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Nickel- and cobalt-substituted yttrium aluminum garnets (YAGs) were synthesized varying their stoichiometries and the

details of the thermal treatment procedures at elevated temperatures. Ni and/or Co substitution into the framework of

Y3Al5O12 was found to be feasible up to molar metal contents of 6 mol %. The synthesis conditions were optimized

towards a compromise of high phase purity of the high-temperature phase of YAG, still maintaining sensible specific sur-

face areas of the resulting catalyst materials. The two synthetic procedures evaluated in the study allow introduction of

nickel and cobalt into the oxidic framework of the YAG oxide, from which under reducing conditions, both metals can be

exsolved. The catalysts were studied in the catalytic dry reforming of methane under stoichiometric ratio of CO2/CH4 at

atmospheric pressure. The catalytic results indicate that for the best candidate materials performance is stable and a syngas

of the desired ratio nH2/nCO = 1 is formed. Trends were observed towards nickel being the catalytically more active metal

compared to cobalt.
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1 Introduction

Climate change, caused by anthropogenic greenhouse gas
emissions, has led to a paradigm change in how carbon
dioxide emissions must be limited and at the same time
opportunities on how CO2 can be employed as a valuable
C1-building block for base chemicals are intensely eval-
uated. One way of employing carbon dioxide as synthon is
synthesis gas production with low nH2/nCO ratios via dry
reforming of methane (DRM). A syngas of such a low
nH2/nCO ratio is a valuable feedstock to produce chemicals
like formic acid, acetic acid, polycarbonates, phosgene,
dimethyl ether, and oxo products. Commercialization of
dry reforming is in advanced stage through a joint effort of
Linde as process developer and BASF as catalyst provider.
[1]

CO2 þ CH4 fi 2COþ 2H2 DH� ¼ 247:3 kJ mol�1 (1)

The technical process of dry reforming runs at high tem-
peratures of 1073 to 1223 K and pressures of 10 to 40 bar
(1 to 4 MPa). The high C-load and the absence of water
causes challenges: inappropriate catalyst candidates will suf-

fer from severe and fast coking through CH4 cracking and
the Boudouard reaction. [2]

Nickel and cobalt are promising active metals for the
DRM, because of their sufficiently high activity if main-
tained as metallic nanoparticles, their coke resistivity due to
their redox activity in the form of oxides and their compa-
rably low costs [3, 4]. Ni and Co catalysts have been exam-
ined and applied in various complex oxide structures such
as spinels [5] and hexaaluminates [6, 7]. The general design
features for Ni catalysts in DRM focus on small nanoparti-
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cle sizes of the active metal/metal oxide that enable a reverse
Boudouard reaction pathway for decoking while maintain-
ing catalytic activity [8, 9]. Nickel together with redox-active
metals is reported to exhibit higher proportions of metallic
over oxidic nickel, which leads to catalytically more active
materials compared to catalyst containing a larger fraction
of oxidized nickel [10–12]. Co-containing materials are
alternate promising candidates as DRM catalyst materials.
Because of its high redox activity, Co as active metal has
been reported to suffer much less from coking when sup-
ported on Al2O3 or aluminum-containing oxides and espe-
cially if included as active metal in hexaaluminates [5, 13].

Criteria for a high performing DRM catalyst as men-
tioned above are the ability to retain small nanoparticles of
the active metal, an oxide framework that shows redox
activity and an integral support function that shows chemi-
cal and thermal stability. The structural class of garnets has
up to date only rarely been investigated for their catalytic
properties, also in the production of syngas. The character-
istics of this materials class has led to a variety of applica-
tions as advanced materials ranging from applications in
optics as laser material to applications as solid-state electro-
lyte [14]. The property of the garnet host structure to be
substitutable by various transition metals, the high tempera-
ture and hydrothermal stability, in combination with the
potential of exsolving the metals from the framework
[15–17] made it in our eyes an attractive candidate for host-
ing catalytically active metals and for exploitation of these
properties in the reaction of DRM.

Previous studies highlighted to benefit of the high ionic
mobility of oxygen in YAGs for DRM application with Fe as
active metal [18] or in ether- and esterification reactions
[19]. The garnet structure A3B2(CO4)3 or Y3Al5O12

(Y3Al2(AlO4)2O3), illustrated in Fig. 1, is formed by YO8

dodecahedra edge-linked to AlO4 tetrahedra and AlO6 octa-
hedra. The structure is a cubic structure, exceled by a high
density formed by a complex connection pattern of the
coordination polyhedra. Garnets are chemically modifiable
by substituting on both the A or B-cation sites, resp. Y3+ or
Al3+ with nickel or cobalt as framework constituents. In a
precipitation-based synthesis, attention should be paid on
obtaining precursor particles of complex hydroxides or
hydroxy-carbonates with highly dispersed and small Al-
and Y-oxide/hydroxide/carbonate domains, as the genera-
tion of the crystalline garnet structure through treatment at
elevated temperatures is being reported to be controlled by
the diffusion of aluminum ions from alumina-containing
precursor domains into the yttria-rich particles, making
high calcination temperatures (> 1300 K) a necessary
requirement. [20]

Our results indicate that alternative synthetic methods
using polyaluminum chlorides as aluminum precursors and
flocculant allows to synthesize garnet materials which dis-
play higher specific surface areas and crystallinity resulting
in an improved performance (both activity and coking
resistance) in the target reaction. So far polyaluminum chlo-

rides have not been extensively used in solid state and cata-
lyst materials synthesis, therefore we consider these inor-
ganic polymers a new and useful alternative precursor for
the synthesis of aluminum-based mixed metal oxides.

