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Effect of reduction on Co catalyst ative phase highlightedby an original

approach coupling ASAXS ad electron tomography
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Abstract

Diversification of liquid fuel sources for transpdita plays a key role in the energetic transition. High
guality and clean diesels can be produced by Fisclmgrsth synthesis, which interest is renewed in as
much it can be performed from syngas (CQyptoduced by conversion of ta@al gas or gasification of
lignocellulosic biomass, leading, ithis latter case, to fuels fromenewable resource. Catalytic
performance (activity and seledtiy) of cobalt-based catalystsearelated to the physico-chemical
characteristics of the cobalt nandpaes. The present study propose & ra@proach to obtain a detailed
and exhaustive description of the cobalt active plad€el catalysts. We combined Anomalous Small
Xray Scattering (ASAXS) and electron tomographyjrgg complementary insighton the microstructure
and size distribution of both cobalt nanoparticlesl aggregates. This approach, carried out on a
cobalt/alumina-silica catalysts studied first at thedexstate and then at tiheduced state, allowed to
highlight the mechanisms involdeat the nanoscale during the refion step. Reduction impact is
significant on aggregates morphology, causing theimnigagation and increasing their accessibility. As a
perspective, a better knosdge of cobalt aggregates morpholegll help to understand their impact on

the catalyst performance.

Keywords
Cobalt, catalyst, Fischer-Tropsch, ¢tea tomography, TEM, ASAXS, nanopatrticles
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1 Introduction

Diversification of liquid fuel sources for transpation plays a key role in the energetic transition.
Fischer-Tropsch Synthesis (FTS), iaily devoted to convert coal infoels, has become attractive as it
can be performed from syngas (CQyldroduced by gasification of ligeellulosic biomass, leading, in
this latter case, to fuels frommewable resource [1][2]. Low-temperagUuf TS, based on cobalt catalysts,
produces long-chain hydrocarbons lead after upgrading, to high qualignd clean dieds [1][3] [4].
Catalytic performance (activity ansklectivity) of Fischer-Tropsch tdysts is related to the physico-
chemical characteristics tiie Co nanoparticles. In particulary fdl studied supports (carbon nanofibers,
Jalumina), authors observe a rapittrease of the catalytic activitwhen the cobalt particle size
increases to a certain diameter and, then, the actietyeases with further increase in particle size
showing a volcano shape curve inadgiic activity. Besides, the £C selectivity is also known to be
related to the size of the nanopddscand increases while increasing gize of the particles, to circa
fifteen nanometers. Depending of the support, thima size for higher actity and selectivity is
between 6 and 9 nm [5] [6] [7], sntetl particles leading to a significaattivity loss. From these results,
it is crucial to characterize the nandpdes, specially their size, whicis unlikely to be monodisperse.
However, in high-loaded cobalt cbtsts (up to 15 wt % Co), the naparticles are usiig not uniformly
dispersed and aggregation of clbb@anoparticles is often observefyrming aggregates of tens to
thousands of nanometerq [8]. However, the impaatf Co aggregation on activignd selectivity is still
unclear / debated. Munnik at. [8] [9] have observethat the aggregates present in high-loaded catalysts
supported on silica were formedrahg the drying process, after impregion of aqueous cobalt nitrate
precursors. Thus controlling theyirg temperature will allow a decrease in aggregate formation rate. By
studying catalysts prepared in ordervary the aggregation rate [8hey related an increase of'C
selectivity with the increase of the aggregates size.

Basing on this literature, it seems eds# to characterize both nanopalgiand aggregate scales to fully
understand and explain the cgtal performance of the gh-loaded cobalt catalysts.

