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A B S T R A C T   

Cobalt supported TiO2 catalysts have been prepared by wet-impregnation and by immobilization over APTES (3- 
aminopropyl triethoxysilane) grafted TiO2. Impregnated system showed better catalytic performance after 
reduction at 260 ◦C but significant deactivation is observed. On the contrary, functionalized catalyst showed 
better catalytic performance after reduction at 400 ◦C with notable stability. We have stated from CO-DRIFT 
operando analysis that impregnated system is strongly affected by negative SMSI (strong metal-support inter-
action) upon reduction at higher temperature. While immobilization on APTES hinders the loss of metal active 
sites. The study of spent catalysts denotes that Co is redispersed in the impregnated catalyst while functionalized 
trends to form agglomerates.   

1. Introduction 

During last decades, energy-dense fossil fuels has been the basis of 
the energy scheme of the actual society. Growing concerns about the 
limited fossil fuel supply as well as increasing serious environmental 
problems has glowed the global interest in green fuels production 
technologies [1]. Within this frame, it is widely accepted that less 
carbon-intensive alternatives might progressively replace these fuels. 
Thus, the obtention of liquid fuels and chemicals from gas sources 
through so called gas-to-liquids (GtL) and coal-to-liquids (CtL) tech-
nologies has become one of the most important and fundamental strat-
egy [2,3]. CO and CO2 hydrogenation to produce fuels and raw 
chemicals has attracted much attention in the last years [4–6]. Among 
these processes, Fischer–Tropsch synthesis (FTS) is a process used for 
reductive polymerization of CO by hydrogen for the production of 
organic products mainly containing hydrocarbons and at lower extent, 
some oxygenated products.3. 

Reported catalysts for FTS are usually active for hydrogenation re-
actions, that are able to form metal carbonyl during reaction conditions 
[7]. Typically, transition metals such as iron, cobalt, nickel and ruthe-
nium are used for the FTS reaction, showing activity in the order Ru >
Ni > Co > Fe. Despite the higher catalytic performance, ruthenium is the 
more expensive candidate while Ni mainly leads to methane. Therefore, 
Co and Fe are the industrially preferred metals for FTS processes. 
Though cobalt is more expensive than iron, it is reported to be more 

active and highly selective toward long chain hydrocarbon products. 
It is widely accepted that FTS proceeds on the surface of the catalyst 

metal sites. However, Co is present as oxides in a freshly calcined 
catalyst, so catalysts should be activated through reductive treatment 
before reaction. Catalyst pretreatment is one of the key factors that 
strongly condition the activity, selectivity as well as the catalyst lifetime. 

Even more, the nature of the support has important consequences for 
the FT performance of Co-based catalysts [8–10]. One of the key factors 
affecting the FTS performance is the reducibility of the catalyst which is 
strongly conditioned by the support since metal reducibility is closely 
related to metal-support interaction [11,12]. This point is particularly 
important for reducible support [13]. Thus, catalyst support could 
facilitate the crystallization and stabilization of the active metals on its 
texture. Moreover, physicochemical and textural properties of the sup-
port material could importantly affect the metal-support interaction, 
crystallite size, metal dispersion, mass transfer of the reactants/prod-
ucts, mechanical strength, and thermal stability of the catalyst [14,15]. 

Catalyst deactivation is a major challenge in both cobalt- and iron- 
based FTS [16,17]. The economic impact of such loss of activity 
justify the large industrial and academic interests in this subject. Thus, 
much efforts have been devoted to the comprehension of deactivation 
pathways, however the origin of catalyst activity decay is still under 
debate [18,19]. Cats et al pointed out that the presence of carbon de-
posits in re-dispersed CoNPs forming carbide entities could be possibly 
associated with catalytic activity lost.17 On the contrary, the progressive 
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formation of inactive CoTiO3 upon Co spreading over TiO2 surface has 
been also proposed as a possible deactivation mechanism. Indeed, if 
metal support interaction is too strong, TiO2-x suboxide species may 
block active sites or CoTiO3 may be formed [20]. On this basis, we could 
consider that the deactivating phases are CoTiO3 and/or graphitic car-
bon deposition over metallic cobalt sites, which specifically inhibits 
methane formation. 

In the present work we study the catalytic performance of a Co/TiO2 
system prepared by grafting over functionalized TiO2. Comparison to 
classical wet-impregnated system points out interesting differences upon 
reduction pretreatment and subsequent reaction performance at 
different temperatures. These results could help to understand the 
importance of metal deposition on the catalyst performance for FTS 
reaction. 

2. Experimental 

2.1. Synthesis of Co/P90 catalysts 

Co/TiO2 catalysts with a nominal loading of 10 wt% Co were pre-
pared by incipient wetness impregnation using commercial TiO2 Evonik 
P90 (labelled as P90) and Co(NO3)2⋅6H2O (Sigma Aldrich) as metal 
precursor. Then, the catalytic system was dried at 100 ◦C during 2 h and 
calcined in flowing air at 400 ◦C for 2 h. Catalyst synthesized by this 
method were denoted as Co/P90-WI. 

