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Stability of Cobalt Particles In and Outside HZSM-5 under
CO Hydrogenation Conditions Studied by ex situ and in situ

Electron Microscopy

Angela StraB-Eifert,” Thomas L. Sheppard,”™ < Christian D. Damsgaard,

Jan-Dierk Grunwaldt,”™“ and Robert Giittel*™

Designing stable materials for processes operating under harsh
reaction conditions, like CO hydrogenation, is a challenging
topic in catalysis. These may provoke several deactivation
mechanisms simultaneously, like thermal sintering, oxidation or
poisoning of the active sites. We report HZSM-5 supported
cobalt catalysts, exhibiting cobalt nanoparticles encapsulated
inside, or located at the exterior of the ZSM-5 support. The
materials were studied by a combination of ex situ and in situ
electron microscopy with respect to the growth of the cobalt

Introduction

Particle-shell catalysts are currently gaining significant attention
in scientific research, offering a variety of advantages such as
stabilizing metal nanoparticles against sintering, the possibility
to tailor both physical and chemical functionalities, as well as to
generate confinement effects.'™ The stabilization effect, in
particular, makes such materials very attractive for use in
industrially relevant reactions typically conducted under harsh
conditions.*® Further, the particle-shell materials offer the
possibility to study the evolution of individual metal nano-
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particles. After 1200 h time on stream under CO hydrogenation
conditions, the spent catalyst showed minimal sintering of
encapsulated cobalt particles. In situ environmental TEM experi-
ments under model reduction and CO hydrogenation condi-
tions indicate the presence of cobalt nanoparticles, which
appear highly resistant towards sintering even up to 700°C.
These results provide a first indication for the preparation of
sinter stable catalysts suitable for operating in harsh reaction
environments.

particles in technically relevant catalyst configurations, given by
the well-defined spatial structure of those materials. Addition-
ally, for these type of materials a confinement effect is reported,
leading to improved stability and even selectivity.”'"

In the present contribution, the hydrogenation of CO
towards hydrocarbons with cobalt based catalysts is chosen as
a case study, which comprises the Fischer-Tropsch (FT) reaction
as one important application in the field of heterogeneous
catalysis. Typical reaction conditions cover a pressure range
between 1 and more than 20 bar, as well as temperatures
between 200 and 350°C, depending on the desired hydro-
carbon chain length. Low pressures and high temperatures
favor methane formation, while low temperatures and high
pressures are typical for FT synthesis for the formation of higher
hydrocarbons.”'"¥ The catalysts used under technical con-
ditions consist of cobalt nanoparticles supported on porous
substrates, such as silica or alumina.™'" More recently, zeolitic
substrates are studied to a growing extent, as they offer acidic
sites for cracking of long chain hydrocarbons formed under FT
conditions.2% Importantly, many catalysts suffer from deacti-
vation under reaction conditions, due to various mechanisms
including sintering at high temperatures and via carbonyl
formation, as well as water induced re-oxidation or formation of
carbon deposits.?'* The group of Bartholomew™ recently
summarized the state of knowledge on deactivation of cobalt
catalysts for FT synthesis comprehensively and particularly
pointed out that “in situ experimental methods for measuring
NC size and size distribution with time on stream” are required
for “further progress in the development of more sinter-
resistant Co catalysts”. Those methods are performed preferably
as close as possible to typical operating conditions. However,
the detailed molecular understanding remains a significant
technical challenge.*’"
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One of the most attractive techniques for characterization
on an atomic scale is transmission electron microscopy (TEM),
as it provides spatially-resolved information on the cobalt
nanoparticle size distribution and the morphology.?"” In partic-
ular, environmental TEM (ETEM) allows investigation of the
catalyst evolution under controlled gas environment and
elevated temperatures. Through differential pumping to com-
mercial microscopes operating up to 300KV, atomically-
resolved images of supported metal catalysts operating with
gas pressures up to approx. 10 mbar and temperatures up to
1000°C can be acquired in situ.*? Alternatively, by using closed
gas cell nanoreactors it is possible to perform operando TEM
measurements at 0.1-5 bar. Compared to ETEM this method
involves even more challenging sample preparation as the
sample has to be positioned inside the nanoreactor.**>* In
both cases catalyst behavior in a model operating environment
can be examined. In literature, there are already several ETEM®®
studies with emphasis on CO hydrogenation reactions available
for Co-based catalysts.””™" For example, Mitchell et al.®”
investigated the effect of pretreatment methods on the nano-
structure and catalytic performance of supported cobalt
catalysts prepared by impregnation. The authors found a
correlation between hexagonal (hcp) cobalt sites and the
activity of the catalyst. In another study, Li et al.*® reported the
in situ synthesis of non-promoted and Ru promoted Co/Al,O,
catalysts. Besides the reported changes in morphology and
particle size during the reduction phase of the catalyst, the
initial contact between the catalyst and the reactant mixture
(typically H,;:CO=2:1) during CO hydrogenation was even more
important for catalyst evolution and the achievable activity.
Schulz etal. postulated an insitu construction of the “true”
cobalt catalyst surface in this initial stage with changes in
reaction rate and selectivity induced by surface segregation
through strong CO chemisorption.*® But studies on the
behavior of cobalt particles in syngas environment are scarce.
Recently, Dembélé etal. published an insitu TEM study
investigating the thermal behavior and surface reactivity of
cobalt nanoparticles supported on silicon doped Al,O; in syngas
environment.*" They detected a build-up of carbon layers on
the cobalt surface at higher temperatures (400-450°C) due to
CO disproportionation. Although ETEM studies are typically
limited to a low pressure range and there is a gap in the
experiment duration, it can provide an important complemen-
tary insight into deactivation to operando studies as it allows to
monitor changes at the atomic scale.®® Additionally, the
capability of in situ TEM to track the time dependent evolution
of individual particles under model conditions is complemen-
tary to ex situ TEM providing cumulative information after
exposure to technicaly-relevant conditions.

