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Abstract: The influence of cobalt particle size in the range of 2.6—27 nm on the performance in Fischer—
Tropsch synthesis has been investigated for the first time using well-defined catalysts based on an inert
carbon nanofibers support material. X-ray absorption spectroscopy revealed that cobalt was metallic, even
for small particle sizes, after the in situ reduction treatment, which is a prerequisite for catalytic operation
and is difficult to achieve using traditional oxidic supports. The turnover frequency (TOF) for CO
hydrogenation was independent of cobalt particle size for catalysts with sizes larger than 6 nm (1 bar) or
8 nm (35 bar), while both the selectivity and the activity changed for catalysts with smaller particles. At 35
bar, the TOF decreased from 23 x 1073 to 1.4 x 1073 s71, while the Cs. selectivity decreased from 85 to
51 wt % when the cobalt particle size was reduced from 16 to 2.6 nm. This demonstrates that the minimal
required cobalt particle size for Fischer—Tropsch catalysis is larger (6—8 nm) than can be explained by
classical structure sensitivity. Other explanations raised in the literature, such as formation of CoO or Co
carbide species on small particles during catalytic testing, were not substantiated by experimental evidence
from X-ray absorption spectroscopy. Interestingly, we found with EXAFS a decrease of the cobalt
coordination number under reaction conditions, which points to reconstruction of the cobalt particles. It is
argued that the cobalt particle size effects can be attributed to nonclassical structure sensitivity in combination
with CO-induced surface reconstruction. The profound influences of particle size may be important for the
design of new Fischer—Tropsch catalysts.

Introduction dispersion by decreasing the average patrticle size. Bartholbmew
and Yermako%1°pioneered this field in 1985, and later Iglesia

i ; . and co-workers reported a large increase of activity when the
catalytically converted into hydrocarbons via surface polymer- - particle size was decreased from 200 to G They

ization. Using this process, clean transportation fuels can begp,qeq that the surface-specific activity, often referred to as
produced frqm non-crude-0|! feedstqcks, and therefore, the FT tymover frequency (TOF), was not influenced by the cobalt
process receives much attention both in academia and indutry. particle size as such. However, going to even smaller cobalt

Supported cobalt is well-known for its catalytic activity and  panicle sizes, the results reported in the literature are more

selectivity in the FT reaction; however, improvements in activity scattered. Several research groups have reported that the TOF
can be envisaged as commercial FT catalysts have cobalt partidesuddenly decreased for catalysts with cobalt particle sizes
sizes around 20 nrhin the quest for the development of more smaller than 10 nrf-1014-22 Other research groups did not
active catalysts, a rational strategy is to enhance the cobalt

In the FischerTropsch (FT) reaction, CO and ;Hare

(8) Reuel, R. C.; Bartholomew, C. H. Catal. 1984 85, 78—88.
(9) Lisitsyn, A. S.; Golovin, A. V.; Kuznetsov, V. L.; Yermakov, Y. C1

| Utrecht University. Mol. Chem.1984 1, 115-135.
Shell Global Solutions. (10) Lisitsyn, A. S.; Golovin, A. V.; Kuznetsov, V. L.; Yermakov, Y.J. Catal.
§ Delft University of Technology. 1985 95, 527-538.
(1) Colley, S. E.; Copperthwaite, R. G.; Hutchings, G. J.; Terblanche, S. P.; (11) Iglesia, E.; Soled, S. L.; Fiato, R. A. Catal. 1992 137, 212-224.
Thackeray, M. M.Nature 1989 339, 129-130. (12) Iglesia, E.; Soled, S. L.; Fiato, R. A.; Via, G. Btud. Surf. Sci. Catal.
(2) Schulz, H.Appl. Catal. A1999 186, 3—12. 1994 81, 433.
(3) Jenkins, S. J.; King, D. AJ. Am. Chem. So00Q 122, 10610-10614. (13) Iglesia, EAppl. Catal. A1997 161, 59—78.
(4) Dry, M. E. Catal. Today2002 71, 227—241. (14) Bezemer, G. |.; van Laak, A.; van Dillen, A. J.; de Jong, KSRid. Surf.
(5) Turner, M. L.; Marsih, N.; Mann, B. E.; Quyoum, R.; Long, H. C.; Maitlis, Sci. Catal.2004 147, 259—-264.
P. M.J. Am. Chem. So2002 124, 10456-10472. (15) Martinez, A.; Lopez, C.; Marquez, F.; Diaz,Jl. Catal.2003 220, 486—
(6) Liu, Z. P.; Hu, P.J. Am. Chem. So2002 124, 11568-11569. 499,
(7) Oukaci, R.; Singleton, A. H.; Goodwin, J. @ppl. Catal. A1999 186, (16) Barbier, A.; Tuel, A.; Arcon, |.; Kodre, A.; Martin, G. Al. Catal.2001,
129-144. 200 106—-116.
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observe this so-called cobalt particle size effect, while measuring described by Toebe$.Treatments of these “as synthesized” CNF for
catalysts with similar size$:-13.23-27 This controversy points 2 hin 1 M KOH and in concentrated HNOesulted in purified and
to the need of a systematic study on the influence of size on Surface-oxidized CNF

FT performance, in particular, in the range below 10 nm using Catalyst Preparation. Different preparation methods, such as
well-defined catalysts. incipient wetness impregnation (IWI), ion adsorption (IA), and

The chemical background of the possible cobalt particle size °M°geneous deposition precipitation (HDP), were used in order to
obtain a broad range of particle sizes with a relatively narrow particle-

effects has remained largely unclear. Most authors assume the

| ducibility of Il cobalt oxide cl b iol Size distribution. lon adsorption and incipient wetness impregnation
ower reducibility of small cobalt oxide clusters to be responsible e ysed for the synthesis of highly dispersed catalysts at low loading,

for the lower activity, but also carbide formation and structure \yhile HDP and impregnation were used for the preparation of highly
sensitivity have been suggested as causes for the cobalt particléyaded catalysts with intermediate dispersion.

