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Abstract

A series of colloidal cobalt nanoparticles of ca. 2.6 nm stabilized by several polymeric
stabilizers were synthesized in water using sodium borohydride as reducing agent and
subsequently immobilized on TiO,. Both colloidal and TiO» supported NPs were characterized
by TEM, HRTEM, XRD, XPS, TGA and ICP techniques and the catalytic performance of the
supported NPs evaluated in the Fischer-Tropsch synthesis. Important differences in terms of
activity were observed depending on the polymeric stabilizers used for the synthesis of the
CoNPs. These differences were correlated with the catalyst reducibility, the presence of polymer

stabilizer and boron and the reduction degree at the metal surface.
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borohydride.

1 Introduction

Fischer-Tropsch Synthesis (FTS) is considered a key process of the XTL technologies
(biomass-to-liquid, BTL, gas-to-liquid, GTL, and coal-to-liquid, CTL) since through this
catalytic reaction, syngas (a mixture of H, and CO) can be transformed into clean fuels.[1-3]
Among the metals active in FTS, there is a renewed interest in cobalt catalysts due to its higher

activity and stability compared to iron.[4]



Currently, one of the main challenges in FT research is the design of not only active and
stable catalysts but also highly selective active phases that provide hydrocarbons with narrow
chain length distributions.[5] In this context, the advances in colloidal nanoscience have
provided a more efficient control over the size and morphology of metallic nanoparticles with
potential applications in the field of catalysis.[6] However, when colloidal NPs are used in
catalysis, the effect of the stabilizing agent arises as an intrinsic characteristic for these catalysts.
It is often considered that the activity of NPs tends to decrease with increasing coordination
strength of the organic stabilizing agent to the metal surface,[7] as reported for
hydrogenation,[8, 9] and C-C coupling reactions.[10] For instance, the possibility to tune the
selectivity in the Ru- and RhNPs-catalyzed hydrogenation of aromatic ketones through the
phosphorus stabilizing ligand has been recently reported in our research group.[8] For FTS, only
a few studies involving RuNPs have been dedicated to the rationalization of the effect of the
stabilizing agent.[7, 11] Hensen and co-workers reported the deposition of the organic
stabilizing agents trimethyl(tetradecyl)ammonium bromide (TTAB), polyvinylpyrrolidone
(PVP) and sodium 3-mercapto-1-propanesulfonate (SMPS) onto a previously prepared Ru/CNF
(carbon nanofiber) catalyst with the aim to maintain the size and morphology of these particles.
They observed that the activity in the FT reaction decreased in the order: Ru>Ru-TTAB>Ru-
PVP>>Ru-SMPS and correlated this activity order with the interaction strength between the
organic stabilizing agent and the Ru surface.[7] Using a different approach for the catalyst
preparation, Chaudret and co-workers studied the reactivity of ligand-capped ruthenium
nanocatalyst (PVP or diphosphine ligand) in model FTS reactions.[11] They reported that the
surface modification by ligands, whether introduced as protecting agents during synthesis or
afterward via ligand exchange, affected both selectivity and activity in catalysis, being more
active those NPs stabilized by the diphosphine ligand with a higher selectivity towards light
hydrocarbons (C,-C4) in comparison to the PVP-stabilized NPs. More recently, the same authors

Kou and co-workers tested RuNPs stabilized by PVP-KI15, K30 and K90
(corresponding to polymers of molecular weights of 10000, 40000 and 36000, respectively) in
the Aqueous phase Fischer-Tropsch Synthesis (AFTS).[12] A fast aggregation and deactivation
of the catalysts prepared using the PVP-K15 was observed in catalysis. Interestingly, the
activity of the catalyst prepared in the presence of the polymer of highest molecular weight,
PVP-K90, was slightly lower than the stabilized by PVP-K30. It was proposed that the high
coverage by PVP in the case of PVP-K90 may block the route for the reactants towards the
metal surface, thus resulting in a lower catalytic activity.

In the case of cobalt, all the reports on FTS catalyzed by colloidal CoNPs involve the
use of PVP or ionic liquids as stabilizers. Kou and co-workers reported several studies
concerning the application of monometallic CoNPs,[13] and bimetallic Pt-Co NPs,[14]
stabilized by PVP as catalysts of the AFTS. These authors also described the effect of the
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reducing agent (LiBEt;H and NaBH,) used for the preparation of CoNPs in the AFTS,[15] and
proposed that doping by boron could affect the catalytic performance of these NPs. Very
recently, Chaudret and co-workers reported the preparation of bimetallic Fe@FeCo and Fe@Ru
NPs by thermal decomposition of Co,(CO)s or Rusz(CO);» carbonyls in the presence of
preformed FeNPs.[16] Interestingly, the combination of magnetic and surface catalytic
properties of these NPs was used to demonstrate the possibility of performing Fischer—Tropsch
syntheses by heating the catalytic nanoparticles with an external alternating magnetic field.

