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Synchrotron PXRD deconvolutes nickel particle and sup-
port changes in Ni/ZrO2 methanation catalysts†

Mariam L. Schulte,a,b,‡ Sebastian Weber,a,b,‡, Linda Klag,a Jan-Dierk Grunwaldta,b and
Thomas L. Sheppard∗a,b

Understanding catalyst deactivation is important for future knowledge-based design of catalysts with
improved stability. Deactivation by thermal aging is particularly relevant for exothermic reactions,
here demonstrated with CO2 methanation using nickel-based catalysts. A series of five Ni/ZrO2
catalysts is studied which differ by calcination temperature of the ZrO2 support prior to Ni deposition,
leading to different textural properties of the support. Artificial thermal aging of the Ni/ZrO2 series
is then performed and monitored by operando synchrotron-based powder X-ray diffraction (SPXRD).
This reveals the dependence of catalyst stability on the support properties and shows that different
deactivation mechanisms take place. Catalyst deactivation is mainly correlated either to changes of
the support or to changes in nickel crystallite size, depending on the calcination temperature of the
support before nickel deposition. By preparing a targeted series of supports with different textural
properties, it is possible to deconvolute these effects. Operando SPXRD is shown as a powerful tool
to follow both textural and structural changes during thermal catalyst deactivation, which is mostly
only performed by post mortem ex situ analysis.

1 Introduction

Exothermic heterogeneous catalytic processes are challenging in
regard to safety aspects and catalyst stability. Reliable heat man-
agement is necessary in order to maintain safe operation under
process conditions. Thermal catalyst deactivation can be classi-
fied in three effects: (i) loss of active sites due to metal parti-
cle agglomeration; (ii) collapse of support structure leading to
a decrease in surface area or porosity changes; (iii) formation of
undesired alloy or mixed metal oxide phases by reaction of the ac-
tive phase and catalyst support.1,2 Distinguishing between these
three effects for a given chemical process is difficult, since all ef-
fects can occur simultaneously and in addition to other types of
deactivation, e.g., poisoning or fouling. Detailed investigation of
temperature-induced catalyst deactivation is needed in order to
unravel the impact of each degradation process.
A suitable exothermic model reaction for studying catalyst deac-
tivation is CO2 hydrogenation to CH4. CO2 methanation involves
significant heat generation and therefore forms distinct tem-

a Institute for Chemical Technology and Polymer Chemistry, Karlsruhe Institute of Tech-
nology (KIT), Engesserstr. 20, 76131 Karlsruhe, Germany. Tel: +4972160847989;
E-mail: thomas.sheppard@kit.edu
b Institute of Catalysis Research and Technology, Karlsruhe Institute of Technology
(KIT), Hermann-von-Helmholtz Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.
† Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000/00000000.
‡ Both authors contributed equally.

perature gradients (hot-spots),3 which have been simulated in
fixed-bed reactors4 and observed experimentally using spatially-
resolved measurements.5 A wide range of catalysts have been in-
vestigated for CO2 methanation and the reviews of Aziz et al.6

and Frontera et al.7 provide a comprehensive overview on cata-
lyst development. Ni-based catalysts are most frequently studied,
due to relatively low cost of the metal and high activity and selec-
tivity in CO and CO2 methanation.7

Possible deactivation pathways for CO2 methanation cata-
lysts have also been reviewed.8–10 These mainly include foul-
ing/coking, poisoning, (redox) reaction of the active metal sites,
and thermal degradation. Although coking is discussed as a deac-
tivation phenomena for CO2 methanation, it is more relevant for
CO or mixed CO/CO2 methanation where the Boudouard reac-
tion favors coke formation from CO-containing feed.8–11 Poison-
ing is mainly relevant for applications of CO2 methanation associ-
ated with coal or biomass based CO2 feeds, and can be attributed
to sulfur species present in the feed.8,10,12 Changes in oxidation
state of active metallic Ni sites are discussed in several studies
especially in terms of fluctuating feeds such as H2 dropout sce-
narios, which can lead to irreversible or partially irreversible Ni
oxidation to NiO.13–17 However, the above deactivation pathways
can generally be reversed by reactivation, compared to thermal
degradation,18 which is a permanent feature due to the exother-
mic nature of the reaction.
As an example, long-term tests were reported for co-precipitated
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Ni/Al2O3 catalysts at reaction temperatures of around 380-400 ◦C
by Abello et al.19 and Koschany et al.20, where a slow decline in
activity was observed over several hundreds of hours of operation,
eventually leading to constant conversion after 320 h. This was
traced back to gradual sintering of Ni particles, which Beierlein
et al.18 studied in more detail during rapid ageing tests by ex-
posing the catalysts to hydrothermal conditions at 600 to 700 ◦C.
They observed increasing Ni particle sizes and additional changes
in the support structure on thermal aging.18 In addition, poten-
tial deactivation by an oxidized or restructured Ni surface was
discussed.18 Similar findings were reported by Mebrahtu et al.21

showing the influence of nickel hydroxide-like species formed un-
der hydrothermal conditions, resulting in enhanced formation of
mixed oxides or sintering. Ewald et al.22 attributed the long term
deactivation of co-precipitated Ni/Al2O3 catalysts to Ni particle
sintering, textural changes, i.e., loss of surface area and reduc-
tion of medium basic sites, which is associated with changes of
the CO2 adsorption capacity. In addition, they report the po-
tential Ni incorporation into γ-Al2O3 or beginning formation of
mixed oxide phases such as NiAl2O4.22

Both the support and the metal nanoparticles can change upon
(hydro)thermal ageing at the same time. Hence, the challenge is
to deconvolute the many different deactivation pathways which
may occur, e.g., sintering, oxidation, composite formation. Post
mortem or ex situ analysis can hardly reveal the stage at which
deactivation happens. This requires in situ or operando measure-
ments sensitive to the aforementioned sample changes.23–25 It
should be noted that there are mainly two different mechanisms
proposed for CO2 methanation,7,8,10 where aside from Ni metal
as the active species, the support might also be involved in the re-
action by adsorption of CO2 as part of an associative mechanism.
In the current study, we present a systematic examination of de-
activation effects of Ni/ZrO2 methanation catalysts by operando
synchrotron-based powder X-ray diffraction (SPXRD) during ar-
tificial thermal aging. The aim is to deconvolute contributions
of support and Ni nanoparticle changes to catalyst deactivation.
A designed model series of different Ni/ZrO2 catalysts was pre-
pared using the same ZrO2 support, which was calcined at var-
ious temperatures prior to Ni deposition. Thus, distinct thermal
stability and textural properties of the supports can be achieved,
while similar Ni particles are initially present on each support,
as illustrated in Figure 1. The Ni/ZrO2 system with the mono-
clinic ZrO2 polymorph was chosen as a typically employed com-
bination for methanation catalysts6,7 and because ZrO2 exhibits
a more defined crystalline structure compared to most often ap-
plied γ-Al2O3 supports. Furthermore, monoclinic ZrO2 is typi-
cally a non-reducible support and mixed oxide formation with Ni
is less likely compared to γ-Al2O3. Therefore, it is an ideal model
support system to study thermally induced catalyst changes, as
the expected changes are mainly related to textural properties.
Operando SPXRD measurements were used to reveal structural
and textural changes of the support and Ni nanoparticles based
on crystallite size analysis at different deactivation temperatures
during CO2 methanation. In this way, the distinct contributions
of active metal or support changes on catalysts deactivation can
be deconvoluted. This allows to derive structure-deactivation re-