In this contribution we present a detailed in situ and ex situ
TEM investigation on a cobalt-based catalyst material with
tunable particle size, synthesized via a previously reported
bottom-up approach.”® The bifunctional Co/HZSM-5 catalyst
was designed to produce cobalt particles in different locations
within the zeolite matrix, in order to investigate the stability
behavior as a function of the locus. CO hydrogenation was
chosen as model reaction, since it suffers from various
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deactivation mechanisms, such as thermal sintering. First, the
catalytic activity of the material was investigated under CO
hydrogenation conditions typical for FT reaction (200-250°C,
20 bar, H,:CO=2) over a period of ca. 1200 h. The spent catalyst
was investigated via ex situ TEM to examine average changes in
cobalt particle size, probing the catalyst transformation after
reaction. Second, complementary ETEM experiments under
model conditions (1.2 mbar) were performed to directly monitor
changes of individual cobalt nanoparticles as a function of
time-on-stream and location within the zeolite matrix. The aim
was to probe sinter stability and resistance to degradation
depending on the local environment of the cobalt particles.

Experimental Section

Synthesis of Co/HZSM-5

The catalyst material was synthesized via a bottom-up synthesis
route, described by Kruse et al."® Material A (Co;0, nanoparticles,
Figure S6) was prepared via a solvothermal treatment of a mixture
of 3.32 g Co-nitrate (Cobalt(ll) nitrate hexahydrate, >97.7%, ALFA
AESAR) and 6.64 g polyvinylpyrrolidone (PVP, MW 1.300.000, high
purity grade, AMREsco) dissolved in 375 mL ethanol (96 vol-%,
VWR CHEMICALS) at 180°C in a teflon-lined autoclave for 3 h.
Subsequently, 50.0 g of the resulting cobalt oxide suspension was
dissolved in an ethanol/water mixture (60/40 vol.) together with
1.95 g cetyltrimethylammoniumbromide (CTAB, high purity grade,
AMRESCO) as porogen. Basic media conditions were adjusted by
addition of 12.4 mL aqueous ammonia solution (NHs,,, 30% p.a.
ACS, CARL RoTH). Afterwards, 640 mL of the silicon source
tetraethylorthosilicate (TEOS, for synthesis, MERCK) were added
dropwise under stirring. After stirring for 2 h at room temperature
the formed solids were collected via centrifugation and washed
three times with distilled water, followed by calcination at 500 °C
(heating ramp 2°C min~") for 6 h leading to Co;0,@mSiO, particle-
shell particles (material B; Figure S7). In the last synthesis step
material B was used as precursor for the hydrothermal zeolite
synthesis, leading to the final Co;0,/HZSM-5 catalyst (material C).
Therefore, the solids were dissolved in an aqueous mixture of
sodium hydroxide (25 wt% solution, >99% p.a., CARL ROTH), the
aluminum source sodium aluminate (water free, technical grade,
ALFA AEsAR), as well as tetrapropylammoniumhydroxide (TPAOH,
40% w/w aq., ALFA AESAR) as structure directing agent and sulfuric
acid (0.1 M, for analysis, MErck) for adjusting the pH. The reaction
mixture with a molar ratio of 1.0000 SiO,:0.0056 Al,0,;:0.0193
Na,0:0.4285 TPAOH:0.0204 H,SO,:42.6244 H,0:0.4171 OH was
treated at 175°C for 30 h in a teflon-lined autoclave. Afterwards the
product was collected by centrifugation, purified and calcined at
500°C (heating ramp 2°C min~') for 6 h. The H-form of the zeolite
was obtained by ammonia ion exchange, treating the material
three times in 1 M NH,NO; solution (>98% p.a. ACS, CARL ROTH) at
60°C for 60 min, and a second calcination step at 500°C as
described before.

Catalyst Characterization

For scanning electron microscopy (SEM) measurements a Hitachi S-
5200 electron microscope was used. The samples were prepared by
dropping 20 uL of catalyst suspension in ethanol on a silicon wafer
glued to a SEM sample holder; the electrical contact between
sample holder and wafer was achieved by use of conductive silver
paste. Focused ion beam (FIB) preparation of a lamella was
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performed in a dual beam FIB/SEM chamber (Helios Nanolab 600;
Thermo Fisher Scientific) by cutting a 100 nm slice of some zeolite
crystals and glueing it to the edge of a TEM grid from Omniprobe.
TEM images were taken on a Jeol 1400 microscope operating at
120 kV. X-ray powder diffraction (XRD) patterns were recorded on a
Philips diffractometer and on a STOE STADI-p diffractometer
equipped with a DECTRIS MYTHEN 1 K strip detector using Cu—Ka
radiation (A=1.54184 A) with 40 kV and 30 mA, respectively. The
measurements were performed in the 20 interval 2-90° and 0-70°
in steps of 0.015°. Nitrogen adsorption and desorption measure-
ments were executed at liquid nitrogen temperature (77 K) using a
high-resolution Micromeritics 3Flex instrument with a special micro-
pore port equipped with a 0.1 Torr pressure transducer. Prior to the
measurement the samples were degassed under vacuum at 300°C
for 4 h. Brunauer-Emmett-Teller (BET) Rouquerol method was
applied for determination of the surface area. For mesopore
evaluation the method after Barret-Joyne-Halenda (BJH) was used.
The micropore size distribution was determined by the Horwath-
Kawazoe model. Elemental analysis was done via inductively
coupled plasma optical emission spectrometry (ICP-OES) and
graphite furnace atomic absorption spectroscopy (GFAAS) measure-
ments. Therefore, the powder sample was dissolved in a mixture of
8mL HF, 2mL HNO; and 2 mL HCI. The resulting solution was
measured in a Spectro Spectroflame Modula 200 including a Cross-
flow-Vaporizer and an Echelle-Monochromator for ICP-OES and in
an atomic absorption spectrometer PE 1100 B from Perkin Elmer
using an aluminum hollow cathode lamp for GFFAAS. The X-ray
photoelectron spectroscopy (XPS) measurements were conducted
at a PHI 5800 ESCA device. Monochromatized Al—Ko radiation
(1486.6 €V) at an emission angle of 45° was used gaining analyzer
pass energy of 93.9 eV for the survey spectra.

