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Abstract 

Cobalt nanoparticles in the range of 1.7-7 nm were synthesized in water using sodium 

borohydride as reducing agent and subsequently immobilized on TiO2. Both colloidal and TiO2 

supported NPs were characterized by TEM, XRD, HRTEM, XPS, TGA, ICP techniques and 

their catalytic performance of the supported catalysts evaluated in the Fischer-Tropsch 

synthesis. As a general trend, an increase in activity and TOF was observed when the particle 

size decreased. These results were rationalized by the higher reducibility of the catalysts bearing 

the smaller nanoparticles. The unconventional stability of these relatively small CoNPs in FTS 

was attributed to the promoting effect of boron on the stability of the cobalt nanocrystals. 

 

Keywords: Fischer-Tropsch synthesis, cobalt nanoparticles, sodium borohydride, titanium 

oxide, boron promotion.  

1 Introduction 

The increasing worldwide energy demand has made major companies to consider 

alternative feedstocks such as natural gas, coal and biomass to replace fossil fuels.[1] In this 

context, the Fischer-Tropsch Synthesis (FTS) has been considered a key process of the biomass-

to-liquids (BTL), gas-to-liquids (GTL) and solid-to-liquids technologies (STL)[2] since through 

this catalytic reaction, syngas can be transformed into high quality synthetic fuels (Scheme 
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1).[3-5] FTS is catalyzed by several transition metals including Ru, Co and Fe. However, cobalt 

based catalysts are more attractive from an industrial point of view due to their higher 

hydrocarbon productivity, good stability and commercial availability.[1] 

 

Scheme 1. Fischer-Tropsch synthesis catalyzed by metal nanoparticles 

The performance of supported catalysts is largely influenced not only by the properties 

of the support and the derived metal/support interactions,[6] but also by the method of 

preparation of the catalysts.[7] Among the methods reported for cobalt based catalysts, the most 

widely used are impregnation,[8, 9] deposition-precipitation,[10, 11] and the colloidal-

immobilization method.[12-15] For incipient wetness impregnation methodology, the formation 

of hardly reducible metal-support mixed compounds during the calcination processes is often a 

drawback. In contrast, the immobilization of previously formed colloidal metal nanoparticles 

exhibits the advantage of the soft heterogenization of well-defined active phases, maintaining 

the characteristics of the colloidal nanomaterial. In addition, colloidal synthesis has been widely 

used as an efficient route to control metal particle size, and structure of metal NPs.[16] The use 

of colloidal methods has been reported for the preparation of ruthenium[17-23] and cobalt 

catalysts[24-31] for FTS.  

One of the simplest procedures for the synthesis of metal nanoparticles consists in the 

chemical reduction of metal salts in water using NaBH4 as reducing agent. Metal nanoparticles 

obtained from this approach are often small, being ideal when the catalyst productivity is 

boosted by the increase of the surface area of the active metal. For the case of the Fischer-

Tropsch synthesis, the effect of the cobalt particle size at the lower limit of the nanoscale has 

been always a motif of discussion. Although many of these studies pointed that cobalt 

nanoparticles (CoNPs) below 10-6 nm resulted in less active catalysts compared to cobalt 

particles of larger sizes,[32-36] there are some reports showing the opposite trend.[12, 37, 38] 

Over the last decade, several groups have reported the preparation of colloidal cobalt 

nanoparticles and their application in the Fischer-Tropsch Synthesis.[25, 29, 39] Dupont and co-

workers reported the preparation of CoNPs by decomposition of organometallic precursors 

using ionic liquids as solvent and stabilizing agents.[29-31] Very recently, our group reported 

the effect of the pH[39] and of the addition of organic co-solvents in the Aqueous phase 