Fig. 1 Illustration of the initially prepared Ni/ZrO2 catalysts applied in
artificial thermal aging experiments. Before Ni deposition the ZrO2 sup-
port was calcined at different temperatures to alter the support textural
properties (surface area, pore volume) and to vary the thermal stability
of the support. Ni blue, ZrO2 grey, the grey color gradient illustrates
changing textural properties of the support.

lationships for the Ni/ZrO2 catalyst series. Therefore, this study
presents an approach to distinguish changes occurring in different
components of the solid catalyst during artificial thermal deacti-
vation cycles, using a single method, i.e., in situ/operando SPXRD.
The catalysts used in this study may be considered as model sys-
tems for the purpose of monitoring deactivation, without opti-
mization regarding their catalytic performance.

2 Experimental

2.1 Catalyst synthesis
Ni/ZrO2 catalysts were prepared using the homogeneous
deposition-precipitation method adapted from Mutz et al.26 As
support material commercial ZrO2 pellets (Saint-Gobain) were
crushed and thermally aged at different temperatures (indicated
in abbreviation) for 12 h (10 ◦C min−1) resulting in samples Z350,
Z500, Z650, Z800 and Z1000. The calcined powders were finely
granulated to a mesh size ≤100 µm and 1.6 g of each pow-
der was suspended in an aqueous solution (230 mL) of 2.002 g
Ni(NO3)2·6H2O (Merck 99 %) with 2.906 g of urea (7 eq., Carl
Roth, crystalline, 99.6 %), which corresponds to an aimed Ni
loading of 20 wt.%. The suspension was stirred for 1 h at room
temperature (pH = 4) and afterwards heated to 90 ◦C. The mix-
ture was heated for 18 h under reflux, cooled to room tempera-
ture, then stirred for another 1 h (pH = 8). The solid was filtered
off, washed three times with 100 mL of deionized water and dried
overnight at 90 ◦C. Subsequently, the catalysts were calcined at
500 ◦C for 4 h (10 ◦C min−1).

2.2 Laboratory catalyst characterization
Catalyst composition was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) with a Perkin
Elmer Optima 8000 instrument equipped a Scott/crossflow
sample injection system.
Specific surface area (ABET ) and pore volume (Vp) were obtained
from N2 physisorption using a BELSORP-mini II system (Micro-
trac) with the method of Brunauer, Emmet and Teller (BET).27

Prior to the measurement the samples were degassed at 300 ◦C
for 2 h under vacuum.
Mercury intrusion porosimetry (MIP) analysis was conducted
using a ThermoScientific PASCAL 140 (lower pressures) and
a ThermoScientific PASCAL 440 (higher pressures). The pore
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width (wP) distribution was calculated using the Washburn
equation (eq. 1).28 The used contact angle θ was 140◦ with a
surface tension σ of 0.48 Nm−1. Here pL and pG are the pressure
of liquid and gas, respectively, and dp is the pore diameter.

pL − pG =−4σcosθ

dp
(1)

Crystalline phases and crystallite sizes (Lvol) of the catalysts were
studied with laboratory powder X-Ray diffraction (PXRD) mea-
surements using a PANalytical X’Pert PRO diffractometer with Ni-
filtered Cu Kα radiation (λ = 1.54060 Å) for 2θ = 5-80◦ (0.625◦

steps with 1.6 s step−1). Analysis of the laboratory PXRD was per-
formed similarly to SPXRD experiments (see section 2.5 and ESI†,
chapter 4).
Transmission electron microscopy (TEM) and scanning transmis-
sion electron microscopy (STEM) images were obtained for three
spent catalysts after catalytic testing on a Tecnai F20 (Philips)
electron microscope with 200 kV acceleration. A copper grid was
used as specimen holder and element distribution was studied
energy dispersive X-ray analysis (EDX) using an EDAX s-UTW de-
tector.

2.3 Catalyst activity testing

The catalytic performance of the catalysts was studied in a con-
tinuous flow setup with a stainless steel tubular fixed-bed reac-
tor (length = 410 mm, inner diameter di = 7 mm, outer diameter
do = 9.5 mm) (Figure S 14, ESI†), described in previous work.26

The catalyst bed (length = 30 to 35 mm) contained 300 mg
of catalyst (sieve fraction 300-450 µm) diluted in 1.15 g of SiC
(210 µm, Carborundum, VWR Chemicals). The spare void of the
reactor was densely packed with SiC (500 µm) and the different
layers were separated with quartz glass wool to ensure a defined
gas flow. Thermocouples (K-Type) were placed in front and be-
hind the catalyst bed for automated temperature control, using
the average temperature of the front and end positions. Gases
were dosed using mass flow controllers (Bronkhorst) calibrated
using a gas flow meter (Bios DryCal Definer 220, MesaLabs).
Gaseous product analysis was performed by gas chromatogra-
phy (GC) using an Agilent 490 micro gas chromatograph (µ-GC)
(Channel 1: 10 m PoraPLOT Q, 0.25 mm diameter, carrier gas He;
Channel 2: 10 m mole sieve column with 5 Å, 0.25 mm diameter,
carrier gas Ar). Prior to each reaction, the catalysts were activated
in the reactor in a 50 % H2/N2 mixture (both purity 99.9999 %
from Air Liquide) (600 mL min−1) at 500 ◦C for 2 h. After cool-
ing to reaction temperature, the gas feed was changed to 10 %
CO2/40 % H2/N2 (CO2 purity 99.995 % from Air Liquide) result-
ing in a weight hourly space velocity (WHSV ) of 60 L g−1

cat h−1.
The catalytic performance was tested at three different temper-
atures (250 ◦C, 350 ◦C and 400 ◦C) and a hold time of 1 h each
to obtain stable catalytic activity. Conversion of CO2 (XCO2 ) was
calculated similarly to earlier measurements by Mutz et al. using
N2 as internal standard (see ESI†).26

2.4 Operando synchrotron powder X-ray diffraction
(SPXRD) experiments

SPXRD measurements were performed at the X04SA-MS beam-
line of the Swiss Light Source (Paul Scherrer Institute, Villigen,
Switzerland).29 An X-ray energy of 30.5 keV (λ = 0.406739 Å)
was used to ensure high transmission of the samples, which is re-
quired due to the strongly absorbing ZrO2 support. 2D diffraction
patterns were acquired with a Pilatus 6M detector, which were az-
imuthally integrated using the Dioptas software.30

