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Only little is known about the formation and morphology of metglp®rt compounds (MSCs) in heterogeneous catalysis.
This fact can be mostly ascribed to the challenges in directiyifigiag these phases. In the present study, a seriés/&iO
model catalysts with ffierent crystallite sizes was thoroughly characterised with focus on thtéfigiion of cobalt silicate,
which is the expected metal-support compound for this particular dasgistem. The catalysts were exposed to simulated
high conversion Fischer-Tropsch environment, i.e. water-rich conditiothe presence of hydrogen. The transformation of

significant amounts of metallic cobalt to a haoereduce phase has been observed. This particular MSSj@p was herein

identified as needle- or platelet-type cobalt silicate structures lansnef X-ray spectroscopy (XAS) and high-resolution
scanning transmission electron microscopy (HRSTEM) in combinatidh efemental mapping. The metal-support

compounds formed on top of fully Sp&encapsulated nanopatrticles, which are hypothesised to represergcpigite for the

formation of cobalt silicate needles. Both, the encapsulaticroloalt nanoparticles by SjOvia creeping, as well as the
formation of these structures, were seemingly induced by bigtentrations of water.

1. Introduction

Strong metal-support interaction (SMSI) in heterogesecatalysts refers
to catalytically active metal particles that are sgiprbound to the support
via chemical solid-state reactions between metal atomshendupport 1J.
Such a formation of metal-support compounds (MSC) conségllg results
in deactivation due to inferior chemisorption andabaic properties. Self-
diffusion, dffusion through the interface, andfdision into the second solid
phase represent the three stages preceding the chewlidastate reactions
of two solid phases being in close proximity. Dependimgthe dffusion
codficients of the parti-cular atoms, the reaction eitheuzon one side or
on both sides of the transition region. Unless one efrdacting phases is
present as small nanoparticle and hence may be transfasmedvhole, the
transition region is typically saturated by the formeminpound hin-dering
continuous dfusion of atoms to the reaction front and hence
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isolating the two solid phaseg][

The experimental characterisation of MSCs is challepgspre-sumably
thin layers are formed at the interface between netplir-ticles and the
support due to the ffusion limited reaction of atoms of the solidg. [For
example, the layer thickness may be below the lowectetelimit of X-ray
diffraction (XRD) analysis. Standard char-acterisation rtiegtes such as
temperature programmed reduction (TPR) showing thectish of MSCs at
increased temperatures3-L1] or thermogravimetric analysis (TGA)
[6,8,12,13] have been applied for the idditation of MSCs in the literature,
but these do not char-acterise the phase of intemestlgti In contrast, X-ray
absorption spectroscopy (XAS) is ideally suited to iifeMSCs in catalysts
due to its high sensitivity towards ffierent oxidation states, coordination
number, as well as neighbouring atoms and it has betalywapplied for the

identification of cobalt aluminates in various Cq®B catalysts after
application in the Fischer-Tropsch (FT) synthesis13-18]. The
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use of microscopy-based techniques for the direct fitation of MSCs has
been scarcely reported in literature. To our knowdedonly Kiss et al.
successfully idenfied cobalt silicate-type structures in a spent Co/Re/SiO
FT catalyst in 200319].

The main product of the FT synthesis ig®{ which has been linked to
deactivation of cobalt-based FT catalyst§,18,20-26]. Three me-chanisms
have been proposed in literature: hydrothermal sigesincobalt particles
leading to a loss of spdit surface area2B,27], oxi-dation of metallic cobalt
to FT inactive cobalt oxide2§-26], and the formation of MSCsl8,19],
which are also not active for the FT synthe<if].[ In the aforementioned
study by Kiss et al., a partially reversible deactimatof the Co/Re/Si®©
catalyst has been reported after high conversiorl@0%) FT synthesis in a
fixed-bed reactor (FBR) at 20 bar and 220 °G:@® = 2.1) [9]. No such
deactivation behaviour was observed for lower CO emsion levels of 50
55%. Hence, the presence of a large concentratibipOf at increased con-
version levels may have induced the formation of MSCs, lwhas been
shown in situ for A4O3-supported FT catalyst by Tsakoumis et al. in a more
recent study18]. For thefirst time, Kiss et al. observed clay-like structures in

for 1 h at 7000 rpm. Lastly, the centrifugate wasfirdiin several cycles of
re-dispersion in ethanol and centrifugation in an excéasetone.

