are likely
alloy phases, one being more Fe-rich than the other.

Figure 2b further reveals that the graphitic shell of the
NiFe@C catalyst particles gets increasingly decomposed with
increasing temperature during activation in a reducing atmo-
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Figure 3. a) Bragg peaks of Fe,NiO, during the first two methanation and dropout cycles. b) Intensity variation of the (311) Fe;NiO4 Bragg peak during
catalytic cycling: green areas represent the methanation condition (labeled m), the white areas represent the dropout (labeled d), and the red area

represents the reactivation of the catalyst.

sphere, as deduced from the decreasing integral intensity of the
(002) Bragg peak of graphite. Shortly before reaching 400 °C,
the graphitic Bragg peak vanishes almost completely. With the
disappearance of the graphitic Bragg peak, the Fe,.. phase dis-
appears concurrently, which points toward a stabilizing effect of
the graphitic shell for the Fep particles.

Complementary EDX maps of the samples after activation
(Figure S6) and post catalytic investigation (Figure S7) confirm
that the carbon shell around the nanoparticles disintegrates.
Some carbon remains, mainly in between few particles. This
does not contradict the low intensity of the graphitic Bragg
peak, because disintegrated, very disordered carbon residuals
would produce very diffuse, background-like scattering instead
of Bragg peaks. Though the samples studied by TEM stem from
the catalytic tests in the laboratory setup, which may result in
somewhat different sample morphology compared to the flow
cells optimized for in situ synchrotron experiments.

In conclusion, we propose that the disintegration of the
graphitic shells, which stabilize the Fey,.. nanoparticles, results in
the transformation of Fe, into Fer.. Because of the high struc-
tural similarity between Nig., Fes, and alloy phases, it cannot be
derived from these PXRD/PDF data, whether Fes. particles coex-
ist with Ni¢. particles, resulting in the observed average lattice
parameters, or whether a strong immediate alloy formation sets
in upon the Fep disintegration. Since the lattice parameter of
the Nig-labeled phase decreases within 0.3 h after Fey. disin-
tegration and then runs into a plateau, this points toward an
ongoing alloy formation. At first, the Fe and Ni could be spatially
more distributed, with the Fe domains increasing the appar-
ent average lattice parameter. Over time at 400 °C, Fe diffuses
deeper into the already existing Ni particles, resulting in a more
homogeneous alloy with a slightly smaller lattice parameter.

During the catalytic cycling of the catalyst at the beamline
between methanation and full dropout conditions, its high cat-
alytic activity toward methanation, as observed in the laboratory
experiment, was confirmed. We found a dropout-dependent for-
mation of a spinel phase (Fe;NiO,), visible in the PXRD patterns
shown in Figure 3a. During the first full dropout cycle, in the
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absence of H,, new Bragg peaks appear at Q values of 130, 2.13,
245, and 2.58 A", see Figure 3a (being a zoom into the low
Q range of the full PXRD patterns shown in Figure S2). These
peaks can clearly be attributed to the spinel Fe,NiO,4, which has
been observed before via HR-TEM on the surface of NiFe alloy
particles.?®! Figure 3b shows that this Fe,NiO, phase increases
in amount during all dropouts, while its fraction decreases dur-
ing methanation conditions (see also the oscillation of the Bragg
peaks in the heat map in Figure S1). This oscillatory trend can
be explained by the fact that the oxidizing environment during
the dropout condition oxidizes the surface metal atoms of the
alloy particles. During methanation in the presence of hydrogen,
a partial reduction of this oxidized layer takes place, although
not all of the spinel can be reduced.

Switching to reactivation conditions after seven cycles, i.e,
pure hydrogen atmosphere, promptly reduces all spinel and
recovers the alloy and fcc phases. Since we had observed a fast
deactivation of the monometallic MOF-derived Ni@C catalyst in
full dropout scenarios,!”! we assume that the formation of this
oxide layer protects the active site of the catalyst against fast
deactivation, leading to a more stable and active catalyst for full
dropout conditions. This high stability of the NizFe alloy is even
more to be pointed out, as the graphitic shells of the Ni;Fe@C
catalyst strongly disintegrate during activation and turn rather
into carbon residuals in between particles.

2.3. XAS Analysis

The results achieved by total scattering are supported and can
be extended by X-ray absorption spectroscopy (XAS). Analysis of
the XANES region gives information about the energy and shape
of the absorption edge and thus about the oxidation state of the
absorbing atom.