For TiO2 surface functionalization we have used 3-aminopropyltrie-
thoxysilane (APTES). This process introduces amino- functional groups 
grafted at the surface of TiO2 through ethoxy hydrolysis with surface 
hydroxyls forming Si-O-Ti bonds (Fig. 1). Amine functional group can 
act as anchor points for the metallic precursors by means of ion ex-
change thus obtaining a highly dispersed metal phase [21]. In a typical 
procedure, 1.41 mL of APTES, corresponding to a molar ratio APTES/Co 
(2:1), was added drop by drop to an ethanol solution containing 1 g of 
TiO2. During APTES addition, the suspension was kept at 80 ◦C under 
stirring and refluxing for 24 h. Later, an ethanol solution containing 
cobalt precursor was added and left stirring for 1 h at 80 ◦C. The 
resulting precipitate was filtered, dried at 100 ◦C for 2 h and calcined in 
flowing air at 400 ◦C for 2 h. The catalysts synthesized by this method 
were denoted as Co/P90-F. 

2.2. Characterization techniques 

N2 adsorption/desorption isotherms and BET surface area measure-
ments were carried at 77 K using a Micromeritics Tristar II instrument. 
Surface areas were calculated according to the BET method. Porosity 
was calculated by the BJH method. 

X-ray powder diffraction (XRD) patterns of the studied catalysts were 
obtained by using Siemens D-501 diffractometer with Ni filter and 
graphite monochromator and using Cu Kα radiation. The data acquisi-
tion was carried out in a 2ϴ range of 10-90◦, a step of 0.05◦, and an 
acquisition time of 160 s. 

Micro-Raman measurements were performed using a LabRAM Jobin 
Yvon spectrometer equipped with a microscope. Laser radiation (λ =
532 nm) was used as excitation source at 5 mW. All measurements were 
recorded under the same conditions (2 s of integration time and 30 ac-
cumulations) using a 100 × magnification objective and a 125 mm 
pinhole. 

The reduction behaviour of the oxidised Co/TiO2 catalysts was 
studied by hydrogen temperature-programmed reduction. TPR analyses 
were carried out using a Quantachrome Chemstar instrument equipped 
with a thermal conductivity detector and a mass spectrometer. About 30 
mg of catalyst was first heated to 150 ◦C in an inert flow of Ar at 25 mL/ 
min for 30 min before each experiment. Typically, the experiment was 
carried out from RT up to 900 ◦C using heating ramp of 10 ◦C/min, 
under fluxed 10 mL/min of 5 % H2/Ar. 

The Co content was determined by ICP-OES using an iCAP 7200 Duo 
spectrometer after dissolution of the solids in a microwave digester 
Ethos Easy. 

The transmission electron microscopic (TEM) images, high angle 
annular dark field (HAADF) and element mapping analysis images were 
obtained by the equipment FEI S/TEM Talos F200S. Samples were 
prepared by dipping a carbon grid in the powder sample. 

X-ray photoelectron spectroscopy (XPS) experiments were carried 
out in VG-escalab 210 equipment over pelletized samples. Samples were 
introduced a prechamber at 10-7 torr. Acquisition was performed in an 
appendant analysis chamber equipped with a SPECS Phoibos 100 
hemispheric analyser at 10-9 torr using Mg Kα radiation (E = 1.5418 
KeV) with 20 mA of anode current and 12 kV of potential acceleration. 
Ti 2p signal (458.5 eV) was used as the internal energy reference in all 
the experiments. 

The dispersion of the catalytic systems was calculated by means of 
the isotherms obtained in a volumetric chemisorption experiment with 
H2. Firstly, the catalysts have been reduced at 260 ◦C or 400 ◦C and then 
degassed to room temperature. Once at room temperature, small 
amounts of hydrogen are introduced into the system, gradually 
increasing the pressure to 0.5 atm. The adsorbed pressure is recorded 
and the isotherm is obtained (total isotherm). Next, it is degassed cold 
again and the process is repeated, obtaining a second isotherm (weak 
isotherm). The calculation of the dispersion is made through the total 
isotherm and over the amount of total reduced cobalt in the system. 

CO-DRIFT spectra were recorded with a Jasco FT-IR spectrometer 
equipped with liquid N2 cooled mercury cadmium telluride (MCT) de-
tector. In a typical experiment, few mg of the catalyst were placed in a 
commercial Praying MantisTM high-temperature environmental reaction 
chamber fitted with ZnSe windows for diffuse reflection spectroscopy 
(Harrick Scientific) and an in-situ Praying MantisTM diffuse reflection 
reaction cell (Harrick Scientific). An IR cell allowing in situ treatments in 
controlled atmospheres and temperatures in the range 25–400 ◦C. 
Operando IR experiments were performed by exposing the reduced cat-
alysts to a flow of syngas (21 mL/min, H2/CO 2:1) at reaction temper-
ature and RT. The contribution from CO in the gas phase was in all cases 
eliminated by subtracting the corresponding spectra obtained from the 

Fig. 1. Preparation flow scheme for cobalt grafting on APTES functionalized TiO2.  
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bare TiO2 support. 