In this study, the applicability of Ni- and Co-substituted
yttrium aluminum garnets (YAG) as candidate catalysts syn-
thesized via two specific preparative methods, allowing for
high phase purity and sufficient specific surface area and
tested in the dry reforming of methane, was elucidated. The
active metals Co and Ni are included in the structure of YAG
by stoichiometric substitution into the host structure of Y
and Al through Co and Ni. Two synthesis routes a) using cit-
ric acid and ethylene glycol as polymerizable agents also
capable of metal-complexation in analogy to the methods
developed by Pechini and Dimesso et al. [22] b) using a basic
polyalumumchloride flocculant (Giluflocª 83) [23, 24, 25],
were used together with yttrium and Ni/Co salts to produce
precursors that were then submitted and studied in a varia-
tion of the calcination temperature.

Exsolution of Ni from the garnet host structure was
studied under H2 atmosphere with X-ray diffraction.
Materials with sufficiently high phase purity were studied in
more detail including a variation of the Al/Y ratio. The
candidate materials were employed in catalytic studies of
nCH4/nCO2 = 1 at atmospheric pressure. The resulting
nH2/nCO ratios were taken as indicative as selectivity
measure in the dry reforming reaction. Syngas ratios of
nH2/nCO >1 were interpreted as a result of methane cracking
to H2 and carbon being predominant; values of nH2/nCO <1
suggest that reverse water-gas shift reaction occurs as pre-
dominant reaction. Test data that allowed a successful eval-
uation of the materials under elevated pressures are report-
ed in [27]. In several publications we have discussed and
raised the fact that testing at atmospheric pressure levels
does not allow to extrapolate the behavior of materials at
pressure levels above 10 bar, nevertheless knowing that Ni-
and Co-substituted garnet materials are active and resilient
catalysts at elevated pressures allows to interpret and corre-
late performance data obtained at atmospheric pressure
consistently [2].

2 Experimental

YAG synthesis via the Pechini analogous route uses
Y(NO3)3 � 6H2O (Alfa Aesar), Al(NO3)3 � 9H2O (Acros
Organics B.V.B.A.), and Co(NO3)2 � 6H2O (Acros Organics
B.V.B.A.) or Ni(NO3)2 � 6H2O (Acros Organics B.V.B.A.),
ethylene glycol, HNO3 and citric acid, dissolved in water at
60 �C. The suspension was allowed to dry and polymerize at
150 �C in a forced convection oven and precalcined at
450 �C (773 K) for 1 h before the final calcination. This
route is referred to as Pechini route based on [26]. In the
second synthesis method, referred to as Flocculant route,
Gilufloc 83 (Kurita), a polyaluminium chloride
(PAC)-based flocculant with the chemical formula
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[Al(OH)xCly(SO4)z]n was used as aluminum precursor and
precipitation agent. The metal salts Co(NO3)2 � 6H2O or
Ni(NO3)2 � 6H2O, and Y(NO3)3x �H2O were dissolved in
aqueous solution. Gilufloc solution with a pH of 8–14 was
added dropwise until the desired Y/Al ratio was reached.
[27] The suspension formed is dried before submission to
final calcination. The calcination temperature was varied
between 1123 to 1423 K in 100-K steps. Fig. 1 depicts the
synthesis routes using the Pechini route and Flocculant
route with subsequent exsolution of the active metal as clus-
ters in reducing atmosphere.

In order to study the influence of the metal content in the
reaction of DRM, 0.6 and 3 mol % Ni-substituted YAGs
were reduced under 5 % H2 in N2 at 873 to 1173 K in 100-K
steps for 2 h. 2 mL of catalyst powder were heated in quartz
reactors using a ramp of 5 K min–1 at a GHSV of 3700 h–1.

The samples are denoted ‘‘aM’’_Tcalc for calcination series
with a = metal loading in mol % and M being the active
metal Ni or Co, or ‘‘aM_bYAG-R’’ with b additionally riving
the Y-content in the sample in mol % and R describing the
synthesis route Pechini (P) or Flocculant (F). Hence, a stoi-
chiometry of 0.6 mol % Ni on 21 mol % Yttrium prepared
with Flocculant is denoted 0.6Ni_21YAG-F. All samples dis-
cussed in this paper are listed in Tab. S1 in the Supporting
Information.

X-ray diffraction measurements of the acetone-milled
samples were performed with a Bruker AXS GmbH D8 C2
Discover device with Cu radiation. Note, that the evaluation
of phase purity is based on the crystalline phase compo-
nents that could be detected in the diffractograms. Elemen-
tal analysis was done with X-ray fluorescence spectroscopy
with an Eagle u-Probe device (Röntgenanalytik Messtechnik
GmbH). The specific surface areas of the materials were
measured with 5-point BET analysis before selected samples
were measured with N2 sorption. The calcined samples were
characterized by nitrogen sorption to determine the specific
surface area. Prior to the analysis all samples were precondi-
tioned at 573 K for 1 h in a nitrogen stream. The achieved
specific surface areas were determined based on a five-point
adsorption isotherm applying the BET method using a
TriStar II instrument from micrometrics. To achieve further

details about the textural properties of selected garnets,
nitrogen sorption isotherms where recorded. Analyses were
carried out with a Microtrac BELSORP MINI X. Prior to
the sorption, samples were activated at 523 K for 24 h, after
which the adsorption and desorption isotherms of nitrogen
were recorded at 77 K. The specific surface area of the mate-
rial was determined from the adsorption branch using the
BET method [28], and the pore width distribution was
determined from the desorption branch using the BJH
method [29].