CO hydrogenation activity tests were performed using a slit-shaped
microreactor (slit width 1 mm) operated under isothermal con-
ditions and in a packed bed reactor, as previously described in
detail” Prior to the catalytic experiment 500 mg of the catalyst
were pelletized, crushed and sieved to a fraction of 90 to 180 pm.
The catalyst was reduced at 350 °C under pure hydrogen at ambient
pressure for 16 h. After cooling to 150°C the continuous activation
and reaction phase was started by increasing the pressure to
2.1 MPa with a CO flow rate of 0.5 Lqph™' and a H,/CO ratio of 2.
Online gas analysis was performed by a Varian CP-3800 gas
chromatograph (GC) equipped with a thermal conductivity and
flame ionization detector to analyze the permanent gases and
gaseous hydrocarbons, using Ar as internal standard as described
previously.*

Ex situ TEM

Ex situ TEM measurements were performed on a Jeol 1400 micro-
scope operating at 120 kV. The TEM samples were prepared by
suspending a small amount of catalyst powder in ethanol under
ultrasonication. One droplet of the resulting suspension was
applied to a graphitized copper grid (200 mesh). Additionally, TEM
images of 80 nm thick lamellas of the zeolite particles were taken
after embedding a small portion of the catalyst powder in epoxy
resin, mechanical cutting a slice by microtomy and placing the
resulting lamella on a copper grid. Typically, around 200 particles
were considered for the statistic evaluation of the cobalt oxide/
cobalt particle size distribution using the software ImageJ for image
processing.”!

In situ TEM

Prior to the measurement in the ETEM the zeolite crystals in the as-
prepared material C were cut into thin cross-sections by Focused
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lon Beam milling and micromanipulation at the FIB Center of Ulm
University (Ulm, Germany). The procedure is summarized in Sl
(Figure S1-5, SI). First, material C powder was fixed to a standard
SEM stub sample holder using a conductive silver resin (ACHESON
1415, Plano) and introduced to the dual beam FIB-SEM chamber
(Helios Nanolab 600, Thermo Fisher Scientific). Second, suitable
particles were preselected and bound together via ion beam
assisted deposition of Pt. Afterwards, the selected particles were
thinned into a cross-section of ~100 nm thickness using a Ga* ion
beam at 30 kV. The resulting cross-section containing several slices
of material C was placed across the Si;N, membrane window of a
Wildfire heating chip (DENS solutions) and fixed to the wall of the
window by ion beam assisted deposition of Pt. The procedure was
repeated several times to prepare several individual, sample-loaded
chips. Note that the FIB procedure could possibly contaminate the
sample with Pt, Ga or Ag. It should also be noted that unlike
previous TEM examples of supported cobalt catalysts, where the
catalyst powder was typically crushed to ensure suitable trans-
mission path length of the electron beam for TEM, the bifunctional
catalysts here were necessarily used intact. Although this greatly
limits the resolution obtained due to electron attenuation by the
relatively large catalyst grains, it was considered necessary to
preserve the bifunctional catalyst structure to accurately determine
the behaviour of the cobalt particles in different locations within
the zeolite matrix.

The ETEM experiments were performed at DTU Nanolab at the
Technical University of Denmark (DTU, Kgs. Lyngby, Denmark) using
a Titan E-Cell 80-300 ST TEM (FEl) operating at 300 keV. The
electron dose rates were between approximately 300 and
500k e"nm™2s™' depending on the magnification. The image
acquisition time was 15s. To rule out beam induced degradation
prior to the experiment a beam stability test was conducted on a
different sample spot and the electron dose rate and acquisition
time were adjusted. The samples prepared on chips were loaded
into the Wildfire sample holder (DENS solutions) and inserted into
the ETEM. Temperature was controlled using the integrated heating
system of the Wildfire holder. Gases were supplied by mass flow
controllers in a differential pumping scheme. The gas composition
flowing through the cell was monitored using a mass spectrometer
capillary positioned close to the sample to confirm the correct gas
environment. Standard and high resolution (HRTEM) TEM images
were acquired under the following conditions: (i) under vacuum at
20°C; (i) under 1.2 mbar H, flow from 20 to 400°C; (iii) under
1.2 mbar H,:CO (2:1) flow from 150 to 1000 °C. Between changes in
gas environment, the system was left to equilibrate for 40-60 min
until the detected signal by mass spectrometry was constant. The
specific conditions at which images were acquired are indicated in
the relevant figure captions. Images were processed using Digital
Micrograph software (Gatan) and Image).** Particle size distribu-
tions were determined by manual counting of individual cobalt
features and approximating these as circular.