Fischer-Tropsch Synthesis (AFTS) catalyzed by PVP stabilized colloidal CoNPs.[40] It was 

concluded that the product selectivity strongly depends on the pH and composition of the 
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solvent used in catalysis. Kou and co-workers have also reported the application of colloidal 

cobalt nanoparticles stabilized by PVP as catalysts of the AFTS.[24, 25, 27, 28]. These authors 

tested CoNPs reduced by LiBEt3H and NaBH4 in the AFTS, and proposed that B-doping could 

affect negatively the catalytic performance of these NPs, however, no details on the nanoparticle 

structure or cobalt-boron interaction were given.[25] In contrast, Saeys and co-workers reported 

that the addition of boron exerts a positive effect in terms of stability of cobalt supported 

catalysts in the FTS.[41] This conclusion was supported on DFT calculations which suggested 

that boron promotion can selectively block the deposition, nucleation, and growth of resilient 

carbon species responsible of catalyst deactivation. This concept was experimentally verified on 

a 20 wt.% Co/Al2O3 catalyst promoted by 0.5 wt.% boron and comprised by CoNPs of ca. 10 

nm, however no reports on such an effect for smaller cobalt particles has been reported to date.  

In the present work, the synthesis of well defined CoNPs in the range of 1.6-7 nm by 

chemical reduction using sodium borohydride and their subsequent immobilisation onto TiO2 

are described. This synthetic approach allowed the fine modulation of the cobalt particle size 

and the easy immobilization in the solid support, thus avoiding intermediate calcination 

treatments which often results in undesirable cobalt-support reactions. The structure and 

composition of these cobalt nanoparticles and the corresponding supported catalysts were 

investigated and their catalytic performance evaluated in FTS. The catalytic experiments 

provided insights on the promoting effect of boron on the stability of very small CoNPs in FTS. 

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. CoCl2·6H2O, NaBH4 and PVP K-30 and were purchased from Sigma-

Aldrich. Hydrogen (5.0) was purchased from Air Liquide and CO (4.7) and argon (5.0) from 

Carburos Metálicos.  

Transmission electron microscopy (TEM) and high resolution transmission electron 

microscopy (HR-TEM) measurements were performed using a Zeiss 10 CA and a JEOL 

2011(FEG) electron microscopes respectively. X-ray diffraction (XRD) patterns were recorded 

on a Siemens D5000 diffractometer using Cu Kα radiation. Continuous scan mode was used to 

collect data over the 2θ 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 Kα radiation. The base pressure was about 2 × 10−8 torr. Fourier 

transform infrared (FT-IR) spectra were obtained as potassium bromide pellets with a resolution 

of 4 cm−1 and 32 scans in the range of 400–4000 cm−1 using a Bruker Equinox 55 
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spectrophotometer. Thermogravimetric analysis (TGA) were obtained on a Mettler 

TGA/SDTA851e thermobalance. Samples (ca.0.01 g) were heated from room temperature up to 

900 °C with 10 K min−1 under nitrogen flow using alumina holders. Elemental analysis of cobalt 

were performed by inductively coupled plasma-optical emission spectrometry (ICP-OES) using 

a Spectro Arcos FHS-16 spectrometer. Temperature programmed reduction under H2 (TPR) was 

carried out using a ChemBET™ TPR/TPD (Quantachrome). The samples (ca. 0.1 g) were 

heated up to 900 ºC under 5% H2/Ar flow (30 cm3 min−1) using alumina crisols. The rate of 

temperature ramp was 10 ºC min−1. BET areas were calculated from the nitrogen adsorption 

isotherms at -196 ºC using a Quadrasorb SI equipment. All the samples were degased at 90 ºC 

during 24 h prior to the physisorption measurements.  