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) analysis was per-
formed at a JEM-2100Plus instrument (Jeol) operated at an
accelerating voltage of 200 kV. The TEM is equipped with a
LaB6 cathode and high-resolution pole piece. The images
were recorded with a 4K CMOS camera (TVIPS) and EDX
analysis was done by Octane T Optima (EDAX) windowless
silicon drift detector. The dispersed particles were support-
ed on a holey carbon Cu-TEM grid. Sample preparation for
TEM was performed by grinding in ethanol (99.5 %, VWR).
The measurements of the calcined and reduced samples
with TEM were performed with a Thermo-Fisher TEM that
is equipped with a field-emission-gun (FEG) and a probe-
corrector (Ceos). TEM was operated in high angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) mode for imaging. EDX analysis was con-
ducted with the Thermo-Fisher SuperX system. For data
Analysis the Thermo-Fisher Velox 3.5 software package was
use.

Temperature-programmed reduction with hydrogen
(H2-TPR) analysis was performed on a BELCAT II catalyst
analyzer (MicrotracBEL Corp.) equipped with a thermal
conductivity detector and a H2O trap. 100 mg catalyst sam-
ples of the sieve fraction 100 to 300 mm were placed inside
the quartz glass reactor. The sample was oxidized at 573 K
for 15 min in a diluted O2 atmosphere (25 vol % O2 in Ar)
of a total flow rate of 30 cm3min–1. Then, the flow was
switched to pure Ar with a total flow rate of 20 cm3min–1,
before cooling down to 373 K. At this temperature the
instrument and sample were allowed to equilibrate for
20 min. Using a H2-Ar mixture (10 vol % H2 in Ar) at a total

flow rate of 30 cm3min–1, the
reactor was heated to 1273 K at a
heating rate of 10 K min–1 and
kept at the final temperature for
20 min.

2.1 Catalyst Testing in DRM
with Carbon Dioxide

Catalytic experiments in the dry
reforming of methane with car-
bon dioxide (DRM) were carried
out in a continuous-flow appara-
tus with a cylindrical fixed-bed

Chem. Ing. Tech. 2022, 94, No. 11, 1727–1738 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 1. Schematic illustration of the synthesis via Pechini or Flocculant route and exsolution
of active metals Ni and Co from oxidic YAG structure in reductive H2 atmosphere and illustration
of the crystal structure of yttrium aluminum garnet YAG. [21]
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reactor made from quartz glass (inner diameter: 0.8 mm) at
atmospheric pressure. The catalyst powder was pressed to
tablets for 15 min at 12 t crushed and sieved to obtain par-
ticles of 0.5–1 mm. 100 mg of the catalyst particles were di-
luted with corundum (Elektroschmelze Zschornewitz) to
1 cm3 and placed in the reactor. Prior to the catalytic experi-
ments, the catalysts were reduced in a stream of 5 vol % H2

in Ar (flow rate: 100 cm3min–1) while heating with 10 K
min–1 to the reaction temperature of 1123 K, which was
then kept for one additional hour. Afterwards, the reactor
was flushed with 50 cm3min–1 Ar before the gas mixture of
CH4, CO2 and Ar (nCH4/nCO2/nAr = 47.5/47.5/5) was led
through the reactor with an overall gas hourly space velocity
(GHSV) of 6000 h–1. The concentrations of CH4, CO2 and
CO in the product gas flow were continuously analyzed us-
ing an FTIR spectrometer (URAS 26, ABB Instruments).
Gas chromatography (GC-14B, Shimadzu) was applied to
determine the amount of hydrogen formed. The water
amount was determined using a dew point hygrometer
(Optidew Vision, Michell Instruments). After the catalytic
experiment, the reactor was flushed with 50 cm3min–1 Ar
for 1 h followed by a temperature-programmed oxidation
(TPO). For that purpose, synthetic air with a flow rate of
10 cm3min–1 was led over the reactor at 1123 K for 2 h in or-
der to remove all carbon depositions from the catalyst. Dur-
ing carbon removal, the emerging gases were analyzed via
FTIR for carbon quantification, assuming that elemental
carbon is oxidatively converted to CO and CO2 only. The
carbon-selectivity (C-selectivity) is defined as the amount of
carbon relative to the carbon converted from CH4 after 15 h
on-stream. The experimental error for the conversion of
CH4 and CO2 and of nH2/nCO was £ 3 % and that of the
carbon selectivity (C-sel) £ 10 %.

3 Results and Discussion

3.1 Synthesis and Materials Characterization

3.1.1 Diffractometric Study of YAG Formation

Ni- and Co-containing YAG materials were synthesized
according to the above-mentioned procedures and in a first
study the temperature-dependent evolution of crystal
phases was evaluated (Fig. 2). Hence, the temperature-
dependent phase formation behavior of unsubstituted, and
Ni/Co-substituted YAGs were recorded in the range of Tcalc

= 873 to 1373 K. For the unsubstituted material YAG phase
formation sets in at 1073 K (800 �C) and almost phase pure
samples are obtained at around 1273 K (1000 �C). Substitu-
tion of nickel retards the generation of the garnet phase by
almost 100 K, the same can be observed for cobalt. Specifi-
cally for cobalt the retardation of the formation of the crys-
talline YAG phase is more pronounced in comparison to
nickel; in general, at identical calcination temperatures, less
crystalline products will be obtained for metal substituted
compared to unsubstituted YAGs.