Results and Discussion
Catalyst Characterization

A representative SEM image of material C is presented in
Figure 1a, which reveals well-defined zeolite crystals of about
1-2 um in size showing some cobalt oxide particles on the
external zeolite surface. In Figure 1b and c the TEM images of a
slice of material C cut via FIB is shown, revealing homoge-
neously dispersed cobalt oxide particles inside the zeolite

720 © 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202001533

Chemistry

Full Papers Europe
doi.org/10.1002/cctc.202001533

European Chemical
Societies Publishing

ChemCatChem

Figure 1. (a) SEM image of material C and (b, ¢) TEM images of zeolite slices in Ag resin (yellow arrow) embedded crystals of material C (orange arrows)

bonded via ion beam assisted Pt deposition (green arrow) and cut via FIB.

matrix (red circles) and some cobalt oxide particles at the
external zeolite surface (blue circles).

The TEM images and particle size distributions of material A
and B are presented in the supporting information (Figure S6
and S7). While the cobalt oxide particle size determined from
material B shows a mean particle size of about 46+ 10 nm, the
particle size determined from material C appears to be slightly
smaller (40+7 nm). The observed difference could be a result
of the basic synthesis conditions and possible dissolution of
cobalt oxide particles. Evaluation and discussion of the results is
based on the particle size derived from material C. Notably, the
cobalt oxide particles still indicate the presence of agglomer-
ated nanoparticles about 12 nm in size at all stages of the
synthesis procedure (Figure S6). The powder XRD of material B
(Figure S8, Sl) shows the characteristic reflections for Co;0, and
the hexagonal mesopore structure of amorphous SiO,. In
contrast, the diffractogram of material C (Figure S9, SI) displays

ChemCatChem 2021, 13,718-729 www.chemcatchem.org

the characteristic reflections of HZSM-5, along with those of
Co,0, crystallites. This demonstrates the successful conversion
of amorphous silica into crystalline zeolite. Estimation of the
cobalt oxide crystallite size by the Scherrer equation using full
width at half maximum (FWHM) for the (311) reflection at 36.6°
20 results in a crystallite size of approximately 30-31 nm. This
value is between the sizes of the primary cobalt oxide particles
of ca. 12 nm and that of the agglomerates of about 40 nm as
determined by TEM, which is consistent considering the rather
broad and potentially bimodal size distribution of the cobalt
oxide particles and the averaging nature of powder XRD
analysis. Physisorption experiments of material B (Figure S10, SI)
show a mesoporous material with a BET surface area of 988+
60 m*/g and an average pore size of 2.5 nm determined via BJH
from the desorption branch. The nitrogen sorption isotherm of
material C (Figure S11, SI) exhibits a Type | behavior, character-
istic for micropore adsorption at low relative pressures between

721 © 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH
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107 and 0.1 p/p,, resulting in a micropore size of 9.3 A and a
BET surface area of 395 m?/g calculated by use of the Rouquerol
plot. Both values for pore size and surface area are significantly
smaller than for material B and typical for zeolitic materials, also
confirming the morphology change. The results of the
quantitative analysis via ICP and GFAAS indicate a cobalt metal
content of 9.9 wt%, which is slightly higher than the theoret-
ically calculated value of 8.4 wt%. The Si/Co ratio of 7.2 is
smaller than the nominal value of 10.6, due to silicon losses
during the preparation method. The measured Si/Al ratio of
1250 is significantly different from the theoretical value of 890,
which could be caused by either partial Al incorporation during
zeolite crystallization or errors in the GFAAS measurement, due
to losses of Al during acidulation. The atomic concentration of
surface elements was also determined via XPS (Table S1). The
achieved surface ratios can be compared with those deter-
mined via bulk analysis. The Si/Al ratio of 440 at the surface
compared to a ratio of 1250 determined in the bulk indicates
that the zeolite crystals exhibit a silicon rich core and an Al rich
shell, most probably caused by the transformation process
during conversion of material B into C. The Si/Co ratio of 4 is
smaller than the ratio determined for the bulk, which points
towards a silicon poor zeolite shell. The reducibility of material
C was investigated by means of H, temperature programmed
reduction (TPR) showing peaks in the range between 200 and
400°C (Figure S12) and proving successful reduction of cobalt
oxide to metallic cobalt.

The catalytic activity of material C for CO hydrogenation
was determined at reaction temperatures up to 250°C and for
1200 h time on stream (TOS), see Table 1. As expected, the CO
conversion and methane selectivity increase with temperature
reaching maximum values at 250°C. While the CO conversion
appears to be stable even at 250°C, the selectivity of methane
decreases and that of carbon dioxide increases, between 800
and 1200 h TOS. This observation will be discussed below in
context with the findings from ETEM studies under model
reaction conditions. Furthermore, compared to our previous
results"® the methane selectivity observed here is relatively
high. One reason could be hydrogenolysis of paraffins, which
causes the successive demethylation at the end of the hydro-
carbon chain forming CH, and a heavier fragment, as reported
for Co-based catalysts with a zeolitic support.***” Another
reason could be the counter diffusion of reactants and products
in the microporous structure, which might lead to a high H,/CO
ratio at the active cobalt nanoparticle sites, eventually causing
higher methane selectivity."**' Furthermore, the cobalt time

yield (CTY) was calculated, which is in good agreement with
values from Kang and co-workers®” investigating impregnated
Co/HZSM5 at comparable conditions (in particular at 240°C). In
addition, the CTY is comparable to our earlier work,"® where
diffusion limitations could be excluded by determination of the
apparent activation energy being in a reasonable range for
cobalt catalysts.