All spectra obtained through measurements at the Ni K-edge
(8333 eV, shown in Figure S8) from the catalyst in situ after activa-
tion and during several methanation and full dropout scenarios
show only marginal differences and indicate a very stable cata-
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Figure 4. In situ XANES spectra of the catalyst (at the Fe K-edge) at
different stages during activation and the first methanation/full dropout
cycle.

lyst species in a metallic oxidation state. It has to be mentioned
that a possible minor formation of a Fe—Ni alloy, as indicated by
total scattering, cannot be resolved by XAS, since the average
spectral signal of all Ni species is always detected.

Due to the bimetallic composition of the catalyst, the same
reactions were also followed at the Fe K-edge (7112 eV) under
identical conditions. The corresponding spectra are shown in
Figure 4 before and after activation as well as after application
in the first methanation/full dropout scenario in comparison to a
spectrum of metallic iron. It is clearly visible that the pre-catalyst
is reduced during the activation treatment forming oscillations
comparable to the ones from metallic iron, but with rather small
particle size as deduced from the broadened spectrum. Under
methanation conditions, the iron centers are oxidized even to a
larger extent as in the pre-catalyst, as can be seen from the shift
of the absorption edge position to higher energies, the forma-
tion of a less-intense pre-edge feature, and a more pronounced
white line intensity. In the course of a full hydrogen dropout
scheme the changes are less pronounced but still indicating a
progressing oxidation of the catalyst. These findings fit very well
to the results obtained by powder XRD and PDF measurements,
where a spinel phase (Fe,NiO,4) was found during methanation,
which possibly forms at the particle surface. By comparing the
spectra acquired during seven methanation/full dropout cycles
shown in Figure 5, a weak overall oxidation can be observed,
leading to the conclusion that the amount of spinel phase
increases slowly over time, as already indicated by PDF. Through
reactivation, the initial spectrum after the first activation could
be recovered completely, as shown in Figure 6. In the following
two cycles of methanation and full hydrogen dropout were car-
ried out, and the spectra under ‘methanation-after-reactivation’
conditions (mar 1 and mar 2) were measured. While the spec-
trum of mar 1 shows only slight signs of oxidation compared to
the reactivated spectrum, the second spectrum mar 2 is compa-
rable to the spectrum obtained after the first methanation. The
changes of the catalyst spectra progress, therefore, slower after
reactivation.
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Figure 5. In situ XANES spectra of the catalyst at the Fe K-edge during
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Figure 6. In situ XANES spectra of the catalyst at the Fe K-edge comparing
spectra before and after reactivation.

In order to obtain more detailed information about structural
changes, an EXAFS analysis of the measured in situ spectra was
carried out. Due to the variety of different phases and species
present in the system and the quality of the spectra, the analysis
was performed using Fourier filtering (see Table 1). The measure-
ments under in situ conditions caused on the one hand, the
necessity to use undiluted catalyst (and with this a high metal
concentration) and, on the other hand, measurements in fluo-
rescence mode. Both facts lead to a significant self-absorption
resulting in dampened oscillations in the EXAFS region and
reduced values for the obtained numbers of backscatterers
(Figure 7). Since the metal concentration and measurement
geometry did not change during the experiment, a qualitative
comparison between the spectra is still possible.

To fit the spectra, a model was established that includes
possible backscatterers of the Fe,NiO, spinel phase indicated
by PXRD and pure bulk metal phase. Typical distances were
extracted from single-crystal data as a starting point and refined
afterwards. Two oxygen shells were adjusted at distances of
1.9 and 2.0 A accounting for tetrahedral and octahedral coor-
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Table 1. Structural parameters obtained by fitting the experimental spectra of the in situ measurement at the Fe K-edge.

Abs-Bs? N(Bs)? R(Abs-Bs)9/A o2 d/A2 R /%, xed®", EsV/eV, Afach
Pre-catalyst FF-range: 11-4.2 A?

Fe—0O 04 + 0.1 1.849 + 0.018 0.032 £+ 0.003 5.623
Fe—0 0.5 £ 0.1 1.977 £ 0.019 0.032 £ 0.003 131 x 107
Fe—Fe 3.0+ 03 2481 £+ 0.025 0.067 + 0.007 —4.021
Fe—Fe/Ni 1.9 £ 0.2 2.837 + 0.028 0.100 + 0.010 0.800
Fe—Fe 12 £ 041 3.452 £+ 0.035 0.087 4+ 0.009

Fe—Fe 12 £ 041 3.978 £+ 0.039 0.055 + 0.006

Activation FF-range: 11-4.2 A

Fe—Fe 24 £+ 0.1 2464 + 0.025 0.081 + 0.008 10.21
Fe—Fe/Ni 11+ 0.1 2.887 £+ 0.029 0.112 £ 0.01 147 x 107°
Fe—Fe 12 £ 01 3.515 £+ 0.035 0.112 £ 0.01 —4.109
Fe—Fe 04 + 0.1 4.006 £ 0.040 0.050 £ 0.005 0.800
Methanation 1 FF-range: 11-3.6 A?