Operando SPXRD studies were carried out using a quartz capil-
lary (WJM-Glas Müller GmbH) microreactor setup of 1.0 mm di-
ameter.31 About 4 mg of the undiluted calcined catalyst (sieve
fraction 100-200 µm) resulting in a bed length of ≈4 mm was
used for each experiment. The reactor was heated using a hot-air
blower (LE MINI SENSOR KIT, Leister Technologies), gases were
dosed using mass flow controllers (Bronkhorst) and reactor outlet
gases were analyzed by on-line mass spectrometry (MS) with an
OMNI-Star GSD 320 (Pfeiffer Vacuum). Before the experiments,
the temperature inside an empty capillary was calibrated using a
type-K-thermocouple (for calibration data see Figure S 16, ESI†).
It should be noted that an online temperature control was used
during the whole experiment, but the recording of the tempera-
ture values failed due to an error in the control software. A LaB6
NIST 640b standard was measured inside of a 1.0 mm quartz cap-
illary as a calibrant for 2θ scale and to retrieve an instrumental
profile function.
The initial calcined catalyst was first activated in a total flow of
10 mL min−1 of 25 % H2/He at 500 ◦C for 2 h (Figure 4b, blue)
with a heating rate of 10 ◦C min−1. Afterwards, it was cooled
to 400 ◦C and switched to reaction conditions of 5 % CO2/20 %
H2/He to determine the initial activity of the catalyst sample at
reaction step R1 for 30 min. Subsequently, the catalysts under-
went three artificial thermal deactivation cycles with 5 ◦C min−1

ramps and a holding time of 15 min at temperatures of 500 ◦C,
575 ◦C and 625 ◦C, under reaction conditions. In between each
cycle, changes in catalyst activity were studied at 400 ◦C labelled
as reaction steps R2, R3 and R4. Afterwards, the sample was
cooled to room temperature with 10 ◦C min−1. Diffraction pat-
terns were measured with 9 s acquisition time during activation
and final cool-down as well as 3 s during reaction conditions and
artificial thermal deactivation cycles.
The on-line MS data was used to estimate the conversion of CO2
(XCO2 ) and H2 (XH2 ) during operando SPXRD. Xi for the respective
m/z ratio and thus component i is calculated according to eq. 2:

Xi =

(
1−

Ii,norm

Ii,norm,baseline

)
·100% (2)

with the normalized ion current (Ii,norm) as the ion current of trace
i normalized to the He trace. The Ii,norm,baseline is retrieved after
cooling down to room temperature at the end of each experiment
under reaction conditions, see ESI†for details. To compare rela-
tive changes of the conversion during the cycles, Xi is normalized
by the initial Xi,R1 at R1:

Xi,rel =
Xi

Xi,R1
(3)

Journal Name, [year], [vol.],1–15 | 3

Page 3 of 15 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
3/

20
22

 2
:5

0:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D2CY00972B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy00972b


2.5 Analysis of SPXRD data

Rietveld refinements32,33 of the integrated operando SPXRD data
were performed using Topas (v.6, Bruker AXS).34 The measured
LaB6 NIST 640b standard was used to derive an instrumental pro-
file function, described by a pseudo-Voigt Thompson-Cox Hast-
ings peak shape. A micro-structure analysis was performed using
the double-Voigt approach by Balzar as implemented in Topas to
describe crystallite size (Lvol) and strain (η).35 The monoclinic
ZrO2 phase was described by the structure reported by Smith
et al.,36 NiO phase by a structure from Rodic et al.,37 and the
Ni phase with a structure by Rouquette et al.38 Sequential Ri-
etveld refinements were performed by adapting templates avail-
able from the Topas wiki website.39 More details on the Rietveld
refinements are provided in the ESI†.
An average Lvol,avg of the catalyst is defined as following:

Lvol,avg = ∑Lvol,i ·ωi (4)

with Lvol,i as the crystallite size of the respective phase i and ωi as
the mass fraction of this phase. Additionally, the relative Lvol,rel,i

of component i in reference to R1 (Lvol,i,R1) and its difference
∆Lvol,rel,i are calculated as following:

Lvol,rel,i =
Lvol,i

Lvol,i,R1
(5)

∆Lvol,rel,i =

(
Lvol,i

Lvol,i,R1
−1

)
·100% (6)

For spherical particles, Lvol can be used with the density (ρ) to
calculate the specific surface area (SSA):

SSA =
6000

Lvol ·ρ
(7)

However, in practical cases and upon phase changes ρ also
changes, which cannot be determined during in situ or operando
SPXRD experiments. Therefore, SSA is approximated by fitting
eq. 8 with the fitting parameters a and b to the measured ABET

and respective Lvol,avg in the initial state of the catalysts, i.e., tak-
ing into account the presence of ZrO2 and NiO phases.

SSA =
a

Lvol,avg
+b (8)

3 Results and discussion

3.1 Synthesis of catalysts with varying support texture

A series of five ZrO2 supports was synthesized with different cal-
cination temperatures ranging from 350 ◦C to 1000 ◦C (supports
Z350 to Z1000, Table S 1, ESI†). Following Ni deposition, the re-
sulting Ni/ZrO2 catalysts were named accordingly as NZ350 to
NZ1000 (Table 1). The aim was to prepare a catalyst series with
distinct textural properties of the support (e.g., ABET , VP) depen-
dent only on one parameter – the support structure by varying
calcination temperature (Figure 1). In addition, the supported Ni
particles were intended to exhibit a similar initial size distribution
across all catalysts.
The synthesized catalysts were first characterized by various
methods to study the structural and textural properties as sum-

marized in Figure 2 and Table 1. The support textural properties
were studied by N2 physisorption to gain information about the
surface area (ABET ) and the pore volume (Vp) (Table S 1, ESI†). A
steady decrease in ABET from 93 m2g−1 for the support calcined
at 350 ◦C to 5 m2g−1 for the support calcined at 1000 ◦C was ob-
served (Figure 2a, light grey). The Vp changed analogously from
0.23 cm3g−1 to 0.009 cm3g−1 with increasing calcination temper-
ature (Figure 2d, light grey). The as-prepared Ni/ZrO2 catalysts
exhibited similar tendencies as the pure supports. A decrease
in ABET from 66 m2g−1 to 18 m2g−1 (Figure 2a, dark grey) and
in Vp from 0.23 cm3g−1 to 0.056 cm3g−1 (Figure 2d, dark grey)
were observed with increasing calcination temperature of the ini-
tial support (Table 1). An increased density and therefore de-
crease in volume of the ZrO2 powders with higher support cal-
cination temperatures was visually apparent following synthesis
(Figure 2i), which correlates with the N2 physisorption results. In
general, the ABET values increased following Ni deposition, ex-
cluding for the NZ350 catalyst. The relatively large decrease in
ABET between Z350 (93 m2g−1) and NZ350 (66 m2g−1) can be
explained by the subsequent calcination of all catalysts at 500 ◦C
after Ni deposition. For all catalysts except NZ350, 500 ◦C was
an equal or lower temperature treatment than during the ini-
tial support calcination step prior to Ni deposition, and would
therefore not be expected to induce significant changes in the
support. Notably for the NZ350 catalyst ABET (66 m2g−1) and
Vp (0.23 cm3g−1) remained higher than for NZ500 (52 m2g−1,
0.14 cm3g−1). At higher support calcination temperatures (650-
1000 ◦C) the catalysts exhibited larger ABET and Vp than the pure
support, which can be explained by additional contribution of the
nickel to the surface area and pore volume. The ABET of the cat-
alysts is comparable to other Ni/ZrO2 catalysts in literature. Ev-
erett et al. reported 66 m2g−1 (calcined at 500 ◦C) for a 5 wt.%
Ni/ZrO2 catalyst with commercial m-ZrO2 from Saint-Gobain.40