Ex situ TEM

For cumulative evaluation of morphology changes and evolu-
tion of the cobalt particle size distribution after exposure to real
reaction conditions, the fresh and spent catalysts were analyzed
ex situ by TEM and compared (Figure 2). It has to be considered
that the fresh samples probably contain mainly cobalt oxide,
while for the spent ones in addition to metallic cobalt also
cobalt oxide may be present, due to the exposure to air during
transfer from the reactor to the microscope.”” The comparison
reveals no changes in the zeolite crystal, while a more
pronounced appearance of cobalt particles at the external
particle surface and larger aggregates were observed for the
spent sample. The latter could be explained by sintering of
cobalt particles located at the external surface of the zeolite
crystal. In contrast, cobalt particles encapsulated within the
zeolite matrix still appear well-dispersed after reaction (Fig-
ure 2¢, 2d). The different evolution of cobalt particles depend-
ent on being embedded in the zeolite matrix or not can also be
concluded by the cobalt particle size distribution evaluated
from the different locations within the zeolite matrix. While the
distribution is rather comparable for cobalt oxide particles
irrespective of location for the fresh material (40+7.0 nm for
encapsulated species, 40 +7.5 nm for external surface particles)
(Figure 2e), a significant growth of the non-encapsulated cobalt
particle fraction can be observed after reaction along with a
broader distribution (46 + 16 nm), compared to shrinkage of the
embedded particles (27+£7.0 nm) (Figure 2f). Note that the
oxidic layer formation was not considered, although we expect
a thin cobalt oxide layer on the spent catalyst.

The observed decrease of the mean particle size for the
encapsulated particles (ca. 30%) is due to the reduction of
Co,0, to metallic cobalt (density based size ratio Co° : Co;0,=
0.75).5" The strong increase and broadening of the size
distribution observed for the external particles, however, clearly
points towards severe particle growth by sintering or Ostwald
ripening under reaction conditions. It has to be mentioned that

Table 1. CO conversion (Xco), CH,, G, and CO, selectivities (Scya, Sc,., Sco,) and cobalt time yield (CTY) of material C during CO hydrogenation, operating
conditions: 20 bar, H,:CO 2:1, 0.5 Lg;p/h CO, 500 mg catalyst.

TOS (h) T Xco [%] Scu, [%] Sco, [%] Se,, [%] CTY/107° [molco g, s ']

390 200 4.0 37.0 3.0 60.0 0.45

439 210 4.7 43.0 59 51.1 0.53

553 220 8.6 523 7.2 40.5 0.96

586 230 9.5 511 7.0 51.9 1.07

733 240 16.9 53.7 5.7 40.6 1.90

799 250 19.9 64.6 4.6 30.8 2.23

1206 250 19.5 574 8.5 34.1 2.19
ChemCatChem 2021, 13,718-729 www.chemcatchem.org 722 © 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202001533

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202001533

Nparticle = 253

| Mparticie = 253

relative frequency / %

d/nm

Mpartcie = 202

304 Mparticie = 203

relative frequency 7 %

20 30 40 50 60 70 80 90
d/nm

Figure 2. TEM images of zeolite crystals (a, b) with cobalt oxide and cobalt particles, and mechanically cut 80 nm slices of the crystals (c, d) embedded in
epoxy resin, as well as cobalt oxide and cobalt particle size distribution of material C before (a, c, e) and after (b, d, f) CO hydrogenation; cobalt oxide or cobalt
particles at the external surface (blue circles, grey plot in e and f) are distinguished from those encapsulated in the zeolite crystal (red circles, black bottom

plot in e and f); grey arrow: zeolite crystal, black arrow: epoxy resin.

the differences in sintering behavior are clearly observed for
cobalt particles in the size range of 40 nm, even though these
are less prone to sintering compared to smaller ones according
to Wolf et al.”® The differences in sintering behavior can thus
be attributed to the stabilizing effect of the zeolite matrix, as
previously reported by Liu and Zhang.®**¥ This stabilizing effect
is probably even more pronounced for smaller cobalt nano-
particles in the optimal size range for CO hydrogenation (5 to
10 nm),®¥ although only larger particles were investigated in

ChemCatChem 2021, 13,718-729 www.chemcatchem.org
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the current work. Note that the encapsulated species are
accessible to the reactants and active during CO hydrogenation,
confirmed by TPR measurements (Figure S11) and the observed
void formation after reduction (Figure S14). Furthermore,
Carvalho et al. reported comparable observations under similar
reaction conditions, showing accessibility of the cobalt particles
for the reaction intermediates.”® Additionally, no phase change
of the cobalt particles during reaction conditions is expected as
also reported by Nie et al.*”

© 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH
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In situ TEM
Reduction in H, atmosphere

In a first set of ETEM experiments the catalyst was studied
during the reduction phase under H, atmosphere. Prior to those
environmental conditions images were initially acquired under
vacuum (108 mbar) at 20°C. The particles in the as-prepared
sample were expected to consist mostly of cobalt oxide (Co;0,
is suggested from XRD analysis in Fig. S9), therefore this
condition was intended to serve as a baseline measurement
before subsequent reduction and activation. The average
particle size of the cobalt oxide particles was estimated by
counting particles visible within a certain threshold distance
from where the lamella was glued to the window of the chip
(for an overview on the lamella see Figure S13, Sl), in order to
minimize miscounting possible contaminants as cobalt clusters.
The average particle size based on counting 83 individual
particles from 3 separate zeolite crystals was around 4545 nm
(see Figure S15, Sl). This result is in general agreement with ex
situ TEM evaluation for cobalt oxide particles of the fresh
catalyst