Fe—O 1.8 £ 0.1 1.914 + 0.019 0.095 £ 0.010 10.86
Fe—O 04 + 0.1 2.077 + 0.021 0.032 £ 0.003 310 x 107
Fe—Fe 11+ 01 2473 + 0.025 0.100 + 0.010 —1.413
Fe—Fe/Ni 17 £ 0.2 2.924 £+ 0.029 0.112 £ 0.01 0.800
Fe—Fe 19 £ 0.2 3.446 £ 0.034 0.112 £ 0.01

Reactivation FF-range: 11-4.2 A

Fe—Fe 26 £ 0.1 2464 £ 0.025 0.087 £ 0.009 8.58
Fe—Fe/Ni 12 £ 01 2.890 £ 0.029 0.112 £ 0.011 1.06 x 107°
Fe—Fe 12 +£ 01 3.533 &+ 0.035 0.112 £ 0.011 —4.109
Fe—Fe 04 £ 0.1 4.006 £ 0.040 0.059 £ 0.006 0.800

Marl FF-range: 11-3.6 A

Fe—0O 0.1+ 0.1 1.890 + 0.019 0.032 £+ 0.003 16.09
Fe—O 03 £ 0.1 2.004 £+ 0.020 0.032 £+ 0.003 5.44 x 107°
Fe—Fe 214+ 02 2495 + 0.025 0.102 + 0.010 —6.947
Fe—Fe/Ni 11+ 0.1 3.019 £+ 0.030 0.112 £ 0.01 0.800
Fe—Fe 0.8 + 0.1 3.482 + 0.035 0.112 £ 0.01

Mar2 FF-range: 11-3.6 A?

Fe—0O 0.8 + 0.1 1.847 + 0.018 0.032 £+ 0.003 4.00

Fe—0 0.9 + 0.1 2.010 £+ 0.020 0.032 £+ 0.003 035 x 107
Fe—Fe 04 + 0.1 2472 + 0.025 0.032 £ 0.003 —2.927
Fe—Fe/Ni 13 £ 041 2943 + 0.029 0.087 4+ 0.009 0.800
Fe—Fe 13 £ 041 3.469 + 0.035 0.092 + 0.009

3 Abs: X-ray absorbing atom, and Bs: backscattering atom.

b Number of backscattering atoms.

9 Distance of the absorbing atom from the backscattering atom.

9 Debye-Waller like factor.

@ Fit index.

) Reduced x2.

9 Fermi energy, which accounts for the shift between theory and experiment.

M Amplitude reduction factor.

) Range of Fourier-filtering

dination, respectively, both present in Fe,NiO,4.!*! It should be
noted that a discrimination between oxygen and carbon is not
possible by EXAFS analysis due to their similar atomic number,
meaning a certain amount of carbon originating from a graphite
matrix indicated by total scattering cannot be ruled out at this
point. In addition, two shells consisting of iron backscatterers
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are adjusted at distances of 2.9 and 3.5 A, which are present
in Fe;NiO, as well as in a metallic phase. In the inverse spinel
structure of Fe;NiO, the octahedrally coordinated positions are
occupied by Fe and Ni ions with a ratio of 1:1 and could not
be differentiated. To resemble metallic components characteris-
tically, a further iron shell was modelled at 2.5 A and in case of

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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—-- pre-catalyst (exp/fit)
—-- activation (exp/fit)
—-- methanation 1 (expffit)
—-- reactivation (exp/fit)
mar 1 (exp/fit)
mar 2 (exp/fit)

FTIk®y (k)|

3
R/A

Figure 7. Fourier-transformed EXAFS spectra (Fe K-edge) of the catalyst
under investigated conditions.

the pre-catalyst, the activated and reactivated catalysts, also at
40 A

The spectrum of the pre-catalyst clearly shows a mixture of
oxidized components and a metallic phase, due to a pronounced
proportion of oxygen backscatterers and a significant amount
of Fe backscatterers at 2.48 and 3.97 A, which can be assigned
to Fe®.*! This is consistent with the findings in XANES and PDF
analysis, where Fep. was found. Upon activation, a reduction of
the species takes place and the formed Fe phase shows no traces
of oxygen backscatterers and a significantly decreased amount
of Fe backscatterers at 4.0 A, which are characteristic for Fepc.
Due to the very similar backscatterer distances an unambigu-
ous assignment of a possible iron centering cannot be made by
EXAFS analysis.[*0]

As also visible in the XANES spectra, the catalyst is oxidized to
an even higher extent under methanation conditions than in the
pre-catalyst, resulting in a higher amount of oxygen backscat-
terers at 1.914 A and a significant decrease of Fe backscatterers
at 2.473 A—a characteristic distance for the metallic phase. It is
likely that an interaction with the CO, from the gas phase takes
place, and an in situ species can be observed. The types and dis-
tances of the obtained model fit very well to Fe,NiO,, which was
proposed by PXRD measurements.