Martinez et al. presented surface areas of 53 and 19 m2g−1 for
20 wt.% Ni/ZrO2 catalysts (calcined at 500 ◦C) with mixed ZrO2
phases (m-ZrO2 and t-ZrO2).41 Pandey et al. reported Ni and
Ni−Fe supported on m-ZrO2 (calcined at 500 ◦C) with surface ar-
eas between 34 and 23 m2g−1.42

The pore structure of the as-prepared catalysts was further stud-
ied by mercury intrusion porosimetry (MIP) (Figures S 1-5).
The wP distribution for NZ500 and NZ1000 are depicted in Fig-
ure 2b,c. A shift to larger mean wP values (from 17 nm to 43 nm)
was observed with rising calcination temperature. In addition,
TEM analysis showed growth and agglomeration of the support
particles during the aging process, leading to the formation of
intraparticle voids (Figure 2e,f). For the NZ1000 catalyst, the
support structure mainly consists of large agglomerated parti-
cles with no visible internal porosity. Compared to NZ1000, the
NZ500 catalyst has smaller particles, which seem to be packed
more densely. Hence, an increase of intraparticles voids with ris-
ing support calcination temperature can be observed combined
with particle growth, explaining the wP changes from MIP. This
further substantiates the N2 physisorption results which showed
a strong decrease of surface area, and the visually apparent in-
crease in density of supports calcined at higher temperature.
The trend of increasing support particle sizes can further be con-

4 | 1–15Journal Name, [year], [vol.],

Page 4 of 15Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
3/

20
22

 2
:5

0:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D2CY00972B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy00972b


Table 1 Overview of the characterization results for the different as-prepared calcined Ni/ZrO2 catalysts. Additionally, Lvol,Ni, D and TOF for the
spent catalysts after testing in CO2 methanation at 400 ◦C is reported.

Catalysts ωNi / wt.% ABET / m2 g−1 Vp / cm3 g−1 Lvol,ZrO2 / nm Lvol,NiO / nm Lvol,Ni / nm D / % TOF / s−1

NZ350 14.1 66 0.23 10.4 10.7 34 11.0 2.3 ·10−2

NZ500 13.2 53 0.14 13.6 9.6 32 11.2 1.8 ·10−2

NZ650 14.7 33 0.070 23 10.3 26 12.9 1.2 ·10−2

NZ800 15.2 26 0.055 45 8.1 31 11.5 7.7 ·10−3

NZ1000 14.7 18 0.056 95 7.9 29 11.8 2.6 ·10−3

Fig. 2 (a) ABET obtained by N2 physisorption of the pure calcined supports (light grey) and as-prepared calcined catalysts (dark grey). (b,c) Pore width
(wP) distribution obtained by MIP for as-prepared calcined NZ500 and NZ1000. (d)Vp obtained by N2 physisorption of the pure calcined supports
(light grey) and as-prepared calcined catalysts (dark grey). (e,f) TEM images of the catalysts NZ500 and NZ1000 after CO2 methanation. (g) ZrO2
crystallite sizes (Lvol,ZrO2 ) of the pure calcined supports (ligth grey) and the as-prepared calcined catalysts (dark grey). (h) Crystallite size Lvol for NiO
of the as-prepared catalysts (Ni/ZrO2-ap) and Ni of the spent catalysts after CO2 methanation (Ni/ZrO2-ar). (i) An equal mass of the as-prepared
catalysts NZ500, NZ650, NZ800 and NZ1000 showing volume loss and colour change.
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firmed with laboratory powder X-Ray diffraction (PXRD). The
PXRD for the calcined supports, as-prepared and spent catalysts
are shown in Figures S 6-9, ESI†. For the support almost all re-
flections can be assigned to m-ZrO2 with small contributions of
t-ZrO2 for the supports Z25 and Z350 (Figure S 6,7, ESI†). The
t-ZrO2 phase is not detected in NZ350, which might be related
to the calcination after Ni deposition. By using Rietveld refine-
ment, the crystallite sizes (Lvol) of ZrO2 for the pure support and
the catalysts were determined (Tables S 2-7, ESI†). The zirconia
crystallite size (Lvol,ZrO2 ) increased for the pure support together
with temperature from ≈10 nm (Z350) to ≈116 nm (Z1000) (Fig-
ure 2g, light grey, Table S 2, ESI†). For the catalysts (dark grey)
a similar trend with increasing Lvol,ZrO2 from ≈10 nm (NZ350) to
≈95 nm (NZ1000) was observed (Figure 2g, Table 1). The differ-
ence in Lvol,ZrO2 for Z1000 (116 nm) and NZ1000 (95 nm) could
be due to support changes during the synthesis and/or calcina-
tion after Ni deposition. In summary, the textural properties ABET

and VP decreased, whereas Lvol,ZrO2 increased with rising support
calcination temperature. Therefore, the temperature can be used
as a single parameter to adjust the textural properties of the ini-
tial supports prior to Ni deposition.
Despite the textural differences of the supports, it was aimed to
have similar Ni loading and particle size across the catalyst series.
Elemental analysis showed that all catalysts have a comparable
Ni loading of ≈13-15 wt.% (Table 1). The crystallite sizes of NiO
(as-prepared catalysts) and Ni (spent catalysts) were investigated
using PXRD. A comparable Lvol,NiO for all as-prepared catalysts of
≈10 nm was determined (Figure 2h, light blue). After the reac-
tion, Lvol,Ni was ≈32 nm for all catalysts except NZ650 (26 nm)
(Figure 2h, dark blue). The crystallite growth from 10 to 32 nm
could be due to agglomeration during reduction and/or reaction.
The size of Ni crystallites is comparable to other Ni/ZrO2 catalysts
reported in literature. Pandey et al.42 reported Lvol,Ni of 58 nm for
a 10 wt.% Ni/ZrO2 catalyst and Ren et al.43 34 nm for a 30 wt.%
Ni/ZrO2 catalyst.
For a 17 wt.% Ni/Al2O3 catalyst, which was synthesized with
the same method used in this study, Lvol,Ni of 5.7 nm was re-
ported.17,26 However the different support material (Al2O3) lim-
its comparability to this study, while tuning the Ni particle size
towards lower values is not the focus of the present work. A com-
mon technique to obtain particle size distributions is TEM/STEM.
However, the obtained contrast between ZrO2 and Ni was too
low to distinguish these from each other, which did not allow
for reasonable particle size analysis using TEM/STEM. Therefore,
EDX mapping was applied for specific areas of selected catalysts
(Figures S 10-13, ESI†). Both large (≥100 nm) and small Ni par-
ticles (10-30 nm) were found for all catalysts by EDX. With the
large Ni particles, the number of obtained images was not suffi-
cient to retrieve statistically meaningful particle size distributions.
Therefore, solely PXRD is used to quantitatively estimate the par-
ticle/crystallite size based on structural refinement. In conclu-
sion, a catalyst series (NZ350-1000) with similar Ni centers was
obtained based on ZrO2 supports with varying textural properties.
This series allows to further investigate the activity and stability
of the catalysts depending on the support properties.