After the initial image recording, H, was introduced to the
sample at 1.2 mbar via differential pumping across the chip
surface. Images were acquired initially at 20 °C until stabilization
of the H, signal was detected by mass spectrometry, which
lasted around 40 min. The sample was then gradually heated
from 20 to 400°C over 10 min (~40 K/min), followed by
reduction at 400°C for a total of 2 h. Notably, upon reaching
400°C a distinct difference was observed between the cobalt
particles. Namely, some of the cobalt particles appeared to
disintegrate forming several agglomerated smaller particles.
This effect was confined to a localized area but with a clear
composition of much smaller cobalt clusters (Figure 3). This
behavior resembles the aggregated cobalt particles observed
during TEM analysis of the precursor material A and material B
(see Figure S6, S7, SI). In contrast to this, numerous other
particles apparently remained intact. Note that the lattice

structure appearing in Figure 3 b and c corresponds to zeolite
lattice spacing visible depending on zone axis.

The different behavior could be in part influenced by
contamination of the lamella with Pt, Ga and Ag due to the FIB
preparation and the fixation of the sample onto the holder. But
since the disintegration effect appeared rather randomly
throughout the lamella, and was not confined to specific
regions, we are confident that changes induced are a result of
differences in the chemical environment of different particles
and not caused by the presence of contaminants (visibly more
concentrated towards the exterior of the lamella) or by beam
effects. Another possible reason could be the relative position
of the cobalt particles within the zeolite lamella. Based on ex
situ TEM analysis, it was expected that particles located deep
within the lamella far from the surface are unable to increase
significantly in size or shape, due to the steric constraints of the
microporous zeolite lattice. On the other hand, due to the FIB
milling, statistically several of the particles observed would be
expected to be close to or breach the surface of the lamella. As
the same exact environmental conditions were applied to the
entire lamella, the different behavior of these particles may
indicate a different structural environment. Additionally, the
breakup and rearrangement of cobalt particles when exposed
to syngas may result in spreading and the formation of smaller
particles in the vicinity of the original particles.”®

Model Reaction Conditions

Following reduction and restructuring of a portion of the cobalt
particles, the sample was cooled to 150°C and model reaction
conditions were applied (2:1 H,:CO, 1.2 mbar). The sample was
heated in two phases: firstly from 150 to 500°C at ~7 K/min,
then stepwise from 500 to 1000°C with images acquired at
100°C intervals (Figure S16, Sl). In order to monitor the behavior
of the cobalt species, particle size distribution was calculated
throughout the experimental conditions applied. It should be
noted that in order to avoid inconsistent results, only particles
which did not show evidence of disintegration were included in

Figure 3. Material C investigated by ETEM showing disintegration (yellow circle) of some cobalt species and no significant disintegration (red circle) of others
between (a) 20°C and (b, ¢) 400°C in 1.2 mbar H, with higher magnification in c); total electron dose ~2000 e /nmZ
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the counting, therefore the total number of individual particles 48

counted was lowered from 83 (in vacuum conditions at the ] = H;CO2:1

start of the study) to 20. The intact cobalt particles were 46 e H,

therefore regarded as stable and were of greater interest for the

purposes of monitoring possible sintering behavior at high = el

temperature. To ensure accuracy in any changes observed, the - 4

initial particle size of this limited counting set was recalculated I 1

based on the images acquired initially under vacuum. As a 242—

result, the particle size changed following reduction in 1.2 mbar g ] 2 £

H, at 400°C from around 44.8+13nm to 38.8+13nm, a S 404

decrease of around 15% (Figure 6). This is not fully consistent o L

with the theoretical particle size reduction of pure Co;0, to o 2 1

pure metallic cobalt (25%) and could indicate that the particles % 381 4

were not completely reduced by H, treatment. It is already 1

reported in literature that the extent of reduction depends on 36 + -

the particle size, with smaller particles said to be more difficult |

to fully reduce.” The size reduction, however, proves the 34

particles to be accessible by reactive gas and thus to take part
in reaction. Furthermore, the comparison of the cobalt particle
sizes measured ex situ (27.0£7.0 nm) after reaction and in situ
(38.8 £ 1.3 nm) after reduction conditions reveals a slight differ-
ence when taking the error bars, representing the standard
deviation of the particle size distribution, into account. On the
one hand the observed difference could result from the
different reduction conditions being atmospheric pressure in
pure H, for 16 h for the ex situ sample and at 1.2 mbar in H, for
2h for the insitu sample, probably resulting in different
degrees of reduction. On the other hand, there is a large
difference in the number of particles counted (220-250 particles
for the ex situ sample and 20 intact particles for the in situ
sample) contributing to the particle size distribution and the
resulting standard deviation. Additionally, the particles experi-
enced different conditions as the ex situ sample underwent
1200 h realistic reaction conditions before being studied by
TEM.