In the EXAFS analysis of the seven carried out methana-
tion/full dropout cycles, the weak overall oxidation detectable
in XANES analysis cannot be resembled. The applied fits do not
show significant changes during the full dropout and methana-
tion cycles (see Figures S11 and S12).

After reactivation, the almost identical structure model could
be obtained, as it was used for the activated catalyst. As can
be seen in the fits of the spectra after reactivation, the struc-
tural changes seem to proceed slower than in the initial catalyst.
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The spectrum of the first methanation after reactivation (mar 1)
appears to be a mixture of the activated, reduced catalyst and
the oxidized one after methanation 1. Only after a second metha-
nation, the spectra resemble those obtained after methanation 1,
indicating a higher structural stability.

3. Conclusion

In this paper, we investigated a MOF-derived bimetallic Fe/Ni cat-
alyst during CO, methanation in seven catalysis and H, dropout
cycles by X-ray diffraction and absorption.

During the activation process in pure hydrogen, the Ni/Fe-
MOF-derived pre-catalyst was reduced, and the Fe, phase was
detected by PDF and EXAFS analysis. This Fep.. phase disap-
peared when 400 °C was reached, apparently induced by the
disintegration of the graphitic shells around the nanoparticles.
Some carbon remained in between the particles and created a
diffusive scattering background. Neither PDF nor XAS analysis at
the Ni K-edge showed any changes in the metallic Ni¢. species
formed under all the conditions applied, underlining the stability
of the active species obtained.

During full dropout and methanation conditions, the inves-
tigated bimetallic catalyst showed exceptional catalytic activity
and selectivity in the cycles of methanation and dropouts.
Two fcc phases of NisFer. and Nig. coexisted, with a Fe;NiO,
phase forming continuously during the dropouts possibly on
the particle surface, as could be verified by PDF and XAS.
Under pure hydrogen atmosphere, the catalyst was fully recov-
ered in the reactivation protocol, as shown by XAS. Correlating
the results obtained by X-ray diffraction and absorption spec-
troscopy with catalytic activity, the presence of the spinal phase
Fe,NiO, seemed to stabilize the conversion and product selec-
tivity. Since the spinel phase was depleted during methanation,
the catalyst was well suited for full dropout scenarios and pulsed
operation.

4. Experimental Section

4.1. Synthesis of Ni;Fe(BDC)(PNO), Precursor and Niz;Fe@C
Catalyst

The synthesis of NisFe(BDC)(PNO)y is based on the synthesis of the
monometallic material Ni(BDC)(PNO).[“"" The nickel precursor was
partially replaced by Fe(NO;);e9H,0 and the amount of pyridine-
N-oxide (PNO) was stoichiometrically adjusted to the Ni con-
tent. Ni(NO;),e6H,0, Fe(NO;);09H,0, benzene-1,4-dicarboxylic acid
(H,BDC), and pyridine-N-oxide (PNO) were dissolved in 60 mL of
N,N-dimethylformamide (DMF) in a 100 mL flask. The reaction solu-
tion was subsequently heated to 120 °C for 18 h in an oven. The solid
green material was separated from the hot suspension, filtered off,
washed with DMF and water, and dried for 72 h at 130 °C in air. For
the synthesis of NisFe@C 1 g of the MOF precursor was placed in
a tube furnace, which was heated to 500 °C in a reducing atmo-
sphere of 10% H, in He using a heating rate of 5 K min~'. After
decomposition for 1 h, the sample was cooled to room temperature
and slowly exposed to air due to the pyrophoricity of the freshly
decomposed sample. The full experimental details and the results
of standard characterization techniques can be found elsewhere.*3!
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4.2, Catalytic Measurements