Dupont and co-workers reported the synthesis of Co nanocubes (54 + 22 nm)[17] and
nanospheres (7.7 £ 1.2 nm)[18] by thermal decomposition of Co,(CO)s in [DMI][NTf;] and
[BMI][NTf;] respectively. In catalysis, a higher TOF in FTS was observed with the spheric
CoNPs in comparison to the nanocubes (0.26 vs. 1.17x107°> molcomolsyt.co'h™). However, to the
best of our knowledge, no reports on the effect of the stabilizing agent have been described to
date for Co-catalyzed FTS.

In the present work, the effect of the polymer stabilizer on the catalytic performance of
cobalt nanoparticles in FTS is rationalized. For this purpose, a series of small CoNPs was
prepared by chemical reduction using sodium borohydride in the presence of several polymeric
stabilizers and subsequently immobilized on TiO,. This synthetic approach allowed the fine
modulation of the cobalt particle size prior to their immobilization on the solid support, thus

avoiding calcination treatments which often result in undesirable cobalt-support reactions.

2 Experimental

2.1. Materials and methods

All syntheses of CoNPs were carried under aerobic conditions using a mechanical
stirrer. Milli-Q water was used for all the experiments. Solvents were purchased from Merck
and used as received. CoCl,-6H>O, NaBH4 and the water soluble polymers were purchased from
Sigma-Aldrich. Hydrogen (5.0) was purchased from Air Liquide and CO (4.7) and argon (5.0)
from Carburos Metalicos.

Transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HR-TEM) measurements were performed using a Zeiss 10 CA and a JEOL
201 1(FEG) electron microscopes, respectively. X-ray diffraction (XRD) patterns were recorded
on a Siemens D5000 diffractometer using Cu Ka radiation. Continuous scan mode was used to
collect data over the 26 range of 15° to 90°. X-ray Photoelectron Spectroscopy (XPS) data were
obtained with a PHI 5500 Multitechnique System electron spectrometer from Physical
Electronics using 350 W Al Ko radiation. The base pressure was about 2 x 10~ torr. Fourier
transform infrared (FT-IR) spectra were obtained as potassium bromide pellets with a resolution
of 4 cm'and 32 scans in the range of 400-4000 cm'using a Bruker Equinox 55

spectrophotometer. Thermogravimetric analyses (TGA) were carried out on a Mettler
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TGA/SDTAS851e thermobalance. Samples (ca.0.01 g) were heated from room temperature up to
900 °C with 10 K min~' under nitrogen flow using alumina holders. Elemental analysis of cobalt
was performed by inductively coupled plasma-optical emission spectrometry (ICP-OES) using a
Spectro Arcos FHS-16 spectrometer. Temperature programmed reduction under H, (TPR) was
carried out using a ChemBET™ TPR/TPD (Quantachrome). The samples (ca. 0.1 g) were
heated up to 900 °C under 5% H,/Ar flow (30 cm® min™') using alumina crisols. The temperature
ramp was 10 °C min~'. BET areas were calculated from the nitrogen adsorption isotherms at -
196 °C using a Quadrasorb SI equipment. All the samples were degassed at 90 °C during 24 h

prior to the physisorption measurements.

2.2. Synthesis of colloidal cobalt nanoparticles by chemical reduction (Col1-6)

The CoNPs C01-Co6 were synthesized by chemical reduction of cobalt chloride in the
presence of various water soluble polymeric stabilizers and using sodium borohydride as
reducing agent. As a standard procedure, 0.226 g of CoCl,.6H,O (0.931 mmol) was dissolved in
H,O containing the corresponding amount of the polymeric stabilizer (polymer:Co ratio varied
from 1 to 40). The volume of water for all the syntheses was completed to 50 ml to obtain a
cobalt concentration of 0.018 M. Then, a freshly prepared solution of 0.358 g of NaBH4 (9.31
mmol) in 16.6 ml H,O was added at room temperature with a rate of 3 ml/min (5 min). The
solution was maintained under vigorous mechanical stirring for 2 h. Then 100 pl of the colloidal
solution was centrifuged, washed with water and re-dispersed by sonication. Three drops of the
obtained colloidal solution was deposited on a Cu-formvar or holey carbon grids for TEM or
HR-TEM analysis. For the isolation of the CoNPs, the freshly prepared NPs were initially
precipitated by a strong magnetic field and the supernatant was decanted. Then, the precipitated
NPs were washed with water to remove the excess of salts and polymers. The decantation and
washing process was repeated three times with water, ethanol and hexane. The resulted CoNPs
were finally dried under vacuum and kept in the glove box. The size, the crystalline structure
and oxidation state of the CoNPs were studied using transmission electron microscopy (TEM),
HR-TEM, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) respectively.
The composition of the CoNPs was studied using FTIR, TGA and ICP-OES.