size eﬁect§:25'28_30 Itis I|ke|y that indeed in most of the studies Two Samp|es with 9 and 11 wt % cobalt were prepared by
the lower activities of catalysts with small particles were caused homogeneous deposition precipitation (H3®) a double-wall vessel,

by lower reducibility as oxidic support materials were mainly 0.41 g of Co(C@)-0.1H,0 was dissolved in 12.5 g of 25 wt % ammonia
used. With oxidic supports, irreducible mixed oxides, such as to which 35.4 g of demineralized water and 2.55 g of ¢88GOs (pH
cobalt aluminate or cobalt silicate, can be formed during ~10.9) were added. After filtration, 2.0 g of support was suspended in

preparation and testing, especially when using highly dispersedthe solution, and nitrogen flushing (200 mmhin™) was started,
catalysts%-32 However, this implies that the support material meanwhile the temperature was raised from room temperature to 90

may have masked the cobalt particle size effects. This suggestsc' After 18 h, the mixture was cooled to room temperature £pH)

that h d intrinsi balt ticle si ffects i and subsequently filtered. The solid was washed three times with
at research focused on Intrinsic cobalt particle Siz€ eNectS IS yo e raiized water and dried at 120 in air and was coded HDP.

advantag_e_ously performed using an inert support material, suchrnq other sample (HDP11) was preparedtft g of CNFsuspended
as graphitic carbon. in 220 mL of demineralized water to which 4.35 g of Co(j6H.0
To study the intrinsic cobalt particle size effects on an inert was added. The temperature was increased tC9@fter which 2.70

support material, we made use of graphitic carbon nanofibers g of urea in 30 mL was added. After 18 h, the reaction was complete,

(CNF), a pure and structured material with a large pore volume and the sample was collected as described above for HDP9.

and surface are#:3* Recently, we showed the promising Nine samples were prepared by incipient wetness impregnation (IWI)

performance of Co/CNF catalysts for the FT reacfibffHere for which we first determined the total pore volume of the CNF by

we present a comprehensive study of the preparation and Fradding deminera_\lized water to degass_ed CNF with a syringe until the

performance of a series of catalysts with cobalt particle sizes SuPPort had a sticky appearance. Typicaliyg of degassed CNF was

varying from 2.6 to 27 nm. Characterization was done with |mpregnated with 2.34 mL pf agueous solution containing _elther cobalt

TEM, TPR, H chemisorption, XPS, X-ray absorption spec- nitrate or cobalt acetate. Five catalysts were pr_epared using ethangl as
ST solvent and Co(N€)»*6H,O as precursor. Special care was taken in

troscopy (XAS), and XRF. Catalytic performances for FT were

e o7 T the latter case to prevent boiling of the added solution by working at
measured at 1 and 35 bar in fixed bed reactors, while in situ 55 npar and 53¢, while for aqueous impregnations 7 mbar and@5s

XAS was done at the former pressure. were used. Samples prepared by incipient wetness impregnation were
coded with three letters indicating method, solvent, and precursor
followed by the cobalt loading, for example, IENS referrimga 5 wt
Support Material. Carbon nanofibers of the fishbone-type with a % catalyst prepared by impregnation with cobalt nitrate dissolved in
diameter of about 30 nm were grown from synthesis gas (CO apd H ethanol. A survey of all the catalysts with their designations and cobalt
using a 5 wt %Ni/SiO, growth catalyst. The preparation of the growth  loadings is given in Table 1 in the Results and Discussion section.
catalyst and the experimental growth conditions were previously  One sample was prepared using an ion-adsorption method. The cobalt
solution was prepared by dissolving 0.32 g of CeCGd 2.46 g of

Experimental Section

(17) Fu, L.; Bartholomew, C. HJ. Catal. 1985 92, 376-387. (NH,4),CO; in 250 mL of a diluted aqueous ammonia solution (pH
(18) Lee, J. H.; Lee, D. K.; Ihm, S. Kl. Catal.1988 113 544-548. 11.2). In this dark-red solutiors f CNF ded and stirred
(19) Ho, S. W.; Houalla, M.: Hercules, D. M. Phys. Cherml990 94, 6396- -2). In this dark-red solutior8 g of CNF wassuspended and stirre
6399. for 24 h at room temperature. After filtration, the sample encoded I0C1
(20) Saib, A. M.; Claeys, M.; van Steen, Eatal. Today2002 71, 395-402. was obtained
(21) Soled, S. L.; Iglesia, E.; Fiato, R. A.; Baumgartner, J. E.; Vroman, H.; : ) . o
Miseo, S.Top. Catal.2003 26, 101-109. All catalyst precursors were dried overnight in air at 220 Catalysts

(22) iﬁﬁ?béagf 'ngbg- 53'525‘83”,%1' Q. Li, J. L.; Racoillet, G.; Davis, B. H. \yere obtained aftea 2 hreduction treatment at 350C using 10%

(23) Fernandez-Morales, I.; Guerrero-Ruiz, A.; Lopez-Garzon, F. J.; Rodriguez- H2/N2. This reduction temperature was selected from TPR experiments

24 IEalr(ncg, IIVI gtoijengcfassm!ab Oﬁpggoiai%lggi 124{3 8159—172- (data not shown), where reduction onsets of cobalt(ll) oxide were

ok, C. M. Stud. Surf. Sci. Catal g . .

(25) Johnson, B. G.; Bartholomew, C. H.; Goodman, D. WCatal. 1991, appa_ren_t around 30%. Reduction of the catglysts Was followed by a
128 231-247. passivation treatment at room temperature using a diluted (0.1%) oxygen

(26) Moreno-Castilla, C.; Carrasco-Marin, ¥. Chem. Soc., Faraday Trans. flow
1995 91, 3519-3524. '

(27) Khodakov, A. Y.; Griboval-Constant, A.; Bechara, R.; Zholobenko, V. L. Catalyst Characterization. X-ray fluorescence experiments to

(28) Jée%"’r‘lti‘;‘]'égog_zfoc(ﬁ_ %%%i‘\‘/)lme M. C.: De Groot, C. P 9urf. S6i 1991 determine the cobalt loading on the support were carried out on a Goffin
241, 315-324. ' ' ’ Meyvis spectro X-lab 2000.