Fig. 3 Catalytic activity of the Ni/ZrO2 series in CO2 methanation at
250 ◦C, 350 ◦C and 400 ◦C. (a) CO2 conversion (XCO2 ) with equilibrium
conversion (black stars). (b) XCO2 normalized to the Ni amount in the
reactor.

3.2 Catalyst testing results
The catalytic activity in CO2 methanation was monitored at three
reaction temperatures (Tr: 250 ◦C, 350 ◦C, 400 ◦C) (Figure 3a).
At 250 ◦C between 1 to 8 % XCO2 was reached, which is far be-
low the equilibrium conversion of 97 % and therefore suitable
for probing catalyst stability.44 A trend of decreasing XCO2 with
increasing calcination temperature of the support could be ob-
served during reaction at 250 ◦C. At higher temperatures (350 ◦C,
400 ◦C) no specific trend was observed, except for the strong de-
crease in activity for NZ1000. At 350 ◦C conversions between
73 % and 78 % were obtained for NZ350 to NZ800 and 33 % for
NZ1000. At 400 ◦C the NZ1000 catalyst showed an increase in
activity with 58 % XCO2 , whereas the rest of the series achieved
similar XCO2 as for 350 ◦C (≈78 %), close to equilibrium conver-
sion (Figure 3a, black stars). For better comparison of the ac-
tivity data, the conversion was normalized to the Ni amount of
the tested catalyst (Figure 3b). With the normalization a similar
trend to the one observed at 250 ◦C can be found also at higher
temperatures for the catalysts NZ800 and NZ1000, exhibiting de-
creasing activity compared to NZ350, NZ500 and NZ650. For the
latter no clear trend can be found.
All catalysts exhibited 100 % selectivity towards CH4 at 250 ◦C
(Figure S 15, ESI†). With increase of Tr, the formation of CO
slightly increases. CO formation is probably due to the re-
verse water gas shift (RWGS) reaction, which is endothermic
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and therefore more favored at higher temperatures.44 The cat-
alysts showed almost no differences in CH4 selectivity depend-
ing on the support calcination temperature except for NZ1000.
At 350 ◦C CH4 selectivity decreased from 99 % (NZ350) to 86 %
(NZ1000), while at 400 ◦C 97 % (NZ350) to 84 % (NZ1000) was
found. The decline in SCH4 is accompanied with a rise in SCO from
1 % (NZ350) to 14 % (NZ1000) at 350 ◦C and from 3 % (NZ350)
to 16 % (NZ1000) at 400 ◦C. A similar phenomena was observed
by Beierlein et al. by applying rapid aging tests on Ni/Al2O3 cat-
alysts.18 They could observe an increase in SCO for samples aged
at higher temperatures. Zhao et al.45 used different combustion
methods to synthesize 15 wt.% Ni/ZrO2 catalysts and tested them
in CO2 methanation. They obtained 1-15 % XCO2 at 250 ◦C, 40-
80 % at 350 ◦C and 60-82 % at 400 ◦C. The selectivity towards
CH4 was 100 % at 250 ◦C and at higher temperatures a slight de-
crease (93 %) for some catalysts was observed.
For better comparison with literature the turnover frequency
(TOF) was calculated (see details in ESI†) for Tr of 250 ◦C with
XCO2 far below the thermodynamic equilibrium (Table 1). The
dispersion D was calculated using the Lvol,Ni obtained from Ri-
etveld refinements of the spent samples. For all catalysts a sim-
ilar D ranging from 11 to 12 % was determined (Table 1). The
calculated TOF values ranged between 2.3·10−2 s−1 for NZ350
and 2.6·10−3 s−1 for NZ1000 (Table 1). Tan et al.46 reported a
comparable TOF of 3.8·10−3 s−1 at 200 ◦C for a 12 wt.% Ni/ZrO2
catalyst with similar XCO2 , as at 250 ◦C reported here. The value
is similar to NZ1000 at 250 ◦C with 2.6·10−3 s−1, which showed
the lowest activity in this series compared to NZ350 with a nearly
one order of magnitude higher TOF of 2.3·10−2 s−1. Jia et al.47

obtained a TOF value of 4.0·10−2 s−1 for a 10 wt.% Ni/ZrO2 cat-
alyst at 235 ◦C which is similar to NZ350. At 200 ◦C the group of
Liu et al.48 found a TOF of 4.9·10−3 s−1 with a similar XCO2 as
for 250 ◦C in this study. In conclusion, the activity of the catalysts
can be influenced by the support calcination temperature, while
showing comparable performance to literature values. Notably,
the loading, dispersion, and crystallite size of nickel was similar
for all catalysts. A decrease in XCO2 and TOF with rising aging
temperature can be observed, especially at Tr of 250 ◦C. Follow-
ing activity tests, the stability of the catalyst during thermal aging
experiments was further investigated to distinguish between de-
activation caused by changes of the support or Ni particles.

3.3 Operando SPXRD experiments

Operando SPXRD studies were carried out for the Ni/ZrO2 cat-
alyst series to investigate various potential deactivation mecha-
nisms. Distinctions in catalyst thermal stability were expected
due to the different initial calcination temperatures of the ZrO2
supports prior to Ni deposition, and the observed differences in
catalytic performance depending on the support properties. The
experimental setup and applied temperature profile are shown in
Figure 4a,b, respectively. The acquired MS data for the samples
are shown in Figure S 17,19,21,23,25, ESI†. All catalysts were
first activated in 25 %H2/He at 500 ◦C for 2 h with the SPXRD
results shown in Figure 4d. During activation the NiO reflexes
completely vanish and Ni reflexes appear in the same tempera-

ture region (≈200 to 250 ◦C) for all five samples.
The activation was followed by switching to reaction conditions
5 %CO2/20 %H2/He at 400 ◦C for 30 min, which is labelled as
the first reaction step R1. R1 is used to determine the initial ac-
tivity of the catalysts based on the determined XCO2 and XH2 (Fig-
ure S 18,20,22,24,26, ESI†). The XCO2/Ni is shown in Figure 4c.
The activity differences between the samples show comparable
trends to those found during laboratory testing (Figure 3). R1
was followed by artificial thermal deactivation cycles (Figure 4b),
with temperatures of 500 ◦C, 575 ◦C and 625 ◦C. After each cy-
cle the activity of the catalysts was measured again at 400 ◦C for
15 min, labelled as reaction steps R2, R3 and R4, respectively.
This allows to determine catalyst deactivation depending on three
different applied temperatures. During thermal deactivation cy-
cles no changes of the crystalline phase composition were found
as shown by the SPXRD in Figure 4e. Minor changes of the reflex
positions (Figure 4e), can be attributed to temperature induced
lattice expansion or contraction, which matches the temperature
program applied to the capillary.