Stober silica spheres3]] were prepared at room temperature under
continuous magnetic stirring at 1000 rpB8BRg. In short, 300 mL iso-
propanol and 22.5 mL #© were mixed in an Erlenmeyéask. A total of
3.63 g of a 25 wt.% aqueous ammonium hydroxide solutias added after
10 min and the mixture was stirred for another 10 mibb&t spheres were
formed during the addition of 41.88 mg of tetra-ethiyhosilicate over 1 min
and an ageing of 5 h. Lastly, the Sttber spheres wellected via
centrifugation, washed several times with 70% etham&i2O, and dried in
an oven at 120 °C for 24 h.

For the preparation of the model catalysts, the separsyathe-sised
Co304 crystallites were dispersed in ethanol in an ultrasbait until all
particles were in dispersion. Stober silica sphere® weni-cated for 4 h in
ethanol in a separate beaker. Afterwards, the dispeai€®04 crystallites
in ethanol was added dropwise targeting a loadin@.b6f wt.% metallic
cobalt. After sonicating for another 4 h, the disspEn was transferred to a

the spent Co/Re/Sigxatalyst after high conversion FT synthesis by means ofotary evaporator and mixed at 80 °C for 1 h (1 B4 rpm). Subsequently,

transmission electron microscopy (TEM), which were idEat as cobalt
silicate-type species via energy-dispersive spectros&ipg). These needle-
or platelet-like structures were also idéetl in a reduced and steam-treated
catalyst demonstrating the exacerbatiffgeet of HO on the stability of the
Co phase. However, no MSC compound could be detégtedeans of XRD
analysis 19). In-terestingly, the iderfied MSC was partially reducible at 420
°C and further strongly resembles phyllo-silicates, whieke been synthe-
sised as a precursor in various catalyst preparatides®8-32].

In the present study, a series of spent Ca#Si@del FT catalysts has
been thoroughly characterised with focus on directtifieation of potentially
formed cobalt silicates. It has to be noted, that theGovioading of 0.4 wt.%
precludes indirect characterisation methods such as 3IGRPR analyses.
The samples were applied in a previous stud§],[which reported the
formation of hardo-reduce species during exposure to simulated high
conversion FT environment using an in situ magnetometeda@on of Co
was observed and could only be par-tially reversed ime-aeduction
experiment, which strongly suggests the formation oflt@areduce cobalt
silicate 4]. A size-dependent oxidation behaviour was idestti as more
metallic Co was trans-formed into oxidic species for smaligstallite sizes.
Additional ex-periments including the second FT reatctdO in the feed

indicated an enhancement of®tinduced oxidation of Co to CoCBj,
which was recently unveiled in a separate stutlff.[Herein, thefive spent
and passivated samples were now characterised in dgptteéns of TEM
and XAS in order to cditm the formation of cobalt silicate species via direct
characterisation of MSCs. Furthermore, these techniquesati@ay for a
quantfication and provide insight into the morphology aodfation of the
identffied hardto-reduce phases.

2. Material and methods
2.1. Catalyst preparation

The herein characterised spent Co/sé@talysts were prepared and tested

in our previous work (ref.33]). Three dfferent sizes of welllfined CaO4
nanopatrticles (3, 5, and 7 nm) were synthesised Ei§drS3; Table S1-S2)
applying a sol-gel route in the absence of classicéhctants B3,35,36]. In
short, cobalt acetate tetrahydrate was dis-solvedemeyh alcohol under
magnetic stirring (500 rpm) in a round bottdiask for 2 h. A 25 wt.%
agueous ammonium hydroxide solution was added dropwisthafldsk was

ethanol was evaporated from the parent catalyst &2 ®dr resulting in well-

dispersed CgD4 crystal-lites over the surface area of SiStdber spheres
(Figure S3) as pre-viously reporte28].