(29) E‘?hﬁnlke, D-:AHIizlmen, A#M-I;SlBgégeg(?‘g&Eg‘;‘;”' K. Rytter, E.; Adnanes, N, physisorption measurements were performed using a Micromer-

(30) Li, J_?_ngéob'syng%as??r.; ZhgnggY, Q. DavisAppl. Catal. A2002 itics Tristar Surface Area and Porosity analyzer with samples previously
236, 67—76. outgassed at 393 K.

(31) van Berge, P. J.; van de Loosdrecht, J.; Barradas, S.; van der Kraan, A. M.
Catal. Today200Q 58, 321—-334.
(32) Jacobs, G.; Patterson, P. M.; Zhang, Y. Q.; Das, T.; Li, J. L.; Davis, B. H. (36) Toebes, M. L.; Bitter, J. H.; van Dillen, A. J.; de Jong, KQtal. Today

Appl. Catal. A2002 233 215-226. 2002 76, 33—42.
(33) de Jong, K. P.; Geus, J. Watal. Re.-Sci. Eng.200Q 42, 481-510. (37) Toebes, M. L.; van Heeswijk, J. M. P.; Bitter, J. H.; van Dillen, A. J.; de
(34) Serp, P.; Corrias, M.; Kalck, Rppl. Catal. A2003 253 337—358. Jong, K. P.Carbon2004 42, 307-315.
(35) Bezemer, G. L.; Falke, U.; van Dillen, A. J.; de Jong, KCRem. Commun. (38) Bezemer, G. L.; Radstake, P. B.; Koot, V.; van Dillen, A. J.; Geus, J. W.;
2005 701-703. de Jong, K. PJ. Catal.2006 237, 291-302.
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Reduced and passivated samples were examined with transmission
electron microscopy (TEM) in an FEI Tecnail2 operated at 120 kV or
in an FEI Tecnai20F operated at 200 kV. Samples were crushed and
suspended in ethanol under ultrasonic vibration. A drop of this
suspension was brought onto a holey carbon film on a copper grid.
Metal particle sizes from TEM reported in Table 1 are surface-area
averaged values~200 particles) that have been corrected for the
presence of a-3 nm CoO layer on the passivated Co particles.

The XPS data for passivated samples were obtained with a Vacuum
Generators XPS system using Abiadiation. Shirley backgrounds
were subtracted from the raw data to obtain the areas of thard
the Cop peaks. The & peak at 284.2 eV was used to correct for
charging effects (max 0.2 eV). The inelastic mean free path of
photoelectrons generated inside cobalt oxide is only 1.4 nm, so the
intensity ratiolcd/lc (in combination with the specific surface area of
the support) can be used to calculate the metal oxide dispersion.
Calculations to determine the cobalt dispersion of the catalysts were
based on the papers by Kuipers e¥®d#Passuming hemispherical cobalt
oxide particles. In a previous paper, we showed that cobalt present in
the inner tubes of the CN<(15%) does not contribute to the Co signal,
so we corrected for either the pore volume or the surface area of the :
inner tubeg? Particle sizes from XPS reported in Table 1 have also Figure 1. TEM image of HDP9 showing particles with sizes of around 14
been corrected for the contraction of CoO to Co that occurs upon MM distributed over the fibers.

reduction to enable comparison with values obtained wiffehemi- of the Co/CNF catalysts was performed by multiple shell fitting of the

sorption. d ; Co . . . )
ata applyingk! andk® weighting using the difference file technique
Hydrogen chemisorption measurements were carried out using a. pplyingc gniing g q

Mi itics ASAP 2010C. Bef h L th o R space (1.82.6 A) with the XDAP codg344
icromeritics - belore each measurement, he sample Catalytic Testing. Catalysts were tested at atmospheric pressure and

was dried in vacuum at 12T overnight. Samples were subsequently at 35 bar. The measurements at 1 bar were carried out £228ing

heated in flowing H with a heating rate of 3C/min to the reduction CO/H, (1/2 vIv) after a reduction treatment at 350 for 2 h in H

tﬁmperau:re of 356C. A redu:j:non rt:me 62 hwas USfEd‘;gter_Wh'Cr? H flow. Typically, 50 mg of catalyst particles (0-8..0 mm) was diluted
the samples were evacuated at that temperature for min. The with 200 mg of SiC particles (0.2 mm) to achieve isothermal plug-

adsorption isotherms were measured at 160 The H/Co ratios at flow conditions. Gas chromatography (GC) was used for online product

ZEr0 pressure were fouqd bY extrapolation of the_llnear_ part of the analysis (G—Cyg) and to establish weight selectivities toward methane
isotherm. Particle size estimations are based on hemispherical geometry(cl) and toward products with chain length of 5 and higheg jC

afsslumipg ctcr)]mf‘ulete ﬁijdgcginai;)? ar_lﬂl]-lijﬁbdsforp:ir? n stgicl?iomtgtlry Catalysts were measured atmospherically at a CO conversion of 2%,
ot 1, using the formulal = o.. » Wi €ing the cobalt particle which was achieved by tailoring the space velocity. For the high-

diameter (nm)W the weight percentage of cobalt, akdhe total H pressure measurements, 0.25 g of catalyst-Z8® um) was diluted

uptake in micromoles per gram of catalySt. with 0.5-0.7 g of SiC. Catalytic data were obtained at 210 and 250
X-ray absorption spectroscopy (XAS) data were measured for the °C and a pressure of 35 bar using a flow of C@M4 (33/66/6). The

cobalt K'Edge in transmission at l?’eam line I_E4 of '__'ASYL_AB space velocity was adjusted to maximize CO conversions-a86&o.
synchrotron in Hamburg. The beam line was equipped with a Si(111) go, o jine and off-line product analyses were performed with GC.

dou?'e cry§ta| m.onochrom.ator. which was Qetuned to 60%, of the Reported catalytic data are obtained after at least 3 days of operation.
maximum intensity to avoid higher harmonics. A cobalt foil was

simultaneously measured as a reference with a third ionization chamber.Results and Discussion

