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1. Results Rietveld Refinement

The structural parameters as obtained from Rietveld refinement using initial structural models by Zhou
et al.[1] for Al,O3 and O’Neill et al.[2] for NiAl,O4 are listed in Table S1. Two cases were studied, first
with refined Al occupancies and second with fixed Al occupancies according to the literature data.

Table S1 Structural parameters obtained from Rietveld analysis for the refinements of Ni/Al,0s-h with refined and fixed
occupancies of the Al positions of the Al,03 phase.

Refined Al occupancies

Fixed Al occupancies

Rexp
Rwp
GoF
Phase
Space group
Phase
amount /
wt. %
Crystallite
size D/ nm
a/A

Phase
Atom
01
All
Al2
Al3

Phase
Atom
0
All
Al2
Nil
Ni2

2.49
2.05
0.82
Al,O3 NiAl,O4
Fd3mz Fd3m:2
95.50(13) 4.50(13)
6.933(19) 7.41(13)
8.0133(2) 8.0604(11)
Al,O;
X y z occ
0.25470 0.25470 0.25470 1
% % % 1.156(7)
% % % 0.839(4)
0.02720 0.02720 0.02720 0.0133(13)
NiAl,O4
X y z occ
0.25490 0.25490 0.25490 1
% % % 1
% % % 1
% % % 1
% % % 1

2.49
4.87
1.96
Al,O; NiAl,O4
Fd3mz Fd3m:2
84.29(12) 15.71(12)
7.03(7) 6.77(6)
8.0080(6) 8.0305(9)
Al,O3
X y z occ
0.25470 0.25470 0.25470 1
% % % 0.58
% % % 0.84
0.02720 0.02720 0.02720 0.17
NiAl,O4
X y V4 occ
0.25490 0.25490 0.25490 1
% % % 1
% % % 1
% % % 1
% % % 1




2. Tomography Studies

2.1. Resolution Estimation ET
To estimate the resolution of the ET in terms of sharpness, we performed a line profile analysis of an
edge feature of the SIRT reconstructed tomograms. We analyzed the 10-90% rise distance of the edge
as shown in Figure S1 and Figure S2.
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Figure S1 Selected slice of the SIRT reconstructed ET1. The blue box depicts the area shown zoomed for the line profile (red)
analysis to estimate the resolution of the tomogram. The estimated resolution by the 10%-90% criteria for the selected line
profile is 4.2 nm.
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Figure S2 Selected slice of the SIRT reconstructed ET2. The blue box depicts the area shown zoomed for the line profile (red)
analysis to estimate the resolution of the tomogram. The estimated resolution by the 10%-90% criteria for the selected line

profile is 5.6 nm.
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2.2. Sample preparation PXCT
The Ni/Al,03-h sample for the PXCT experiment, mounted on an Al-pin of the OMNY design [3], is
shown in Figure S3. The sample was mounted in a FEI Strata 400 S FIB/SEM by transferring the
respective particle with a micro-manipulator and Pt-gluing to the tip of the pin.
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Figure S3 SEM images of the Ni/Al,0s-h sample mounted on the Al-pin for the PXCT experiment with dimensions measured in
the SEM.

2.3. PXCT uncropped tomogram
The PXCT of the Ni/Al,03-h sample was cropped before performing the image analysis to remove the
big Pt residue from the sample transfer. The original volume of the PXCT and the cropped one are
shown in Figure S4.

Figure S4 Uncropped PXCT of the Ni/Al,0s-h sample (left) and cropped tomogram (right). The cropped feature on top mostly
consists of Pt as residue of the sample preparation with the micromanipulator within the FIB.



2.4, Resolution Estimation PXCT
The resolution of the PXCT of the Ni/Al,O3-h sample was estimated via Fourier shell correlation (FSC)
as implemented in the script by Odstrcil et al. [4]. The selected region for the FSC is shown in Figure
S5 and the obtained FSC with its effective resolution is shown in Figure S6.
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Figure S5 Selected region of the PXCT tomogram of the Ni/Al,03-h sample and resulting input for the FSC analysis
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Figure S6 FSC analysis of the NiAl,0s-h PXCT, the reconstructed pixel size is 38.1 nm and the resolution from the FSC is
estimated as 78.3 nm.