 

2.2. Synthesis of colloidal cobalt nanoparticles (Co1-4) 

CoNPs were synthesized by chemical reduction of cobalt dichloride in the presence of 

polyvinylpyrrolidone (PVP) as stabilizer and using sodium borohydride as reducing agent. The 

size of the Co1-4 was modulated through the variation of the concentration of reagents. As a 

standard procedure, 0.226g of CoCl2.6H2O (0.931 mmol) was dissolved in H2O containing the 

polymer stabilizant (2.066 g of PVP-K30). The volume of water used to dissolve both PVP and 

the cobalt salt was 12.5, 50, 200 and 800 ml for Co1-4 respectively. Then, a freshly prepared 

solution of 0.358 g of NaBH4 (9.31 mmol) in H2O was added at room temperature during at a 

rate of 3 ml/min. The volume of water used to dissolve the NaBH4 was 4.1, 16.6, 66 and 264 ml 

for Co1-4 respectively. The solution was maintained with a vigorous mechanical stirring for 2 h. 

Then 100 µl 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 precipited NPs were rinsed with water to remove the excess of salts and 

PVP. The decantation and washing process was repeated three times with water, then with 

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 TiO2 (Co1-4/TiO2) 

Isolated CoNPs (55 mg approximately) were re-suspended in 20ml of hexane and 

sonicated during 3 minutes. Separately, a suspension of TiO2 (0.490 g of 20 nm nanopowder, 

Degussa P25, 35-65 m2/g) in 40 ml of hexane was firstly sonicated during 1 min and then 
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mechanically stirred. The amount of TiO2 was the corresponding to obtain a 10wt% Co catalyst.  

Then the suspension of CoNPs in hexane was added dropwise over the stirred suspension of 

TiO2 and the resultant stirred during 30min more. The gray suspension was then sonicated 

during 3 min to disperse well the CoNPs on the support and the resultant solid was magnetically 

precipitated, the hexane removed and the solid dried under vacuum.  

Since the obtained powders were too fine to be suitable for the microreactors, they were 

pelletized using a press then crushed and sieved to get grain sizes between the 0.300 - 0.150 

mm. The obtained materials were then used for the catalytic test.  

 

2.4. Fischer-Tropsch catalytic experiments using the TiO2 supported catalysts (Co1-4/TiO2) 

Fischer-Tropsch experiments using supported catalysts were carried out in fixed bed 

reactor (dint = 2 mm) operating at a total pressure of 20 bar, H2/CO = 2 molar ratio and 

GHSV = 6700 cm3/g h. The catalyst loading in the 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 = 2 NL h−1 g−1. 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 

on-line by gas chromatography. 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-1, 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 

The cobalt nanoparticles synthesized in this work were prepared by chemical reduction 

of CoCl2 in water using NaBH4 as reducing agent and PVP as stabilizer (Scheme 2). The TEM 

micrographs and size histograms of Co1-4 are displayed in Figure 1. According to TEM 

analysis, spherical cobalt nanoparticles of diameters between 1.7 to 7.0 nm were obtained. As a 

general trend, it was observed that increasing the concentrations of both NaBH4 and CoCl2/PVP 

solutions, resulted in a decrease of the CoNPs size.  
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Scheme 2. Synthesis of the CoNPs with variation of the NaBH4 concentration.  

 

 

Figure 1. TEM micrographs and size histograms of Co1-4. 

The formation of smaller particles under high NaBH4 concentrations is explained by the 

higher nucleation rate, which is the responsible of the formation of a large number of cobalt 

seeds, in comparison with the growth rate. A similar relationship between the concentration of 

NaBH4 with the cobalt particle size was reported by Wang et al for the preparation of CoNPs 

supported in faujasite zeolites.[42]  

The size and the fine structure of Co2 were studied by High-Resolution Transmission 

Electron Microscopy (Supporting Information). With this technique, particles of 2.6 nm were 

observed, in agreement with previous TEM analysis (2.64 ± 0.92 nm). The diffuse rings 

appreciated in the electron diffraction pattern suggested an amorphous structure for the 

nanoparticles.  