Samples were reduced in situ in/N, (2/1 v/v) in a dedicated cell R .
and cooled to liquid nitrogen temperature to measure the EXAFS. Characterization of the Support. The CNF were fishbone-

Subsequently, the temperature was slowly raised to°Z20and the type with the graphene sheets oriented in an angle to the main

gases were switched to CQ/H/2 v/v) while measuring XANES. After a_xis of the fiber®® The fibel_’s F’OSS@SS@(_j an average external
1 h of FT reaction, the gas was changed to He and cooled to liquid diameter of 30 nm and an inner core with a diameter of 7 nm

nitrogen to record the EXAFS spectra. (cf. Figure 1). From nitrogen physisorption, a total BET surface
Spectra of cobalt foil, CoO, and @a, were measured as references. area of 161 rflg was found. The samples did not contain
Extraction of the EXAFS data from the measured absorption spectra micropores, and the total mesopore volume was 0.68 g/mL. A
was performed with the XDAP code using standard procedures, pore volume of 0.78 g/mL was found when demineralized water
averaging over three scaf¥s'* Normalization was done at 50 eV after  \ya5 added to the support until they had a sticky appearance.
the absorption edge using cubic spline routines for the background The microscopic fibers were interwoven and had grown into
subtraction. Data for phase shifts and backscattering amplitudes for . . - . -
Co—Co and Ce-O were obtained from FEFF8 calculations and macroscopic partlcle§ with an averag'e size of 2 mm. The density
calibrated by the experimental data of Co foil and CoO. Data analysis of a packed b_Ed of Fhls support material amqunted t00.47 g/mL.
Cobalt Particle Size.The cobalt metal loadings (XRF) varied
(39) Kuipers, H. P. C. ESolid State lon1985 16, 15-21. from 0.77 to 22.0 wt % in the final catalysts. For the
(40) Kuipers, H. P. C. E.; Van Leuven, H. C. E.; Visser, W. $4rf. Interface impregnated catalysts, the loading measured with XRF was very

Anal. 1986 8, 235-242. .
(41) Winter, F.; Bezemer, G. L.; van der Spek, C.; Meeldijk, J. D.; van Dillen, close to the value calculated from the cobalt intake. Four

A. J.; Geus, J. W.; de Jong, K. Barbon2005 43, 327-332. H H ; H
(42) Reuel, R. C.. Bartholomew, C. H. Catal, 1984 85, 6377 techniques were used to determine t.he'C(.)ba.It particle sizes of
(43) Vaarkamp, M.; Linders, J. C.; Koningsberger, D.RBysica B1995 209, the catalysts because all have their limitations. The cobalt
159-160. particle sizes calculated from the hydrogen chemisorption varied

(44) Koningsberger, D. C.; Mojet, B. L.; van Dorssen, G. E.; Ramaker, D. E. . N X
Top. Catal.200Q 10, 143-155. from 4.3 to 25 nm (Table 1). In addition to chemisorption, we
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Table 1. Sample Codes, Preparation Methods, Cobalt Loadings, and Metallic Cobalt Particle Sizes as Determined by H, Chemisorption,
XPS, and TEM of the Various CNF-Supported Catalysts after Reduction at 350 °C

sample method, solvent precursor Co (wt %) H,ads.? ColC (at/at)® H, (nm) XPS (nm) TEM (nm)
HDP11 HDP nitrate 11 36 0.010 25 27 ~30
HDP9 HDP carbonate 9.0 53 0.021 12.5 12.8 14
IWN22 IWI, water nitrate 22 111 0.047 16 16

IWN13 IWI, water nitrate 13 124 0.031 8.5 8.5 75
IWN10 IWI, water nitrate 9.9 82 0.022 9.8 10

IEN8 IWI, ethanol nitrate 7.5 89 0.023 6.9 59

IEN5S IWI, ethanol nitrate 5.4 91 0.017 4.9 5.3

IEN4 IWI, ethanol nitrate 3.7 69 0.013 4.4 4.7 3.6
IEN1 IWI, ethanol nitrate 1.1 20 0.0036 4.3 4.5

IWA4 IWI, water acetate 4.2 54 0.015 6.1 4.1 3.7
IWA1 IWI, water acetate 1.0 2.5 0.0073 31 2.6 2.5
I0C1 IA, water carbonate 0.8 13 0.0034 55 3.0

aH, ads. inumoly, geai *. P Co/C (at/at) obtained from XPS.

reoxidation during the passivation treatment. In Figure 3, cobalt
particles with uniform diameters are visible for IEN4 both at
medium and at high resolution. Very small particles are found
in IWA1 (Figure 4) with limited contrast in the TEM because
the particles had been reoxidized completely.

Also from the EXAFS data of the in situ reduced IWA1 and
IEN4 (Table 2), we could obtain cobalt particle sizes. The
obtained Ce-Co coordination numbers were 9.5 (IWA1) and
10.1 (IEN4) that correspond with particle sizes of 1.7 and 2.7
nm, respectively® The error in the coordination number found
with EXAFS is estimated to be around 10%For our catalysts,
with rather high coordination numbers, this results in a particle
size range from 1.2 to 3 nm for IWA1 and from 1.4 to 5 nm
for IEN4.