2.3. Immobilization of cobalt nanoparticles on TiO, (Co1-6/TiO5)

Isolated CoNPs (55 mg approximately) were re-suspended in 20 ml of hexane and
sonicated during 3 minutes. Separately, a suspension of TiO, (0.490 g of 20 nm nanopowder,
Degussa P25) in 40 ml of hexane was sonicated during 1 min and then mechanically stirred. The
amount of TiO, was varied to obtain a 10 wt% Co catalyst. Then the suspension of CoNPs in

hexane was added dropwise over the stirred suspension of TiO; and the resulting mixture stirred



during 30 min. The gray suspension was then sonicated during 3 min and the resultant solid was
magnetically precipitated, the hexane removed and the solid dried under vacuum.
The obtained powders were pelletized, crushed and sieved to get grain sizes between the

0.300 - 0.150 mm prior to the catalytic tests.

2.4. Fischer-Tropsch catalytic experiments using the TiO; supported catalysts (Co1-6/TiOy)
Fischer-Tropsch experiments using supported catalysts were carried out in a Flowrence
high throughput unit[19] equipped with 16 parallel milli-fixed reactors (di,s =2 mm) operating
at a total pressure of 20 bar, H,/CO = 2 molar ratio and GHSV = 6700 cm®/g h. The catalyst
loading in the micro-reactors was 100 mg. Prior to the catalytic test, all the samples were
activated in a flow of pure hydrogen at atmospheric pressure during 10 h at 673 K with at
GHSV=2NLh"'g"'. During the reduction, the temperature ramp was 1 K/min. After the
activation, the catalysts were cooled down to 433 K and a flow of premixed syngas was
gradually introduced through the catalysts. When pressure attained 20 bar, the temperature was
slowly increased to 513 K with a ramp of 1 K/min. Gaseous reaction products were analyzed by
on-line gas chromatography. Analysis of permanent gases was performed using a Molecular
Sieve column and a thermal conductivity detector. Carbon dioxide and C;—C4 hydrocarbons
were separated in a PPQ column and analyzed also by a thermal conductivity detector. Cs—
Ci2 hydrocarbons were analyzed using CP-Sil5 column and a flame-ionization detector. The
carbon monoxide contained 5% of helium, which was used as an internal standard for
calculating carbon monoxide conversion. Catalytic rates and selectivities were measured at the
steady-state regime after 46 h time-on-stream. The reaction rates expressed in cobalt time yield
h™', are defined as the moles of CO converted per mol of Co per hour. The product selectivity

(S) is reported as the wt% of a given product.

3. Results and Discussion

3.1. Synthesis and characterization of CONPs Col-Co6

The CoNPs Co0l-Co6 were synthesized in water by chemical reduction of cobalt
chloride in the presence of polymeric stabilizers and using sodium borohydride as reducing
agent. The structures of the water soluble polymers used to stabilize these CoNPs are displayed

in Figure 1.
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Figure 1. Structures of the water soluble polymers (Polymers1-6) used as stabilizers for CONPs.

To prepare CoNPs of similar size for each one of the polymeric stabilizers, several sets
of NPs were synthesized varying the polymer:Co ratio between 1 and 40 (Supporting
Information). The variation of the stabilizer to metal ratio is a method widely applied for the
control of the size of metal nanoparticles.[20-23] The TEM micrographs and size histograms of
CoNPs Co1-6 (stabilized by Polymer1-6, respectively) are displayed in Figure 2. CoNPs of ca.
2.6 nm were produced using a polymer:Co ratio of 20 for most of the polymeric stabilizers.
Only in the case of Polymer5, NPs of such size were obtained using a polymer:Co ratio of 1
(Cob5, 2.55 £ 0.49 nm). The small particle size observed for Co5 at such a low polymer:metal
ratio could be attributed to the relatively large molecular weight of this polymer (Mw =

216000), as previously reported for AuNPs.[24]
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Figure 2. TEM micrographs and size histograms of C01-6 NPs.

The size and the fine structure of the CoNPs Col and Co05 were studied by high-
resolution transmission electron microscopy (HR-TEM). In the micrograph of Col displayed in

Figure 3, single particles of ca. 2-3 nm were observed in agreement with previous TEM

observations (2.64 + 0.92 nm).
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Figure 3. HR-TEM image of Col and Co5 NPs and their electron diffraction patterns.