2.2. Exposure to pD-rich environment

The stability of the prepared model catalysts was tasteldr HO-rich
environment in an in situ magnetomet&9|[ which is highly sensitive
towards the presence of ferromagnetic metallic Co. Heweit cannot
identify nor distinguish between the various oxidiobaltous species at
temperatures exceeding room temperature. Details oexplegimental set-up
and methodology of the magnetometer can be found elsewheg. ref.
[21,23,24,33,39]. In our previous work33], a total amount of 2003.6 mg of
the particular catalyst was loaded and reduced in 5¥Ar at moderate

temperatures (36@100 °C and 1 °C mirt; Figure S4) successfully
preventing sinteringTable I Figure S5). Subsequently, the catalysts were
exposed to p2/pH20 ratios (FT reaction over FT product) of 058
mimicking FT conversion levels in the range 0f26% (Table 2 Figure S4;
Table S3). Some of the samples were exposed to redaeimditions (15%
H2/Ar) up to the maximum reduction temperature to test riegtucible
fractions (Table 2 Figure S4). Lastly, the samples were passivated in 1%
O2/N2 [40] to prevent uncontrolled oxidation of metallic Goom exposure of

the samples to atmospheric air during transport to postinaracter-isation
facilities (Figure S6).

2.2.1. Transmission electron microscopy (TEM)

The spent catalysts were mixed with acetone and disperseul-
trasonication for 3 min. The dispersion was subsequeteposited onto
carbon-coated copper grids for analysis via TEM. Sasnpkre analysed in a
Tecnai F20 microscope (Philips) equipped witHiedd emission gun and
operated at 200 kV. The TEM has a built-in US4000 4k)XCCD camera
(Gatan). High-resolution scanning transmission electroticroscopy
(HRSTEM) images were acquired at atomic

Table 1

Volume mean crystallite size of metallic cobalt in the characterisedel catalysts after
reduction in H as obtained by analysis of the magnetisation as a furmftidte external
field strength. Data is reproduced from r&B][with permission from The Royal Society
of Chemistry.

transferred to a preheated oil bath (165 °C) intaryoevaporator and heated
for 3 h (0.9 bar, 180 rpm). Air was bubbled throubg solution to provide
adequate mixing of the emulsiodg]. After cool down to room temperature,
the volume was tripled with diethyl ether and the mmi&twas centrifuged

Sample Co loading / wt.% Crystallite size of c®/nm
CAT A 0.42 3.2
CATB 0.43 53
CATC 0.41 6.7




Table 2
Experimental details of the exposure of the model catalystfiolyy reduction in H.

Sample pHZ/pHZO pHZ/pCO Rereduction  Passivation
CAT A1, CAT  0.15, 1.5, 5, 10, 20, 30, 0 Yes Yes
C 40, 50,0, 0

CAT A2 40 L Yes Yes
40, 0 21
0 0

CAT B1 0.15, 1.5, 5, 10, 20, 30, 0 No Yes
40, 50

CAT B2 0,0.15, 1.5, 5, 10, 20, 2.1 Yes Yes
30, 40, 50, 0
0 ©

resolution using a double spherical aberration ca@tedEM-ARM200 F

microscope (JEOL). The instrument has an advanced GlFtralec
spectrometer with dual electron energy loss spectronfBfyS) imaging

capabilities, as well as an XMax 100 TLE high collectiangle, ultra-

sensitive detector (Oxford Instruments) for analysis bynseaf energy-

dispersive spectrometry (EDS). A fast Fourier trans-f(ffffil) analysis was
conducted on selected areas of high resolution miapbgr for the

measurement of inter-planar spacings. Quantifoil sample gvate utilised

for HRSTEM purposes.