As shown in Figure 4, changing from 400°C and pure
hydrogen atmosphere (2) to 150°C and syngas (3) resulted in a
slight decrease in particle size from 38.8+1.3nm to 363+
1.3nm. This is likely to be significant within error. After
introduction of the reaction mixture at 150 °C and heating up to
500°C (TEM image at 500°C, Fig. S17, Sl), a gradual increase in
particle size (41.54+1.3 nm) was observed (5), staying almost
constant at higher temperatures (6,7). This could indicate the
partial reoxidation of cobalt species resulting from CO dispro-
portionation, proposed to occur as one step in the mechanism
for hydrocarbon formation during CO hydrogenation.”” This
result is supported by HRTEM observations at 700°C detecting
ordered layers likely to be carbon (Figure S18, SI). Furthermore,
Claeys etal® investigated the sintering of catalyst nano-
particles at typical FT conditions and proposed a CO-assisted
sintering via a surface subcarbonyl-type mechanism, pointing
towards cobalt particle sintering in presence of CO. In addition,
during an ETEM study on promoted cobalt oxide supported on
alumina, Dehghan et al.*” observed a high reactivity of cobalt
nanoparticles and the tendency to reoxidize in traces of water
even at room temperature. Since water is the main by-product
of CO hydrogenation, traces could be built under ETEM

ChemCatChem 2021, 13,718-729 www.chemcatchem.org
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Figure 4. Particle size distribution of stable cobalt particles as a function of
gas environment and temperature applied; results are based on individual
counting of 20 intact cobalt particles, as first observed following reduction in
H, at 400°C; numbers indicating the chronology.

conditions making reoxidation a possible deactivation mecha-
nism.

Following application of reaction temperatures up to 250°C
as for the ex situ study, the cobalt particle behavior and stability
was observed under relatively harsh treatment conditions at
700°C. These conditions are chosen to accelerate possible aging
and sintering effects for the ETEM studies and could occur on
technical scale during thermal run-away of cobalt catalyzed CO
methanation. Several regions of interest were marked directly
on reaching 700°C (Figure 5a, ¢, €) and monitored again after
approximately 66 min (Figure 5b, d, f). Additional high resolu-
tion images of Figure 5a and c upon reaching 700°C are
presented in the S| (Figure S18). The results show a diverse
range of cobalt particle behaviors, as highlighted in Figure 5.
Firstly, considering those particles labelled as intact following
initial reduction, no apparent differences in size or shape were
observed after 1 hour at 700°C (red circles). This indicates that
such intact particles were in fact highly stable towards sintering
or degradation even at the relatively harsh conditions applied,
possibly due to their location deep within the zeolite structure
and the local absence of possible FIB contaminants. At the
same time, several particles which disintegrated following initial
reduction also remained in a highly dispersed state and did not
react to the temperature conditions applied (yellow circles).
However, other dissociated particles were seen to recombine
into denser agglomerates (green circles), while clear evidence
of Ostwald ripening was visible on neighboring particle clusters
(pink circles). Kristamurthy et al. reported Ostwald ripening on
planar Co/SiO, catalysts under FT conditions as a rapid sintering
mechanism for small cobalt nanoparticles,®” while larger nano-
particles are reported to sinter more slowly by crystallite
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700 °C, 66 min, 1.2 mbar H,:CO 2:1

Figure 5. TEM images under a 1.2 mbar flow of H,:CO 2:1 ratio; images (a), (c) and (e) show three regions of interest directly on reaching 700 °C; (b), (d) and (f)
are the respective regions of interest after 66 min treatment at 700 °C; colored circles around individual cobalt particles indicate their classification as ‘stable’
(red), ‘ripening’ (pink), ‘recombining’ (green), ‘disintegrated’ (yellow) or ‘disappearing’ (blue); total electron dose ~2000 e /nm?.

migration and coalescence.”” The broad range of behaviors,
mainly affecting the disintegrated particles, further indicates
different physical environments present for the visible particles
within the regions of interest. Furthermore, there were addi-
tional particles noticeable (blue circles in Figure 5a, e), showing
clearly smaller diameters than the cobalt particles, appearing to
decompose after 66 min at 700°C. These small particles might

be due to the contamination of the lamella during the
preparation procedure either from the Ag resin or the Pt ion
beam deposition from FIB, detected via TEM—EDX (Figure S20,
Sl). At higher temperatures these particles decompose and
therefore disappeared. The contamination of the lamella due to
the preparation method, also observed by HRTEM (Figure S19,
Sl), remains a challenge and the influence of the contaminants

ChemCatChem 2021, 13, 718-729 www.chemcatchem.org
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like Ag, Pt and Ga on the behavior of the cobalt nanoparticles
and especially on the reduction as discussed earlier cannot be
ruled out. However, this is expected to be less significant for
those particles contained within the zeolite structure, i.e. intact
particles not exposed to the surface of the lamella.

To further investigate the differences between the cobalt
particle behaviors observed, additional HRTEM images were
obtained approximately 40 to 50 min after reaching 700°C.
Intact particles, disintegrated particles, and particles in an
apparent intermediate state were defined as regions of interest
(Figure S19, SI). Two observations are particularly significant:
Firstly, the disintegrated particles were found to consist of
smaller cobalt clusters in close proximity, with approximate
diameters from 8 to 14 nm, as observed previously during the
reduction step. This indicates that the dissociated particles may
result from species which have not completely aggregated
together into a larger particle during synthesis or initial
activation. The same “cluster-like” composition was not
observed for the intact particles, which were rather present as
single entities, leading to two clearly distinct cobalt particle
compositions. In combination with a probable different sample
environment for those particles within the zeolite structure
compared to those exposed to the outer lamella surface, this
may explain the differing behavior of the various cobalt
particles. The second observation is the presence of ordered
layers of a previously unobserved material around the surface
of some of the cobalt particles (Figure S19 and S21, Sl). The low
contrast and small atomic distances in the range of about
0.34 nm indicate that this may be graphitic carbon,*® poten-
tially formed through interaction of the H,/CO reaction mixture
with the cobalt catalyst.®® While the graphitic species were
observed for the disintegrated particles and stabilization from
carbon deposition cannot be excluded, for the intact particles
no carbon species were detected and therefore stabilization is
possibly an effect of the chemical environment.