Analysis of the electron diffraction pattern of Col NPs revealed the presence of
crystalline oxides, CoO-fcc/Co3z0s4-fce, although no crystalline metallic cobalt phase was
identified. In contrast, for C05, the presence of both Co-fcc and CoO/Co304-fcc was observed.
These differences suggest an influence of the polymer stabilizer on the fine structure of the
resulting NPs. Possibly, the relatively large molecular weight of Polymer5 could provide a
higher steric hindrance resulting in a more ordered aggregation process.

Analysis of the crystalline structure of the catalysts C0l-6 was performed by XRD
(Supporting Information). The diffraction pattern of these materials revealed the presence of
broad bands at ca. 45° 35 and 60° which did not allow the unambiguous identification of either
cobalt, cobalt oxide or boride phases. The broadening of XRD peaks (centered at 45°) was
previously observed for CoNPs prepared by NaBHs reduction,[25, 26] and is frequently
associated to the small size and/or to the amorphous structure of NPs.[27, 28]

In order to gain insights into the structure and composition of the CoNPs, the
methodology reported by Glavee et al. consisting in the thermal treatment of the CoNPs under
Ar atmosphere was applied.[29] Through this procedure, the CoNPs are forced to crystallize (or
increase in size) thus revealing the crystalline pattern of their components. After such treatment,
the presence of metallic cobalt phases (fcc and hcp) was evidenced for Co0l,2,5,6 (Figure 4).
Moreover, the detection of a peak located at 28° was attributed to a boron species in the case of
Col. In contrast, Co3 and Co4, exhibited a mixture of metallic cobalt of cobalt oxide phases
(CoO-fcc). It was therefore concluded that the NPs Co01-6, were indeed constituted by metallic
cobalt, although in the case of Co3 and Co4, important amounts of cobalt oxide were also
present. These observations suggest that the nature of the polymeric stabilizer used during the

synthesis can affect the final composition of the resulting CoNPs.
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Figure 4. XRD patterns of Col-6 after treatment at 500 °C under argon for 2 h.



Surface analysis of the CoNPs synthesized in this study was performed by X-ray
photoelectron spectroscopy (XPS). The full XPS spectra of C01-6 revealed the presence of Na,
Co, O, N, C and B, according to the peaks observed at their characteristic binding energies
(1071.6; 781.5; 530.9; 399.2; 284.5 and 191.1 eV respectively). The Co 2p XPS spectra of the
series C01-6 exhibited two main sets of peaks at ca. 777-794 and 795-806 eV that were readily
assigned to Co 2ps» and Co 2pip, respectively (Figure 5). The fractions of Co’ and Co**
extracted from the decomposition of the Co 2ps»» spin orbit peaks are displayed in Table 1.5% A
metallic cobalt content ranging from 6 to 67% was calculated for this series of NPs. Co5
exhibited the highest content in metallic cobalt (67 %) while Co2, Co3 and Co4, presented

values of 25-30%. In the case of C06, only 6% of Co’ was determined.
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Figure 5. (a) Co 2p and (b) B 1s XPS spectra of Co1-6 NPs.



Table 1. Percentage of Co and B species in colloidal NPs from XPS spectra decomposition.?

Co 2p B s Co/B®

Catalyst Polymer Co Co** B° B3

Col 1 37 63 15 85 1.4
Co2 2 28 72 9 91 1.0
Co3 3 31 69 19 81 0.3
Co4 4 25 75 9 91 0.5
Co5 5 67 33 12 88 1.0
Cob 6 6 94 8 92 1.1

2 Percentages corresponding to the Co 2ps» and B 1s spin orbit peaks.
® mole ratio

The large content in high valent cobalt in several of the samples suggests the presence
of important amounts of cobalt oxide at the surface, in agreement with Raman spectroscopy
measurements (Supporting Information). It was therefore concluded that the nature of the
polymeric stabilizer used during the synthesis affects the oxidation state of the Co atoms at the
surface of the final CoNPs. The differences in the reduction degree of the CoNPs could derive
from the capacity of the stabilizing agent to protect the NPs against surface passivation, as
previously reported.[31-33] For instance, Schmidt and co-workers reported that the oxidation
rate of cobalt nanoparticles stabilized by carboxylic acid-telechelic polystyrene (Co@PS) was
lower than those stabilized by polycaprolactone (Co@PCL).[32] According to the authors, this
result was explained by the difference in molecular oxygen diffusion resulting from the polarity
and oxygen affinity of these polymers.