Fig. 2 depicts the diffraction patterns of pure and Ni- or
Co-substituted YAGs, showing the successful incorporation
of Co and Ni into the YAG structure, which is achieved after
2.5 h of calcination at 1273 K. The stoichiometry of the pre-
cursors was targeted to substitute either equivalents of
yttrium or aluminum by equivalents of nickel or cobalt.
From the X-ray diffraction analysis and side phases formed,
we conclude that substitution of yttrium leads to higher
YAG purity compared to substitution of aluminum. The
two synthesis routes with Pechini (-P) and Flocculant (-F)
can be compared via the diffraction data presented in Fig. 3.
A higher phase purity is achieved with the Flocculant route,
where no side phases of CoAl2O4 and NiAl2O4 spinel can
be detected, also the side phases of cubic Y2O3 or YAlO3 are
absent; in turn this is observed when the Pechini route is
used. This higher phase purity comes at the expense of the
required higher calcination temperature, which must be
chosen when using the Flocculant route (Fig. S1). From the
data obtained we do not dare to conclude that this in turn

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 11, 1727–1738

Figure 2. X-ray diffractometric study of YAG formation via Flocculant-route at elevated temperatures, left: pure Y3Al5O12 target com-
position, middle: 5 mol % Ni-substituted Y3Al5O12, right: 5 mol % Co-substituted Y3Al5O12.
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also means that cobalt and nickel also substitute on yttrium
sites, as both are not known to substitute on 8-fold coordi-
nated Y3+ sites. One would rather expect that both metals
would undergo substitution on the smaller and lower co-
ordinated Al3+ sites. [30]

Additionally, to the calcination series of Fig. 2, a systemat-
ic compositional variation within the ternary system
Y/Al/M with M either Ni or Co using the Flocculant route
was conducted to determine the stoichiometric corridor in
which phase pure YAG compositions can be obtained.
Apart from target phase of cubic YAG, reported as main
parameter in the ternary diagrams (see Fig. 4), other crystal-
line phases that could be unambiguously identified were
orthorhombic or hexagonal YAlO3 and monoclinic Y4Al2O9

perovskite [27]. In Fig. 4, a dependence of the composition
on phase purity can be observed, indicating that the phase
breadth of the substituted target YAG structure is limited
and narrows down with increasing Ni and Co content.
Insufficiently low calcination temperatures further narrow

down the corridor of high phase purity, as shown for the
example of Co-containing samples calcined at 1173 K.

Out of this extensive study of various stoichiometries,
selected samples with high phase purity of the garnet struc-
ture of 80–100 wt % were examined for their specific surface
areas using the 5-point BET method.

3.1.2 Investigation of Specific Surface Area and Pore
Structure through Nitrogen Physisorption

To investigate the specific surface areas and to obtain
insights about the porous network of the garnet materials,
selected 1 mol % Co- and Ni-containing catalysts were
investigated by nitrogen sorption. The N2 sorption iso-
therms are displayed in Fig. S2 and show type-4 isotherms
with BET-type adsorption. The hysteresis loops resemble
type H3, being caused by capillary condensation between
YAG particle grains, rather than within mesopores of the
crystallites themselves. The catalysts investigated with phys-
isorption exhibited specific surfaces of 20–25 m2g–1 (5-point
BET, see Tab. S1) when calcined at 1073 and 1273 K. At
higher calcination temperature of 1373 K, the specific sur-
face shrinks to 9 m2g–1, apparently the threshold of acceler-
ated particle growth lies in the regime between 1272 and
1373 K.

With the loss of specific surface area, an expected loss of
pore volume is observed from Tcalc = 1073 to
Tcalc ‡ 1373 K. In case of 1 mol % Co (isotherm shown in
Fig. S2), the total pore volume Vp decreases from
Vp = 0.06 cm3g–1 for 1Co_1073 to Vp = 0.02 cm3g–1 for
1Co_1373. As indicated by the nitrogen sorption isotherms,
there is an increase in pore volume (Vp = 0.07 cm3g–1) at
Tcalc = 1273 K, which can be explained by interarticular
volume formed during particle growth. The maximum of
the pore width distribution for both Ni- and Co-containing
catalysts is located at 4 nm for calcination at 1073 and
1273 K (Fig. S3). For the samples calcined at 1373 K, small
pore volumes are observed, no clear maximum can be seen.
The pore volume is significantly higher for samples pre-

Chem. Ing. Tech. 2022, 94, No. 11, 1727–1738 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 3. X-ray diffraction patterns of Ni- and Co-substituted
YAGs prepared by Pechini (P) and Flocculant route (F), calcined
at 1223 K, with indicated YAG Bragg position and reflections of
CoAl2O4 spinel side phases.

Figure 4. Phase purity of material as a function of molar metal ratio for the systems Y/Al/Ni and Y/Al/Co and selected calcination tem-
peratures, 1123 K and 1323 K using the Flocculant route (-F).
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pared via the Flocculant route compared to the Pechini
route. Nevertheless, it should be noted that several samples
display very low specific surface areas (and can be described
as nonporous; see Tab. S1), due to the highly crystalline
YAG phase and large primary particles formed upon calci-
nation.