For this purpose, a complete description of the agtivase implies measuringtije size distribution of
the isolated nanopatrticles, ii) theoportion of Co involved in aggregates in individual particles, iii)
the size of the aggregates and ivg tmicrostructure of aggregatesathcontrols the accessibility of
reactant and product within the aggregates. These ate@ssential to calculate the intrinsic activity and
selectivity and evaluate the impact of aggregationpeddently to other paramesesuch as the particles
size and the support effect.
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Several complementary techniques are commonly tgecharacterize the Co active phase in FTS
catalysts. In particular, Cdispersion is measured by Ehemisorption, the mean aba crystallites size is
usually measured by X-ray diffraction (XRD) [10] atiek particles and aggregates size distribution can
be measured by techniques basetramsmission electron microscopy (TEMuch as dark-field TEM or
HAADF-STEM (high angle annuladark field-scanning transssion electron microscopy) [6,8,9,11].
Concerning the XRD technique, it provides a good evaluatidine average size of the crystallites for the
oxide samples, but it is less appropriate for reducegkes as the reduction tife cobalt particles is not
total and the peaks corpmnding of the CoO and Co° phase oaprlin addition, the stacking faults
present in the cobalt metallic phase lead to a broadgefithe peaks not relatedtlvthe finite size of the
crystallites and requires advancggpeaches to take them into account, such as Rietveld analysis or
pattern simulation of mixture ofubic and intergrown Co [12]. The wkafield TEM also allows size
distribution determination of the cigdlites but cannot be easily cadieut on used catalysts due to the
presence of waxes. Furthermore, both XRD and del#-TEM give information on the crystallites size,
which does not correspond to thenoparticles size if they are polystalline. HAADF-STEM can be
used to measure Co nanoparticles, but the coriesteen Co and the support is usually too low to be
sensitive to the smallest nanoparticles.

Given the sensitivity of the X-ragcattering phenomenon to the $plelectronic density variations,
regardless of the structure or size of the crydabains considered, smallgla X-ray scattering (SAXS)
techniques seem particularly shite to study the size distributions ofetal particles on supports. The
first work on the characterization afetallic particles orsupported catalysts wasrdad out in the late
1990s by Haubold [13—-16] and Benedetti [17,18]. The megstems studied coissed of noble metal
particles (Pt or Au) more or less loaded (<1%l6%6 by weight of metalpn graphitic matrix. These
systems have significant differences in electratgosities between the support and the metal phase and
therefore a significant contrast is obtained in aaloos Small angle X-ray scattering (ASAXS). Polizzi
et al. [19] have also proposediatailed critical analysisf the methodologies selected for these studies,
insisting on the need for protocols based on numerasats of the measurement parameters in order to
ensure a good control of the uncertainties, whicksgential in the case of ASAXS measurements. The
ASAXS technique is nowadays seldom used fordharacterization of the active phases of catalysts,
even if it is well appropriate for a three-phassstem (pores, alumina and cobalt nanoparticles).
Moreover, scattering techlques have already proved their posgibd to characterize the size and
morphology of aggregates [20]. Hence, this techniaag the advantage ofibg able to characterize

objects with a size between one nanometer and ahéewred nanometers, thus covering the scales of



95 isolated particles and aggregatasparticles. In addition, the anais can be performed on samples

96 embedded in their waxes, which is verlievant for the case of used FT catalysts.

97

98 In order to study the morphology of the aggregatgamced techniques such as electron tomography can

99 be successfully applied. Based TEM technique, electron tomaghy has been developed during the
100 last decades. The principle is to reconstruct a tneensional structure from a series of images (or 2D
101 projections) acquired by rotagy the sample in the TEM [21] [22]. the field of heterogeneous catalysis,
102 it was first used to study the skgapnd the connectivity of mesoporomstworks in catalysts supports
103 such as mesostructured silica][2d] or zeolites [25][26][27][28]Individual or suppded nanoparticles
104 can also be characterized by eleattomography: in the first castthe morphology (including faceting)
105 of the particles is sougli23], in the latter cse, the location inside thegport can be explored. As an
106 example, Zecevic et al examined the location ahRiISY zeolites crystals, showing the presence of Pt
107 particles inside the microporosif29,29,30]. If the contrast betweerethanoparticles and the support is
108 too weak in bright field TEM, chemical sensitivechniques have to be usill]. EFTEM is mainly
109 employed for characterization ofphiasic supports [31] or low Z naaials [32]. HAADF-STEM is the
110 preferred technique for supportedtalysts [33]. Compared toight field TEM mode, HAADF-STEM
111 enhances the contrast between the metallic nandparéiad the oxide support, in as much as the image
112 intensity is proportional to Z [34]. Arslan and al. [35] studieoxide Co aggregates supported on two
113 different alumina supports. They showed a morpgwlof fully interlockingaggregates/support in the
114 less selective catalyst.
115 Combining SAXS analysis and electron tomography dlao been performed Ii3ommes et al[36] on
116 Cu catalysts supported on ordered porous silicaadiosved illustrating the mesoscale distribution of
117 nanoparticles within supports dispiag hierarchical porosity. This gy has demonstrated the strong
118 interest of coupling thedwvo kinds of techniques artdis approach could be &nded to Fischer-Tropsch
119 catalysts provided that SAXS is tuned to ASAXS to specifically focus on cobalt particles and aggregate
120 size.
121
122 The purpose of the present study is to propose a ppwach to characterizeetttobalt active phase in
123 FT catalysts. We combined two analyticalcliniques : ASAXS and electron tomography, giving
124 complementary insights on the microstructured asize distribution of bbt Co nanoparticles and
125 aggregates. A better knowledge of Co aggregatephotogy will help to understand their impact on the
126 catalyst performance. This approach, carried out ©o/alumina-silica catalysts studied first at the oxide