For catalysts with moderate to large XPS particle sizes{4.5
27 nm), a close agreement with the results of hydrogen
chemisorption was obtained, which was further supported by
TEM (Table 1). For the catalysts with sizes smaller than 4.5
nm, a discrepancy with the results obtained with hydrogen
Figure 2. HR-TEM image of reduced and passivated IEN8 showing the chemisorption was .fou.nd (e..g., IWAE 2.6 vs 31 nm). Since
graphite lattice (0.34 nm) and lattice planes of CoO (0.21 nm). the TEM results coincide with the XPS, the latter values can

be used for all catalysts. Hydrogen chemisorption uptake
used quantitative XPS to measure the cobalt dispersion. Thedepends on temperatutéand the low uptake for samples with
Co/C atomic ratios varied from 0.0034 to 0.047, from which small cobalt particles might indicate that they require a different
cobalt particle sizes varying from 2.6 to 27 nm were obtained temperature. The particle sizes found with EXAFS for IWA1
(Table 1). Catalysts prepared by HDP possessed the largesand IEN4 display considerable uncertainty but are in agreement
cobalt particle sizes, followed by samples obtained with with sizes from XPS. In the remaining of this paper, particle
impregnation. Cobalt size for impregnated catalysts decreasedsizes reported have been based on XPS unless stated otherwise.
with cobalt weight loading and was even lower when ethanol ~ Chemical State of Cobalt Prior to Catalytic Testing. The
was used as solvent, as in this case better wetting with the CNFFischer-Tropsch reaction proceeds only on metallic cobalt,
surface was achieved. Very small cobalt particles of around 3 however, incomplete reduction is often the case especially with
nm were obtained with cobalt acetate as precursor, which is asmall cobalt precursor particlé$.Therefore, we studied the
chelating ligand that often favors disperstorand with ion oxidation state of cobalt of two highly dispersed catalysts with
adsorption. XAS. In Figure 5, the XANES spectra of IWA1 and IEN4

With TEM, we found that the particle-size distributions in Measured after in situ reduction are plotted together with the
the catalysts were rather narrow with standard deviations of atSPectra of CoO and Co foil. The reference compounds are
most 20% of the average size. In Figures4] representative ~ Markedly different from each other with a far more intense white
TEM images are shown for HDP9, IENS, IEN4, and IWAL1 after line for CoO as compared to Co. The XANES spectra of IEN4
reduction and passivation. In Figure 1, rather long fibers are @nd IWAL (sizes= 4.7 and 2.6 nm) closely resembled the cobalt
visible that have been decorated with cobalt particles. In the foil, with only a small difference in the 77257735 eV region.
HR-TEM image of IENS, depicted in Figure 2, apart from the The foil showed here two peaks that were well-resolved with a
graphlte Iayers with a lattice distance of 0.34 nm, the smaller (46) Arcon, |.; Tuel, A.; Kodre, A.; Martin, G.; Barbier, A. Synchrotron Radiat.

lattice distance of CoO (0.21 nm) is discernible, pointing toward 2001, 8, 575-577.

(47) de Graaf, J.; van Dillen, A. J.; de Jong, K. P.; Koningsberger, D1.C.
Catal. 2001, 203 307-321.

(45) van Dillen, A. J.; Terorde, R.; Lensveld, D. J.; Geus, J. W.; de Jong, K. P. (48) Sun, S.; Fujimoto, K.; Yoneyama, Y.; Tsubaki, Ruel 2002 81, 1583~
J. Catal.2003 216, 257-264. 1591.

J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006 3959



ARTICLES Bezemer et al.

o 20m

Figure 3. TEM images of reduced and passivated IEN4 showing spherical cobalt oxide particles distributed over the support at (A) medium resolution and
(B) high resolution; particles of4 nm indicated by arrows.

254
CoO

;2-0 1 Co foil
= IEN4 FT
1.5 IEN4 Red
£ IWA1 FT
< IWA1 Red
£1.04
£

05

0.0 . v . v .

7700 7720 7740 7760 7780 7800

eV

Figure 5. Normalized XANES spectra after in situ reduction (“Red”) and
after in situ FT (“FT") synthesis for IEN 4 and IWAL1 plotted together with
spectra of CoO and Co foil.

of CoO and Co foil. By the same token, we can exclude the
presence of similar amounts of Co the catalyst§°

“ The EXAFS results in Table 2 show a €60 bond distance
Figure 4. TEM image of IWA1 showing the presence of small cobalt oxide of 2.48 A, which is slightly lower than the bulk distance of

particles distributed over the support. 2.49 A we measured for the cobalt foil. From the Fourier
Table 2. Fit Parameters of the First Co—Co Shell of IEN4 and transform magnitudes of cobalt foil and IEN4 (Figure 6), it can
IWA1 after in situ Retjlllction (Red) and aftaer 1 hin situ Catalysis be seen that IEN4 has a lower intensity at the firstCo shell
(FD) (Ak=33-12 A%, AR=18-26 A) at 2.5 A. For all analyses, the quality of the fit is quantified by
k¢ Variance the variances. The variance of the fit of the absolute part and
catalyst N RA  AcR)  AREv) Im. Abs.  size (nm)? the imaginary part is below 1 and 1.5%, respectively. Using
IENARed 10.1 248 9.%10% -0.78 0.0042 0.0150 2.7 (1-%) the difference file technique, no €® or Co—C contributions
IENAFT 95 248 1310° 092 0.0048 0.0120 were found in the data, showing that, within the experimental

IWALRed 9.5 2.48 7.%10% —1.00 0.0025 0.0051 1.7 (:38)

IWALFT 88 248 8.8«<10% -1.01 0.0077 0.0125 error of 10%, the samples were metallic.

Chemical State of Cobalt During and After Catalytic
aThe cobalt particle size and size range have been derivedNramd Testing. The cobalt oxidation state of the catalysts IEN4 and
N+ AN, respectively. IWA1 was measured with XANES under reaction conditions
at H/CO = 2/2 vlv, 1 bar, 220C. With this technique, we did
not detect any changes during the first hour of operation (data

. . -~ not shown). Spectra with better quality were obtained measuring
can be reIateq tq different crystal struc_:tqres in catalysts and foil. at liquid nitrogen temperature. These spectra before and after
Th? cobalt foil displays the characteristics of the hgp structure, catalytic testing are shown in Figure 5 and also do not exhibit

while the pattern of the catalysts can be explained by the
presence of a mixture of fcc (stable only for small particles) (49) zhang, G. L.; Wu, Z. Y.; Li, A. G.; Wang, Y. S.; Zhang, J.; Abbas, M. |.;
and hcp or bee cobatf4lf these catalysts contain some CoO, Hu, R.; Ni, X. B.; Tong, Y. P.; Hwu, Y. KPhys. Re. B 2004 69.

