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ABSTRACT
Microstructure, structure, and compositional homogeneity of metal oxide nanoparticles can change dramatically during catalysis. Con-
sidering the different stabilities of cobalt and iron ions in the MgO host lattice [M. Niedermaier et al., J. Phys. Chem. C 123, 25991
(2019)], we employed MgO nanocube powders with or without transition metal admixtures for the oxidative coupling of methane (OCM)
reaction to analyze characteristic differences in catalytic activity and sintering behavior. Undoped MgO nanocrystals exhibit the highest
C2 selectivity and retain the nanocrystallinity of the starting material after 24 h time on stream. For the Co–Mg–O nanoparticle pow-
der, which exhibits the highest activity and COx selectivity and where OCM-induced coarsening is strongest, we found that the Co2+

ions remain homogeneously distributed over the MgO lattice. Trivalent Fe ions migrate to the surface of Fe–Mg–O nanoparticles where
they form a magnesioferrite phase (MgFe2O4) with a characteristic impact on catalytic performance: Fe–Mg–O is initially less selec-
tive than MgO despite its lower activity. An increase in C2 selectivity and a decrease in the CO2/CO ratio with time on stream are
attributed to the increasing fraction of coarsened particles that become depleted in redox active Fe. Surface water is a by-product of
the OCM reaction, favors mass transport across the particle surfaces, and serves as a sintering aid during catalysis. The characteris-
tic changes in size and morphology of MgO, Co-doped, and Fe-doped MgO particles can be consistently explained by activity and C2
selectivity trends. The original morphology of the nanocubes as a starting material for the OCM reaction does not impact the catalytic
activity.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138894., s

INTRODUCTION

Nanoparticle powders are complex systems of matter. Dur-
ing operation as a catalyst, they are typically subject to structural
(crystal phase, size, and morphology of the particle) and microstruc-
tural changes (aggregation, particle coalescence, and coarsening).
This is particularly true for metal oxide particles in heteroge-
neous catalysis. Examples are catalyst coarsening and the associ-
ated reduction in the number of active surface sites.1–4 Moreover,

particle reorganization and associated morphology changes can give
rise to new surface features with altered activities and selectivi-
ties.5,6 Related transformation processes are additionally affected
by by-products and products that form in the course of catalytic
reactions.7

A prominent and ubiquitous component with a substantial
impact on oxide nanoparticle stability is water.8,9 For this reason,
the formation and readsorption of water during catalysis10–14 has
remained a key research topic in a variety of research fields that
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involve surface science, heterogeneous catalysis, and electrocatalysis
in water containing liquids.8,15,16

The challenges associated with a reproducible physico-
chemical description of metal oxide nanoparticle systems strongly
depend on the presence of water in the surrounding continu-
ous phase.8,9,14 H2O related and annealing induced particle trans-
formation effects, such as coarsening and coalescence, have been
observed for MgO nanoparticles for residual water concentra-
tions as low as p(H2O) = 10−3 mbar.14 A relative decrease in
the thermal stability of the individual particles must also have
a severe impact on the catalytic performance of oxide catalysts.
This is especially relevant for reactions such as the oxidative cou-
pling of methane (OCM) in the course of which H2O forms
as a by-product. Here, water is detrimental not only as it pro-
motes catalyst coarsening but also as catalyst deactivation may
result from the hydroxylation of the particle surfaces.7 As a con-
sequence, high temperatures are necessary process parameters to
eliminate surface water from the catalyst surface during the catalytic
reaction.5,17

Another major issue related to the OCM reaction is the gen-
erally low selectivity of the catalysts.18 Therefore, much research
has focused on the identification of appropriate catalysts that lead
to higher C2 yields.19 For example, doping of metal oxides has
been identified as a valuable strategy20,21 to reach this goal.22–25

Moreover, irreducible metal oxides containing admixed transi-
tion metal ions as dopants are prominent systems for oxidation
catalysis.26

However, with regard to structure–property relationships of
metal oxide nanostructures, dopant admixture corresponds to
another step in complexity increase. Isovalent impurities that are
energetically stabilized in the host lattice of alkaline earth oxides as
substitutional defects do not segregate during materials’ operation
at elevated temperatures and are generally simple to describe. This
work is based on an earlier study1 that addressed the fundamental
questions of how and to what extent isovalent or aliovalent ions of
Fe and Co as next neighbors in the periodic table affect the crystallo-
graphic phase, size, and morphology of the MgO nanoparticles. We
identified a defect compensation mechanism where the energetics of
impurity–vacancy complexes determine the dopant’s oxidation state
and its segregation behavior.