127 state and then at the rexhd state, allowed to highlight the maaisms involved at the nanoscale during
128 the reduction step.
129

130 2 Experimental section

131 2.1 Catalyst preparation

132 For this study, we have chosenféous on two cobalt-based catalystseYhvere prepared on a Siralox 5
133 silica-alumina support by incipient weess impregnation of a nitrate ctitsolution, to obtain an amount
134  of 15 wt.% of cobalt. After impregnation, the catatystere dried and calcined air at 400°C. The first
135 sample is the oxide catalyst. The secong is obtained after reduction under pureflaw at 400°C
136 during 16h. After reduction, the recked catalyst is divided into twfractions: the first fraction is
137 passivated under air in order to be analyzed bgtein microscopy and thesnd fraction is embedded
138 in waxes in order to prevent the re-oxida and to be analyzed in ASAXS.

139

140 2.2 Bulk characterization

141 XRD measurements were performed on the oxidepta on a PANalytical diffractometer. The most
142 intense CgO, line (311) was used to calculate the averageOg@rystallite size with the Scherrer
143 equation. The mean oxide cryifita size was found to be 16.62.0 nm.

144  XANES analysis was also carried out on the redszedple embedded in waxes on the ROCK beamline
145 of SOLEIL synchrotron to determenthe reduction rate, which is the ratio between the Co° content (wt
146  .%) and the total Co content. XANES spectrum were mposed thanks to reference sample spectrum. It
147 has underlined the fact that thelueed sample was partially reducadth a reduction rate of 47% (see
148 supplementary data, figure 1).

149

150 2.3 TEM and HAADF-STEM observations

151 By bright-field TEM, the contrast between small dbbanoparticles and thelisa-alumina support is not
152 sufficient to perform precise size measuremenisisT cobalt particles size was measured by dark field
153 transmission electron micragay (DF-TEM). Observations wengerformed using a JEOL 2100F FEG
154 S/TEM, operated at 200 kV. Samples were crushesthanol and sonicated. A drop of the suspension
155 was deposited on a Cu grid coverith a holey carbon membrane. BFEM observations are performed

156 using the diffraction spots cormanding respectively to the (31XB60) or (220) planes in GO, and

5
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(100), (002), (101) or (102) planes in hcp Co°. phdicles size was measured a minimum of 200 Co
crystallites.

Cobalt aggregates were obsenawl quantified using HAADF-STEM (gh angle annular dark field
detector in scanning transmission electron mi@pgL Before observation, the samples were embedded
in an epoxy resin and thin slices (about 70 nm) watdy ultramicrotomy and transferred onto a Cu grid
covered with a holey carbon membrane. Observatiare performed using a JEOL 2100F FEG S/TEM,
operated at 200 kV. The aggregates size was nmeghsur a minimum of 200 aggregates on several

catalysts grains.

2.4 Electron tomography

Electron tomography was performed using a JEODOF FEG S/TEM, operated at 200 kV. Samples
were prepared as for DF-TEM observations, exdkpt a drop of a gold doidal suspension was
deposited on the grid for further alignment.