2.3. Catalytic activity in Fischer-Tropchs synthesis 

The experimental measurements were accomplished with 0.25 g of 
catalyst diluted in 0.25 g of SiC, using a stainless-steel fixed-bed tubular 
reactor (300 mm length and 8 mm internal diameter) equipped with a 
temperature controller and four mass flow controllers. The catalysts 
were reduced in-situ by flowing H2/N2 (50 %) at 260 ◦C or 400 ◦C for 13 
h at ambient pressure. After reduction, the temperature was lowered to 
260 ◦C, the pressure was increased up to 1.0 MPa and CO was intro-
duced. Syngas with H2/CO molar ratio of 2 (CO:H2:N2 volume ratio of 
1:2:2, N2 as internal standard for gas chromatography) was flowed at 35 
mL/min through the reactor at constant gas hourly space velocity 
(GHSV) of 4180 h− 1 considering the catalyst bed volume. The reaction is 
monitored during 6 h, reaching the pseudo-steady state. Heavier hy-
drocarbons traces were condensed in a trap located at the reactor outlet 
and kept at 100 ◦C. Reaction products were analyzed by means of a 
previously calibrated GC (Agilent 7820) equipped with two columns and 
TCD and FID detectors. All lines connecting the reactor and GC were 
heated in order to avoid condensation of products. 

Conversion and selectivity values were calculated using the 
following equations: 

Conversion(%) =
[CO]t
[CO]i

× 100 (1) 

where [CO]t represents the moles of reacted carbon monoxide and 
[CO]i the initial carbon monoxide amount. 

Selectivity to product i(%) =
[producti]t × ni

∑
[producti]t × ni

× 100 (2) 

where [producti]t represents the moles of the specific product; ni the 
number of C atoms in the product molecule, and 

∑
[product]i the sum of 

moles from all products in the reaction. Product selectivities are 
expressed on a carbon basis. 

3. Results and discussion 

3.1. Characterization of the Co/TiO2 catalysts 

3.1.1. Structural and textural properties 
The XRD patterns of the support and calcined Co/TiO2 catalysts are 

shown in Fig. 2. TiO2-P90 support shows peaks corresponding to anatase 
phase. The structure of support did not experience significant variation 
upon addition with metal precursor and calcination. No changes in the 

support are either observed after synthesis with APTES. Besides TiO2 
peaks, reflections belonging to the Co3O4 spinel phase are clearly 
perceived in the impregnated Co/P90-WI catalyst, with no signs for the 
presence of other crystalline cobalt phases [22,23]. However, the low 
intensity of the observed spinel peaks which overlap with TiO2 diffrac-
tions avoid the correct calculation of the Co3O4 crystallite sizes from line 
broadening. In the case of functionalized Co/P90-F catalyst, peaks cor-
responding to the cobalt spinel phase is not observed, denoting a less 
content of this phase, lower crystalline size or amorphous situation. 

Raman spectra in the range of 50–1000 cm− 1 for Co/P90 catalysts 
are reported in Fig. 2.b. Accordingly to XRD patterns, Raman bands at 
144, 200, 400, 520 and 640 cm− 1, corresponding to anatase’s Eg(ν6), 
Eg(ν5), B1g(ν4), A1g(ν3)− B1g(ν2), and Eg(ν1) modes were observed in all 
catalysts. The anatase Eg(ν6) Raman peak at ca 144 cm− 1 is the most 
intense and largely the most investigated in the literature [24–27]. 
Several works focus on the variation of position, width, and shape of this 
peak in relation to several structural effects such as defects in the stoi-
chiometry, phonon confinement, extrinsic doping, presence of minority 
phases, etc. In our case, the shifting of this Eg peak of anatase could be 
associated to the formation of new bonds due to the presence of Co and/ 
or Si, by disturbing the Ti–O–Ti bonds in the crystal lattice. The observed 
blue shift in the Eg peak could be due to increasing structural strain in 
unit cell. Thus, Eg Raman peak for Co/P90-F is clearly shifted, showing 
less intensity. Indeed, the peak shift and the diminution of peak in-
tensities has been related to the presence of crystal strain and non- 
stoichiometric defects [28]. 

The acquired spectra for Co/P90-WI and Co/P90-F catalysts also 
show the appearance of new peaks at 472 cm− 1, 612 cm− 1 and 680 
cm− 1 that can be attributed to Eg, F2g and A1g modes assigned to Co3O4, 
as reported in the literature [29]. It can be noticed that in the case of Co/ 
P90-WI catalyst such peaks appear with stronger intensity, denoting a 
clearer formation of the spinel structure in this catalyst. Though spinel 
phase was not detected from XRD, we evidenced the presence of spinel 
peaks in the Raman spectrum for Co/P90-F. We must highlight that 
Raman spectroscopy is very sensitive and we could notice the occur-
rence of crystalline structures even at low content [30]. Although 
Raman spectral fingerprints of Co3O4 have been well established, both 
Raman and infrared spectra of CoO is less understood. Thus, the room- 
temperature Raman spectrum of CoO is essentially dominated by a 
broad band at ca. 1000 cm− 1, which is consistent with the expected 
second-order Raman scattering from optical modes in CoO [31]. This 
broad band for CoO is not clearly detected in our case. Indeed, at room 
temperature, no Raman-active phonon line is observed, which is in 
agreement with the selection rule for rock-salt CoO [31]. 