Solid solutions of Co–Mg–O particles, where substitutional and
divalent CoMg sites are homogeneously distributed over the MgO
host lattice, serve as an instructive example in this context.1,27 The
situation becomes more complex for aliovalent ions that give rise
to cation vacancies as intrinsic and charge compensating defects.28

Substitutional Fe3+ cations in the MgO lattice, for example, can asso-
ciate with Mg vacancies. These impurity–vacancy complexes were
found to segregate in the course of annealing into the particle sur-
face, where they form nuclei of a newly formed magnesioferrite
phase.1,16

Here, we investigate doped MgO nanocubes with transition
metal ion concentrations up to 4 at. % (Co–Mg–O: cCo = 2.0 and
3.5 at. % and Fe–Mg–O: cFe = 1.5 and 3.5 at. %) and search for
dopant related catalytic activity changes, on the one hand, and asso-
ciated OCM reaction induced transformation behavior of the pure
and doped nanoparticles, on the other hand. Special interest lies on
the impact of the cobalt and iron ions in the host MgO lattice on
the catalytic properties over time on stream (TOS), since related

differences can be linked to the coarsening and sintering behavior
of the catalyst particles.

The structure of this study is as follows: first, we compare
structure, morphology (XRD, TEM), and the compositional distri-
bution of the elements energy dispersive X-ray spectroscopy (EDX)
spectroscopy mapping of the catalyst materials before and after
their operation in the OCM reaction. Coarsening and morphology
changes of MgO, Co–Mg–O, and Fe–Mg–O particles together with
trends in impurity exsolution will be related to their catalytic perfor-
mance in the OCM reaction, as described in the second part of this
study.

EXPERIMENTAL
Particle synthesis

Fe–Mg–O and Co–Mg–O nanoparticles were produced via a
combination of metalorganic chemical vapor synthesis (MOCVS)
and a MgO combustion process inside a hot wall reactor system. The
preparation of pure MgO nanoparticles is based on the controlled
combustion of metal vapor with oxygen under reduced pressure.
Details are given elsewhere.28,29 The metalorganic chemical vapor
synthesis (MOCVS) process was adapted to obtain good control over
the concentration and distribution of iron and cobalt in Fe–Mg–O
and Co–Mg–O nanocomposite samples. The two-hot-zone reactor
system consists of two quartz glass tubes, which are mounted con-
centrically inside a heating coil (first heating zone: operation tem-
perature T1) followed by a ceramic tube furnace (second heating
zone: operation temperature T2).

In the first heating zone, the inner glass tube hosts a ceramic
crucible with ferrocene (98%, Sigma Aldrich, 0.75 g) or cobal-
tocene (Sigma Aldrich, 0.5 g), which are heated to temperature
T1 = 323 K (ferrocene) 333 K (cobaltocene), respectively, in order
to sublimate the metalorganic precursor and to adjust the evap-
oration rates. An argon gas flow (Ar 5.0, volumetric flow rate
QAr = 1200 sccm) is guided through the inner tube to transport
the metalorganic vapor to the second heating zone, where the fur-
nace provides a temperature T2 = 913 K. At this position, a ceramic
crucible with Mg metal grains (99.98%, Alfa Aesar, 1.0 g) is posi-
tioned inside the inner tube. Here, the magnesium is sublimated,
and the resulting metal vapor becomes mixed with the gaseous iron
or cobalt precursor. The vapor mixture is then carried by the argon
gas flow to the end of the inner glass tube, where the vapor mix-
ture reaches molecular oxygen (O2 5.0, QO2 = 1200 sccm) flow-
ing through the outer tube. The MgO based nanoparticles are col-
lected at room temperature using a stainless steel net that is kept
downstream. The total pressure p = 70 ± 2 mbar, argon and oxy-
gen flow rates, and the temperatures T1 and T2 of the heating
zones are kept constant during the entire period of nanoparticle
collection.

Post synthesis annealing

The annealing protocol corresponds to a stepwise tempera-
ture increase by 100 K under continuous pumping until the final
temperature of 1173 K is reached. After each step, the tempera-
ture is dwelled under continuous pumping until the pressure falls
below 10−5 mbar. At 1173 K, molecular oxygen (O2 5.0) is added
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and the total pressure within the system amounts to p = 650 mbar.
After 30 min of oxygen exposure, the powder sample is evacu-
ated under continuous pumping for further 15 min. This annealing
cycle is repeated three times, whereas the time period of the last
high vacuum step is extended to 30 min. As a result, the sample
dwells at the final temperature of 1173 K for a total annealing time
of 150 min.

X-ray diffraction (XRD) and transmission electron
microscopy (TEM)

XRD measurements were performed on a Bruker AXS D8
Advance diffractometer using Cu Kα radiation (λ = 154 pm). Crys-
talline domain sizes were determined from powder diffraction data
using the Scherrer equation.