Images were taken in HAADF-STEM mode, in orderincrease the contrast between aggregates and
silica-alumina support. Thus, the morphology of #we aggregate can be visualized without the
contribution of the support. Acquisitions wemgerformed using GATANDigiscan and Digital
Micrograph, by rotating the sample inside the microscope over an angular range of £60° using a 1° ti
increment, in equal scheme, which correspond&2® pictures for the “oxide sample”, and over an
angular range of +69° to -67° using a 2° tilt increment, in Saxton scheme, which corresponds to 9:
pictures for the “reduced samplddynamic focus adjustment was uded acquisition of the tilt series.
Alignment of the HAADF-STEM tilt series was penfioed thanks to cross-correlation and gold fiducial
markers, 3D reconstruction was realized btered backprojection (vieetomo in IMOD[37,38,38]).
Segmentation based on grey-levelstdyrams was undertaken using AVIZ@oftware. To facilitate
segmentation, a pre-processing the reconstructed vabe by a “flowing bilateral filter’[39] was
performed. This filter smooths homogeneous regions while preserving the edges of the objects.
Morphological geodesic operators wegplied in order to extract drguantify the porosity inside the
aggregates. Co dispersion in theyegates was calculated by the rdieiween the number of voxels at

the surface of the aggregate to the total number of voxels in the aggregate.

2.5 ASAXS analysis

2.5.1 Theoretical aspects of ASAXS
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For the case of spherical particles with a radiudispersed in a homogemes matrix, the scattered
intensity is given by:

+M L% KSR® F 9I360(§~I‘|4ﬂ 2:4;8:485(:M&a&®O:M@ M (1)

with 04 the number of tparticlesgthe sample volume); and J; the number density ahe atoms in the
particles and in the matrixg and B the atomic form factors and the Thomson radius{= 0.282 102
cm).

2:4; is the size distbution function, (:M & & the form factor and® :M is the structure factor and

equals to 1 when the paites are well-dispersed.

For the case of metal gizles supported on a porous matrix; fostance on silica-amina support, the
simple SAXS analysis (recording at only one eneigy)ot sufficient to distinguish and to characterize
the nanoparticles athe porous support alscontributes significantly tahe signal because of the
scattering of the pores.
Hence, to isolate the signal specitit each phase, it is therefore i@sting to vary th energy of the
incident beam and to perform the measurements argifar the metal (cobalt in our case) absorption
edge.
It is recalled that the atamform factor of a speciefcan be written:

B:'; L BE{® ;E EB; )
with B L ,¢he atomic number
The values ofB"' ; and B'" ; are indicated in the Table 1. We can consider ®Hi' ; does vary

significantly only after the absorption edge.

Table 1. Energy-dependent parts of the atomic string factor f’ and f’ [40,41], near the Co K-
edge of absorption (7709 eV).

Energy (eV) f f’
Ex 7440 -3.082 0.493
E, 7648 -4.744 0.470
Es 7694 -6.356 0.465




215
216
217

218

219
220

221
222

223

224

225

226

227
228

229

230
231
232
233
234
235

236

237
238

Considering a system of particles p supported @oraus support s and with air filling the pores, the

scattered intensity can be written itka to the partial structure factofs 5 5. and 5 sdescribed by

Binninger et al. [42] as followed :

~ L 6 ~
AMEAL #B+IEM5aM; BRI 5 :M; E t8KB B0 dJaeB5aM; (3)
The difference between the intensitiesasured at two different energieset ' gleads to :

BeM & B BM 4 AL 90 @#Bi+ F 4Bt ARIM E BB F B4 A aU$5:iM

L t: @Bs: FB'6i A 8:@5: M E BBiMA

L tSB@:'s; F B ;A8 k5E U D (4)
where %’Lwis the mean value o : ' ; and U -%z
S %
. Co . >1 6 . 6
BaML 1, %K408kMd (kM aoi@ 4 (5)
e UaazgodA

5, 5 L%.’j%:%;%%Skgos%(kl\ﬂgoqzm% @424 (6)

akg> 5o
Akko A
k BoATA Ep; A

As a first approach, we can consider that the téf is negligible befores; 5if U

In our case:

- we have calculated for;Eand E energies, an close to 0.55

- the size of the pores and of the particles are in the same order of magnitud

higher than 1.
It can be concluded that in theepent case of theobalt-based catalysts, thentribution of the support-
particle interaction term is negligible. Indeed, eaplained by Morfin et aJ10], the particles are big
enough and their volume fraction is small compatedthe aluminum support consequently the
probability of interference Ibeeen the cobalt particles and the support is low.