2.2.2. X-ray absorption spectroscopy (XAS)
XAS spectra were acquired at beamline B18 of the Drmahiagght Source
in Harwell (United Kingdom) 41]. Additional standards were prepared via

published synthesis routes (CoO (fcc): ré&f]{ y-CopSiO4 (normal spinel):

ref. [42]) and characterised by means of XRD and TPR (Figde-S12),
while the as prepared nanoparticles for CAT C wedieg as standard for
Co304. All standards were analysed in trans-mission mode Witiee
repetitions, while the actual samples were measureitliégmescence mode
with 12 repetitions. All spectra were acquired atGloeK-edge and with a Co
foil (Sigma-Aldrich) placed before the referenceedétr. The raw data was
processed in Athena, a tool of the open-source softwackage Demeter
[43], which is based on the IFEFFIT librarg4]. Linear combinatiorfitting
(LCF) of the X-ray absorption near edge structure \)&S) spectra of the
spent and passivated samples with the particular standeas conducted in
thefirst derivative of the normalised absorption in the enemgge of-20 to
50 eV relative to the sampdeedge utilising Athena. Reported R-factors
represent the mean square sum of theitfizr all data points within the
fitting region.

3. Results and discussion

Thefive spent and passivated Co/Sifodel catalysts were ana-lysed by
means of XAS in order to identify the coordinationGaf atoms. The samples
can be expected to feature Si@s the support material of choice and three
cobaltous phases. Firstly, metallic Co is present, which eetected and
monitored during passivation of the samples in 1%AO [40] in the
magnetometer (Figure S633). Secondly, the ap-plied treatment has been
reported to exclusively form CoO, i.e. the contmllexidation of Co
nanopatrticles does not result in the forma-tion og@p[40]. Lastly, the
formation of a harde-reduce species was iddi@d as a re-reduction at
moderate temperatures did not re-cover previously seddiCo B3. Indeed,
comparison of a XANES spectrum obtained for the as pedp&®Os
nanopatrticles, which have been applied in the préiparaf CAT C as well,
with the spectra of the spent catalysts clearly destnates the absence of
Co304 (Figure S7). Said phase features a distinct edgetstifgher energies
and pro-nounced white line characteristics, which oabe identiied in any
of the spent catalysts. Hence, only the spectra of lse@b, CoO, and a
cobalt silicate were applied as standards.

The intensity of the normalised absorption & #houlder

CAT Al
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Fig. 1. Normalised X-ray absorption near edge structure spectra obphatand
passivated model catalysts after exposure to water-rich environmentspéttra of
standards.

(7702 eV) of the main edge (7709 eV) to lower enelepels directly
correlates to the amount of metallic Co in each saemleut of all measured
standards, only Co foil displays a pronounced preeetigicture45] (Fig. 1).

In situ magnetic measurements during the ex-posure@ri¢h environment
exhibited a pronounced oxidation of the smaller narimbes in CAT A [33].
In accordance with these observations, the samples wimgtaiarger
nanoparticles (CAT B1, CAT B2, CAT C) show distinctosluers of the
main edge due to the pro-nounced pre-edge featurestailic Co {Table 3.
The presence of metallic Co is further suggested by snealfgr shifts of the

spent samples when compared to the CoO an&iOa standards. This shift
typically shows a linear dependency on the valendh@®imetal and increases
with oxidation state46-48]. Hence, the average oxidation state of Co in all
five samples can be expected to be between 0 and 2erf-tinth intensities of
the white lines decrease with increasing in-itial ©2€0 nanoparticles, i.e.
Co atoms in the samples containing smaller nanoparticles aakigher
average degree of oxidation.