3.4 Crystallite size changes during operando SPXRD

In general, textural properties such as surface area are strongly
connected to catalyst performance. In particular adsorption of re-
actants or products takes place on the surface, but the available
surface area is also linked to stabilization of metal nanoparticles.
The specific surface area (SSA) can be calculated from particle
sizes as shown in eq. 7, where for crystalline compounds the parti-
cle size can be approximated by the crystallite size. However, this
relation is only valid for spherical particles. In the present case,
two distinct crystalline phases are present, which limits the defini-
tion of an overall particle size based on the crystallite sizes as re-
quired for eq. 7. Additionally, exact knowledge about ρ is hardly
possible during operando experiments due to textural changes of
the sample, which might lead to density changes. Therefore, in a
first step an average crystallite size (Lvol,avg) is calculated for the
catalysts in the initial calcined state based on eq. 4 taking into ac-
count Lvol,ZrO2 and Lvol,NiO. Details on the respective refinements
are provided in the ESI†. This Lvol,avg is then correlated to ABET

(Figure 5a), which is available for the catalysts in the initial state.
This correlation is fitted by eq. 8, which is similar to eq. 7 without
the requirement of knowing the exact value of ρ and approxi-
mating it via a fitting parameter. The fitting results are shown
in Figure 5a with the theoretical curve for pure monoclinic ZrO2
(eq. 7, ρ = 5.86 g cm−3 36) showing a similar trend.

Based on the fitted values it is possible to calculate the SSA
of the catalysts during the operando SPXRD experiments using
Lvol,avg of the ZrO2 and Ni phases present after activation. How-
ever, it should be noted that the values are an approximation as
the correlation was obtained for the calcined state and not the
activated state. Nevertheless, as all catalysts show a very similar
phase composition and no crystalline phase changes occur dur-
ing reaction conditions and thermal deactivation cycles, SSA can
be approximated in this way to unravel textural changes of the
catalysts. The same correlation was also studied for the pure sup-
ports as shown in Figure S 39, ESI†, resulting in similar fit values
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Fig. 4 (a) Scheme of the used experimental setup at the beamline. (b) Overview of the experimental conditions during operando SPXRD experiments
with activation in 25% H2/He (blue), reaction conditions 5 % CO2/20 % H2/He (green) and thermal deactivation cycles under reaction conditions
(red) with each reaction condition step labelled as R1-4. (c) CO2 conversion normalized by the Ni mass inside the reactor of the operando SPXRD at
reaction step R1. (d) 2D overview plots of the diffraction patterns showing the Ni (◦) formation from NiO (*) during activation of the five samples
as well as (e) under reaction conditions and thermal deactivation cycles showing no crystalline phase changes.
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Fig. 5 (a) Fitted correlation (blue dotted line) of the measured ABET
to Lvol,avg (blue crosses, mass fraction weighted average of Lvol,ZrO2 and
Lvol,NiO) initially at the start of the operando SPXRD experiments based
on eq. 8 with fitting variables a and b, error bars estimated as 5% stan-
dard deviation. Theoretical relation of ABET and Lvol for spherical particles
based on eq. 7 (grey line). (b) Changes of SSA during reaction conditions
and thermal deactivation cycles of the operando SPXRD experiments as
calculated from Lvol,avg (mass fraction weighted average of Lvol,ZrO2 and
Lvol,Ni) and the fit values from (a) according eq. 8 (shaded areas as Fig-
ure 4b).

supporting the correlation approach. The SSA starting from R1
evolves differently for the catalysts as shown in Figure 5b. As for
ABET analysis (Figure 2a), it can be observed that the initial SSA
of the catalysts (at t = 200 min) decreases with increasing calci-
nation temperature of the ZrO2 support before Ni deposition. The
initial SSA for all catalysts is lower compared to the ABET values of
the initial calcined samples (Table 1), which can be attributed to
the increased crystallite sizes of Ni compared to NiO by a factor of
≈ 3 (for details see Table S 8–13 ESI†). For NZ350 a pronounced
step-wise decrease of the SSA can be observed, with each step re-
lated to one of the thermal deactivation cycles. NZ500 exhibits a
decrease only significantly with the second and third thermal de-
activation step, while NZ650, NZ800 and NZ1000 show no signif-
icant reduction of SSA following the thermal deactivation cycles.
Besides the study of the overall textural changes based on the cal-
culated SSA, Rietveld refinement together with microstructural
analysis allows to investigate crystallite size changes of each crys-
talline phase. Figure 6a,b show the evolution of the selected
(111) reflex for ZrO2 and Ni phases during operando SPXRD, re-
spectively. The different peak shapes of the ZrO2 (111) reflection
(Figure 6a) illustrate the different ZrO2 crystallite sizes depend-
ing on the calcination temperature of the support prior to Ni de-
position. A representative pattern during each of the reaction
steps R1 to R4 is highlighted. For NZ350 and NZ500 significant
changes of the reflex depending on the reaction step can be ob-
served, which are more pronounced for NZ350. This indicates
crystallite growth of the ZrO2 phase during thermal deactivation
cycles. For NZ650, NZ800 and NZ1000 no significant variation of
the reflex can be directly observed. In the case of the Ni (111) re-
flex (Figure 6b), all samples show significant changes depending
on the reaction step. The variations become more pronounced
with higher calcination temperature of the ZrO2 support. Addi-
tionally to the qualitative description of the peak shape, a mi-
crostructural refinement as part of Rietveld refinement of the
SPXRD provides quantitative information about crystallite size
changes during the thermal deactivation cycles. Figure 6c-e show
the evolution of Lvol,ZrO2 , Lvol,Ni and the mass fraction weighted
average Lvol,avg of both, respectively. Complementary to the ab-
solute values, Figure 6f-h show the relative changes compared
to the initial reaction step R1, respectively, indicating sequential
changes during the subsequent thermal aging cycles.
Lvol,ZrO2 depends on the calcination temperature of the support
prior to Ni deposition and ranges from about 9 nm to 70 nm in
the initial reaction step R1. During thermal deactivation cycles a
step-wise increase of Lvol,ZrO2 can be observed for each tempera-
ture step for NZ350. Although all catalysts were initially activated
for 2 h at 500 ◦C, for NZ350 a crystallite growth can be observed
already at the first thermal deactivation temperature of 500 ◦C.
For NZ500 a significant increase of the crystallite size is only
detected with the second and third thermal deactivation steps.
The catalysts NZ650, NZ800 and NZ1000 show no significant in-
crease of Lvol,ZrO2 during those cycles. The reversible increase of
Lvol,ZrO2 of NZ1000 during the thermal deactivation cycles (Fig-
ure 6c,f) might be explained by larger crystalline domains due to
lattice expansion or reversible ordering/disordering, but the dif-
ferences are small compared to the refinement error and could
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Fig. 6 (a) Changes of the ZrO2 (111) reflex during thermal deactivation cycles highlighted by R1, R2, R3 and R4 steps, (b) analogous changes of the
Ni (111) reflex. Evolution of different crystallite sizes obtained from sequential Rietveld refinements for the different catalysts during operando SPXRD
experiments: (c) Lvol,ZrO2 , (d) Lvol,Ni and (e) Lvol,avg (mass fraction weighted average of Lvol,ZrO2 and Lvol,Ni). Relative changes of Lvol normalized to
the initial reaction step R1 according eq. 5: (f) ZrO2 phase, (g) Ni phase and (h) average crystallite size of the catalysts. Shaded areas as Figure 4b.
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also be caused by refinement artifacts. The evolution of Lvol,Ni