It follows :
M & A AeM 4 AN EEB@: s; F B 6;A855 M; (7)

BeM & AF A:M@;'M%ng}g@ae's;f F 48 A, T 2k408ket (kM AG@4  (8)
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Finally, when the porosity is filleavith waxes, the difference inegtron density betaen particles and
waxes should be taken as contrast factor instead @léctron density of the particle itself. Therefore the
previous expression becomes :

AeM & AR MM & AN

Cu o .8 R | 6 . 6

Tp'@@é%- s;: F dB Vst F 5B F JB 6 tAl,  Zk408kdd (kM aod@4 (9)

2.5.2 ASAXS measurements

For ASAXS analysis, the reduced sdenwas directly embedded in waxes without air exposition in order
to prevent reoxidation. The oxide sdmpvas also put into waxes in order to keep the same mode of
sample preparation. Then, pelletgh a thickness of approximativeBOOum were prepared. Anomalous
small-angle X-ray scattering exp@ents have been performed ore tBWING beamline at synchrotron
SOLEIL. It involves characterizing cobalt nandpdes supported on a porous silica-alumina by
recording SAXS images around its absorption edge. ddvantage of performg ASAXS analyzes is
that it suppresses the cobtition of the porous support. For this pumasis necessary toe close to the
cobalt absorption threshold ander to vary the diffusion factor of Gad thus of the particles, but also to
keep constant the diffusion factor of the supportndde the scattered intensity was measured at three
different energies (see ble 1) 7440, 7647 and 7694eV, slightly helthe cobalt K-edge of absorption.
The incident beam energy has been calibrated wittetallic cobalt foil. To cover the largest q range,
two sample-detector distances (1000 mm and 6000 mve) been selected. Furthermore, to increase the
sensibility of the photons counting on the peripheral pathe detector, two kinds of beamstop (a small
beamstop with a size of 2x1 mm? dadger beamstop with a size of 3gf12) were used. Using the large
beamstop, allowed to recorded 2D images with lorey@osure time, by maisig the strong diffusion
around the small beamstop, in orderget better statics for high g values.In total, four different
configurations (detector-samplestiince, beamstops) have been used.

The scattering images were recorded using a AVRE2CD170170 detector. Todrease the statistic of
the scattering intensity, thirty images wereg@oed for each energy and at each detector-sample
configuration. The acquisition time was function oé tbonfiguration and was chosen in order not to
saturate the detector.

Through 1D reduction, raw data were corrected wispeet to: acquisition timgeometrical effects like
the projection of the detector plane on the sphath vadius equal to the sample-detector distance,
detector sensitivity3ADU/ph, Noise2ADU),the incoming-photon flux and finally averaged to increase the

statistic. The scattering backgrouadming from all components in the beamline and from the air was



271 measured before each series of acquisition, for emengy and at each configuration. The sample
272 transmission was calculating thanks to the measurement of the incoming and transmitted intensities.
273 allowed correction of the intensity from the real thicknesgsof the sample, calculated thanks to the
274  composition of the sample obtained by X-Rdyorescence and with the following equation:

275 A L-—SAL (10)
I UxD

276

277

278 T being the transmission angyethe linear absorption coefficient (n

279

280 In order to calibrate the intensiily absolute unities, i.e expresseddi$erential scatteng cross section
281 per unit volume in ci, a calibrated NIST glassy carbon [48las measured at each energy and each
282 configuration. A correction factor has been calculai®m the ratio between the NIST data and the

283 experimental data.
284 2.5.3 Modelling of ASAXS data

285 The ASAXS results for both oxide and reduced catalgstsgiven in Figure 1. The plotted curves were
286 obtained from the subtraction tife intensity measured at E 7647 eV and the intensity measured at E
287 = 7694 eV near the cobalt K-edge of absorption. d¢aible differences can be observed in the g-range
288 between 2.3 16A  and 1.2 1§ A™.