Linear combinationfitting (LCF) of the XANES spectra with the
standards allows for a quantitative analysis of theltobs phases present in
the spent catalysts. Fitting the spectra in first derivative with references

(Co foil, CoO, CaSiOs) provides reasonablés for allfive samplesi.e. all
features of the spectra are covered by the standagigesting the absence of

additional phasesF(g. 2. It has to be noted that including £ as a
standard resulted in 0% of Co atoms being associatdustptiase for any
sample and any combination of stan-dards demonstratinagbgence of this
phase in the spent catalysts. As indicated by the normapiseeedge
intensities Table 3, only small amounts of metallic Co are present in both
spent catalysts CAT Al and CAT A2 comprising the smallasbparticles
(Table 4. In fact, all Co atoms in CAT Al are seemingly assedatith
either CoO or cobalt silicate, which would then explthe absence of any
oxidation during

Table 3
Characteristics of the X-ray absorption near edge steicipectra of selected standards
and spent and passivated model catalysts.

Sample  Normalised pre-edge Edge shift / Normalised white line
intensity eV intensity
CoO 0.04 4.6 1.62
CaeSi0s  0.06 4.8 1.49
CAT A1  0.07 15 1.43
CAT A2 0.08 1.9 1.39
CATB1 0.22 1.4 1.28
CATB2 0.17 2.0 1.29
CATC 021 1.3 1.25
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Fig. 2. First derivatives of normalised X-ray absorption near edgetsie spectra of
the spent and passivated model catalysts and standards (solid), as el lmear
combinationfits with the standards in the range-&f0 to 50 eV relative to the edge
(dotted) with R-factors.

Table 4

Degree of reduction to metallic cobalt of the model catalysterdity to magnetic
measurement after passivation and phase compositions wititylarterrors according
to the linear combinatiofits of X-ray absorption near edge structure spectra wéh th
particular standards.

Sample DOR / % Co/% CoO /% Co2SiOa/ %
CAT Al 14 0 56.6 + 3.3 43.4+33
CAT A2 13 175+1.2 241+21 58.4+24
CAT B1 53 43.1+0.7 39.1+1.2 17.8+14
CAT B2 44 41.7+13 29.0+2.4 29.3+2.8
CATC 52 458+0.8 314+15 22.7+1.7

passivation of this catalyst (Figure S6). However, ¢h&alyst displayed a
limited susceptibility to magnetisation upon passivationezsponding to a
degree of reduction (DOR) to metallic Co of 14% {mesponding to an
absolute amount of 1.2 mg). It has to be noted thahitjte sensitivity of the
magnetometer towards ferromagnetic phases allows for anraéecu
quantfication of 1 mg of Co and the qualitative detectidreeen smaller
amounts of metallic Co (0.1 mg or even less). In additihe applied
passivation technique has been reported to proteoetallic core for an
extended time rangel(]. Hence, quarication via LCF of XANES spectra
potentially lacks in accuracy. Either way, the distindentfication of

CopSiO4 results in 50% of the Co atoms being present as cobiaktsil

which is the phase of interest for the conducted apaly(the phase
concentrations of Co and CoO were altered by theedaction and
passivation). The same catalyst was also exposedHogaipi2 ratio of 40 in
the absence of CO and subsequent exposure to a loial padssure of
synthesis gas (CAT A2)3B]. This sample oxidised to a small extent during
passivation and, indeed, LCF of the XANES spectra sugdfestpresence of
metallic Co.

LCF of catalysts with larger nanoparticles results ird482% of Co atoms
found in the metallic state, which corresponds fairsllwvith the residual
DOR after passivationT@ble 4. It has to be noted that the initial DOR to
metallic Co before exposure to water-hydrogen mixtwas 56% for CAT B
and 83% for CAT C. Hence, siditant amounts of CoO were still present in
these catalysts after reduction i [83]. While our previous study focused

on the HO-induced formation of MSCs from the metallic Co phasestm
published studies on deactiva-tion of FT catalysts assameexclusive
formation of MSCs via CoO1[,1849-51]. Indeed, the relatively high
fraction of a CqSiyO; phase close to the stoichiometric composition of the

CopSiOy4 standard in the present study exceeds the expectetation of
MSCs from the metallic Co phase (< 10% according tsiin magnetic
measurements3p]), which strongly suggests the additional formation of
MSCs from CoO nanopatrticles. This explanation is in aeoure with
thermodynamic predictions for bulk phase solid-stateti@eacas CoO is in
particular

Fig. 3. Transmission electron micrographs of spent and passivated oaddbists (a) CAT Al, (b) CAT B1, as well as (c) CAT C anee{cenlarged images of needle-like structures
(demarked with black arrows) on top of nanoparticles surroundacclmud of material with dfierent density (demarked with white arrows).



prone to form MSCs with Si®[52], especially when compared to the®+
induced formation of GiyOz from the metallic Co phas&j].