Observations on sinter stability of encapsulated Co/HZSM-5

In light of the findings from the ETEM study, which clearly
indicate complex transformations in cobalt particle size under
reaction conditions, the changes in methane and carbon
dioxide selectivity at constant temperature of 250°C are
discussed in consideration of the aforementioned pressure gap
between in situ and ex situ studies. On the one hand, smaller
cobalt particle sizes facilitate methane selectivity®™ and are
prone to be oxidized by water vapor, which additionally
promotes methane selectivity.* These species were detected
in the ETEM study as the disintegrated particles maintaining the
dispersed state after 66 min at 700°C in syngas. In contrast,
particle sintering by Ostwald ripening, as found during in situ
experiments for particles close to or breaching the surface of
the lamella, favors the water adsorption at the cobalt surface,
which leads to an increase in CO, selectivity. The same effect is
known for high water partial pressure, as well.*® Finally, a
decrease in methane selectivity might be induced by blocking
of cobalt sites with graphitic carbon,®” which is in agreement

ChemCatChem 2021, 13,718-729 www.chemcatchem.org

with carbon deposit formation detected for insitu HRTEM
images. Thus, the decreasing methane and increasing carbon
dioxide selectivity observed during CO hydrogenation condi-
tions indicates changes in cobalt particle size, consistently
detected via ETEM. Even though the obtained data does not
allow any quantitative analysis so far, the selectivity effects are
most probably caused by size changes of the cobalt particles
located at the external surface of the zeolite crystals, since
possibly encapsulated particles are rather stable under reaction
conditions.

The proposed deactivation pathways depending on the
location of the cobalt particles within the zeolite matrix are
shown in Figure 6. For the cobalt particles located on the
external surface of the zeolite crystal (blue) sintering, re-
oxidation and coking are possible deactivation mechanisms in
agreement with the discussed observations. For the embedded
cobalt particles (red), however, sintering can be excluded as
supported by the TEM results after CO hydrogenation, due to
the size restriction and rigid structure of the zeolite crystal.
Thus, re-oxidation and coking are likely to contribute to catalyst
deactivation for encapsulated particles even though no obvious
carbon deposition was detected after the CO hydrogenation
experiment. Furthermore, we conclude that the zeolite crystals
remain intact during reaction, as neither cracks nor cracking
into smaller particles was observed for the spent materials.

Conclusions

The bottom-up synthesis of a cobalt based zeolite material lead
to a catalyst consisting of cobalt nanoparticles in different
locations within a zeolitic matrix, offering micropores with a
size of 9.3 A and a good catalytic activity for CO hydrogenation.
These materials were found to be a well-suited model system to
investigate structural transformations by microscopic techni-
ques. The ex situ and in situ TEM results on the Co/HZSM-5

p—
@
[r—— — Coking
S ® ®
‘ Encapsulated — °
5 Co particles
® ] @
. Reoxidation
& — [©x®
4
Coking
Co/HZSEM-5
L [02]— [@
Non- Sintering
encapsulated
Co particles — . .

Reoxidation

Figure 6. Possible transformations and deactivation mechanisms of cobalt
species in material C during CO hydrogenation both embedded in the
zeolite matrix (red) and located at the external surface of the zeolite crystal
(blue).
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catalyst indicate a high stability for the cobalt particles located
deep within the zeolite crystal, which appeared to depend on
the local structural environment. From ex situ TEM investiga-
tions of the spent catalyst sample after 1200 h TOS, differing
behavior of the cobalt particles depending on the location in
the zeolite crystal was detected. Cobalt nanoparticles encapsu-
lated in the zeolite matrix showed almost no change in particle
size, while those located at the external surface of the zeolite
crystal exhibited an increase in particle size along with broad-
ening of the particle size distribution. In situ TEM measurements
under model conditions indicated two different behaviors of
the cobalt species depending on the chemical surroundings.
These two species are likely to be (i) particle clusters which
remain deep within the zeolite matrix, and (ii) those which are
exposed to the surface due to FIB preparation or by the
synthesis procedure. While the former represents the expected
structural form in the native particle-shell catalyst, the latter can
be regarded as species not stabilized by steric constraints of the
zeolite lattice, which is typical for standard catalysts prepared
by deposition of the active phase onto the internal surface of
porous substrates. The reduction from Co;0, to cobalt metal
leads to a shrinkage in particle size of about 30%. This
observation is, though, only valid for the intact particles, the
others were already disintegrated at the reduction step. For the
intact particles no sintering could be observed in ETEM studies
under model reaction conditions up to 1000°C, which points
towards stable cobalt particles under the harsh conditions
applied. This conclusion is confirmed with CO hydrogenation
reaction under reaction conditions typical for FT synthesis with
a stable catalytic performance for 1200 h time on stream at
reaction temperatures between 200 and 250°C. In order to
substantiate these conclusions, in future electron tomography
studies should be conducted to further investigate the location
of cobalt nanoparticles in the zeolite crystal and the connectiv-
ity of the zeolitic pore system. This would allow elucidating
possible migration pathways and growth mechanisms of the
cobalt nanoparticles. Additionally, further in situ analytical TEM
studies would be necessary to explore the stability of the cobalt
nanoparticles under reaction conditions depending on their
location within the zeolite crystal.
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