The XRD pattern of the series of CoNPs (Figure 2), exhibited a broad band centred at 

45º, which became sharper when the particle size increased from 1.6 to 7.0 nm (Co1-Co4). In 
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addition, two signals of low intensity at 34 and 60º were appreciated in Co3 and Co4. However, 

none of them could be unambiguously attributed to cobalt phases. The broadening of XRD lines 

is frequently related to the decrease of the crystallite size but also to the presence of strained and 

imperfect crystals. Similar XRD patterns have been reported in the literature for CoNPs 

synthesized by chemical reduction using NaBH4 as reducing agent.[43, 44]  

 

Figure 2. XRD patterns of Co1-4 NPs.  

In order to gain insights into the structure of the nanoparticles, samples of Co1-4 were 

subjected to a thermal treatment following the method described by Glavee et al, with the aim to 

force the crystallization/sintering of the NPs.[45] For this purpose, the nanoparticles were 

heated at 500 ºC within 2-5 min under argon flow and kept at this temperature for 2 h. The 

diffraction pattern of the thermally treated samples exhibited fcc and hcp cobalt crystalline 

phases (Figure 3) together with a defined signal of B(OH)3 located at 28º. Curiously, Co1 

exhibited additional peaks corresponding to Co2B-bct, which did not appear in the other 

samples. It was therefore concluded that Co1-4 are constituted by a mixture of cobalt, Co2B and 

B(OH)3 phases.  
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Figure 3. XRD patterns of Co1-4 treated at 500 ºC for 2h under argon. 

Surface analysis of the CoNPs synthesised in this study was also performed by X-ray 

photoelectron spectroscopy (XPS). The full XPS spectra of Co1-4 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). Deconvolution of the Co 2p3/2 

spin orbit peaks revealed that the reduction degree at the nanoparticle surface decreases from 38 

to 12% in the series Co1-4, according to the increase of the particle size from 1.7 to 7 nm.   

Quantification of the cobalt and boron content in Co1-4 performed by ICP revealed that 

the Co/B atom ratio was in the range 2.1-2.8 for the series of NPs (ca. 10 wt. % of boron). 

Curiously, Kou and co-workers reported Co/B values of ca. 0.2 for CoNPs of 14 ± 6 nm 

synthesized under similar conditions.[25] Such low values suggest a considerably higher boron 

content than those measured in Co1-4, which can be attributed to the anaerobic conditions used 

by Kou for the synthesis of the CoNPs, according to Glavee,[45]. In the present work no clear 

trend between the content of boron and the particle size of the CoNPs was observed. 

The presence of PVP and the thermal stability of Co1-4 were examined by 

thermogravimetric analysis. The thermograms of Co1-4 exhibited a first weight loss in the range 

of 90-110 ºC (-5 wt% aprox.) which was attributed to the loss of adsorbed solvent. However, no 

appreciable weight loss was observed at the decomposition temperature of PVP (430 ºC). 

Additionally, no characteristic signals of PVP were detected by FTIR in the CoNPs. It was 

therefore concluded that there is no remaining PVP at the surface of Co1-4 after the workup.  

To summarize, CoNPs of sizes between 1.7 to 7.0 nm were synthesized by reduction of 

CoCl2 using NaBH4 in water. Structural analysis by HR-TEM and XRD indicated the 

amorphous structure of the NPs and revealed the presence of metallic cobalt, Co2B and B(OH)3 

phases. Surface analysis by XPS indicated that the smaller the cobalt particle, the higher the 
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reduction degree of the nanoparticle is. Finally, analysis by FTIR and TGA demonstrated the 

absence of PVP at the surface of these NPs after work-up.  

 

3.2. Characterization of TiO2 supported catalysts (Co1-4/TiO2) 

Supported Co/TiO2 catalysts were prepared by impregnation of the colloidal CoNPs, 

via the mixing of the CoNPs and TiO2 nanopowder suspensions in hexane. TEM analysis 

showed that the particle size of the CoNPs was maintained after immobilization on TiO2 (Figure 

4).  