289

10
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Figure 1. ASAXS curves obtained on oxide and reduced samples

In order to evaluate the size distribution of the copaiticles, a nonlinear least squares adjustment of the
ASAXS signal is performed. The assumptions madettie choice of the regssion model are listed
below.

Given the shape of the curves (timflections of the scatted signal), the experimeaitdata could not be
fitted with only one function of size distribution. Ip@ears that two kinds of cobalt particles exist in the
catalyst, at the oxide and at the reduced statsyatlifferent scales. Based on the electron microscopy
observations, these two populations aiteibuted to isolated, dense aenystalline partites at the small
scale, and to larger, polycrystallia@d moderately dense aggregatela@e scale. This assumption will

be corrobated in this paper.

For the cobalt phase, we thus consider that thiéesitay objects can be porous. The porosity is so cdlled
and is filled with waxes. In the case of the crystalline partiddes) and in the case of cobalt aggregde,

> 0.

The number of cobalt atoms in theattering object and the numbertbé matrix atoms are respectively
defined by:

Oyasl 20U8 4 8 15 F;Y (11)
s

11
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2 H ¢
0, L % H8HY (12)
With Co, = Cq;0, in the case of oxide cobalt and,GoCd in the case of metallic cobalt, V the volume

of the scattering objeda the Avogadro number (6.022%%@nol™*), M and M., the molar masses in

Cox

g/mol, (. and ( the densities of both phases in glcm

Cox

Hence, the scattering factor o€abalt particle is defined by :

J:BLE L HRAH s FIE zﬁ;@ H:BAH Y (13)
ua

It follows:

LT  H e Eev He< By
JsB F JB L@E—UU H@g% HaBAH:s F;Y :Jy,28.26F B H:s F;Y (14)

The term%J of the equatiori9) can be expressed as:
b

So | ewHp, 5 5
L= H Hey (15)

With <V>the mean volume of the particle aggregate {cmvcox the weight content of the cobalt phase

(Wt.%), \sthe sample density in g/ém
The particles are considered to be spherical andtestil as so, the structure factor is not taken into

account while the form factor is. Thus thenfofactor for a spherical particle is:

@ U & kot 60 & @ kod £

6 A I
(kMad H s f (16)
and 8k4o -Eé 47 (17)
The size distributions can be represdrig a sum of log-normal distribution:
2k4 0 =2 ATL £PE P g (18)
¥6 By o 6 5

In order to calculate the number and volume avesags from the adjustddg-normal distribution, the
distribution moments IVimust be known [44]:

la L ABUDE—A (19)
The volume size distribution, s defined by:

12
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2k4 0 B (20

The number, the surface and the volume mean sizes can be calculated:

4 1% L A @L%A,%eéég% L A @a‘Léﬁ—'Aand %ML% L A L E-AQ21)
Given the shape of the curves (timmfiections of the scattered signalje chose to model the distribution
of cobalt by two log-normal distributions:
AM & AF A g A
NGNB dB:'s: F JB'si¥ F 486 F 3B 61t

0z T 6 .6 Oz T 6 .6
HHg = k408K (KMEOA@AE— "+ 2k408kd (kM 4oA@ A
4 4
(22)

With

Co- 5

TD L ‘Ui "0a A_A (23)
<V> is the mean volume such as :

BALZ H e iH;72:4;@44H e HEZH & H ABIE-A (24)

Supposing that the first particle pudation corresponds to dense, crifsta and isolated particles and

that the second one is attributed to aggregadesally dense, the preaus equation becomes:

Cx

MM &G'AF A kMBA'L 5, H SH— H QK yayd
Ya &
HB—| 25k 40 8k 40 Ck M 4@ ES: H—| 2%k 408k 40CkMga@ € (25)

With w; and w the cobalt weight percent of the fiesnd second populatiaf particles, and

A0 3 a1 . . 1 6
¢ G.ak'vdy'o LlyaBiae'v F B :° HANF kdBiakvo FaBo HN (26)

This model allows estimating the size distribution of the particlgs &), the size distbution of the
aggregates @' k) and the paramete?"s—?” which depends on the ratletween the cobalt content

included in the first and in the second popolatibut also on the porogiof the aggregates.
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An example of fit is shown on Figure 2 for thedexsample. The first part of the curve (from* 1™ to
1.4 10° A™Y is essentially due to the contribution of first population of smalsize particles whereas
the second part ahe curve (from 1.4 10A™ to 1.2 16 A™) is due to the coribution of the second

population of larger obgs called aggregates.