N . . . i ; (50) Touzain, P.; Nguessan, G. K.; Bonnin, D.; Kaiser, P.; ChouteaSy@h.
it was estimated to be less than 3% using linear combinations Met. 1996 79, 241-251.

higher intensity for the second one, while for the catalysts, these
peaks were flattened and had similar heights. This difference
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Figure 6. Fourier transform magnitude of the phase-corrected EXAFS data Figure 7. The influence of cobalt particle size on activity normalized to
of the cobalt foil (black), IEN4 after reduction (gray), and IEN4 after 1 h the cobalt loading (220C, H,/CO = 2, 1 bar).

of catalytic testing (dashed).
100 1

Table 3. Catalytic Properties Measured at 220 °C, H,/CO = 2, 1
bar2
activity C, Csy P/Og —
sample (CTY)? HTOF® XTOF¢ (wt %) (wt %) (mol/mol) :m
HDP11 0.64 9.6 10.6 42 23 13 310 e ° L2
HDP9 1.27 10.5 9.7 22 50 2.0 W
IWN22 1.21 12.0 11.5 41 24 13 e
IWN13 2.17 11.4 11.3 39 28 11
IWN10 1.74 10.5 10.7 40 28 11 i
IEN8 3.51 14.9 12.2 40 30 13
IEN5 2.51 7.5 8.0 41 30 21 1 v r v r v )
IEN4 2.19 5.9 6.6 49 25 27 0 5 10 15 20 25 30
IEN1 0.96 2.5 2.7 51 20 51 Cobalt particle size (nm)
IWA4 1.46 54 3.8 47 24 55 Figure 8. The influence of cobalt particle size on the TOF (220 Hy/
IWA1 0.80 1.3 53 18 40 CO= 2, 1 bar)
10C1 0.79 2.3 15 52 ' '

aCTY = 105 moleorges s L. PHTOF = 10-3 s based on dispersion % 107° Molcorgeo +s72 for IWAL. The surface-specific activi-

H chemisorption® XTOF = 1073 s™* based on dispersion from XPS. ties (TOF) were calculated using both the dispersion obtained
) ) from H, chemisorption (HTOF) and that from XPS (XTOF)

a change. However, the Fourier transform of Keveighted and are given in Table 3. The TOF data based on the XPS
spectra (Figure 6) did change considerably as the intensity of gispersion have been plotted in Figure 8 from which it becomes
the peaks decreased significantly, indicating the decrease of.jear that the TOF is rather constant with a value of around
coordination number of the cobalt atoms. The EXAFS analysis 192 <1 for cobalt particles ranging from 6 to 27 nm. For
revealed that the coordination number of the first @ shell smaller particle sizes, the TOF steeply decreases to a value close
decreased with 67% after the FT synthesis and the Debye {5 10-3 51 for IWAL.
Waller factor increased, while other parameters were not At 1 bar total pressure, a methane selectivity of around 40
influenced (Table 2_). These _changes indicatt_a a reconstructionWt % and a G selectivity, of around 25 wt % were observed
Of. the _cobalt particles during FT synthesis (see General (Table 3), values that are typical for unpromoted cobalt catalysts
Discussion). . at these conditions. The catalyst HDP9 exhibited a superior

in WAL and IEN4, the iraction of cobalt prese_nt at the_ selectivity compared to that of all the other catalysts, with a
surface can be calculated to be 36 and 21%, respectively, Wh'Chmethane selectivity of only 22 wt % and & Cselectivity of
ir_'nplies that surfac_e qxidation during FT synthesis would give 50 wt %, which are typical for promoted systef§! Catalysts
rise to. a substantial increase of .the peak at 7725 eV and theprepared with this method are currently under investigation to
formation of Co-O contnbu'Flor!s in the EXA'.:S spectra. '.I'he' explain this behavior. In Figure 9, the methane selectivity is
absence of these changes |_nd|c_ates that neither bulk (_)X'datlo lotted as a function of cobalt particle size, excluding HDP9.
nor su_bstantlal surface OX|_dat|on had occurred during FT It is clear that all catalysts with sizes smaller than 5 nm displayed
oper_at|on. The same reasoning holds for the absence Pf co balEorogressively higher methane selectivity. For catalysts with high
carbides® from Wh'.Ch itcan be concluded that also carburization methane selectivities, also lower chain growth probabilities were
of the col?alt particles was not apparept: - found, resulting in an even lower selectivity to heavy weight

Catalytic Performoa nee at 1 bar'. Activity and selectivity hydrocarbons. The formation of methane indicates that dissoci-
were measured at 296 CO conversion (‘?Xcem IWAL anc_i I0C1), ated hydrogen is sufficiently present on the catalyst surface.
and values of th_e catglyst_s are listed in Table 3. In Flgurg £ The higher selectivity to methane might also indicate a lower
the coba_lt-spemflc activity is plotted versus the cobalt particle abundance of sites active for chain growth, resulting in more
S'Z?'.qug from 27 nm (HDP11) to about 6 nm (IFN@’ the carbon species at the surface that become fully hydrogenated
activity increases from 0.64 to 3.54 107> molcorgeo s to methane
This increase in activity correlates well with the higher specific '
cobalt surface areas. For catalysts with cobalt particle sizes(Sl) Morales, F.: de Groot, . M. F.: Gijzeman, O. L. J.: Mens, A Stephan,
smaller than 6 nm, the activity decreases quite rapidly to 0.80 0.; Weckhuysen, B. MJ. Catal. 2005 230, 301—308.
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Figure 9. The influence of cobalt particle size on methane selectivity (220
°C, H/CO = 2, 1 bar).
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g 401 ¢ il 20
‘3 30 - Figure 11. TEM image of spent HDP9 (1 bar, 22, 48 h) indicating
o the absence of sintering.
2 204
% - Table 4. Catalytic Properties Measured at 210 and 250 °C, H,/CO
O 10 * 0 v v = 2, 35 bar
0 * temp % CO activity Css CO,°
’ ’ . y y ’ sample (°C)  conv.  (CTY)?  XTOF®  (wt%) (%) WTYd
0 5 10 15 20 25 30
. . IWN22 210 61 237 226 846 2.7 268
Cobalt particle size (nm) IWNI3 210 66 435 225 817 17 290
Figure 10. The influence of cobalt particle size on hydrogenation (220 IENS8 210 65 3.70 135 76.1 1.8 145
°C, HJ/CO = 2, 1 bar). IENS 250 84 19.2 348 740 49 723
IEN4 210 10 1.19 3.4 ~20 21
Another difference in the catalytic performance of the IEN4 250 67 769 220 609 85 151
catalysts involves the selectivity to olefins and paraffins. In WAL~ 210~ 43 08 14 ~10 5
250 13 5.83 9.4 507 5.1 26