3.1.3 Characterization of the Active Metal
Nanoparticles

The exsolution of Ni from the YAG structure under reduc-
ing conditions was investigated with powder X-ray diffrac-
tion on under reducing atmospheres (forming gas) pre-
treated Ni-YAGs for different temperatures from 873 K
(600 �C) to 1173 K (900 �C) and Ni contents from 0.6 to
3 mol %. As shown in Fig. 5, reflections from metallic Ni
(Ni0) of the sample of 3 mol % Ni-substituted Ni-YAG
appear from 1073 K on, indicating the presence of crystal-
line particles at 1173 K. From this enforced exsolution of
particles under H2 atmosphere, we conclude that detectable
exsolution happens as a cause of the reductive activation of

the catalyst from a reaction temperature of 1073 K onwards;
apparently this also happens under reaction atmosphere of
DRM. For 0.6 mol % Ni-containing catalysts, we could not
observe pronounced reflections of metallic nickel in the dif-
fractograms, which may be due to the overall low metal
content of the sample. Nevertheless, for both 0.6 and
3 mol % Ni loadings, no changes of the crystalline YAG
structure were observed after reduction.

As can be seen from the H2-TPR measurements (Fig. 5),
the reduction of Ni-YAGs starts around 1000 K, having its
maximum in hydrogen consumption around 1180 K. The
determined integral H2 consumption correspond to a
reduction degree of » 37 % (see Tab. 1). The results of
H2-TPR clearly show that the catalyst materials are not fully
reduced prior to the catalytic tests, yet the chosen reduction
temperature of 1123 K is sufficient to exsolve Ni from the
garnet structure.

To investigate and understand changes of the nanostruc-
ture of the garnet samples, TEM images were recorded
(Fig. 6). For the 1 mol % Ni containing YAGs calcined at
1073, 1273 and 1373 K, 3 mol % Ni containing samples were
reduced and recorded with TEM to observe the exsolved
nickel particles and estimate their size range, see Fig. 6. For
the sample calcined at 1073 K, a bimodal particle size distri-
bution of the oxidic material is observed. With increasing
calcination temperature, an increase in particle size can be
observed and the particle size distribution tends to become
more homogeneous. The particles itself have a mostly cubic
morphology, as would be expected for the cubic structure of
YAG oxide. With increasing calcination temperature, the
smaller particle size fractions, which agglomerate in a
sponge-like manner, disappear. For the material calcined at
1373 K, a coarsening of the primary particles is observed, a
fact that is in accordance to the data obtained for the pore
width distribution determined with nitrogen porosimetry
(Figs. S3 and S4). With increasing calcination temperature,
the sponge-like structures predominant for 1Ni_1073 sinter
to form larger, polycrystalline particles preserving and
forming pores, which can also be observed in the additional
pore volume determined for 1Ni_1273. For the catalyst cal-
cined at 1373 K (1Ni_1373), internal porosity is widely lost,
which is in accordance with the measured pore width distri-
bution determined by nitrogen sorption (Figs. S2 and S3).
Large nonporous crystallites are formed from the porous
agglomerates upon calcination, while only few porous
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Figure 5. a) X-ray patterns of 3 mol % Ni-substituted YAGs pre-
pared by Flocculant route, calcined at 1323 K and reduced for
2 h at 873 to 1173 K in 5 vol % H2 in N2. Inserted are the reflec-
tions of metallic Nickel (Ni0). b) TPR-profiles as hydrogen con-
sumption over time normalized to the Ni content of
3.2Ni_22YAG-F and 3.3Ni_24YAG-F.

Table 1. H2 consumption and reduction degree of Ni deter-
mined from TPR measurements for the studied 3 % Ni-contain-
ing YAGs prepared by Flocculant route.

Sample H2 consumption
[mmol g–1]

Reduction degree [%]

3.2Ni_22YAG-F 18.2 37.4

3.3Ni_24YAG-F 18.0 36.5
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regimes of particulates can be observed. Even after calcina-
tion at 1373 K, a homogeneous distribution of the active
metal within the YAG crystallites is confirmed by EDX
measurements (Fig. S5). Distinct nickel nanoparticles can
be observed on the reduced YAGs with EDX and STEM

imaging. The nickel particles ex-
hibit a bimodal size distribution
from 2.5–5 nm and 13–20 nm.

3.2 Catalytic Activity in DRM

3.2.1 Impact of Calcination
Temperature on
Catalytic Performance

In order to investigate the prop-
erties of the Ni- and Co-substi-
tuted YAGs as a host structure in
the dry reforming of methane,
selected samples with phase
purity higher than 80 wt % are
employed in a test campaign. The
catalytic activity of the synthe-
sized catalysts was investigated at
atmospheric pressure (nCH4/nCO2

= 1/1). Regarding the catalytic
activity, a calcination temperature
of 1073 K was found to be opti-
mal for the materials to obtain a
high overall CH4 and CO2 con-
version (Fig. 7). The trend of
decreasing activity with increas-
ing calcination temperature from
1073 to 1373 K can be taken as a
conclusion of the catalytic testing
data. This observation goes along
with a decrease of specific surface
area observed with BET: 21 m2g–1

for 1Ni_1073 compared to 9 m2g–1 for 1Ni_1373. A word of
caution must be said when directly linking the effect of
reduced activity and to correlate it to reduced specific sur-
faces and to the observed porosity observed in the TEM
images. Specifically, the Pechini route leads to the spinels

Chem. Ing. Tech. 2022, 94, No. 11, 1727–1738 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 6. Above: TEM images 1 mol % Ni containing YAGs calcined at 1073, 1273 and 1373 K
(from left to right) showing the change of the YAG crystals with increasing calcination tempera-
ture. Middle: TEM (HAADF-STEM) images of 3 mol % Ni containing YAGs calcined at 1373 K, and
subsequently reduced. Below: STEM image and EDX mapping of reduced 3 vol % Ni YAG and
observation of exsolved nickel nanoparticles on the particle.
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Figure 7. Conversion (XCH4) and molar ratio nH2/nCO versus time on-stream for a series of Co- and Ni-substituted
YAGs calcined at different temperatures.
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CoAl2O4 and NiAl2O4 as minority side phases. Especially
for the observed Ni-YAGs in Fig. 6, it remains an open point
of discussion how much active metal is actually included in
the YAG structure versus the spinel when synthesized via
the Pechini route.