As observed from XRD and Raman spectroscopy a greater amount of 
cobalt spinel species in the WI catalyst with respect to F one could be 

Fig. 2. a) X-ray diffraction patterns and b) Raman spectra of TiO2-P90 and Co/P90 catalysts.  
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inferred. However, by observing the chemical composition from ICP 
analysis (Table 1), the amount of Co in both systems is similar, pointing 
out the efficiency of grafting procedure over functionalized P90 support. 
From the observed results, we clearly infer that the unlike spinel phase 
content in both catalysts is not related to a different Co content. 

Derived textural properties from N2 adsorption isotherms are sum-
marized in Table 1. TiO2 P90 support shows a type III adsorption 
isotherm typical for mesoporous solids (not shown). At high relative 
pressures (>0.90) a rapid increase in the amount of N2 adsorbed is 
observed, denoting the presence of large interparticle mesopores and 
macropores. TiO2 P90 support exhibits a notably higher specific surface 
area (101 m2/g). Both Co/P90 catalysts show similar N2 adsorption 
isotherms, however BET surface area shows important changes 
depending on the deposition method. Thus, for WI catalyst an important 
decrease in BET is observed with respect to the value of the support. 
Such diminution can be due to the deposited metal oxide phases on TiO2 
surface. On the contrary, functionalized catalyst shows only a slight 
decrease in BET surface area with respect to bare support. This surface 
area diminution was already observed in the literature and was 
explained by considering that APTES also penetrated inside the pores, 
rather than only dispersing on the external surface [32]. However, 
further deposition of cobalt does not affect to the surface area as in the 
case of impregnated catalyst. 

By observing the pore size distribution (Fig. 3) different cobalt 
deposition induces clear modifications in the pore features. Thus, by wet 
impregnation it is evidenced that the initial pore distribution of pristine 
P90 is lost, arising a new pore size family at ca 10 nm. This new pore 
feature can be associated to the covering of cobalt cluster on P90 sur-
face. On the other hand, functionalized catalyst also shows the disap-
pearance of the lower size pore family observed for P90. However, it is 
observed the evolution of certain mesoporosity with a new family of 
pores at 20 nm diameter size. This fact could be related to the formation 
of hierarchical silicon mesoporous structure over P90 which could 
develop the observed mesoporosity.32. 

3.1.2. Reducibility and particle size of cobalt 
In order to study the reducibility of the Co-based catalytic systems, a 

study was carried out by H2-TPR and the corresponding reduction pro-
files are presented in Fig. 4. Thus, Co/P90-WI catalyst presents a 
bimodal profile denoting two different reduction processes at ca 400 ◦C 
and 520 ◦C, which can be respectively associated to the well-known two- 
step reduction of Co3O4 to Co0 (Co3O4 → CoO; CoO → Co0)[33]. 

In the functionalized Co/P90-F system, two clear changes are 
observed in the reduction profile with respect to Co/P90-WI system. 
Firstly, the two peak profile observed for WI catalyst is also observed in 
the F catalyst, however showing much less intensity. Noteworthy is the 
appearance of a new reduction process in Co/P90-F at higher temper-
ature, ca 615 ◦C. This new peak could be associated with a new cobalt 
phase that would be anchored on the surface created by APTES on the 
support, with a strong interaction between cobalt and silicon from the 
functionalizing agent [34]. 

The calculated H2 consumption from TPR profiles gives important 
differences, so different cobalt crystalline situation can be inferred [35]. 
Considering the calculated H2 consumption (1.9 mmol/gcat and 1.5 
mmol/gcat for Co/P90-WI and Co/P90-F respectively) we could deduce 
that cobalt is mainly present as Co2O3 for Co/P90-WI while CoO would 
be the major phase for Co/P90-F. Therefore, deposition over 

functionalized TiO2 strongly conditions the structural features of sup-
ported cobalt. 

In order to study the effect of different reduction treatment tem-
peratures on Co/P90 catalyst, we have also performed the TPR analysis 
over reduced catalyst (Figure S1). As we have discussed before, Co/P90- 
WI and Co/P90-F catalysts also showed different evolution upon 
reduction. Low temperature reduction over Co/P90-WI leads a 
completely different TPR with respect to Co/P90-F catalyst. Thus, only 
one TPR peak at ca 420 ◦C is observed for reduced Co/P90-WI catalyst. 
This implies not only the expected disappearance of the Co species 
reducing at ca 350 ◦C but also the lowering of the reduction tempera-
tures of Co species reducing at ca. 550 ◦C from the pristine TPR profile 
(Figure S1). Such shift to lower reduction temperature would point out a 
clear SMSI effect as well as certain modification of the metal dispersion 
features that induces the reducibility behaviour. From the H2 con-
sumption, 45 % of total Co is reduced at 260 ◦C. After reduction at 
400 ◦C, almost the whole Co got reduced. 