Since B-doping frequently occurs during the synthesis of cobalt nanoparticles prepared
by NaBH, reduction,[29, 34, 35] analysis of the oxidation state of boron species present at the
NPs surface was also performed by XPS. According to Figure 5, the B 1s XPS spectra of the
Col-6 evidenced the presence of two bands at 187.97 and 191.5 eV which evidenced the
presence of cobalt borides (CoxB) and boron oxide or borate species, respectively.[36, 37]
Deconvolution of the B 1s XPS revealed the abundance of high valent boron species (> 80%,
191.5 eV, Table 1). A third band was detected at higher binding energy (198.3 eV) in Co3, Co4
and more importantly in Co6, which corresponded to Cl 2p. The relatively larger content of
chloride detected in Co6 (1 atom% respect to the sum of all the surface species), is
comprehensible considering that the stabilizer used to prepare this NPs (Polymer6) had chloride
as counterion of the quaternary ammonium groups (Figure 1). The molar ratio between the
cobalt and boron at the NPs surface (Table 1) revealed that the series of CoNPs can be divided
in two groups: those with relatively large cobalt content at the surface vs. boron, with Co/B
ratios above 1 (Col, Co2, Co5 and C06), and those in which in contrast, the boron content is
superior to that of cobalt (Co3 and Co4). It is concluded that the boron doping at the metal

surface highly depends on the polymeric stabilizer used during the synthesis of the CoNPs.
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Quantification of the content in cobalt and boron in the bulk of Col-6 was performed by
ICP (Supporting Information). The Co/B ratio for the series of CoNPs was in the range of 2.0-
6.4. The maximal and minimal values in Co/B atom ratio corresponded to Co4 (6.4) and Co6
(2.0) respectively, while the other NPs exhibited values of ca. 2.6. Several studies have
described the dependence of the final composition of the cobalt nanoparticles[38] and cobalt
amorphous borides[34] on the reaction temperature,[39] the pH, and the borohydride
concentration or borohydride/cobalt ratio.[39-42] To the best of our knowledge, this is the first
study revealing the influence of the polymer stabilizer on the final composition of boron doped
cobalt nanoparticles synthesized by NaBH,4 reduction.

The thermal stability of the NPs Col-6 and their corresponding polymeric stabilizers
was examined by thermogravimetric analysis. The thermograms of Co0l-6 (Supporting
Information) exhibited a first weight loss in the region of 90-120 °C attributed to the loss of
adsorbed solvent, followed by one or several weight losses at higher temperature (>150 °C)
corresponding to the loss of the polymeric stabilizer. According to the TGA data summarized in
Table 2, important polymer amounts were detected in Co3, Co4, Co2 (26, 12 and 7 wt%) while
negligible quantities of polymer were detected in Col, Co6 and Co5 (3, 2 and 0 wt%
respectively). This clearly indicated that depending on the polymer used, distinct amounts of

such stabilizer can remain at the NP surface.

Table 2. Weight losses observed by TGA for C01-6 NPs.

Weight losses, wt %

Entry NPs Solvent® Polymer®
1 Col -4 -3
2 Co2 -8 -7
3 Co3 -8 -26
4 Co4d -3 -12
5 Co5 -1 0
6 Cob -3 -2

@ Weight losses at T < 120°C. ® Weight losses at T > 150°C.

Analysis of the NPs by FTIR confirmed the presence of the polymer stabilizer in Co3
and Co4, in agreement with TGA analysis (Supporting Information). Interestingly, the two
CoNPs exhibiting relevant polymer content (Co3 and Co4) were synthesized using the polymers
with the lowest molecular weight of the series (10000 for Polymer3 and 9500 g mol” for
Polymer4) while no polymer at all was detected for Co5 which are the NPs prepared by the
polymer of the highest molecular weight (216000 g mol™ for Polymer5). These results indicate
a trend between the polymer content at the surface of the CoNPS and the molecular weight of
the polymer used in their synthesis. Interestingly, Golas et al. described that short polymeric
chains act as efficient stabilizers, resulting in well dispersed and stable metal colloids.[43]

To summarize, a series CoNPs of ca. 2.6 nm stabilized by polymeric stabilizers were

prepared in water by chemical reduction using NaBHs. Analysis of these NPs by several
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techniques (HR-TEM, XRD, ICP, XPS and FTIR) revealed that the polymer stabilizer has
important impact on the resulting NPs since in this study, effects on the fine structure, the
composition, the reduction degree and the polymer content at the metal surface of the CoNPs

were evidenced.