is contrary compared to the ZrO2 phase. The initial Lvol,Ni at re-
action step R1 range from about 25 to 35 nm for the different
catalysts (Figure 6d). For NZ350, NZ500 and NZ650, the Lvol,Ni

only slightly increased with thermal deactivation after the second
reaction step R2 (Figure 6d,g). This is different for the NZ800
and NZ1000 samples where Lvol,Ni already increased with the first
thermal deactivation step, while the behavior is most pronounced
for NZ1000. The changes can be also observed for the Lvol,avg

in Figure 6e,h. As Lvol,avg represents the mass fraction weighted
average for ZrO2 and Ni it mainly reflects changes of the ZrO2
phase. Therefore, here the NZ350 and NZ500 samples show the
most pronounced changes. On the other hand, it can be observed
that the strong changes of Lvol,Ni result in a significant increase
of the Lvol,avg for NZ1000. The strong Ni crystallite size increase
in NZ1000 might be explained that the support reached such a
small SSA that Ni particle growth is strongly favored. In contrast,
NZ650 and NZ800 were as a whole less impacted by the thermal
deactivation procedure.
In summary, the crystallite size changes during thermal deactiva-
tion cycles could be quantified and show for NZ350 and NZ500
mainly changes of Lvol,ZrO2 , while for NZ800 and NZ1000 espe-
cially changes of Lvol,Ni were observed.

3.5 Correlation of crystallite size and thermal deactivation

The conversion of CO2 and H2 obtained from MS analysis were
used to determine the activity of the catalysts during operando
SPXRD. The absolute values for XCO2 and XH2 at the different re-
action steps R1-4 are shown in Figure S 27,28, ESI†, respectively.
The initial conversions for the catalysts at R1 are in the range of
57 to 67 %. Therefore, it can be reasonably assumed that the reac-
tion is performed far from thermodynamic equilibrium conditions
or full conversion (≈ 80%, Figure 3a), which is a prerequisite to
detect possible catalyst deactivation. The changes of XCO2 and
XH2 in comparison to the initial activity at R1 (∆X) are shown in
Figure 7a,d, respectively. All studied catalysts show a step-wise
deactivation during the thermal deactivation cycles. Therefore,
the deactivation can be clearly related to the temperature applied
during each of the cycles. Less pronounced deactivation occurs
for the NZ650 and NZ800 catalysts, which suffer a loss of ≈1 %
in XCO2 and XH2 after thermal deactivation cycles. The other three
catalysts lost more than 2 % in XCO2 and XH2 , while there are dif-
ferences in the extent of activity loss between XCO2 and XH2 .
Besides the activity differences, the changes of Lvol,rel,ZrO2 and
Lvol,rel,Ni in reference to the initial reaction step R1 are shown in
Figure 7b,e, respectively. The Lvol,rel,ZrO2 of NZ350 is increased
by about 40 % and for NZ500 by about 17 % compared to the ini-
tial values at R1, while the other three catalysts show only minor
changes of the Lvol,rel,ZrO2 after thermal deactivation cycles of less
than 3 %. This is different for Lvol,rel,Ni, where NZ1000 shows
an increase of almost 100 % followed by the NZ800 sample of
≈20 %. The other three samples show increases of ≈10 % or be-
low.
To estimate the influence of the different Lvol changes on cata-
lyst deactivation, the relative conversions (XCO2,rel , XH2,rel , eq. 3)

are correlated with the relative crystallite sizes (Lvol,rel,i eq. 5)
with respect to the initial reaction step R1 in Figure 7c,f, respec-
tively. This correlation analysis allows to retrieve information
regarding which of the two phases might have a stronger influ-
ence on catalyst deactivation. For both evaluated conversions, the
strongest observed correlations are for the the changes of Lvol,Ni of
the NZ1000 catalyst, followed by the correlations of Lvol,ZrO2 for
NZ350. In general, it can be observed that there is a greater cor-
relation between Lvol,Ni and the conversions for NZ1000, NZ800
and NZ650. This is different for NZ350 and NZ500, where the
correlation of Lvol,ZrO2 with the conversions is larger than Lvol,Ni.

3.6 Overall discussion of the thermal deactivation

The five different studied catalysts essentially differ by the cal-
cination temperature and as consequence surface area and pore
volume of the ZrO2 support prior to Ni deposition, while the fol-
lowing calcination and activation steps are identical for all sam-
ples. In addition, the initial properties of the active metal Ni par-
ticles in terms of loading, dispersion, and crystallite size were
similar for all catalysts following synthesis and calcination. As ob-
served in the operando SPXRD the activity trends of the catalysts
after activation at R1 are similar compared to laboratory tests,
showing decreasing activity with higher calcination temperature
of the support, especially for NZ1000. The activated catalysts at
R1 are mainly distinguished by their Lvol,ZrO2 , while the Lvol,Ni

is in a comparable range for all catalysts with minor differences.
The Lvol,Ni is relatively large at around 30 nm. Therefore, it can
be reasonably assumed that no major differences in the reaction
mechanism depending on the Ni particle size as shown by Vogt et
al.15 are present as the kind of surface sites are similar and de-
activation as reported by Mutz et al.14 should be negligible. The
resulting activity should mainly depend on the available active
surface area of the catalysts.
Typically, the active surface area and the specific surface area of
catalysts are determined via gas sorption methods in post mortem
analysis.49,50 However, an application of those under operando
conditions is hardly possible. Contrary to this, PXRD with mi-
crostructural refinement as shown here allows to determine tex-
tural changes of the ZrO2 support and Ni nanoparticles as long
as there are no complex phase changes occurring during thermal
deactivation. In the present case, the five catalysts show differ-
ent crystallite size changes and deactivation behavior depending
on the calcination temperature of the support. The most pro-
nounced catalyst deactivation was observed for NZ350, NZ500
and NZ1000 catalysts (Figure 7a,d), while for those three sam-
ples also the strongest crystallite size changes were found. For
NZ350 and NZ500, mainly an increase of Lvol,ZrO2 and thus sin-
tering of the support was detected, while for NZ1000 the Lvol,Ni