Table 3 and in Figure 10, the relation between cobalt particle
size and the octane/octene ratio is given. The paraffin/olefin  acTY = 105 molcogeg +s72. b XTOF = 1035~ based on dispersion
ratio at G was found to be representative for other carbon from XPS.¢CO, = % of CO conversion? WTY= gcn,"Kgeai *h™".

numbers too. Catalysts with a highsCselectivity, such as  genendent sintering under reaction conditions. Moreover, TEM
HDP9, had a much lower octane/octene ratio than the averagerggy|ts of spent catalysts (cf. Figure 11) do not provide evidence
value of 11 in this study. The general trend valid for all samples o physical encapsulation of cobalt catalysts with either amor-
is that catalysts with cobalt particles smaller than 8 nm show a phous carbon or graphite.

substantial increase of the paraffin over olefin ratio. The shift Catalytic Performance at 35 bar.Five catalysts with particle
toward paraffins might indicate higher hydrogenation activities gj;es ranging from 2.6 to 13 nm were also studied at industrially

as it parallels the higher methane selectivity. However, part of gjevant conditions (35 bar). We aimed for CO conversions of
the higher paraffin over olefin ratio could stem from different 5.5und 60%: however. this was not possible for WAL and
degrees of secondary hydrogenation caused by differences ingng, catalysts with both small cobalt particle sizes and low
space velocity in the catalytic tesfsOther possible causes for  meta| joading. Slight deactivation was found with IWN22, while
differences in secondary hydrogenation, like diffusional limita- nis was absent for the other catalysts. Table 4 lists the
tions?? could be excluded. .. performances obtained at 210 for all five catalysts, and also
Spent catalysts contained SiC (used for catalysts bed dilution), 5t 250°C for IWAL. IEN4. and IENS. The activities at 2T
making analysis with XPS, XRD, and ,Hchemisorption varied from 0.88 to 4.35< 10~ molcorgeo *s™t and were
cumbersome. Therefore, we used transmission electron micros'dependent on cobalt particle size. In Figure 12, the TOF values
copy to get an impression of cobalt dispersion after catalytic 5t 210°C have been plotted versus the cobalt particle size. The
testing. In Figure 11, an image of HDP9 is shown obtained after toF \as constant for the samples with cobalt particle sizes
2 days of catalytic testing at 1 bar and 220. The cobalt  |arger than~8 nm, whereas it started to decrease for catalysts

particles were similarly sized as in the fresh sample (Figure 1), yith smaller sizes. We have added in Figure 12 data from Iglesia
indicating the absence of sintering during catalytic operation. g 4] 13which nicely coincide with our data for larger particles.

Also for other catalysts, we di_d not find larger cob_alt particle_s Exploiting the benefits of an inert support material, we suc-
in the spent catalyst, which indicates that the differences in ceeded to study smaller particles that, however, revealed the
catalytic performance were not induced by a particle-size- or |ower activities. Using these results, we comment on recent

(52) Kapteijn, F. de Deugd, R. M.. Moulijn, J. /Catal. Today2005 105 claims concerning the performance of Col®d _catalysts with
350-356. 3—5 nm cobalt crystallite$* As the author did not report a
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Figure 12. The influence of cobalt particle size on the TOF at 35 bar, 210 of IWN13 (dashed line) and IWN22 (solid line) after operation at 35 bar,
°C in black, data obtained from ref 13 are plotted in gray for comparison. 210°C.

20 these literature data, the differences in cobalt site density can
" account for at most 10% change i Cselectivity, which is
o0 about half of the current observation. The CO conversion level
. may have serious impact on selectivity too, but it was possible
<701 for all but one (IWA1) catalyst to reach similar CO conversions.
E;.. Therefore, we ascribe the large differences in selectivity
& 60 1 m predominantly to the cobalt particle sizes of the catalysts.
General Discussion.In the literature, the change of the
50 B catalyst structure during FT reaction has been mentioned,
resulting in the formation of either cobalt oxides or cobalt
40 I ! I I carbideg3:2528-315457 Small particles seem to be more sus-
0 5 10 15 20 ceptible to oxidation than larger particles, and oxidation during
Cobalt particle size (nm) high-pressure catalytic testing has been reported to occur for
Figure 13. The influence of cobalt particle size on the.Cselectivity catalysts with cobalt sizes smaller than 6 hnRecent ther-
measured at 35 bar; data markers in black atZ1@nd in gray at 256C. modynamic calculations for angp/pn, ratio of 1.5 (75% CO

conversion) have shown that cobalt particles smaller than 4 nm

particle size effect, we expect that his actual cobalt particle sizescan be oxidized during FT operati6hTherefore, we cannot
were larger, say around 8 nm. With this value, the reported exclude that, with the measurements at high pressure, oxidation
activities and results from hydrogen chemisorption can be of cobalt has played a role for the two catalysts with smallest
rationalizeck particle sizes. The catalytic tests at 1 bar and 2% CO conversion