Catalytic experiments in a laboratory U-tube reactor. For the
CO, hydrogenation studies, 40 mg of the NisFe@C pre-catalyst was
diluted in 160 mg of SiC and placed in a stainless-steel U-tube reac-
tor coated with Silconert2000 and activated at 400 °C for 2 h with
2 K min™" in an H, atmosphere to generate the active methana-
tion catalyst. Subsequently, the catalyst was heated to the reaction
temperature of 425 °C in an N, atmosphere. The CO, hydrogenation
was performed with a volume flow V of 60 mLmin~" of stoichio-
metric gas composition and an additional 6 mL min~" Ny, resulting
in a gas composition fraction of H,/CO,/N, = 8:2:1. For the dropout
scenarios, the total gas flow was held constant at 66 mL min™' by
balancing with N,. The fractions of H, and CO, were adjusted as
follows: full dropouts with H,/CO,/N, = 0:0:1 and partial dropouts
with H,/CO,/N, = 2:1:2.5. The total product gas flow was measured
to exclude effects resulting from volume changes due to the reac-
tion stoichiometry. The products were analyzed using an X-STREAM
Enhanced XEGP from Emerson with three IR detector channels for
CO,, CHy4, and CO, as well as a TCD detector for H, for quantitative
analysis. To prevent the condensation of water within the analyzer,
a Peltier sample gas cooler TC-MINI 61,111 from Buehler Technologies
was used to cool the products to 5 °C. Additionally, a ThermoStar
quadrupole mass spectrometer (QMS) from Pfeiffer was used to
identify possible side products.

Catalytic experiments at beamlines. Activation was performed
by raising the temperature to 400 °C with a heating ramp of
10 °C/min. As soon as the temperature is reached, activation in H,
(10 mL/min) atmosphere is run for 1 h. Then the setup is put under
a helium atmosphere, and the temperature is raised to 425 °C. In
analogy to the experiments in the U-tube reactor, methanation and
dropout cycles at the synchrotron facilities were run at 425 °C, took
30 min each, and were alternated for several hours. Only the sce-
nario of full dropouts has been investigated because it showed
the best catalytic performance in prior laboratory catalytic runs
and for the sake of precious synchrotron beamtime. For the PDF
experiments, seven methanation and seven dropout cycles were
observed, and He was used instead of N, as an inert gas in the gas
mixture.

The same catalysis conditions were employed for XAS and
PDF experiments, yet with different flow cells optimized for
the respective scattering technique, see Rohrbach et all® and
below.

4.3. X-ray Total Scattering Experiments

Synchrotron total scattering data were acquired at the ID15A beam-
line at the ESRF in Grenoble with an X-ray energy of 65 keV (A =
0.1907 A) and a beam size of 150 x 150 pmZ2. At the beamline, all
experiments were carried out in a quartz capillary reactor (outer
diameter 1.5 mm, wall thickness 0.05 mm) with heating coils on top
and below the capillary. A custom-built gas dosing system of mass
flow controllers (Bronkhorst) was used to control the gas flow of
He, H,, and CO, with an overall gas flow of 10 mLmin~" while using
a catalyst amount of 7-10 mg. Online gas analysis was performed
with a ThermoStar quadrupole mass spectrometer (QMS) from
Pfeiffer. The catalytic and dropout cycles were alternated every
30 min. Data was measured continuously with 1s for each detector
image and 29 s sleep time after each image to prevent ghosting
issues on the Pilatus CdTe 2 M detector. The powder X-ray diffrac-
tion (PXRD) patterns were collected over a Q-range of 0.7-30.8
A-'. Radial integration was done with the software xpdtools,'*?
PDF calculation with PDFgetX3,”¥ and PDF modeling with
diffpy-cmi.l44!
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4.4. X-ray Absorption Spectroscopy

All experiments were carried out at beamline P65 at DESY
(Deutsches Elektronen-Synchrotron) in Hamburg, Germany. The
spectra at the Fe K-edge (7112 V) and Ni K-edge (8333 eV) were col-
lected at the third undulator harmonic using a Si-coated mirror and
a Si(111) double crystal monochromator. For energy calibration of the
monochromator a Fe resp. Ni foil was used. The measurements were
performed with a maximum beam current of 100 mA in continuous
mode (180 s/spectrum) by application of a capillary setup heated by
a gas blower in fluorescence mode.

4.5. Transmission Electron Microscopy

High-angle angular dark-field scanning TEM (HAADF-STEM) micro-
graphs and STEM-EDX measurements were acquired on a Thermo
Fisher/FEI Talos microscope operated at 200 kV and equipped with
4 in-column Super-X detectors, which allow for superior collection
efficiency. The convergence angle used was 10.5 mrad, and the
probe current was 420 pA. The images were collected on a sample
after reduction and after catalysis with full dropouts in a laboratory
reactor; it is important to underline that due to the different con-
dition, the sample measured in the in situ set-up can present some
differences. The sample was prepared and measured under an inert
atmosphere.
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