3.2. Characterization of TiO supported catalysts (Col-6/TiO2)

Immobilization of C01-Co6 NPs on TiO, was carried out by direct addition of the
CoNPs previously dispersed in hexane over a stirred suspension of TiO; in the same solvent.
The amounts of NPs and TiO, were adjusted to obtain a cobalt loading of 10 wt% approx.
Subsequently, sonication of the obtained material was performed to ensure a good dispersion of
the NPs onto the support. According to the TEM micrographs of the supported catalysts, (Col-
6/TiO;, Figure 6), all the CoNPs resulted well dispersed onto the TiO; crystals. Importantly, the

particle size of the nanoclusters remained unchanged after the immobilization process.

Co2/TiO2 Co3/TiO,

Co4/TiO2 Co6/TiO2

Figure 6. TEM micrographs of Co1-6/TiO: catalysts.

Surface analysis of the supported catalysts was performed by XPS. Despite the low
signal to noise ratio observed due to the low cobalt loading in the catalysts (ca. 10 wt%),
deconvolution of the Co 2ps» spin orbit peaks confirmed that the metallic cobalt contents
determined for the colloidal NPs remained similar in the supported catalysts (Supporting
Information). Analysis by XRD of these materials evidenced the predominance of anatase
crystalline phase over rutile phase (85 vs. 15%); however, the characteristic band of the CoNPs

at 45° was overlapped by one of the rutile signals.
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The reducibility of the supported catalysts Col-6/TiO. was analyzed by temperature
programmed reduction (TPR). Due to the partial reduction of the CoNPs during their synthesis
(intrinsic of the reduction methodology used), low signals were observed during the analysis of
the fresh catalysts. For this reason, and in order to prevent metal-support reactions (frequently
occurring at high temperature) a soft passivation process was performed for all the catalysts
prior to TPR analysis (100 °C, 30 min under air). As displayed in Figure 7, at least two
reduction bands were observed in their TPR profile at ca. 300-450 and 450-600 °C. These
regions corresponding to the reduction of Co030s to CoO and of CoO to Co metal
respectively.[44] It is noteworthy that the shift of the reduction temperature to higher values,
when compared with typical Co/TiO; catalysts,[45] is explained by the presence of boron, as
previously reported by Saeys and co-workers.[37] The TPR profiles of Col-2/TiO; catalysts
resulted quite similar with a broad band of low intensity in the region between 300-450 °C,
followed by a sharp band at 500 °C. This suggests that the reducibility of the catalysts prepared
using Polymers 1 and 2 is comparable, in agreement with the structural similitude of both
stabilizers (Figure 1). In the case of C03/TiO2, a broad band over the region of 350-580 °C,
indicated the poor reducibility of this catalyst. The important amounts of stabilizer detected in
Co3 according to TGA (26 wt%, Table 2, entry 3) in conjunction with the large residue that
Polymer3 leaves at the metal surface after thermal decomposition (30-40 wt% of residue at 400
°C, Supporting Information), could be the responsible for the extended reduction temperature
for this catalyst. In agreement with this hypothesis, the consumption of H, at 450 °C coincides
with the main weight loss of Polymer3, thus indicating that the presence of this polymer could
retard the reduction until the polymer is removed from the NP surface. In contrast, a single band
with a maximum at 405 °C was observed for Co4/TiO,, and no H, absorption was detected for
temperatures higher than 480 °C. Finally, the TPR profile of C05/TiO- included two defined
bands at 460 and 540 °C while that of Co6/TiO; was similar but the former band was less
intense.

In conclusion, large differences in reducibility were observed for the series of supported
catalysts C01-6/TiO,. This result clearly shows the influence of the polymeric stabilizer on the

properties of the resulting NPs.
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Figure 7. Ho-TPR profiles of C01-6/TiO: catalysts (1-6 respectively).

N> physisorption analyses were also carried out on fresh catalysts. The BET areas of the
series of catalysts C01-6/TiO ranged between 42 and 56 m?, values which are similar to that
measured for TiO; itself (43 m?). ICP analysis of the supported catalysts confirmed the exact
cobalt loadings which ranged between 6.2-10.6 wt%.

To summarize, the supported catalysts C01-6/TiO, were prepared by simple
impregnation of the corresponding colloidal NPs Co01-6 onto TiO: crystals. Analyses of the
supported catalysts by TEM and XPS confirmed that the particle size and the reduction degree
of the CoNPs remained unchanged after immobilization of the CoNPs onto the solid support.
Finally, the reducibility of the series of catalysts proved to be largely affected by the polymer

stabilizer used during their synthesis.