As pointed out from Fig. 4, Co/P90-F shows a different reduction 
behavioural feature. The first important issue is that reduction at 260 ◦C 
leads to a lower reduction degree of Co species (only 18 % vs 45 % 
showed by Co/P90-WI), being the TPR profile similar as the pristine one. 
It is worthy to note that in this case, the observed modification of 
reducibility of the unreduced Co species is not observed, denoting the 
important effect of surface functionalization. Furthermore, the after 
reduction at 400 ◦C, it is possible to find a fraction of Co unreduced, 

Table 1 
Chemical composition and textural properties of Co/P90 catalysts.  

Catalyst Co wt% * SBET (m2/g) Pore volume (cm3/g) Pore size (nm) 

P90 — 101  0.23 3 + 30 
Co/P90-WI 9.5 75  0.23 10 
Co/P90-F 8.9 95  0.35 2 + 30 

* From ICP analysis. 

Fig. 3. Pore size distribution of P90 support and calcined Co/P90 catalysts.  

Fig. 4. H2-TPR profiles for the Co/P90 catalysts.  
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denoting that in this case Co are hardly reduced. Reduction degree 
calculated in this case is 74 % (vs 98 % showed by Co/P90-WI reduced at 
400 ◦C). 

The HAADF-STEM images of the calcined Co/P90 catalysts are 
shown in Fig. 5. In the WI system it can be observed how cobalt particles 
appear with a varied particle size range, between 15 and 30 nm. How-
ever, in the F catalyst, a large dispersion of the cobalt phase was 
observed throughout the TiO2 surface. This highly dispersed Co species 
would be anchored on the surface to the silicon network formed during 
the functionalization of the support. In this sense, it has been reported 
that high Co loading would cause cobalt particles aggregation and the 
lowering of the number of active sites, which results in a low FTS activity 
[36]. Therefore, preparation of catalyst with not only high Co loading 
but also superior metal dispersion is crucial to achieve high FTS activity. 

3.1.3. Surface properties and cobalt dispersion 
The surface properties of cobalt in the catalytic systems have been 

studied by XPS and FTIR. In Fig. 6 we have depicted the Co2p signal from 
XPS analysis for both Co supported catalysts. As can be seen, Co2p curve 
for Co/P90-WI can be decomposed in two contributions centered at 
binding energies of 779.3 eV and 781.5 eV that could be ascribed 
respectively to Co3+ (corresponding to spinel Co3O4) and Co2+ (associ-
ated to CoO as well as Co3O4) [37–40]. However for, Co/P90-F only 
Co2+ can be envisaged. 

Besides, as reported in the literature, Co3O4 exhibits a weak shake-up 
satellite at higher binding energies (around 10 eV from the main peak) 
while CoO has a characteristic strong satellite at 786 eV (around 6 eV 
above the main peak)[41]. From the relative areas of deconvoluted 
peaks (Table 2), we have estimated 68 % of spinel content for Co/P90- 
WI while only CoO would be present in CoP/90-F. 

This result firmly agrees with the previous H2 consumption from 
TPR, and with the observation from XRD and Raman results (Fig. 2). 
Furthermore, the different structural features observed between the Co- 
based catalysts could be also correlated with the diminution in the 
bimodal reduction profile in Co/P90-F catalyst obtained from TPR. 

Another important information that can be outlined concerns the 
important difference in the intensity of Co2p signal for Co/P90-WI and 
Co/P90-F. Thus, considering the surface Co/Ti ratio calculated 
(Table 2), a large increase is observed between Co-supported catalysts, 
going from 0.08 to 0.39 for Co/P90-WI and Co/P90-F respectively. 
Considering the similar Co content obtained from ICP, this data would 
confirm the highest dispersion on surface for the functionalized systems 

that we highlighted by transmission microscopy (Fig. 5). 
In order to verify the influence of the reduction pretreatment tem-

perature on the dispersion of the metallic phase on the catalysts, a study 
of H2 chemisorption was carried out in Co-supported systems, after 
reducing at operating temperatures (260 ◦C and 400 ◦C) for 13 h 
(Figure S2). We firstly need to know the amount of metallic cobalt 
present in the samples after each reduction process. Thus, metallic Co 
was obtained by difference from TPR measured after the reduction 
process for 13 h up to 900 ◦C. The results of both experiences are re-
flected in Table 3. 

Looking at the degrees of cobalt reduction values obtained, it is 
observed that, after treatment at low temperature (260 ◦C), a low per-
centage of reduced cobalt is present in Co/P90-F (18 %) compared to 

Fig. 5. A representative HAADF-STEM images of the a) Co/P90-WI (upper panel) and b) Co/P90-F (lower panel) catalysts.  

Fig. 6. Co2p signal from XPS analysis for Co/P90 catalysts.  

Table 2 
Surface chemical analysis from XPS for Co/P90 catalyst.  