It can be seen by comparison of Figures 8 and 12 that the resulted in p,o/py, ratios (0.03) that did not enable the oxidation
catalytic data at 1 and 35 bar of pressure show the same generabf cobalt. More importantly, during our in situ XAS experiments,
trend, with constant TOF for larger Co particles and size ng formation of CoO was observed for catalysts with small
dependency for smaller crystallites. However, the catalyst with particle sizes.
the optimum particle size at 1 bar (IEN8, 6 nm) showed alower  a|so, the formation of cobalt carbide species is a possible
TOF at 35 bar, which might indicate that the influence of particle §eactivation mechanism. For example, XPS studies after in situ
size on performance is somewhat different at elevated pressureseatalytic testing have shown the presence of carbides on cobalt

The selectivity for CQvaried roughly from 2 to 20% of CO  gjngle crystal€528 However carbide formation with (small)
converted and was larger at low CO conversion, although no ¢opalt crystals was not observed in our in situ XAS measure-
clear relation with particle size was apparent. Whether or not jents.
(surface) oxidation of cobalt plays a role for these relatively g rationalize particle size effects, the influence of surface

high CG, selectivities is not clear. Thes€ se_lectiv_ity (Figure _ structure has been treated by Van Hardeveld and H&Hdging

13) was clearly o(l)ependent on cobalt particle S'Zeo and varied oqels, the authors evaluated the fraction and type of surface

from 76 to 84 wt % at 210C and from 51 to 74 wt % at 250  a4oms formed as a function of crystal size. They conclude that
C with higher selectivities for larger particles. Furthermore, ¢o; metal particles with sizes below about 4 nm differences in

the product distribution of IWN22 (16 nm) was more shifted  gpecific activity can arise because different sites are exposed.

toward the heavy hydrocarbons than IWN133(nm), thatis,  The ghserved cobalt particle size effect in our work was present
a larger chain growth probabilityy, as becomes clear from ¢, catalysts with sizes up te-8 nm and hence cannot be
Figure 14. Note that the differences in selectivity are apparent explained by conventional structure sensitivity.

for cobalt sizes larger than8 nm, where the activity was not
influenced by size (compare Figures 12 and 13). One of the (54) Jacobs, G.; Das, T. K.; Patterson, P. M.; Li, J. L.: Sanchez, L.; Davis, B.

i i i i _ H. Appl. Catal. A2003 247, 335-343.
pOSSIl?Ie eXpIanatlonS Of part of _the_se differences is th_e 4-fold (55) van Steen, E.; Claeys, M.; Dry, M. E.; van de Loosdrecht, J.; Viljoen, E.
variation of the cobalt site density in the catalysts, which has L.; Visagie, J. L.J. Phys. Chem. R005 109, 3575-3577.
been reported to affect thesCselectivity® On the basis of ~ (56) Yueller, 5.; Hofer, L. J. £ Anderson, R. 8.Am. Chem. Sod948 70,
(57) Anderson, R. B.; Hall, W. K.; Krieg, A.; Seligman, B. Am. Chem. Soc.
)

1949 71, 183-188.

(53) Iglesia, E.; Soled, S. L.; Baumgartner, J. E.; Reyes, $op. Catal.1995
2, 17-27. (58) Van Hardeveld, R.; Hartog, Burf. Sci.1969 15, 189-230.
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We ascribe the influence of cobalt particle size on FT cobalt particle sizes varying from 2.6 to 27 nm was prepared.
performance to nonclassical particle size effects in combination The catalytic performance in the Fischd@ropsch reaction was
with the invasive character of C®during catalytic testing.  independent of cobalt particle size for catalysts with sizes larger
Wilson and De Groéf demonstrated by scanning tunneling than 6 nm (1 bar) or 8 nm (35 bar), but both activity and
microscopy the strong impact of synthesis gas on cobalt surfacesselectivity were strongly affected for catalysts with smaller
Exposure of Co(0001) single crystals to synthesis gas at 4 barcopalt particles. At 35 bar, the turnover frequency decreased
caused severe surface reconstruction. Cobalt islands of about 3rom 23 x 103 to 1.4 x 103 571, while the G, selectivity
nm lateral sizeg and with a single-atom height were formed on yaocreased from 85 to 51 wt % when the particle size was
the surface, which were subsequently converted into largkd ( gecreased from 16 to 2.6 nm. It is interesting to note that the

nm) triangular-shaped islands. In our EXAFS analysis, we catalytic data obtained at 1 bar were in good agreement with

measured a decreased Co coordination number due to synthe&aata at high pressure, which shows the relevance of the former
gas feeding to Co/CNF, pointing to catalyst reconstruction, measurements '

which is probably related to a change from hemispherical toward

facetted particles. This is comparable to reconstruction of copper XAS data showed that both the reduced and the working
particles supported on ZnO upon reductiéfi2We propose that catalysts were metallic and did not contain a measurable amount
a minimum cobalt particle size is needed to stabilize the domains of cobalt carbides. The CGeCo coordination number decreased
that contain the active sites for the FT synthesis. In theoretical after exposure to synthesis gas, which points toward catalyst
calculations, it has been shown that monoatomic steps arereconstruction. Therefore, it was argued that the cobalt particle
essential to lower the activation barrier in FT synth&§is55 size effect has to be ascribed to a combination of CO-induced
Apparently, for step sites on cobalt particles to act as stable FT surface reconstruction and nonclassical structure sensitivity.
sites, relatively large terraces are required. Taking into accountCobalt-based FT catalysts apparently need a large particle size

that the FT reaction comprises of a large number of elementary of about 6 nm in order to create optimal domains of active sites.
steps, such as dissociation, hydrogenation, and insertion, it can

be expected that a variety of sites may be needed. We speculat%
that on small crystallites the domains that combine these
different active sites are not stable or they contain a non-
optimum ratio of the different sites. Concluding, we state that
nonclassical structure sensitivity in combination with CO- ) ¢
induced surface reconstruction may explain our data and is of lOWer selectivity.
importance in the design of new FT catalysts.
Conclusions

Using different synthesis methods and different weight
loadings, a series of cobalt on carbon nanofiber catalysts with

The presented data have a large consequence for the prepara-
on of active cobalt-based Fisch€fropsch catalysts. One
should aim for catalysts with average cobalt particle sizes close
to the optimum values of-68 nm as larger particles display a
lower activity and smaller particles both a lower activity and a
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