Further on, 1 mol % Ni-substituted YAG perform superi-
or if compared to Co-substituted YAGs in both activity and
molar ratio of hydrogen to carbon monoxide. Co-contain-
ing catalysts, if calcined at Tcalc > 1073 K were nearly inac-
tive in the test reaction. Only 1Co_1073 showed a signifi-
cant catalytic activity, with XCO2 = 0.13. It should further be
noted that all catalyst with an active metal loading of only
1 mol % do show a higher CO2 than CH4 conversion, which
results in a syngas molar ratio nH2/nCO < 1, pointing to the
pronounced occurrence of reverse water-gas shift reaction.

3.2.2 Comparison of the Catalytic Performance of
Materials Produced via the Two Different
Synthesis Routes

As illustrated above, Ni- and Co-garnet catalyst were active
in the DRM; especially Ni was found to be the superior
active metal over Co when substituted and exsolved from
the garnet structure, due to its higher activity, resulting
nH2/nCO of » 0.80 to 0.97 and high stability over the

observed time on-stream (TOS). With an adaption of the
synthesis route from the use of Pechini towards Flocculant,
the obtained YAG purity could be increased from about 90
to 100 %. In comparison the Flocculant-based synthesis
route yields higher specific surface areas at the same level of
crystallinity and even at high calcination temperatures. In
reflection of the relevant state of the art, we interpret these
high surface areas to be formed by highly dispersed precur-
sors based on the pre-polymerized ingredients [27]. As
depicted in Fig. 8, the obtained Ni catalysts were found to
be highly active in the DRM. XCH4 and XCO2 increased by
30 and 20 %, respectively, upon change of the synthesis
route from Pechini to Flocculant. Along with an increased
activity, a syngas molar ratio nH2/nCO increase to 0.92 was
observed, which is, at the chosen reaction conditions, close
to the predicted thermodynamic equilibrium of 0.97.
Regarding Co as active metal, only minor changes in cata-
lyst activity could be observed when altering the synthetic
route, within the error of the experiment it can be stated
that methane conversion was even slightly decreased.

As summarized in Tab. 2, a clear dependence of catalyst
stability can be seen for the active metal. Cobalt-based sam-
ples exhibit on the order of 10 higher carbon selectivities
(C-sel), compared to Ni-based catalysts. For the Co-based
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0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0

0.6Co_21YAG-F

   1Co_36YAG-P

   1Ni_36YAG-P

0.6Ni_21YAG-F

0.6Ni_22YAG-G

X
noisrevno

C
C

H
4

Time on-stream / h

   1Ni_37YAG-P

0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0
n

oitarralo
M

H
2 /

 n
C

O

Time on-stream / h

0.6Ni_21YAG-F
0.6Ni_22YAG-F

   1Ni_36YAG-P

   1Ni_37YAG-P

   1Co_36YAG-P

0.6Co_21YAG-F

Figure 8. CH4 conversion (XCH4) and molar ratio nH2/nCO of Co- and Ni-substituted YAGs prepared by the differ-
ent synthesis routes Pechini = P and Flocculant = F in the DRM (T = 1123 K, GHSV = 6000 h–1, nCH4/nCO2 = 1/1).

Table 2. Conversion XCH4 and XCO2 and syngas composition nH2/nCO for Co- and Ni-substituted YAGs prepared by the different synthesis
routes Pechini = P and Flocculant = F, with amount of deposited carbon and the carbon-selectivity C-sel, as fraction of deposited carbon
relative to all carbon converted from CH4 after 15 h TOS in the test reaction DRM (T = 1123 K, GHSV = 6000 h–1, nCH4/nCO2 = 1/1).

Sample XCH4 XCO2 nH2/nCO mC/mKat [g g–1] C-sel [%]

1Ni_37YAG-P 0.64 0.75 0.83 0.06 0.04

1Ni_36YAG-P 0.65 0.76 0.83 0.05 0.01

1Co_36YAG-P 0.09 0.15 0.49 0.08 0.40

0.6Ni_22YAG-F 0.83 0.90 0.92 0.01 0.00

0.6Ni_21YAG-F 0.83 0.91 0.92 0.05 0.03

0.6Co_21YAG-F 0.07 0.08 0.67 0.06 0.27
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catalysts, a dependence of the coke formation on the prepa-
ration route can be seen, in favor of the Flocculant route.
For Ni-based catalyst systems the dependence is not so
clear, yet it can be stated that if one compares the carbon se-
lectivities for the more active catalysts prepared via the Floc-
culant route with the less active materials prepared via Pe-
chini, coke accumulation on the Flocculant-based materials
is less pronounced. Especially 0.6Ni_22YAG-F was found to
withstand carbon deposition over the investigated TOS of
15 h, which is even more impressive, with regard on the ini-
tially reduced catalytic activity and autocatalytic activation
within the first 10 h TOS. This activation behavior is known
for Ni catalysts under DRM conditions [31–33], additional-
ly carbon deposition over Ni catalysts were reported to
accumulate during this activation period. The high perfor-
mance of the Ni-YAG catalyst in the DRM reaction goes
along with a high YAG-crystallinity after synthesis.