TEM data were acquired using a JEOL JEM-F200 transmis-
sion electron microscope operating at 200 kV equipped with a cold
field emission electron source and a large windowless JEOL Cen-
turio energy dispersive X-ray emission (EDX) detector (100 mm2,
0.97 srad, energy resolution <133 eV) for local composition anal-
ysis. EDX maps were acquired in STEM (Scanning TEM) mode
with a typical beam current of 0.1 nA and a beam diameter of
0.16 nm during 10–30 min. The maps were obtained by signal inte-
gration of counts over the Mg Kα transition line for Mg (integration:
1.16–1.34 keV), Fe Kα line for Fe (integration: 6.24–6.56 keV),
and Co Kα line for Co (integration: 6.76–7.09 keV). TEM images
were recorded using a TVIPS F216 2k by 2k CMOS camera. TEM
grids were prepared by dipping a lacey carbon grid into the pow-
der in order to investigate structural features and the composition of
material sticking to the grid.

Oxidative coupling of methane (OCM)

For the catalytic measurements, MgO, Co–Mg–O, and
Fe–Mg–O nanoparticle powders were pressed and sieved to receive
a fraction of 250–355 μm grains. 50 mg catalyst was diluted with
50 mg of SiC from the same mesh for the dissipation of reaction heat
to avoid hot spots inside the catalyst bed. The resulting height of the
catalytic bed was around 10 mm.

The measurements were performed in a fixed bed reactor con-
sisting of a quartz glass tube (outer diameter: 9 mm, inner diame-
ter: 7 mm, and length: 200 mm), which is tapered off downstream
the catalyst bed to reduce the influence of gas phase reactions to a
minimum. The reactor is heated using a tube furnace (HTM Reetz
GmbH) and established inside a heating cabinet, which is kept at
353 K, to avoid the condensation of products such as H2O in the gas
sampling system. The temperature was measured with the aid of a
K-type thermocouple above the catalytic bed. After heating up the
reactor in helium to the reaction temperature of T = 1073 K, it was
kept at this temperature for 1 h before starting the reaction by adding
the feed. The feed composition was set to CH4/O2/He = 3/1/1 with
the aid of mass flow controllers (EL-FLOW, Bronkhorst) outside
the heating cabinet. For each sample, the gas flow was adjusted to
180 ml min−1 or 20 ml min−1, respectively, to result in a short con-
tact time of W/F = 0.0167 gCat s ml−1 during the first 24 h on stream
and a long contact time of W/F = 0.150 gCat s ml−1 during the sec-
ond 24 h on stream. The pressure inside the reactor was kept at
p = 1 bar during the whole experiment. With the applied parameters,

the criteria of the plug flow model [Eqs. (1)–(3)] were accomplished.
With L being the length of the catalytic bed (≈10 mm), dp the diam-
eter of secondary catalyst particles (0.250–0.355 mm), and dr the
diameter of the reactor (7 mm), the required relations are

L
dp
> 50, (1)

dr
dp
> 10, (2)

L
dp
> 5. (3)

Gas analysis was carried out in an Agilent 7890A gas chromato-
graph equipped with two channels. A combination of two capillary
columns [GS-CarbonPLOT (length 30 m, 0.53 mm inner diameter,
40 lm film thickness) and HP-PLOT Molesieve/5A (length 30 m,
0.53 mm inner diameter, 25 lm film thickness)] in connection with
a thermal conductivity detector (TCD) was used to analyze the per-
manent gases CO2, O2, He, and CO. A combination of two capillary
columns [HP-FFAP (length 30 m, 0.53 mm inner diameter, 1 lm film
thickness) and HP-PLOT Q (length 30 m, 0.53 mm inner diameter,
40 lm film thickness)] connected to a flame ionization detector (FID)
was applied to analyze alkanes and olefins (CH4, C2H6, C2H4, C3H8,
and C3H6).

The product composition was used to determine the rate of
reaction, conversion, yield, and selectivity for different reactants or
products. The following equation is used to calculate the reaction
rate with regard to substance i, where ci is the concentration of reac-
tants/products, W the weight of the catalyst (g), FO the flow of the
reactants (ml/s), νi the stoichiometric coefficient, and ri the reaction
rate of consumption/formation:

dci
d(WFo )

= −νiri. (4)

The conversion of O2 (XO2 ) was determined by the following expres-
sion by using helium as an internal standard to exclude volume
effects on gas analysis due to the high reaction temperature, where
cO2 in and cHe in are the O2 or He concentrations at the reactor inlet,
respectively, whereas cO2 out and cHe out are corresponding concentra-
tions at the reactor outlet:

XO2 =

cO2 in

cHe in
−

cO2 out

cHe out
cO2 in

cHe in

. (5)

The conversion of CH4 (XCH4 ) was determined with the following
equation based on the total amount of carbon atoms in the prod-
uct and the unconverted CH4, with nC-atoms, i being the number of
carbon atoms in product i:

XCH4 =
∑(

nC-atoms,i
nC-atoms,CH4

ci out) − cCH4out

∑(
nC-atoms,i

nC-atoms,CH4
ci out)

. (6)

The number of carbon atoms in the product i was also used to
determine Si the selectivity for species i via the following equation:

Si =
nC-atoms,i

nC-atoms,CH4
ci out

∑(
nC-atoms,i

nC-atoms,CH4
ci out)

. (7)
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RESULTS AND DISCUSSION

Prior to catalysis, the metal oxide powders were annealed
to 1173 K in alternate cycles of evacuation to pressures down
to the high vacuum regime and exposed to O2 atmosphere.
Figure 1 shows the characteristic transmission electron micrographs
of the nanoparticle catalysts [(a)–(e)] and associated particle size
distributions.