Catalyst Co at% Co3+at% Si at% Co/Ti Co/Si Si/Ti 

Co/P90-WI  1.7 46 —  0.08 — — 
Co/P90-F  7.5 0 4.5  0.39 1.67 0.22  

F. Platero et al.                                                                                                                                                                                                                                  
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that for Co/P90-WI (45 %). This difference can be understood consid-
ering the reduction profile of the catalytic systems (Fig. 4). As discussed 
above, one of the effects of the synthesis with APTES was the diminution 
of bimodal reduction process at temperature below 600 ◦C. Thus, in 
functionalized systems after reduction at 260 ◦C for 13 h, only this first 
reduction process has been completed. On the other hand, in the 
impregnated systems both reduction processes overlap, therefore, the 
kinetic effect after 13 h of reduction means that part of the cobalt 
involved in the reduction process at higher temperature has also been 
reduced. Based on the data obtained after the reduction process at high 
temperature (400 ◦C) for 13 h, it is observed that practically all the 
metallic phase is reduced in the impregnated catalysts, however, only 
around 74 % of the cobalt has been reduced in functionalized catalysts. 
This difference is explained considering that not all the cobalt that re-
duces at high temperature (around 615 ◦C) in the functionalized systems 
has been reduced upon treatment at 400 ◦C after 13 h. Based on these 
results, it can be argued that the impregnated catalyst presents a better 

reducibility than the catalysts functionalized with APTES. 
The metallic dispersion (MD) obtained by H2 pulse chemisorption 

shows a higher percentage of Co0 dispersion for the WI catalyst after 
reduction at low temperature (Table 3). However, it is interesting to 
observe that the dispersion values of the metallic phase in these system 
decreases severely when the reduction treatment is carried out at high 
temperature, obtaining values 0.2 % for Co/P90-WI. This loss of around 
85–90 % of dispersion would be correlated to loss of metallic sites which 
take place during the reduction stage a high temperature. In this process, 
due to the strong metal interaction (SMSI), partially reduced TiOx spe-
cies would migrate on top of the Co0 particles, partially covering them 
and thus suppressing their H2 (and CO) chemisorption capacity. On the 
other hand, it is interesting to observe how in the functionalized catalyst 
the dispersion remains constant independent of the reduction temper-
ature, obtaining a value of 1.1 % irrespective of the reduction temper-
ature. The fact that the temperature is not significant in the dispersion of 
the metallic phase confirms the presence of the Co2+ species bound to 
the surface silicon from APTES grafting, which is partially reduced to 
Co0 at 400 ◦C, avoiding the coverage of the TiOx species and therefore 
exposed as active centers for the Fischer-Tropchs reaction. 

The implication of the differences in the physicochemical charac-
teristics of these systems, described so far, in the catalytic performance 
for the Fischer-Tropchs reaction are discussed in the next section. 

3.2. Catalytic studies for Fischer-Tropsch synthesis reaction. 

The catalytic activity of the studied systems is shown in Fig. 7. Co/ 
P90 catalytic systems were tested in FTS reaction after each of the two 
reduction processes. After reduction at low temperature (260 ◦C) two 

Table 3 
Metal dispersion of cobalt in the Co/P90 catalysts.  

Catalyst Reduction degree to Co0 (%)a Metal dispersion (%)b 

Red 260 ◦C Red 400 ◦C Red 260 ◦C Red 400 ◦C 

Co/P90-WI 45 98  1.3  0.2 
Co/P90-F 18 74  1.1  1.1  

a Percentage degree of cobalt reduction upon treatment in H2 at different 
temperatures for 13 h. 

b Metallic dispersion of cobalt calculated by hydrogen chemisorption uptake 
over Co0 sites. 

Fig. 7. CO conversion rate and product selectivities in Fischer-Tropchs reaction after reduction at a) 260 ◦C and b) 400 ◦C. Constant reaction conditions: 0.25 g of 
catalyst diluted in 0.25 g of SiC. At 260 ◦C and 1 MPa, CO: H2: N2 = 1:2:2, GHSV = 1800 h− 1. 
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different behaviours are noticed. The impregnated catalyst presents a 
conversion maximum at short reaction times, followed by a significant 
and progressive deactivation along TOS. Since at this temperature SMSI 
would not be expected, such important deactivation could be caused by 
the progressive deposition of coke or even the formation of inactive 
oxidic species. 

On the other hand, the functionalized system shows a great stability 
during the 6 h from short reaction times. In general, after 6 h of TOS, the 
functionalized catalyst presents a lower catalytic activity than the 
impregnated system, showing conversions of 2 % and 9 % respectively. 
As explained above, in the functionalized system, when reducing at low 
temperature, only an 18 % degree of cobalt reduction is obtained, and at 
this temperature, the identified species of Co2+ that are bound to the 
surface silicon have not yet begun to reduce. Therefore, they would not 
be available to participate in the reaction. Therefore, only cobalt that 
has not been anchored by the functionalizing agent and located on the 
TiO2 surface would participate under these conditions. In this way, the 
difference in activity between the functionalized and impregnated cat-
alysts could be explained by the amount of active phase (Co0) available 
after the reduction process, this being greater for the WI systems with 
respect to the F systems (Table 2), as discussed above. 