After direct identiication of cobalt silicates in the spent catalysts, the
morphology of the nanoparticles in CAT Al, CAT B1,da@AT C was
analysed via conventional TEM. Almost all nanopartiatethe spent samples
feature a second, rather bulky phase surrounding prédyimeetallic cores
(Fig. 3. The thickness of this second phase exceeds the eaigtensions
of a CoO shell from passivation in 1%/@r (approximately £1.5 nm) §0].
Larger nanoparticles are surrounded by a cloud ofrabtehich appears to
have a sigricantly lower density than that of the cobalt pagsciThe smaller
nanoparticles in catalyst CAT Al and, less pronounéedCAT Bl are
mostly accompanied by a needle-type structure suggestngresence of
phyllosilicate Fig. 3 Figure S8). Only a small fraction of the larger
nanopatrticles in CAT C features such needles, whichesponds to the
identified less pro-nounced formation of ¥SiOz in this catalyst. These
clay-type struc-tures have been reported by Kiss ébrathenium-promoted
and fumed Si@supported Co catalysts after high FT conversion testiag
well as after hydrothermal treatmerit9]. In said study, the needles were
identfied as cobalt-silica mixed oxide phase via energy-disper
spectroscopy (EDS) in TEM.

Analysis of the morphology of the cloudy phase surraumndCo
nanopatrticles and the needle-type structures in et satalyst CAT B1 was
conducted via HRSTEM. Coupling HRSTEM with elementapping via
EELS spectrum imaging allows for the direct idéagition of MSCs. In order
to avoid background contributions from the Si€upport, only nanoparticles
on the edge of the Stéber spheres were mapped revediitigencapsulation
of a metallic Co nanoparticle by SiQFig. 4 Figure S9). Therefore, it can be

concluded that the amorphous Si€upport must have become mobile during

the exposure to $O-rich atmospheres, resulting in creeping of Si speciesrig. 5. Schematic of the proposed mechanism of silica encapsulationolodlt
onto the Co nanoparticlesif. 5. Such a complete encapsulation of the nanoparticles and subsequent formation of needle-type csibedtte structures under

metallic phase may protect the core from oxidationndupiassivation, which

by
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water-rich conditions during Fischer-Tropsch synthesis.

Fig. 4. (a) High-resolution high angle
annular dark field transmission electron
micrograph with a magfied area ex-

hibiting a silica-encapsulated  cobalt
nanopatrticle in the spent and pagated

model catalyst CAT B1 and (b) elemental
mapping of the inset as ob-tained via
electron energy loss spectro-scopy with
separate maps for the par-ticular elements.



represents a reasonable explanation for the absenaiddtion in the experiments of CAT A2 and CAT B2 underp®-rich environment was
smallest Co nanoparticles (CAT Al), after prolonged exmosn HO-rich recently shown to result in a slow, kinetically hirettoxidation to CoO only
conditions (Figure S6). Creeping of 3i@h a Co/Si® model cat-alyst has [24]. Hence, the present study provides experimentalfpi@othe direct