The annealed powders are made up of agglomerates contain-
ing nanoparticles with defined morphologies and narrow particle
size distributions. MgO and Co–Mg–O nanoparticles, in particu-
lar, show sharp edges and corners underlining their cubic particle
habit, which is characteristic for dehydroxylated MgO nanoparti-
cles prepared using combustion techniques.14,30–32 Undoped MgO
nanoparticles are smaller than 10 nm and have a mean particle
size of around 5 nm. The Co–Mg–O particle size distributions are
shifted to slightly higher values as compared to MgO. Apparently,
Co doping to MgO shows no major effect on the structural sta-
bility of the host particles under the annealing conditions applied.
Conversely, the morphology of the Fe–Mg–O nanoparticles after
annealing is less defined and no cubic particle shape can be found
by TEM. The particle size distribution related to the Fe–Mg–O
particle powders with an integral Fe concentration of 3.5 at. % is
shifted to higher values. Particles adopt sizes up to 20 nm, and the
mean particle size of 11 nm exceeds that of MgO, Co–Mg–O, or
Fe–Mg–O particles of lower Fe concentrations. Since the size and
morphology of the as-synthesized MgO, Co–Mg–O, and Fe–Mg–O

particles are comparable, one can conclude a reduced thermal sta-
bility for the annealed Fe–Mg–O nanoparticles in comparison to the
other samples.1

The different thermal stabilities are also reflected in the width
variations of the diffraction features of the X-ray powder diffraction
patterns [Fig. 2(a)] and, therefore, in the crystallite domain sizes as
determined using the Scherrer equation [Fig. 2(b)]. The determined
values of the crystallite domain sizes are consistent with the TEM
data derived mean particle size. All types of catalysts remain phase
pure and keep their MgO-specific rock salt crystal structure after
annealing to 1173 K in water free environments prior to catalysis.
Moreover, there is no evidence for dopant induced lattice strain as
one would conclude from the characteristic shift of the diffraction
lines. Information about the specific surface areas ranging between
500 m2 g−1 and 80 m2 g−1 (for the as-synthesized and vacuum
annealed Fe–Mg–O nanoparticle powders, respectively) as well as
domain sizes is provided in the supplementary material (Tables S1
and S2).

A key question of this study relates to the stability of the struc-
ture and compositional homogeneity of the MgO based catalysts and
its dependence on the atmospheric composition of the surrounding
gas during catalysis. For this purpose, we investigated the undoped
MgO catalyst particles after their operation for 48 h in the OCM
reaction with transmission electron microscopy (Fig. 3).

Compared to the starting material (Fig. 1), the MgO cat-
alyst particles are strongly coarsened and the particle morphol-
ogy changed significantly. Moreover, we found the coexistence

FIG. 1. TEM images (a) MgO, [(b) and (c)] Co–Mg–O, and [(d) and (e)] Fe–Mg–O nanoparticle powders as-synthesized by chemical vapor synthesis (CVS) and after annealing
to 1173 K prior to their testing as catalysts in the OCM reaction. Particle size distributions are plotted in the right panel.
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FIG. 2. (a) XRD patterns and (b)
crystallite domain sizes (as determined
using the Scherrer equation) of MgO,
Co–Mg–O (cCo = 2.0 and 3.5 at. %),
and Fe–Mg–O (cFe = 1.5 and 3.5 at. %)
nanoparticle samples after annealing to
1173 K.

of a coarse grained and a fine fraction within individual particle
agglomerates [Fig. 3(a), left]. Particles of the fine fraction remain
smaller than 20 nm, whereas the coarse fraction consists of particles
with sizes up to a few hundreds of nanometer. As undoped MgO

FIG. 3. Transmission electron micrographs of MgO nanoparticle catalysts after
application in the oxidative coupling of methane reaction (TOS: 48 h, T = 1073 K,
and CH4/O2/He = 3:1:1). An electron beam induced transformation effect of the
coarsened aggregate can be concluded by comparison of (c) and (d). The origin
of this effect is attributed to the conversion of amorphous surface hydroxides into
facetted MgO cubelets with dehydroxylated surfaces [inset in (d)].