After reduction at high temperature (400 ◦C), Co/P90-WI shows 
significantly lower CO conversion and a practical complete deactivation 
at the end of the catalytic run, passing the conversion from 4 % to 1 %. 
Despite having almost 100 % of cobalt as Co0 under these conditions 
(Table 2), the enormous decrease in the conversion of CO would reveal 
the negative effect of SMSI for the activity of the system, inhibiting the 
adsorption of the reagents in the metal centers, as mentioned previously 
[42]. On the contrary, in spite of the lower amount of metallic Co0, Co/ 
P90-F catalyst notably improves their catalytic performance after 
reduced at higher temperature, going from 2 % to ca 20 % for reduction 
at 260 ◦C and 400 ◦C respectively. Thus, we could conclude that APTES 
functionalization of the TiO2 support leads to the formation of a cobalt 
species in the surface layer of the functionalizing agent, which would 
remain unaffected by the SMSI effect after reduction at high tempera-
ture. Moreover, the observed stability clearly points out that deactiva-
tion shown for Co/P90-WI at lower reduction temperature is not taking 
place in this case either. Regarding to the obtained product fractions, it 
can be pointed out that similar selectivities to C5+ is attained for Co/ 
P90-WI reduced at 260 ◦C and Co/P90-F reduced 400 ◦C. It is note-
worthy that, unlike in the case of Co/P90-WI reduced at 260 ◦C, Co/P90- 
F reduced at 400 ◦C shows a stable conversion rate with similar C5+
selectivity. We have also to mention that methane selectivity is also 
notable. This could be due to the lower cobalt cluster size which would 
favour methane formation [43]. By observing the evolution of product 
selectivities with TOS for Co/P90-WI reduced at 260 ◦C and Co/P90-F 
reduced at 400 ◦C (Figure S2), we can observe that for Co/P90-WI 
catalyst selectivity to C5+ initially grows till reaching a stable value. 
At this point of stable selectivity, conversion drops drastically (Fig. 7). At 
the same time CH4 and CO2 selectivities decay. This initial step coincides 
with highest conversion values. On the contrary, Co/P90-F catalyst 
reduced at 400 ◦C shows a stable conversion rate along TOS. Moreover, 
C5+ selectivity appears also stable during the whole reaction time 
(Figure S2). 

Regarding to CO2, it seems that SCO2 clearly diminished for Co/P90-F 
catalyst at 400 ◦C (Fig. 7). In this sense, it has been widely accepted that 
CO2 formation during FT synthesis is related to both, from the WGS 
reaction as well as from the Boudouard reaction [44,45]. 

Furthermore, it can be argued that low CO conversion might result in 
an extremely small amount of the formed H2O on catalyst surface, which 
subsequently may hinder WGS reaction. As above mentioned, besides 
WGS reaction, the Boudouard reaction is the second possible way to 
produce CO2. On this basis, we cannot discard the CO2 formation via CO 
disproportionation reaction. In this sense, the particular Co dispersion 
on Co/P90-F after reduction at 400 ◦C could disfavour WGS. Indeed, it 
has been reported that the WGS activity would increase as the cobalt 

cluster size increases [46]. 
In Fig. 8 we show the evolution of DRIFT spectra under operando 

conditions for Co-based catalysts after reduction at 400 ◦C. A complex 
group of IR bands corresponding to various species appear and evolve 
under different conditions studied. The presence of methyl and methy-
lene groups belonging to various hydrocarbons is confirmed by the 
bands in the range between 1510 and 1300 cm− 1, corresponding to the 
C–H asymmetric and symmetric bends (δ-as and δ-s)[47,48]. Moreover, 
methane typical rotovibrational bands centered at 1305 cm− 1 is also 
present in both cases, being prominent for Co/P90-F catalyst [49]. 

Band at 1589 cm− 1 and two other bands at 1373 cm− 1 and 1360 
cm− 1 are assigned to asymmetric νas(COO–) and symmetric νs(COO–) 
vibrations of carbonate and formate species on the catalyst surface 
[50–53]. The presence of surface carbonate/bicarbonate species sug-
gests that CO2 was produced during CO adsorption. Noteworthy, these 
surface carbonates seems to be produced at less extent for Co/P90-F 
catalyst. 

All these bands clearly denote the formation of different hydrocar-
bons during reaction that remains adsorbed when CO/H2 mixture 
stopped and catalyst is purged with He. 

When the syngas stream is set at room temperature, a complex group 
of bands arise in the range 2100–1900 cm− 1 only in the case of Co/P90- 
F. Bands within this region would correspond to CO adsorbed on het-
erogeneous metallic sites forming different carbonyl species [54,55]. 
From the previous literature, the stretching frequencies of cobalt 
carbonyl complexes were recorded below 2050 cm− 1 for metallic cobalt, 
2070–2110 cm− 1 for Co+, 2120–2170 cm− 1 for Co+2, and 2178–2180 
cm− 1 for Co+3 [56]. Thus, carbonyl bands observed for Co/P90-F would 
be ascribed to Co0 and Co+ species. 