earlier been reported by Saib et &3] who referred to a mobile Siphase ~ ©Xidation of metallic Co to MSCs in the case of ZiDpported model
fully encapsulating and protecting 4 nm Co nanoiglagt on Stober spheres catalysts. Afirst, high concentrations of2@ induce creeping of mobile SO
from oxidation during hydrothermal treat-ment. Howewbis migration of  species of the amorphous Sttber spheres onto the metailiparticles and,
SiOz was hypothesised to be induced by the harsh conditemsred for in case of full encapsulation, such an encapsulati@y allow for the
reduction of the model catalyst at 500 °C ip. An experimental proof for ~formation of MSCs. It has to be noted, that this obsemat the result of a
this hypothesised encapsulation was only observed by smeaHRTEM fundamental studym the absence of promgters and 'u.3|dglmmtalysts with
. . . low cobalt loadings. Fur-ther, the applied conditioths not represent
when reducing at even further increased temperatdr@®® °C in . In commercial ET environ-ment and hence drawn conclusioay not be
contrast, the moderate conditions during reductiohe nanopartiqles i_n t_he directly applicable for catalysts under industrial dtiads
present study (36@00 °C) can be expected to prevent such migratidsi of '
species during reduction. Further, a less pronoundedagtion of the nano- .
particles with the support prior to and during rethrctan be expected in the The presented results on the formation of cobalt-sumonpounds also
present study as no calcination was conducted. Lastbgrption éects of ~ Point towards the importance of the catalyst prepawachnique on thnal
H20-originated species on the metallic Co surf&s fvere observed during stability of cobalt nanoparticles. Less oxidation tbajt_;support compounds
in situ magnetic measuremengs], i.e. the surface of Co nanoparticles was €20 be expected for calcined catalysts than for éreith prepared catalysts
accessible for the gas phase after reduction in all esmflven a size- Via physical deposition of nanoparticles onto the suppeithout any thermal
dependency was observed due to the increasingfispsaiface area with treatment. This highly relevant his-tory of the cydtd can be further
decreasing average particle siz&3][ Hence, the herein observed demonstrated when comparing the present study with similek by Kiss et
encapsulation occurred during exposure to in-creas@uHi ratios only. al. [19 and Saib et al.§3. In the former study, a (partially) reversible
formation of cobalt silicate species was observed, withiee MSC in the
present study was stable up to 400 °C in (diluted) A pronounced

The continuous exposure of these encapsulated metafiiw-particles i interaction between the SpOStéber spheres as support material and the
combination with increasedHpo/pH2 ratios in our previous studp§ may (partially) encapsulated Co nanoparticles can beategdor the prepared and

have induced the subsequent formation ofSB@®; needles Fig. 5. The reduced model catalysts by Saib et al. due to a ratimshtpreparation, e.g.
formation of such a MSC was ideiied by means of XANESF(g. 2. In  calcination and high reduction temperatures.

addition, EELS mapping of nanoparticle featuring needle platelet-like

structures suggests the presence of Co, Si, and O afan&€d). It has to be Lastly, a sigrficant structure sensitivity of the FT performance has bee
noted that the energy-rich beam heavily interferét the identiied needle-  identified for catalysts with Co crystallite sizes below 10 @&-§5). The
type structures having a destruc-tiviéeet with prolonged exposure times turnover frequency (TOF) was ideiiid to decrease with size even though
during elemental mapping and resulting in a seeminghoritogeneous  smaller crystallites exhibit a higher spfézisurface area. However, the
elemental distribution (Figure S10). Nevertheless, temental maps clearly  concentration of exposed active sites for the FTSedses with size resulting
point towards the formation of a mixed metal oxide. lfisia of identfied i, 5 |ower activity p5-67]. The present study exhibits a size-dependency for

inter-planar spacings (approximately 2.2, 2.3, and 26id\ &) by means of . . . .
an FFT analysis of lattice resolved micrographs pointsttosvthe for-mation ~ 2°th: the encapsulation of Co na-noparticles by>Si0d the consequential
formation of MSCs, which is in line witfindings by Saib et al5p]. Larger

f horh i i he latti I i ) ; AR

_o an Ort_ 9r ombic Cz5i04 as t .e attice p énes cprrespondm@ozs|04 nanopatrticles are see-mingly less prone to encapsylatioch is induced by