particles exhibit an outstandingly high stability during annealing in
dry gas atmospheres, the strong coarsening is attributed to water
evolution during catalysis. As a by-product of the OCM reaction,
water results in hydroxylation of the metal oxide particles and
even in the formation of Mg(OH)2 surface structures33 exhibiting
decreased thermal stability.14 Water formation is also associated
with the loss of the cubic particle morphology being a characteris-
tic for the anhydrous starting material (Fig. 1). During the OCM
reaction, surface elements that would be consistent with (110) or
(111) faces evolve. Related features are attributed to multiple step
edges, which in the presence of surface water become thermody-
namically more stable.14 Moreover, we also expect the presence
of amorphous surface hydroxides, which become unstable under
the conditions of the TEM measurements. As a result of extended
specimen exposure to the electron beam, the region surrounded by
roundish surfaces was found to transform into larger steps and ter-
races (c → d). The beam energy resulting in a local temperature
rise within the sample34,35 in combination with the high vacuum
conditions within the TEM chamber (p < 10−7 mbar) favors dehy-
dration and dehydroxylation of the particle surfaces and promotes
the reformation of cube-based surface structures that terminate with
MgO(100) faces.

TEM bright-field images and EDX spectroscopy maps of the
mixed oxide catalyst Fe–Mg–O and Co–Mg–O nanoparticles after
48 h on stream of the OCM reaction are shown in Fig. 4.

Co impurities in Co–Mg–O catalysts remain homogeneously
dispersed over the particle aggregates [Fig. 4(c)] and on the level
of individual particles [Figs. 4(b) and 4(d)]. Fe admixtures in Fe–
Mg–O, on the other hand, form Fe-rich metal oxide clusters that
segregate to the surface1,16 [green arrows, Figs. 4(g) and 4(h)].

The difference in the exsolution behavior of the Co and Fe
cations is attributed to the different valence states the incorporated
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FIG. 4. TEM images and corresponding EDX spectroscopy maps of Co–Mg–O (left) and Fe–Mg–O (right) catalysts after application in the oxidative coupling of methane
(TOS: 48 h, T = 1073 K, and CH4/O2/He = 3:1:1). [EDX spectroscopy: green—transition metals (Fe/Co) and red—Mg].

transition metal ions adopt in the MgO lattice.1 By means of XAS
and XPS measurements, we observed for Co–Mg–O nanoparticles
that divalent Co ions prevail and remain as stable substitutional
cations in the host lattice. No Co segregation or phase separation was
observed for these samples. For Fe–Mg–O nanoparticles, in contrast,
we found that upon extended annealing to 1173 K trivalent Fe ions
migrate toward the particle surface, where they form a new Fe-rich
magnesioferrite (MgFe2O4) phase.1,16

It should be noted that Fe exsolution does also give rise to par-
ticles that become depleted in Fe with an impact on the catalytic
properties which must change with time on stream. The high stabil-
ity of Co ions, in contrast, is expected to keep the catalytic properties
during time on stream at a constant level.

The transmission electron micrographs of the transition metal
doped catalysts [Figs. 4(a), 4(e), and 4(f)] reveal strong particle
coarsening effects. This effect does also apply to undoped MgO,
and the extent of coarsening is, however, significantly higher for
the doped metal oxide systems. As an additional observation, we
did not find any fine fraction in transition metal doped catalysts
after the OCM reaction, and the particle size distributions are gener-
ally shifted to higher values as compared to undoped MgO (Fig. 5).
Particle sizes as large as 350 nm were found in the samples that
were previously used as Co–Mg–O catalyst. The different extent of
coarsening is attributed to

(i) transition metal ion admixture: especially aliovalent impu-
rity ions decrease the thermal stability of the host, as charge
compensating vacancies enhance ion diffusion in the solid1

and
(ii) changes in the chemical composition of the surrounding

gas atmosphere: depending on the activity and selectivity
of the catalyst in the OCM reaction, the concentration of

water and other by-products may be very different. Higher
CH4 conversion values or COx selectivities are associated
with higher H2O production rates and, therefore, with a
higher water vapor pressure inside the catalytic reactor. This
decreases the thermal stability of MgO based catalysts14 and,
hence, explains the variations in the level of coarsening
observed.