Figure 2. Fit of the experimental ASAXS data of the oxide sample.

3 Results

3.1 Particle scale

Cobalt particle size distribution was measured bik-fi@ld transmission elémn microscopy and also
obtained by ASAXS.

Figure 3a presents a representaimage of dark-field TEM of cobaltanoparticles supported on silica-
alumina. Figure 3b presents the sizgtribution in both oxidg€blue) and reduced (green) catalysts. Both
size distributions present the same gergrape, and few differences are observed.

Besides, the volume size distribution)(Bf the particles obtained by ASAXSr both catalysts thanks to

the fit of the experimentalata are plotted on Figure Bhe two size distributionare slightly different as
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revealed by the p and parameters of the lognormal-law (3.28120.56 for the oxideample versus 3.56

and 0.44 for the reduced sample) however the differences are faint.

In order to compare TEM, ASAXS measurememd XRD mean size, all reks are expressed by the
volume mean particle radius. ASAXS, TEM and XRlata on oxide samples are totally consistent,
considering uncertainties of bothchmiques. It is noteworthy that very good agreement is obtained
between ASAXS and TEM results for the oxide sangoletrary to the case of the reduced sample. This
can be accounted for by the 47% reducrate, measured by XANES. Indedeks than half of the cobalt

is reduced and thus in the metallic Co° phase. Mage it is known that themall particles are less
reducible than the big ones. Due to its principle,dark-field TEM allows olerving and counting solely
Co° particles, whereas the ASAXS technique characterizes all the cobalt either oxide or metallic. Thi:
could explain the mean size differences obtainéti oth techniques, analso the higher mean size
particle measured on the reduced sample by TEM compared to the oxide catalyst.

These ASAXS analyses tend to show a decreaseendsiring reduction, which aggs with the fact that
the reduced Coparticles are smaller than the oxide;Opparticles due to the ystallographic structure
contraction of around 0.8. However it is difficult to chuae on the effect of theeduction ofthe particle
size as it seems to be very tight and hidden by the Bisgribution of the particle size and the significant

heterogeneity of the samples.

a) b)

Figure 3 : a) Dark-field TEM image of oxide Co/dica-alumina. B) Particles size distribution
expressed by number frequency: in oxide catalyst (blue) and reduced catalyst (red)
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Table 2: Cobalt particle sizes measured by different techniques

Oxide catalyst Reduced catalyst
DF TEM — volume mean size (nm) 16.1r2.4 18.0r 2.7
ASAXS - volume mean size (nm) 16.2 14.5
XRD - volume mean size (nm) 16.6r2.0 /

Figure 4 : Volume size distribution (Pv) obtaired for the oxide and the reduced catalysts by
ASAXS.

3.2 Cobalt aggregates characterization bHAADF-STEM and electron tomography

Cobalt aggregates in the catalysts grains were olisatvaifferent scales. First of all, SEM observations
on several grains of the oxide catalyst were perfdrare have showed a strong heterogeneity in the Co
aggregates repartition inside grain and from on grain to anotheFurthermore, the scale of
characterization was too large to precisely thee.sThus, HAADF-STEM observations were carried out
on ultramicrotomy cuts. Representative images for the oxide and reduced catalysts are presented
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Figure 5. They have revealed tlagjgregates repartition and even siae strongly vary from a grain to
another. Nevertheless, measurements were perfoomedore than 200 aggregates in each catalyst and
their size distribution is presented Figure 6. The mean size in oxicialyst corresponds 52 nm and

to 54 nm in reduced one.

ASAXS analysis has also allowed @abtain the number size distributionyjPof the aggregates for both
catalysts thanks to the fit of the experimental ds¢& Figure 7). The maximum of the distribution in the
reduced sample is slightly shifted to smaller glz&n in the oxide one. Bhmean number size of the
oxide catalyst is 85 nm versus 49 nm for the reduweed However the standard deviation is quite high,
meaning that