 

 
 

Figure 4. TEM micrographs of Co1-4/TiO2 supported catalysts. 

The HR-TEM micrograph of Co2/TiO2 displayed in Figure 5, showed that CoNPs are 

situated at the borders of a TiO2 crystal (indicated by arrows). The fine structure of the support 

is appreciated and the electron diffraction of the dotted area present characteristic signals of 

anatase planes (hkl: 101 and 004, Sys: Tetragonal, S.G: I41/amd).  
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Figure 5. HR-TEM micrograph and electron diffraction of Co2/TiO2. 

Structural analysis of the supported catalysts was also performed by XRD (Supporting 

Information). Despite that the anatase crystalline phase predominated over the rutile phase (85 

vs. 15%), the main signal of the CoNPs at 45º was overlapped with a signal of the rutile phase.  

Surface analysis of the supported catalysts was also performed by XPS and 

deconvolution of the Co 2p3/2 spin orbit peaks confirmed that the reduction degree at the metal 

surface increased for smaller nanoparticles.  

The reducibility of the supported catalysts Co1-4/TiO2 was analyzed by temperature 

programmed reduction (TPR). Due to the partial reduction of the CoNPs (intrinsic of the 

reduction methodology used), low signals were observed during the analysis of the fresh 

catalysts (Supporting Information). For this reason, with the aim to increase the H2 

consumption, a soft passivation process was performed for all the catalysts prior to TPR 

analysis (100 ºC, 30 min under air). 

As displayed in Figure 6, at least two reduction bands were observed from their TPR 

profile at ca. 300-450 and 450-600 ºC. The peak at 300–400 ºC corresponds to the reduction of 

Co3O4 to CoO and that at 400–600 ºC to the reduction of CoO to Co metal.[7] The TPR spectra 

of Co1/TiO2 corresponding to the NPs of 1.7 nm, displayed bands shifted to lower temperatures 

when compared to the catalyst containing the largest cobalt NPs, 7.0 nm (Co4/TiO2).  
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Figure 6. H2-TPR profiles of Co1-4/TiO2 catalysts. 

Nitrogen physisorption analyses were also realized on supported catalysts. The BET 

areas of the series of catalysts Co1-4/TiO2 ranged between 44 and 62 m2/g, values which are 

slightly larger than that measured for TiO2 alone (43 m2/g). ICP analysis of the supported 

catalysts revealed that the cobalt loading for the series ranged between 7-10 wt %.  

 

To summarize, the supported catalysts Co1-4/TiO2 were prepared by impregnation of 

the corresponding colloidal NPs Co1-4 on TiO2. Analysis of the supported catalysts by TEM 

and XPS confirmed the particle sizes and the trend in reduction degree determined in the 

colloidal NPs. Finally, analysis of Co1-4/TiO2 by TPR revealed that the reducibility of the 

catalysts increased with the decrease of the cobalt particle size.  

 
3.3. Fischer-Tropsch synthesis using TiO2 supported CoNPs (Co1-4/TiO2) 

Fischer-Tropsch catalytic experiments were performed using the TiO2 supported 

catalysts Co1-4/TiO2 in micro fixed bed reactors. Since the catalysts had not exactly the same 

cobalt content and because of the differences in the particle size of the CoNPs, surface specific 

activity (cobalt site yield = mol of CO converted per mol of surface Co, per unit of time) were 

used instead of CO conversions to represent the catalytic activity. The cobalt site yields and 

product selectivity obtained at 240 ºC after 46 h of reaction are displayed in Table 1. Comparing 

the series of catalysts (Table 1, entry 1-4), it is clearly observed that increasing the cobalt 

particle size (Co1/TiO2 to Co4/TiO2) resulted in the progressive decrease of the cobalt site yield 

from 18.5 to 2.1 h-1.  