To compare the catalytic properties of the different catalysts, we
determined kinetic data at short contact times to avoid full oxy-
gen conversion. This results in fairly low reaction rates but allows

FIG. 5. Particle size distribution plots of MgO, Fe–Mg–O (cFe = 3.5 at. %), and
Co–Mg–O (cCo = 3.5 at. %) catalyst particles after their application in the oxidative
coupling of methane reaction (TOS: 48 h, T = 1073 K, and CH4/O2/He = 3:1:1).
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TABLE I. Consumption rates of methane, formation rates of C2, conversion and selectivity values measured for MgO, Fe–Mg–O, and Co–Mg–O catalysts in the OCM in the
initial state (t = 0) at T = 1073 K (feed composition: CH4/O2/He = 3/1/1 and W/F = 0.0167 g s ml−1).

r(CH4) r(C2) X(CH4) X(O2) S(C2)
Sample (μmol s−1 gcat

−1) (μmol s−1 gcat
−1) (%) (%) (%) CO2/COa C2H4/C2H6

a

MgO 313.3 44.0 19.5 51.2 34.9 0.48 1.46
Fe–Mg–O (cFe = 1.5 at. %) 101.9 5.6 6.7 31.9 12.2 1.51 0.28
Fe–Mg–O (cFe = 3.5 at. %) 104.4 7.5 6.6 32.4 17.2 4.03 0.33
Co–Mg–O (cCo = 2.0 at. %) 429.9 36.1 27.4 99.7 21.5 2.74 1.23
Co–Mg–O (cCo = 3.5 at. %) 484.8 17.4 30.4 99.7 9.5 2.28 0.61

aRatio of selectivity.

for a reliable comparison. Table I shows that Co-doping increases
the activity of the MgO catalyst, whereas Fe-doping decreases the
reaction rates. Despite the short contact times, almost full conver-
sion of oxygen is achieved for Co–Mg–O catalysts. To some extent,
the initially weak CH4 conversion observed for Fe–Mg–O catalysts
is attributed to the more pronounced coarsening that the material
undergoes during the annealing induced catalyst preparation prior
to catalysis (Figs. 1 and 2).

As a first general observation, transition metal doping gives rise
to lower C2 selectivities as compared to the undoped MgO catalyst,
however, at higher methane conversion in the case of the Co–Mg–
O catalysts and lower oxygen conversion over Fe–Mg–O, despite
lower methane conversion for the Fe–Mg–O catalysts and higher
oxygen conversion for Co–Mg–O catalysts. Apparently, the redox-
active transition metals promote CH4 oxidation to CO and CO2 and
eventually block active sites such as step edges for C2

22 coupling.6,36

This applies, in particular, for Fe–Mg–O catalysts where Fe enrich-
ment at the surface is an intermediate stage of the observed exsolu-
tion process. A problem in the OCM reaction is the catalytic post-
combustion reaction of ethylene and its detrimental effect on the C2
selectivity. The contribution of post-combustion can be concluded
from the development of the C2H4/C2H6 ratio, which decreases with
transition metal doping. This points to the fact that transition metal

impurities in MgO enhance ethylene conversion into CO or CO2
and, thus, decreases the C2 selectivity.

The deactivation behavior of the different catalysts is revealed
by Fig. 6 showing the C2 hydrocarbon yield and selectivity over
the time on stream. During the first few hours on stream, the C2
yield of the pure MgO catalyst decreases strongly. This trend is
attributed to particle growth and a resulting decrease in specific sur-
face area. This type of deactivation is comparable with deactivation
effects that are reported for other MgO catalysts tested for the OCM
reaction.5 Much slower deactivation is found for the Co–Mg–O cat-
alyzed reactions. The C2 yield peaks after 0.5 h at 4.6 % and 6.4 %
for Co concentrations of 1.5 at. % and 3.5 at. %, respectively, and
remains fairly stable over the entire time on stream beyond that.
This interesting stabilization effect in combination with the high
activity (see Table I) is associated with a continuously high rate of
water production, which would explain the strong coarsening effects
observed in Co–Mg–O catalysts (see Fig. 5). As expected from the
low activity and C2 selectivity (see Table I), the C2 yield of the
Fe–Mg–O catalysts is lowest compared to pure MgO and Co–Mg–O
[Fig. 6(a)]. For both concentrations investigated, the Fe–Mg–O cat-
alysts show interesting trends in the C2 selectivity during the cat-
alytic test [Fig. 6(b)]. The observed increase with time on stream is
consistent with a progressing Fe segregation, where the formation

FIG. 6. C2 yield (a) and selectivity (b) over time on stream in the OCM reaction using different MgO based nanoparticle catalysts. T = 1073 K, W/F = 0.0167 g s ml−1, and
CH4/O2/Ar = 3:1:1.
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of an Fe-rich MgFe2O4 phase1,16 (green domains in Fig. 4) leads
to an increasing fraction of Fe-poor MgO particles with related
surfaces (red domains in Fig. 4). These exhibit a higher selectiv-
ity with respect to C2 hydrocarbon formation than Fe-rich surfaces
and, hence, increase the overall C2 selectivity of the catalyst with
time. For the Co–Mg–O catalysts and without any evidence for Co
impurity segregation, we have not observed a related change in the
C2 selectivity.