3.3. Fischer-Tropsch catalytic experiments

Fischer-Tropsch catalytic experiments were performed using the TiO, supported
catalysts (Col1-6/TiO,) in micro fixed bed reactors. Since the catalysts had not exactly the same
cobalt content, cobalt time yields were used instead of CO conversions to represent the catalytic
activity. The cobalt time yields and product selectivity obtained at 240 °C after 46 h of reaction
are displayed in Table 3.

Strong differences in the cobalt time yield were observed as a function of the polymeric
stabilizer used during the synthesis of the CoNPs. The series of catalysts exhibited the following
order of activities at 46 h of reaction: C02/TiO, > Co05/TiO, > Col/TiO; > Co6/TiO, >
Co4/TiO,~ Co3/TiO, (Table 3).
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Table 3. Fischer-Tropsch synthesis in fixed bed reactor using TiO, supported CONPs?

Selectivity, Wt%

E. Catalyst Polymer Col;)/iaelit dtk:me CO2 CH4 Cos Cs12 Cao+ a

1 Col/TiO2 1 5.27 0.0 10.5 17.4 19.0 53.0 0.76
2 Co2/TiO2 2 11.76 0.3 13.1 16.0 259 44.7 0.81
3 Co3/TiO2 3 0 0 0 0 0 0 0

4 Co4/TiO2 4 0.04 0 0 0 0 0 0.88
5 Co5/TiO2 5 8.62 0.0 10.5 17.7 18.6 53.2 0.73
6 Co6/TiO2 6 3.20 0.0 13.6 18.2 229 45.3 0.81

@ Conditions: Catalyst loading, 7-10 wt%, 20 bar Ho/CO/Nz (2:1:0.15), 5.62 ml/min, 240 °C; ® metal time yield =
mol of CO converted per mol of Co, per unit of time (46 h).

It should be noted that due to the low activity of the catalyst C03-4/TiO2, some of the
products could not be quantified. Concerning the selectivity of the active -catalysts
(C01,2,5,6/TiOy), similar hydrocarbon fractions were obtained in all cases (10-13% CHs, 16-
18% Cr4, 18-25% Cs.12 and 44-53% Cs; Table 3. and Figure 8). It is noteworthy that the
production of CO, was negligible under the present catalytic conditions. For the particular case
of Co2/TiOy, slightly higher selectivity for the gasoline fraction (26 wt%, Cs-Ci2) was observed

in comparison to the other catalysts (18-23 wt%).

[} 4 v Col/TiO2
100 2+ | : : !
- C-C, 12 ‘,0“»,’%‘ P COZ/T!OZ
1 [ Jcc o gl L v Co4/TiO2
3 80 — 2 104 2 -..::l:f.',vVv E +  Co5/TiO2
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Figure 8. (a) Product selectivity in FTS as a function of the polymeric stabilizer and (b) ASF
distributions of Co1-6/TiO2. Conditions: Catalyst loading = 7-10 wt%, 20 bar Hy/CO/N; (2:1:0.15), 5.62
ml/min, 240 °C.

Concerning the chain growth probability, the catalysts exhibited o values between 0.73-
0.81. The lowest o value was registered for Co5/TiO; (0.73) prepared from Polymerb5.
According to the ASF distributions displayed in Figure 8, it is noteworthy that catalysts
Col/TiO; and Co05/TiO; clearly presented an inflexion in the distribution near Cszo after which
the product fractions notably decreased. This inflexion seems to also appear in C0o2/TiO; but in
a less pronounced manner. In contrast, the hydrocarbons produced by Co06/TiO, positively
deviated from typical ASF distributions, which means that the alpha value increases with the
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increase of the carbon number. Although the activity of Co04/TiO, was negligible, the
accumulation of product during 46h of reaction allowed the analysis of the wax fraction. In this
case, a typical ASF distribution was observed, resulting in a chain growth factor of 0.88, which
is the highest a value of the series.

The evolution of the cobalt time yield of the catalysts during time is displayed in Figure 9.
Among the active catalysts it can be noticed in Co2/TiO,, Co5/TiO; and Co6/TiO; a significant
decrease of activity during the first 10-20 h of reaction, before the catalysts reached the steady
state. In the case of Col/TiO,, a less pronounced decrease in activity was observed during the

first hours of reaction.

16 —=— Co1/TiO2
e e Co2/TiO2
S S —4— Co3/TiO2
= 124 N hiay S —v— Co4/TiO2
S 0] e . —— C05/T!02
2 ] e Co6/TiO2
> 8 oo 004 - TN ‘%’7‘
- 6
p ]
@ 4+
8 ]
O 27
0 -;Fllli—x—l;lﬁ*i—*lilliﬂ ' : ' : i :
0 20 40 60 80 100

Time, h

Figure 9. Evolution of cobalt time yield during time in FT experiments. Conditions: 7-10 wt% Co/TiO,,
20 bar H»/CO/N; (2:1:0.15), 5.62 ml/min, 240 °C.