 

Table 1. Fischer-Tropsch synthesis in fixed bed reactor catalyzed by TiO2 supported CoNPs (Co1-
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4/TiO2)a 

     Selectivity, Wt%   

E. Catalyst Co size, nm 
Cobalt site  
yield, h-1,b 

CO2 CH4 C2-4 C5-12 C12+  α 

1 Co1/TiO2 1.75 18.5 0.3 12.1 16.5 19.8 51.3  0.71 
2 Co2/TiO2 2.64 12.7 0 10.5 17.4 19.0 53.0  0.76 
3 Co3/TiO2 5.18 6.6 0 17.4 23.6 27.0 32.1  * 
4 Co4/TiO2 7.02 2.1 * * * * *  0.87 

a Conditions: Catalyst loading=8-12wt%, 20 bar H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC, CO 
conversions at 46 h; b cobalt site yield = mol of CO converted per mol of surface Co, per unit of time. * 
Not available information. 

 

It should be noted that due to the low activity of Co4/TiO2, the obtained products were 

hardly quantified. The CO2 and CH4 selectivity for the series of catalysts were below 0.4 % and 

in the range of 10-17% respectively. The C2-4 selectivity was observed to increase from 16.5 to 

23.6% for the catalysts Co1-3/TiO2 in which the cobalt particle size increased from 1.7 to 5.2 

nm. Concerning the chain growth probability, the alpha values increased from 0.71 to 0.87 when 

the particle size of the CoNPs increased (Co1-4/TiO2) according to the ASF distributions 

displayed in Figure 7.  
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Figure 7. ASF distributions of Co1-4/TiO2. 

It is noteworthy that the catalyst bearing the smallest CoNPs, Co1/TiO2 and Co2/TiO2 

(1.7 and 2.6 nm) exhibited an inflexion in the distribution near C30 and hydrocarbons longer 

than C50 were not detected. In contrast, the catalysts with the largest cobalt nanoclusters, 

Co4/TiO2 (7.0 nm) exhibited a typical continuous ASF distribution (with hydrocarbon chains 

up to C70) with a single alpha value (0.87). 

The evolution of the cobalt time yield (mol of CO converted per mol of total Co, per 

unit of time) of the catalysts during time is displayed in Figure 8a. Catalyst Co1/TiO2, exhibited 
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a maximum in activity during the first hours of reaction (ca. 15 h-1, after 3 h) and subsequently 

decreased to 10 h-1 after 40 h of reaction. For the other catalysts, the initial maximum was not 

clearly observed and only exhibited a decrease in cobalt time yield when approaching the steady 

state. TEM analysis of the used catalysts (Supporting Information) demonstrated that the cobalt 

particle size did not change significantly, thus suggesting that cobalt sintering is not involved in 

the deactivation observed during the first hours of reaction. In Figure 8b, the catalyst activity 

and the surface specific activity (cobalt time yield and cobalt site yield) are presented as a 

function of the cobalt particle size. It is noteworthy that both the cobalt time yield and the cobalt 

site yield increased when the particle size decreased. The observed trend in activity for the 

series Co1-4/TiO2 could be correlated with the reducibility observed by TPR analysis, which 

increased as the cobalt particle size decreased. This trend contrasts with studies regarding the 

size effect of cobalt based catalysts in FTS in the sense that cobalt crystallites of only 1.6 nm are 

not only highly active but also stable under the tested reaction conditions.[32-36]  

 

Figure 8. (a) Evolution of cobalt time yield in FT experiments. (b) Cobalt time and cobalt site yield after 
46 h of reaction as function of the particle size of the CoNPs. Conditions: 7-10 wt% Co/TiO2, 20 bar 

H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC. 