These findings are also supported by the trends in CO and
CO2 selectivity over the time on stream (see Fig. S1 of the
supplementary material) and by the evolution of the CO2/CO ratio
during the reaction (see Fig. 7). Total oxidation is favored for higher
concentrations of admixed transition metal ions, which underlines
their key role in the conversion of CH4 into CO2. A decrease in total
oxidation during time on stream is observed for all catalysts and is
most pronounced for Fe–Mg–O catalysts. This, again, would be con-
sistent with the progressing Fe segregation during the first few hours
on stream, which leads to a decrease in the abundance of Fe-rich
surfaces.

We also investigated the catalytic performance at higher con-
tact times in the steady state of the reaction at a methane conversion
of 24 % (Fig. 8 and Table S3 of the supplementary material). We
observe a decrease in C2 selectivity of up to 25 % (Fig. 8, left) and
a strong increase in CO2/CO ratio (Fig. 8, right) as a result of the
admixture of the redox-active transition metal ions.

Morphology and size of pure and composite nanoparticles can
undergo major changes in the course of high temperature appli-
cations such as in heterogeneous catalysis. The surrounding atmo-
sphere plays a decisive role in coarsening, sintering, or reorganiza-
tion of particle surfaces. An additional issue represents the stability
of impurities in the host lattice of the binary metal oxides. Unde-
sired dopant segregation and exsolution can occur especially for
non-equilibrium nanoparticles and can influence catalytic proper-
ties during time on stream. The stability of impurities in the host
lattice depends on defect energies at bulk and surface sites37 and
affects processes such as defect clustering and/or impurity migra-
tion.1 Both effects contribute to the here observed selectivity changes

FIG. 7. CO2/CO selectivity ratio over time on stream in the OCM reaction for dif-
ferent MgO based nanoparticle catalysts. T = 1073 K, W/F = 0.0167 g s ml−1, and
CH4/O2/Ar = 3:1:1.

FIG. 8. C2 hydrocarbon selectivity CO2/CO selectivity ratio of MgO, Fe–Mg–O,
and Co–Mg–O catalysts in the OCM reaction measured at steady state and after
32 h on stream (T = 1073 K, feed composition: CH4/O2/He = 3/1/1, contact time:
0.15 g s ml−1, and X(CH4) = 24.3 ± 1.2 %).

the Fe–Mg–O nanoparticles exhibit during the time on stream.
The introduction of aliovalent impurities to the MgO host lat-
tice favors the formation of intrinsic charge compensating defects,
such as cation vacancies, which additionally enhance ion diffusion
and coarsening.

In Co–Mg–O, Co2+ ions inside the MgO host lattice exhibit
high stability. Their uniform and constant dispersion over the
MgO nanoparticles provides fairly constant selectivity values over
the time on stream. For discussing the case of Fe–Mg–O, one
needs to consider that—even at the temperatures during catalysis
(T = 1073 K)—the composite nanoparticles remain far from thermo-
dynamic equilibrium. This explains that impurity segregation and
even phase separation with MgFe2O4 formation can occur, having a
significant impact on the catalytic properties. Theory revealed that
methane activation on alkaline earth oxide catalysts occurs prefer-
entially through a surface-mediated mechanism.38 In the transition
state, one of the C–H bonds in the adsorbed CH4 molecule is weak-
ened by the interaction of one of the hydrogen atoms with a surface
oxygen, while the methyl group interacts with either an alkaline
earth or a dopant ion.20 Doping increases the rate when the bond
between the hydrogen atom and the surface oxygen is enforced. Too
strong bonding, on the other hand, results in catalyst deactivation.
The remarkable high stability of the Co–Mg–O catalyst with time
on stream suggests that the number of Co sites on the surface of
the catalyst is apparently not much affected by the morphological
changes occurring under reaction conditions (Fig. 5). The experi-
mental results are in perfect accordance with scaling relations that
predict exceptional high turnover frequencies for Co-doped MgO.21

The agreement between experiment and theory is attributed to the
high structural stability of the Co–Mg–O system in the OCM feed at
1073 K. Respective prediction, however, fails in the case of Fe–Mg–O
because under the conditions of the OCM reaction, iron is not stable
in the cubic MgO lattice and dopant segregation including MgFe2O4
formation16 was not considered in the underlying calculations that
imply stability of the structural system.

An important issue is the composition and catalyst activity
related changes of the surrounding gas atmosphere and their impact

J. Chem. Phys. 152, 074713 (2020); doi: 10.1063/1.5138894 152, 074713-8

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5138894#suppl
https://doi.org/10.1063/1.5138894#suppl