We must highlight the lack of such kind of bands on Co/P90-WI that 
clearly points out the absence of exposed metallic sites. This result re-
inforces the previous stated loss of Co active sites due to SMSI effect after 
reduction at 400 ◦C, and the subsequent progressive decay in the CO 
conversion. 

The study of the spent catalyst by TEM also confirms the different 
evolution of Co/P90 catalyst during reaction (Figs. 9 and 10). As we 
have argued, functionalization leads to a better catalyst stability by 
hindering the SMSI after reduction at high temperature with the sub-
sequent loss of Co active sites. The absence of Co-carbonyl bands on Co/ 
P90-WI reduced at 400 ◦C clearly demonstrates the coverage of metallic 
sites. The evolution of active sites during reaction has been evidenced by 
observing the images of the spent catalyst (Fig. 9). In the impregnated 
catalyst we have shown the formation of Co agglomerates easily 
distinguishable in Fig. 5. After reaction, these agglomerates seem to be 
disappeared and good dispersion of cobalt cluster is attained. This fact 
was already anticipated from the TPR after reduction for this catalyst. 
Indeed, the lack of cobalt carbonyls points out the absence of exposed 
metallic sites. Such Co redispersion after FT reaction has been previously 
described by some authors [12,57]., Cats et al argued that cobalt ag-
glomerates would be dispersed on the surface through surface oxidation 
or surface carbide formation. Such process would be opposite to ex-
pected “classical” SMSI effect. On the other side Qiu et al proposed a 
dispersion mechanism forming fried-egg-like cobalt entities which 
would lead to higher activity [12]. Similar behavior has been described 
by our group in a Ni/CeO2 system, where the metallic particles seem to 
be flattened and buried in this case as a consequence of the SMSI effect 
[58]. Thus, a clear metallic species migration/dispersion was induced by 
SMSI in Co/P90-WI after soft reduction at 260 ◦C through the formation 
of hydride-like entities of the partially reduced support, which account 
for a high mobility of the phases [59]. However, if the spreading be-
comes extensive, it manifests in more nonreducible CoTiO3 formed, 
which is likely to lead to a decrease in catalytic activity. In both cases, 
the observed migration and spreading of Co nanoparticles forming 
either oxidic or carbidic species would be implicated in deactivation of 
Co FTS catalysts. 

The situation for Co/P90-F after reaction is certainly surprising 
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(Fig. 10). As we have shown for Co/P90-F fresh catalyst, Co appeared 
well dispersed over TiO2 (Fig. 5). However, after reaction cobalt entities 
seem to be more agglomerated forming bigger clusters in close inter-
action with silicon (Fig. 10). Despite the observed agglomeration, the 
occurrence of Co-carbonyls denotes that they remain exposed main-
taining the catalytic activity. Therefore, upon reduction at 400 ◦C SMSI 
effect is hampered leading to more reduced Co with high stability 
against deactivation under reaction. 

4. Conclusions 

We have prepared two Co/TiO2 catalysts by wet impregnation (Co/ 
P90-WI) and grafting over functionalized TiO2 (Co/P90-F). Immobili-
zation of cobalt over APTES grafted TiO2 induces important surface and 
structural modifications. Furthermore, significant differences on the 
catalytic performance has been subsequently observed for Fischer- 
Tropsch synthesis reaction. Co/P90-WI catalyst shows a better conver-
sion rate after reduction at 260 ◦C, however important deactivation is 
observed achieving a final CO conversion rate of 10 %. For Co/P90-F 
catalyst reduced at 260 ◦C the presence of silicon hinders the 

Fig. 8. Evolutions of the operando DRIFT spectra (background subtracted) at different reaction conditions for a) Co/P90-WI and b) Co/P90-F catalysts H2-reduced at 
400 ◦C for 13 h. 

Fig. 9. STEM HAADF images for Co/P90-WI reduced at 400 ◦C post-reaction at 260 ◦C.  
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reduction of cobalt and leading to a low number of active sites for the 
reaction and a much lower conversion. 

Though reduction at higher temperature leads to a higher number of 
metallic sites in the Co/P90-WI, the catalytic activity decreased impor-
tantly reaching an almost negligible final conversion. On the contrary, 
Co/P90-F system showed better CO conversion rates after reduction at 
400 ◦C, being in addition highly stable during the reaction time with 
high selectivity to C5+. From the study of the fresh and spent catalysts, 
we have demonstrated that reduction at high temperature strongly af-
fects to Co/P90-WI catalyst. Though almost complete reduction and 
certain redispersion of cobalt is achieved, important SMSI leads to active 
sites coverage and the loss of catalytic activity. Co/P90-F catalyst 

showed notable improvement after reduction at 400 ◦C with a conver-
sion of 20 %. Initial highly disperse Co sites evolves to certain agglom-
eration upon reduction at 400 ◦C. But in this case, Co metallic sites are in 
close interaction to silicon which protect against SMSI and even from 
catalyst deactivation by hindering the formation of inactive oxidic 
species. 
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