is much larger and thus Ni particle sintering occured. Based on
the correlation analysis shown in Figure 7c,f the major reason for
catalyst deactivation might be divided into: (i) dominant changes
of the ZrO2 support, (ii) dominant changes of the Ni phase and
(iii) an intermediate region with both effects as schematically il-
lustrated in Figure 8.
Despite that all catalysts were activated at 500 ◦C for 2 h, NZ350,
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Fig. 7 (a) Changes of the XCO2 for each reaction step as difference to the initial activity at R1. (b) Relative changes ∆Lvol,rel,ZrO2 of the ZrO2 crystallite
size according eq. 6 depending on the reaction step referenced to R1. (c) Relative CO2 conversion XCO2,rel (eq. 3) divided by the relative crystallite size
Lvol,rel (eq. 5) for Ni and ZrO2 phases. (d) Changes of the XH2 for each reaction step as difference to the initial activity at R1. (e) Relative changes
∆Lvol,rel,Ni of the Ni crystallite size according eq. 6 depending on the reaction step with R1 as reference. (f) Relative H2 conversion XH2 ,rel (eq. 3)
divided by the relative crystallite size Lvol,rel (eq. 5) for Ni and ZrO2 phases.

Fig. 8 Summary of the different proposed deactivation mechanism found by operando SPXRD. NZ350 and NZ500 show predominant ZrO2 sintering
and NZ650, NZ800 and NZ1000 dominant Ni sintering and an expected intermediate region as origin of deactivation. Ni blue, ZrO2 grey. The grey
color gradient illustrates changing textural properties of the support associated to a decrease in surface area and pore volume due to sintering.
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NZ500 and NZ1000 show a slight deactivation after only 15 min
at 500 ◦C under reaction conditions. The deactivation of NZ350
and NZ500 can be mainly related to textural changes of the ZrO2
support. For NZ650, NZ800 and NZ1000 sintering of Ni parti-
cles appears to be the main reason for deactivation, with NZ650
and NZ800 showing highest stability among the tested samples.
The stability of NZ650 and NZ800 might be related to the calci-
nation temperature of the support, which were higher than the
deactivation temperatures. The deactivation due to Ni sintering
can be explained by a decrease in the active metal surface area.
Literature studies have discussed changes of Ni nanoparticles, the
support material and a complex interplay of the effects as reasons
for deactivation.18,20–22 However, deconvolution of these effects
was not previously possible due to entirely post mortem analysis
and thus the missing link with activity data provided by operando
analysis as shown here. The sintering of the ZrO2 support as
shown in the present work might influence the catalyst stability
in different ways. For Ni/ZrO2 the associative mechanism for CO2
methanation would require CO2 adsorbates on the ZrO2 support
to take part in the reaction.7,8,10 Therefore the amount of CO2
adsorbed on the support is lower with decreasing support surface
area leading to lower catalytic activity. Furthermore, it is possible
that the textural changes of the support result in blocking of ac-
tive Ni surface sites.
Additionally, SPXRD did not reveal formation of bulk NiO species
and the quantitative phase analysis from Rietveld refinement
matches the values obtained from elemental analysis. Thus, a
fully reduced state of Ni throughout the experiment was assumed.
The formation of surface NiO cannot be fully excluded by the ap-
plied methods, however due to the relatively large and similar
Ni particle sizes in the catalyst series, similar redox properties
are assumed for all catalysts. Possible deactivation due to forma-
tion of surface oxide species, if this occurs, should therefore be
similar for all five catalysts due to identical reaction conditions.
The significant quantity of H2 in the feed makes formation of NiO
species unlikely in any case, also according to previous studies
using operando XAS.13,14,16,17 In this case, NiO was only signifi-
cantly present during H2-dropout tests. However, to unravel the
different potential effects in more detail, further kinetic and spec-
troscopic studies of the active and deactivated catalysts would be
required. In the present study, the focus was on presenting SPXRD
as a single powerful and relatively routinely available method to
differentiate thermal deactivation effects sensitive towards tex-
tural and crystallographic changes under operando conditions,
with the possibility to distinguish support and metal nanoparti-
cle changes.

4 Conclusions
In the present study, a bottom-up designed series of five differ-
ent Ni/ZrO2 catalysts was prepared via an adapted homogeneous
deposition precipitation method. The catalysts are based on a
commercial ZrO2 support material, which was calcined at dif-
ferent temperatures prior to Ni deposition in order to change
the textural properties, i.e., specific surface area and pore vol-
ume of the support systematically. The catalysts were character-
ized by conventional laboratory methods confirming a decrease

in surface area and pore volume with increasing support calcina-
tion temperature. Laboratory catalytic tests for CO2 methanation
showed comparable activity towards literature reported samples
with TOF ranging from 2.3·10−2 s−1 to 2.6·10−3 s−1 at 250 ◦C.
The catalysts exhibit similar Ni crystallite size (≈30 nm), disper-
sion and Ni loading. As the five catalysts essentially only differ by
the support calcination temperature, the series is well suited for
thermal deactivation studies.
During operando SPXRD studies with artificial thermal deactiva-
tion cycles, the catalysts showed different extent of deactivation
with NZ350, NZ500 and NZ1000 showing the strongest activ-
ity loss and NZ650 and NZ800 the least. No crystalline phase
changes were observed during thermal deactivation, but rather
crystallite size changes of the ZrO2 support and Ni nanoparticles.
Those depend on the ZrO2 calcination temperature along with the
related textural properties. The five catalysts can be distinguished
into samples that mainly deactivate due to changes of the support
(NZ350 and NZ500), or changes of the Ni crystallite size (NZ650,
NZ800 and NZ1000). The activity loss associated with Ni sinter-
ing can be explained by a decrease of the specific metal surface
area. For the samples with dominant support sintering, either loss
in CO2 adsorption sites due to decreased support surface area or
blocking of accessible metal surface area can be an explanation
for the observed deactivation.
The presented approach of using operando SPXRD to study cata-
lyst deactivation due to textural changes of the active site (metal
nanoparticles) or the support is a valuable tool to understand
temperature induced catalyst deactivation. In general, it can be
emphasized to not only focus on changes of the metal nanoparti-
cles, but also to consider the role of the support. This approach
can be used in general to differentiate influences on catalyst sta-
bility under reaction conditions, which are not directly accessible
with established methods including gas sorption or electron mi-
croscopy. The possibility to follow catalysts changes while they
occur is especially important for potential dynamic process op-
eration related to fluctuating renewable energy supply.51 There,
(ir)reversible changes of the catalyst structure are difficult to fol-
low by ex situ characterization, but important to reveal for a fun-
damental catalyst understanding.51 In future, promising develop-
ments of 3D spatially-resolved techniques, e.g., operando XRD or
PDF tomography,52,53 may provide additional information about
the location of the textural changes with respect to the reactor
position (e.g., due to hot-spots) or within specific catalyst parti-
cles. Additionally, recent progress in hard X-ray nanotomography
methods allows to investigate textural sample changes in situ ap-
proaching routinely sub 50 nm resolution, which can be sufficient
to reveal the processes observed here.54
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