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

on catalyst coarsening and deactivation. In the OCM reaction,
H2O represents an unavoidable by-product, which enhances parti-
cle growth and sintering of the MgO based nanoparticle catalysts.
Surface hydration and hydroxylation enables dissolution and trans-
port of OH-solvated Mg2+ ions promoting particle growth.14 The
catalytic properties of the catalyst determine the water vapor pres-
sure in the reactor system: a higher CH4 reaction rate and enhanced
CO2 selectivity increase the concentration of H2O within the reactor
system. Partial or total oxidation of CH4 to CO or CO2, respec-
tively, corresponds to the full conversion of the methane hydrogen
into H2O, whereas C2H4 or C2H6 formation is only associated with
the conversion of 50 or 25 % of the hydrogen atoms in CH4 into
water, respectively. If the entire amount of H2O would be in the
gas-phase, a CH4 conversion value of 20 % would imply a mini-
mum partial H2O pressure of p(H2O) = 60 mbar in the system with
the here applied conditions (CH4/O2/He = 3:1:1 and p = 1 bar).
Depending on the selectivity to COx, C2H4, and C2H6 of the
given catalyst, the partial pressure can be in the range between
p(H2O) = 60 mbar and 230 mbar. At higher CH4 conversions, these
values would increase even further. Knowing that for MgO nanopar-
ticles, a background water vapor pressure of p(H2O) = 10−3 mbar
already promotes substantial coarsening of the particles,8,14 severe
mass transport across the particle surfaces and interfaces as well as
related particle reorganization phenomena—as shown for the here
investigated catalysts—can be consistently explained. Variations in
the effective water vapor pressure are reflected in the transformation
behavior of the particles: the Co–Mg–O catalysts, which exhibit the
highest activity and COx selectivity, show the strongest OCM-driven
coarsening effects. The pure MgO catalyst, on the other hand, shows
the highest C2 selectivity and after catalysis still contains a fine parti-
cle fraction with particles below 20 nm (Figs. 3 and 5). Here, we spec-
ulate that the lower the C2 selectivity the higher the concentration
of formed water and the water vapor pressure during operation of
the catalyst.

CONCLUSIONS

We investigated the impact of iron or cobalt ions as dopants for
MgO nanocrystals on the stability and segregation behavior of the
particles, on the one hand, and searched for oxidative coupling of
methane (OCM) reaction associated changes in catalytic activity, on
the other hand. Powders of doped nanoparticles were synthesized
via injection of metalorganic precursors into the magnesium com-
bustion flame in the gas phase followed by temperature quenching of
the resulting nanocrystals in argon. While Co2+ ions keep their diva-
lent valence state and substitute Mg2+ ions in the cationic sublattice,
Fe3+ ions emerge due to the energy gain released via charge compen-
sation and impurity–vacancy complex formation and tend to accu-
mulate in the particle surfaces as a result of impurity segregation.1

The very different trends in redox stability and defect formation have
a significant impact on the initial activity and selectivity values and,
moreover, on OCM-induced particle morphology evolution. H2O as
an unavoidable by-product of the OCM reaction promotes particle
growth and sintering.14 As a result, the particles undergo substantial
coarsening and transform into larger grains with rounded surface
features. Thus, the initial nanoparticle morphology specific to the
starting material—i.e., the cubic habit of the nanocrystals—does not
exert any major influence on catalytic activity and C2 selectivity. All

types of particle powders undergo substantial coarsening and—in
the case of the Fe–Mg–O samples—even exhibit dopant exsolution
to form a Fe-rich magnesioferrite (MgFe2O4) phase. The larger size
and the less-regular shape of the grains as observed by TEM analy-
sis of samples after the OCM reaction (24 h time on stream) result
from the substantial depletion in MgO(100) faces and are related to
the generation of hydroxylated step edges of variable heights as less
regular surface features.14

Redox-active transition metal ions that are homogeneously dis-
tributed over the MgO host matrix give rise to higher COx and, in
particular, higher CO2 selectivity values, and—at the same time—
higher H2O production rates. This trend is strongest for Co–Mg–O
nanoparticles samples where the catalyst material ultimately under-
goes the most pronounced coarsening effects due to its very high
activity, i.e., due to the high partial pressure of water within the cat-
alyst bed. This, however, has no significant implication on the C2
yield. The weak response of the catalytic performance in relation
to the pronounced particle coarsening effects with time on stream
indicates that the catalytic properties of Co–Mg–O are dominated
by the transition metal dopant and not by particle morphology and
intrinsic surface defects. Apparently, as long as the dopant ions
remain highly dispersed in the MgO matrix, the catalysts exhibit
high stability in OCM.

The present study underlines that unsupported metal oxide
nanoparticle systems are very dynamic systems during the catalytic
reaction. This is particularly true when water forms as a by-product
to act as a two-dimensional solvent that promotes mass transport
and reorganization of the surface topology.14 The rationalization
of underlying sintering effects represents an important prerequisite
for surface science and catalysis research aiming at nanostructured
catalyst design. Related particle transformation steps can produce
new surface features that, ultimately, give rise to improved catalyst
activity and selectivity values.

SUPPLEMENTARY MATERIAL

See the supplementary material for materials characterization
data (crystallite domain sizes and specific surface areas) and addi-
tional activity and selectivity data related to the OCM reaction.
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