3.2.3 Impact of Reductive Preconditioning on
Cobalt-YAGs

The activity of Co-based catalysts was comparably low, and
the redox activity of these catalysts did not benefit their per-
formance in the DRM reaction as expected. Ni catalysts that
are activated show exsolution of the metal nanoparticles
from the oxidic to the metal state (Ni0) in form of small
clusters deposited at the surface of the catalyst particles (see
Fig. 1). [15–17]

As reported by Giehr et al. [5], cobalt requires higher
temperatures for reduction compared to nickel – neverthe-
less it is reported for Co-based catalysts that an activation
with hydrogen (potentially leading to over-reduction) can
potentially be performance limiting. Hence, 3Co_21YAG-F
was investigated in the DRM with and without prior activa-
tion of the catalyst in H2.

As illustrated in Fig. 9, the overall methane conversion of
the Co-containing YAGs is dependent on the reductive pre-
treatment of the samples and a difference in activity of more
than factor two can be observed between activated and not
activated catalysts, for the latter leading to XCH4 = 0.48 after

15 h TOS. The increase in methane conversion is also
accompanied by an increase in syngas molar ratio nH2/nCO

of 0.56 compared to 0.74 for the sample without activation.
Samples which have not been activated also show a reduced
carbon deposition represented by the C-sel. Hence, Co-sub-
stituted catalysts were further studied without prior activa-
tion under reducing conditions.

Regarding the poor catalytic activity of 1Co_1073, a series
of Co-enriched catalysts with a cobalt content between 3
and 10 mol % and varying yttrium content synthesized via
Flocculant route were investigated. As summarized in
Tab. 3, a calcination temperature of 1323 K was found bene-
ficial for the catalytic performance. The most active samples
have been obtained calcining at this temperature. Samples
with lower cobalt content of 3 mol % appear to be more
active compared to samples containing 6 and 10 mol %
cobalt. In return, it can be seen that higher cobalt contents
of 6 and 10 mol % lead to an increased carbon formation
tendency. While the Co-content was increased to 6 and
10 mol %, the activity is comparable to those catalysts with

Chem. Ing. Tech. 2022, 94, No. 11, 1727–1738 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
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Figure 9. CH4 conversion (blue) and syngas molar ratio (red) in
dry reforming of methane (T = 1123 K, GHSV = 6000 h–1,
nCH4/nCO2 = 1/1) of 3Co_21YAG-G with and without activation
of the catalyst.

Table 3. Conversion XCH4 and XCO2 and syngas composition nH2/nCO in DRM (T = 1123 K, GHSV = 6000 h–1, nCH4/nCO2 = 1/1) of Co-substi-
tuted YAGs, variation of the calcination temperature and the Co/Y ratio, without pre-reduction of the catalyst in H2.

Sample Tcalc [K] XCH4 XCO2 nH2/nCO mC/mKat [g g–1] C-sel [%]

3Co_29YAG-F 1223 0.22 0.22 0.86 n.d. n.d.

3Co_25YAG-F 1323 0.05 0.01 4.49 0.05 0.46

10Co_26YAG-F 1323 0.06 0.07 0.91 0.08 0.62

3Co_29YAG-F 1323 0.35 0.45 0.74 0.05 0.07

6Co_30YAG-F 1323 0.05 0.01 3.07 0.09 0.90

3Co_33YAG-F 1323 0.06 0.05 1.38 0.10 0.71

3Co_29YAG-F 1423 0.13 0.10 0.80 0.70 0.30

n.d.: not determined
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only 3 mol % Co. It must be noted that Co-contents above
3 mol % lead to pronounced side phase formation of
CoAl2O4 spinel during calcination as illustrated in Figs. 3
and S1. It is assumed that the formation of this Co-contain-
ing spinel side phase impedes the catalytic activity. At com-
parable Co-content of 3 mol % and varying Y-content in the
range of 25 to 33 mol %, significant differences were
observed regarding the CH4, CO2 conversion, syngas molar
ratio but especially the amount of deposited carbon along
with the carbon selectivity C-sel. From the data it can be
concluded that an optimum ratio of Co/Y is reached at
3 mol % cobalt and 29 mol % yttrium, respectively.

3.2.4 Structure-Activity Relations for Ni-YAGs

The specific activity of Ni-containing garnets was found to
be significantly higher compared to their Co analogues, so
the effect of the Ni-loading and Y-content was additionally
studied for these materials to understand the details of the
dependency. As can be seen in Fig. 10, the overall catalytic
activity of the garnets containing 3 mol % Ni is significantly
higher than that with 0.6 mol %. Also, the syngas molar
ratio of 0.59–0.83 (not depicted) in case of 0.6 mol % Ni
catalysts alongside with the significantly higher CO2 con-
version points to the occurring of revese water-gas shift
reaction (Tab. S1). With regard to 0.6 mol % Ni substituted
garnets, the DRM activity significantly increases with
increasing Y-content (Ni/Y ratio), alongside with a slight
increase of the specific surface areas. This trend is also ob-
served if the active metal content is increased to » 3 mol %
Ni; here, the specific surface is also slightly increasing with
the Y-content (see Tab. S1). Hence, it can be concluded that
the catalytic activity is increased by an increase of active
metal content, or than by the increased amount of Y leading
to higher specific surface areas.

4 Conclusions

An extensive study of Ni- and Co-substituted YAGs leads to
the following insights:
1) Polyaluminium chloride (PAC) flocculants are versatile

alternative precursors for aluminate synthesis.
2) PAC-Flocculant-based preparation leads to superior per-

forming Ni- and Co-YAG catalyst materials compared
to materials obtained via the Pechini route: Higher crys-
tallinity, higher surface areas can be obtained and in
general a resulting higher specific activity is observed.