in the olivine structure 0f-CozSiO4, a modiied spinel(Table S4) 4. A high con-centrations of #0 and has recently been hypothesised for an
distinct diferentiation is challenging due to several similar plenar g y yp
distances in both polymorphs of £204 and the limited quality of the Al203-supported, Re-promoted 20 wt.% Co catalyst as €]l Hence, loss
micrographs as a result of short exposure times to pretentrapid  ©Of active Co during FTS can t_)e Ilmltgd by thg prafian of relat-|vely large
destruction by beam interference. Either way, a faltapsulation of Co ~hanoparticles close to the optimum size for high TOFapeproximately 10
nanopatrticles by Si®is potentially required prior to the formation of shi nm [5862. Furthermore, several studies based on adequate in situ

| . he i . . ] ) I characterisation of wellefined catalysts suggest the general absence of
needle-type Cg5iOs. The increased dispersion of Co atoms in CAT A resultSgiqation of Co to CoO for crystallite sizes largemh4.5 nm under
in a larger mass spéici interface area between the Co phase and

encapsulating Si® However, this dference cannot solely explain the commercially - relevant conditions with Hpo/pHz _ratios below 2.2
) . 0 . Qo
significantly pronounced oxidation to MSCs when comparedlatger coresponding to 81.5% CO conversion during FT.,34,26,33,68,69.

nanoparticles. Hence, the hypothesis of full encapenlatepresenting a Hence, catalysts with Co crystallites of 10 nm are mt expected to result

. . . . in the highest spefit activity, but also exhibit an increased stabilityidg
prerequisite for the formation of needle-type26it may explain the strong the FTS. Nevertheless, smaller crystallites are typicallyeptegn most

size-dependent stability in Co/ Si@nodel catalysts during exposure toCH catalysts due to relatively wide size distributions amdearch on the

rich conditions 83]. deactivation of this fraction re-mains meaningful fdre tcommercial
application of the FTS.

The herein presented work is meaningful for the FT conityas the

detailed characterisation of the spent CofSi@odel catalysts provides

insight into the feasibility and mechanism of waterdoed deactivation. In 4. Summary and conclusions

the past, particularly deactivation of Co-based EfFatysts via formation of

MSCs has been unsatisfactorily dealt with in literatli@. example, vague Spent Co/Si@ model catalysts from a study on the size-dependenttdire

terms such ashighly dispersed cobalt phase over the suppare widely g, iqation of Co nanoparticles in 28-Hz mixtures were thor-oughly

applied in literature due to an un-successful idieation [L3184555-57].  paracterised. Application of adequate characterisatiohni-ques targeted

The formation of these phases is, at least f@OAlsupported Co, widely the direct idenfication of formed MSCs, in this case cobalt silicafety

assumed to ex-clusively proceed via Cof111849-51]. However, the  gpecies. Such a @8i04 phase was idefied in all spent catalysts by means

exposure of CAT Al, CAT B1, and CAT C topB-rich atmospheres in the of XANES, while microscopy-based char-acterisation tectesigsupported

absence of CO can be expected to induce only margiigdton of metallic ~ the formation of a mixed metal oxide phase. Needle-ypealt silicates

Co to CoO P4 as the FT conversion was fully simulated (no CO irdfee resembling a clay- and phyllosili-cate-type structuerenformed on Si®

stream) B3]. Furthermore, the partial pressure of CO (0.07 ietf)e encapsulated cobalt nano-particles. Smaller nanopartidisplayed a
pronounced formation of



10 nm

Fig. 6. (a) High-resolution high angle annular déi&ld micrograph with elemental mapping and separate maps for ttieufgarelements as obtaineda electronenergy loss
spectroscopy and (b) brighield scanning transmission electron micrograph with a rfiagnarea and generatedfdactogram patterns of a needle-type structure on a cobalt
nanoparticle in the spent and passivated model catalyst CAT B1. Thénifaeshows the analysed structure after elemental mappingtsxdithe destructive féect of the beam on
the morphology with prolonged exposure time, which results intlamogeneous distribution of the elements.

this C@SiO4 phase when compared to larger ones, which suggestaithat f References
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