2.5. Statistical Values Porosity Analysis
The statistical distribution of the equivalent pore diameter d.q is shown in Figure S7, as obtained from
label analysis of the individual labelled pores for the ET and PXCT.
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Figure S7 Frequency distribution of different pore diameters obtained from the label analysis of the separated pores from the
ET and PXCT experiments of the Ni/Al,Os-h catalyst.



3. Catalyst Particle Model
Mass transport and chemical reaction in a steady-state catalyst particle are described by a set of
coupled ordinary differential equation for each component i €{C0O,, H,, CH,, H, 0} together with their
respective boundary conditions:

10
ﬁa[TZNi] = ViSO' (1)
N;=0atr=0 (2)
pi =pioatr =R (3)

In these equations 7 is the radial coordinate in the spherical catalyst particle, R the catalyst particle
radius, o the reaction rate, N;the molar flux, v; the stoichiometric coefficient and the p; partial
pressure. As the equations are written as Dirichlet problem, no outer mass transport limitations are
considered. Furthermore, the enthalpy balance is neglected, the catalyst particles are assumed as
isothermal. As seen from previous simulation studies, both are valid assumptions [5,6]. As the CO;
methanation reaction is linked to a reduction of number of molecules, pressure gradients may develop
in the catalyst particle. In consequence, in addition to the diffusive flux N; 4;¢r also a pressure-driven
viscous flux N; ;s is present. The total flux is given by the sum of these fluxes.

N; = Nigirr + Nivisc (4)

The diffusive flux of a component i in the porous solid with bimodal pore size distribution is
approximately proportional to the product of an effective diffusion coefficient D; . and the gradient
of its partial pressure:

o Dierrdpi
Laiff RyasT dr

(5)

Several models have been proposed for calculating the effective diffusion coefficient in a bimodal
porous solid. For example, Wakao and Smith[7] proposed the random pore model. The model is based
on the assumption, that diffusion takes place in cylindrical pores in parallel through mesopores with
void fraction &,,, macro-pores with void fraction &, and the combination of meso- and macropores in
series. According to the model, the effective diffusion coefficient is given by

£2,(1+ 3gy)

Dierr = €yDim + Dim (6)

1—¢y
The pore diameter in a porous solid can span several orders of magnitude. In dependence of the mean-
free path length of the molecules and the pore diameter, different diffusion mechanisms apply. On the
one hand, for very small pores, Knudsen diffusion is the main mechanism of mass transport. On the
other hand, for very large pores, molecular diffusion prevails. To interpolate both regimes, the
Bosanquet equation is suitable:

1 _ 1 4 1 )
Di,M/m Di,molec,M/m Di,knud,M/m

The Knudsen diffusion coefficient is given by



dM/ 8R,,.T
Di,knud,M/m = 3 = n‘g]\js. (8)
i

and the molecular diffusion coefficient in the gas mixture is approximated by the Wilke equation

1—x

Di,molec = ﬁ (9)

Jj=1,i#j Dij

with binary diffusion coefficient obtained from the Fuller equation [8]:

i . o —1905
0.00143 (%)1 5[(%) +(%) ]

D:
b (10)
cm?/s P13 % %
bar 2|47 + Aj
The viscous flux through the porous solid of a component i is given by d’Arcys law as
x;Bp d
b 2P (11)

Nii = —
i,visc #RgasT dr

As the mesopore in the range of 10 nm are considered, the viscous flux will take place mainly in the
macropores. Thus, the permeability B is calculated as

di di
= E_M_M = SI%I_M (12)
Ty 32 32

where j—M = £Z according to the random pore model. For cylindrical pores, the specific surface of the
M
catalyst can be calculated in dependence of the void fractions and the pore diameters.

S=4 (S—’" + E—M) (13)
dm dy

The reaction kinetics are described by the model of Koschany et al[9]. It was obtained for a NiAl(O)x

catalystin a temperature range of 180— 340 °C and pressure range of 1 — 15 bar. As the reaction kinetic

model is given in mol/(geas), it is converted to mol/(m?2s) by division with the specific surface area of

235 m?/geat. As the samples in this study exhibit a lower nickel mass fraction, also lower activities are

to be expected. Thus, the reaction rate is further scaled by a constant factor of 0.2.

05 05 PCH4P1%120
kpco2p2 <1 - m>

ma (14)

2
G (14 K 2B + Ky + KB )
H2

The catalyst effectiveness factor 7 is given by the ratio of effective and intrinsic reaction rate

_ Oefr

15
Oint ( )

whereas the effective reaction rate of the catalyst particle is given by

10
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