3) Crystalline side phases can be avoided by proper choice
of the stoichiometric synthesis corridor, an adequate
choice of the calcination temperature and the choice of
the preparation route.

4) In general, it can be observed that Ni-substituted YAG
catalysts appear to be more active in the dry reforming
of methane compared to Co-substituted YAG catalysts.

5) Prereduction of Co-based YAG catalysts can be a detri-
mental procedure, pointing to the fact that oxidic cobalt
plays a major role in the coke resistance and activity of
the catalyst.

This study of Ni- and Co-substituted yttrium aluminum
garnets presents the successful incorporation of both metals
(Ni/Co) into the YAG structure over an extensive stoichi-
ometry range. A new synthesis route, using the polyalumi-
nium chloride flocculant Gilufloc was employed, yielding
active catalysts for dry reforming of methane. YAGs synthe-
sized by this Flocculant route are less prone to coking than
YAGs obtained via the Pechini route. Ni-containing YAGs
turn out to be catalytically more active than those contain-
ing Co, forming nearly equimolar syngas composition.
Co-YAGs seem to deactivate over 15 h TOS under DRM
conditions suffering from more pronounced carbon deposi-
tions than Ni-YAGs. The nH2/nCO differing from unity over
the Co-YAGs, leads us to conclude that carbon-forming side
reactions play a major role. An optimal calcination temper-
ature corridor for the synthesis of Ni/Co-YAGs regarding
their activity was found, with the obtained specific surface
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pared by Flocculant route, calcined at 1323 K in DRM (T = 1123 K, GHSV = 6000 h–1, nCH4/nCO2 = 1/1).
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areas and the phase purity of the material playing an impor-
tant role. The present study clearly underlines the potential
of transition metal substituted YAGs for catalytic high-tem-
perature applications such as DRM, which might inspire
further research on this material class. Currently, the re-
quired amount, availability and resulting cost of yttrium re-
mains a drawback.
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Symbols used

C-sel [%] Selectivity towards carbon formation
GHSV [h–1] Gas hourly space velocity
Tcalc [K] Calcination temperature
TOS [h] Time on-stream
X [–] Conversion

Abbreviations

BET Brunauer-Emmett-Teller method
BJH Barrett- Joyner- Halenda method
DRM Dry reforming of methane
EDX Energy dispersive X-ray spectroscopy
-F Flocculant
HAADF-STEM High angle annular dark field scanning

transmission electron microscopy
-P Pechini
PAC Polyaluminium chloride

(S)TEM (Scanning) Transmission electron
microscopy

TPO Temperature-programmed oxidation
TPR Temperature-programmed reduction
YAG Yttrium Aluminum Garnets
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O. Hinrichsen, Appl. Catal. A 2020, 604, 1–9.

[11] M.-A. Serrer, A. Gaur, J. Jelic, S. Weber, C. Fritsch, A. H. Clark,
E. Saraçi, F. Studt, J.-D. Grunwaldt, Catal. Sci. Technol. 2020, 10,
7542–7554.

[12] K. Song, M. Lu, S. Xu, C. Chen, Y. Zhan, D. Li, C. Au, L. Jiang,
K. Tomishige, Appl. Catal., B 2018, 239, 324–333.

[13] A. Giehr, L. Maier, S. Angeli, S. A. Schunk, O. Deutschmann, Ind.
Eng. Chem. Res. 2020, 59, 18790–18797.

[14] C. Fritsch, T. Zinkevich, S. Indris, M. Etter, V. Baran, T. Bergfeldt,
M. Knapp, H. Ehrenberg, A. Hansen, RSC Adv. 2021, 11, 30283–
30294.

[15] S. Joo, C. Lim, O. Kwon, L. Zhang, J. Zhou, J.-Q. Wang, H. Y.
Jeong, Y. Sin, S. Choi, G. Kim, Mater. Rep.: Energy 2021, 1 (2),
100021.

[16] B. W. Kwon, J. H. Oh, G. S. Kim, S. P. Yoon, J. Han, S. W. Nam,
H. C. Ham, Appl. Energy 2018, 227 (1), 213–219.

[17] D. Neagu, T.-S. Oh, D. N. Miller, H. Ménard, S. M. Bukhari, S. R.
Gamble, R. J. Gorte, J. M. Vohs, J. T. S. Irvine, Nat. Commun.
2015, 6, 1–8.

[18] Y. Kang, Y. Han, M. Tian, C. Huang, C. Wang, J. Lin, B. Hou,
Y. Su, L. Li, J. Wang, X. Wang, Appl. Catal., B 2020, 278, 119305.

[19] E. Sedighinia, R. Badri, A. Kiasat, Russ. J. Inorg. Chem. 2019,
55 (11), 1755–1763.

[20] L. Wang, H. Kou, Y. Zeng, J. Li, Y. Pan, X. Sun, J. Guo, Ceram. Int.
2012, 38, 3763–3771.

[21] K. Momma, F. Izumi, J. Appl. Cryst. 2008, 41, 653–658.
[22] L. Pechini, Processes: An Alternate Approach of the Sol–Gel

Method, Preparation, Properties,~and Applications, in Handbook
of Sol-Gel Science and Technology (Eds: L. Klein, M. Aparicio,
A. Jitianu), Springer, Cham 2016. DOI: https://doi.org/10.1007/
978-3-319-19454-7_123-1

[23] GILUFLOC� Polyaluminiumchloride (PAC) zur Trinkwasserauf-
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