Deactivation rates were calculated for the series of tested catalysts computing the time
yields at 2h and 46h (Supporting Information). Fast deactivation of C0o5/TiO; and Co6/TiO,
was observed during the first 20h of reaction (-44 and -52 % after 46 h respectively). A similar
deactivation profile, although less pronounced, was registered for Co2/TiO2 (-26% after 46h).
Other catalysts such as Col/TiO; presented relatively stable time yields without a marked
deactivation during the initial period of the reaction.

It can therefore be concluded that the polymer used to stabilize the CoNPs strongly
affect not only the activity but also the stability of the supported catalysts in the FTS. From the
tested catalysts, Co2/TiO; resulted to be the most active of series, while C03-4/TiO, were
barely active. In addition, similar selectivities were obtained for the active catalysts with ASF
distributions exhibiting an inflexion near Cs.

The performance in FTS of the series of catalysts was rationalized considering the

properties of the supported catalysts such as the cobalt reducibility, and other parameters
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intrinsic to the colloidal NPs such as the polymer and boron content and the reduction degree at
the surface of the CoNPs.

On one hand, the lack of activity observed for catalysts C03-4/TiO; is explained by the
relatively large amount of the polymeric stabilizer determined by TGA in the colloidal NPs (26
and 12 wt% respectively, Table 2). This hypothesis is based in the fact that the remaining
polymer at the metal surface could block active sites of the NPs thus affecting negatively the
catalyst performance.[7, 46] The high boron content at the surface of these NPs can also explain
the lack of activity for these catalysts (Table 1).[47]

On the other hand, the performance of the active catalysts (C01,2,5,6/TiO2) can be
mainly correlated with the reducibility or the reduction degree of the colloidal NPs since it is
indicative of the metallic cobalt content at the beginning of the catalysis. The correlation
between the catalytic performance and the interval of reduction temperatures for the supported
catalysts (extracted from TPR analysis) is depicted in Figure 10. Indeed, the high activity
observed for Co02/TiO; agrees with the good reducibility of this catalyst considering the
relatively low temperature at which this starts to reduce (280 °C, the lowest of series). In
contrast, the high reduction temperature required for Co6/TiO; (420-550 °C) which is above the
activation temperature explains its low activity compared to the other catalysts. Additionally,
the performance of this catalyst could also be affected by the presence of chloride, which is a
known poison in FT.[48] Finally, the superior activity of Co5/TiO, compared to that of
Col/TiO,, despite of their similar reduction temperature (320-570 °C vs. 320-560 °C) is
rationalized in terms of the metallic cobalt content at the surface of the colloidal NPs which is
higher for Co5 than for Col according to XPS (67 vs. 37 %, Table 1). Indeed, the initial
metallic cobalt content will assist the reduction during the activation process, making Co5/TiO;
more reducible than Co0l/TiO;, as reported by Martens et al. for Co/TiO, supported
catalysts.[45]
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Figure 10. Correlation between the activity and the interval of reduction temperatures (measured by TPR)
of the supported catalysts C01,2,5,6/TiOs.
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To conclude, the catalytic performance of the TiO» supported catalysts in FTS was
deeply affected by parameters such as the reducibility of the catalysts, the polymer/boron
content and the initial metallic cobalt at the surface of colloidal CoNPs, which in turn were
shown to be correlated with the properties of the polymeric stabilizer used during the

preparation of the nanoparticles.

4. Conclusions

A series of CoNPs of ca. 2.6 nm stabilized by polymers were synthesized in water using
NaBHyj as reducing agent. Supported catalysts were also prepared by simple impregnation of the
colloidal NPs onto TiO,. This approach allowed the fine modulation of the particle size and
permitted detailed characterization of the cobalt nanoparticles before of their immobilization on
the solid support. Notable differences in fine structure, reduction degree, composition and
polymer content were identified for the colloidal NPs as a function of the polymeric stabilizer.
Analysis of the TiO, supported catalysts confirmed that the particle size of the CoNPs and the
trend in reduction degree observed in the colloidal NPs remained unaltered after immobilisation.
The reducibility of the catalysts resulted to be deeply influenced by the polymeric stabilizer.

The catalytic performance of the supported catalysts resulted also deeply dependent on
the nature of the polymeric stabilizer. Parameters such as the catalyst reducibility, the amount of
the polymeric stabilizer remaining at the metal surface and the metallic cobalt content at the

nanoparticle surface were considered to rationalize the performance of these catalysts.
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