Similar trends in activity were reported by Wang and co-workers who observed the 

superior performance in FT of ultra-small CoNPs supported on faujasite zeolite in comparison 

with larger NPs (CO conversion of 53 and 28 % for CoNPs of 1.7 and 29 nm, tested at 250 

ºC).[42]  In this study, metallic CoNPs were prepared in the faujasite zeolite by the reduction of 

the Co2+-exchanged zeolite with NaBH4 aqueous solutions. However, the authors did not give 

insights regarding the higher activity of the smaller CoNPs. Analysis of the product distribution 

suggested that the encapsulation of the CoNPs in the supercages of faujasite zeolite inhibited the 

formation of hydrocarbons with carbon numbers larger than 20 possibly because of the limit of 

the reaction space. In the present study, the observed decrease of the alpha value with the 
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decreasing size of the CoNPs could be attributed to the higher hydrogenation activity at the 

corners and edges, which are more important for those CoNPs of small size.  

Regarding the unconventional stability of the relatively small CoNPs reported here in 

FTS, it is proposed that the boron contained in the CoNPs from the synthesis, could play the 

role of a stability promoter of the cobalt nanocrystallites.  

Recently, boron was employed as a promoter to enhance the stability of Ni catalysts 

during steam reforming[46, 47] and cobalt based catalysts during Fischer-Tropsch synthesis.[41, 

48] For instance, Saeys et al. used density functional theory (DFT) to study the effect of boron 

in cobalt catalysts and showed that boron atoms are thermodynamically stable at step and 

subsurface sites of a cobalt cluster under FT conditions.46 The calculations hence suggested that 

boron promotion can selectively block the deposition, nucleation, and growth of resilient carbon 

species responsible for catalysts deactivation. The authors validated the theoretical calculations 

with catalytic tests, thus demonstrating that boron promotion reduced the deactivation rate in 6-

fold, (for a 20 wt. % Co/γ-Al2O3 catalysts containing 0.5 wt. % of boron) without affecting 

selectivity and activity. 

Interestingly, elemental analysis of the colloidal NPs by XPS revealed that the Co/B 

atom ratio at the metal surface decreased from 2.2 to 0.8 as the cobalt particle size decreased 

from 7 to 1.7 nm. This observation suggests the enrichment of the metal surface by boron for 

the smaller CoNPs, which is in agreement with the observed decrease of the deactivation rate as 

the particle size of the CoNPs decreased from 7.0 to 2.6 nm (see Supporting Information).  

As described above, these results provide evidence of the high catalytic activity of very 

small cobalt nanoparticles (1.7 nm) prepared by sodium borohydride in the Fischer–Tropsch 

synthesis. The unconventional stability in FTS of these small CoNPs is proposed to arise from 

the promoting effect of boron present into the catalyst structure. 

4. Conclusions 

A series of cobalt nanoparticles with sizes comprised between 1.7 and 7.0 nm were 

synthesized in water by chemical reduction with NaBH4. This series of colloidal nanoparticles 

were easily immobilized on TiO2 by simple impregnation method which did not require 

additional calcination treatments. This approach allowed the fine modulation of the particle size 

and permitted the detailed characterization of these cobalt nanoparticles before their 

immobilization on the solid support.  

Structural analysis of the NPs indicated the amorphous structure of the NPs and 

revealed the presence of metallic cobalt, Co2B and B(OH)3 phases. Surface analysis indicated 

that the smaller the particle size, the higher the reduction degree of the nanoparticle is. Analysis 

of the TiO2 supported catalysts showed that the particle size of the CoNPs and the trend in 
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reduction degree observed in the colloidal NPs remained unaltered after immobilisation while 

the reducibility of the catalysts increased with the decrease of the cobalt particle size.  

Fischer-Tropsch experiments catalysed by the TiO2 supported CoNPs revealed that the 

activity and surface specific activity increased when the cobalt particle size decreased from 7 to 

1.7 nm. This trend in activity was correlated with the higher reducibility of the supported 

catalysts bearing smaller nanoparticles. The unconventional stability in FTS of these relatively 

small CoNPs was attributed to the promoting effect of boron on the stability of the cobalt 

nanocrystals.  
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