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Abstract 

Metal nanoparticles on the surface of porous supports have found numerous 

applications in different areas of science. Fischer-Tropsch synthesis, which proceeds 

on the surface of cobalt metal nanoparticles, is an efficient way to convert renewables 

and fossil feedstocks into alternative fuels. The stability of cobalt catalysts is an 

essential and even crucial parameter and can be significantly improved by promotion.  

In this paper, a combination of operando Quick-XAS, NAP-XPS, high resolution 

electron microscopy imaging, DFT modeling alongside with Fischer-Tropsch catalytic 

experiments has provided deep insights into the evolution of bismuth promoter and 

structure of cobalt-bismuth nanoparticles in the catalysts supported by carbon 

nanotubes. We uncovered noticeable migration of metallic bismuth occurring during 

the reduction step, which leads to bismuth redispersion over the surface of cobalt 

nanoparticles. Cobalt reduction is facilitated in the presence of bismuth. The working 

Fischer-Tropsch catalyst contains cobalt-bismuth bimetallic nanoparticles, with 

bismuth located in the nanoparticle shell. The promotion with bismuth has resulted in 

a noticeable increase in catalyst stability. Characterization and DFT modelling suggest 

preferential localization of bismuth mobile promoter at the steps and edges of cobalt 

nanoparticles, which hinders cobalt sintering and carbon deposition and improves the 

catalyst stability. 

Keywords: operando; catalysis; liquid metals; bismuth; cobalt; stability; Fischer-

Tropsch  
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Introduction 

Metal nanoparticles have found numerous applications in different areas of chemistry, 

physics, materials science and medicine [1,2]. Small metal nanoparticles are 

thermodynamically non-stable, because of their higher surface energy. Synthesis of 

metal nanoparticles with the desired size and shape and enhanced stability is an 

important challenge [3,4], which requires interdisciplinary knowledge and strategies.  

Fischer-Tropsch (FT) synthesis is an efficient technology for syngas (H2 and CO 

mixture) conversion into valuable fuels and chemicals [5,6]. Cobalt catalysts are the 

catalysts of choice [5–8] for low temperature FT synthesis, which takes place with 

syngas pressure of 20-40 bar, at temperature of 220-240 oC and stoichiometric H2/CO 

ratio of 2. FT synthesis occurs over small cobalt metal nanoparticles localized over 

porous oxide or carbon supports [8]. Prior to the FT reaction, cobalt catalysts require 

reduction of cobalt oxide species to metallic nanoparticles.  

Metals and metal alloys with low melting points are a new class of materials, which 

have gained growing attention in many fields including microfluidics, flexible 

electronics and drug delivery [9,10]. Recently, we discovered [11–14] strong promoting 

effects of bismuth on the catalytic performance of iron, cobalt and nickel catalysts in 

carbon monoxide hydrogenation. We found [12] that the bismuth promoter could 

increase up to 10 times the activity of iron catalysts in high temperature FT synthesis. 

Bismuth also enhances the catalyst stability due to hindering both metal nanoparticle 

sintering and carbon deposition [11]. The enhancement of stability after Bi promotion 

was particularly pronounced [11] for silica-supported cobalt catalysts. The reduced 
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carbon deposition and sintering were respectively attributed [11] to the bismuth 

oxidation−reduction cycling during carbon monoxide hydrogenation. The melting point 

of metallic bismuth is 271 °C. This gives for this metal very low Tamman and Hüttig 

temperatures [15]. The Hüttig temperature is relevant to the mobility of defects, while 

the Tamman temperature is relevant to the mobility of bulk atoms. Therefore, bismuth 

is expected to present high mobility at the temperature of catalyst activation and FT 

reaction. 

The present work addresses in-depth investigation of the interaction of cobalt and 

bismuth in the carbon nanotube (CNT) supported catalysts, which have demonstrated 

enhanced stability in low temperature FT synthesis. The detailed information about the 

evolution of cobalt and bismuth species in the CNT supported catalysts during the 

catalyst activation, FT reaction and passivation was extracted from a combination of 

operando Quick X-ray Absorption Spectroscopy (Quick-XAS) operating during FT 

reaction at the realistic operational conditions, surface-sensitive Near Ambient Pressure 

X-ray Photoelectron Spectroscopy (NAP-XPS), Density Functional Theory (DFT) 

modeling and Transmission Electron Microscopy (TEM). The characterization results 

are discussed alongside with the FT catalytic performance and catalyst stability data.  

 

Experimental 

Preparation of catalysts 

Carbon nanotubes (CNT) with an outer diameter of 20-40 nm were purchased from 

IoLiTec Nanomaterials. The raw CNTs were treated with a 68 wt.% nitric acid at 140 
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oC for 14 h, followed by washing and drying in order to remove impurities and to 

oxidize the CNT surface. The procedure is described in detail in our previous reports 

[13,16]. The CNT-supported cobalt catalysts were prepared by the conventional 

incipient wetness impregnation. Cobalt nitrate (Co(NO3)2.6H2O, Sigma-Aldrich) and 

bismuth nitrate (Bi(NO3)3.5H2O, Sigma-Aldrich) were used as cobalt and bismuth 

precursors, respectively. The Co and Bi contents in the catalysts were fixed at 15 wt.% 

and 0.2 wt.%, respectively. For the NAP-XPS and STEM-EDX experiments, the Bi 

content in the catalysts was set to 2 wt. %. After the impregnation, the obtained powdery 

catalysts were further dried at 80 oC for 12 h and calcined in nitrogen at 400 oC for 4 h. 

The Bi/CNT (10 wt.% Bi) sample was also prepared by the same synthesis procedure.  

The Bi-promoted cobalt catalyst was also prepared by mechanical mixing following the 

procedure from our previous report [13]. The Co/CNT and Bi/CNT samples were 

mechanically mixed in an agate mortar for 10 min to obtain the catalysts with the same 

cobalt and bismuth contents as in the co-impregnated counterparts. The obtained 

physical mixture catalyst was denoted as Co/CNT+Bi/CNT. 

Catalyst characterization 

The X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean X-

ray diffractometer. The Cu Kα radiation (40 kV and 30 mA) was used as the X-ray 

source. Low-temperature N2 adsorption-desorption was performed on a Micromeritics 

Tristar Model 3020 Surface Area and Porosimetry analyzer. Prior to the N2 adsorption, 

the samples were degassed under vacuum at 250 oC for 2 h. The metal contents were 

measured by inductively coupled plasma-optic emission 720-ES ICP-OES 
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spectroscopy (Agilent). The H2 temperature-programmed reduction (H2-TPR, 5% H2 in 

Ar) was carried out using the AutoChem II 2920 apparatus (Micromeritics). The 

temperature was increased from 50 oC to 800 oC with the heating rate of 10 oC min-1.  

The Co K edge and Bi L3 edge Quick X-ray absorption spectra (Quick-XAS) were 

obtained in situ in the transmission mode during the catalyst reduction under hydrogen, 

air passivation and FT reaction under syngas on the ROCK beamline of the SOLEIL 

synchrotron (Gif-sur-Yvette, France) [17] with a time resolution of 250 ms per 

spectrum. The Si(111) channel-cut crystal was used for acquisitions at both edges. The 

quartz capillary reactor (OD=1 mm, wall thickness=0.020 mm) was used for in-situ 

Quick-XAS measurements with the catalyst loading of 3-5 mg. The capillary was 

attached to the stainless-steel holder using a high temperature epoxy glue. The reactor 

temperature was controlled by an OXFORD-FMB gas blower, while the total pressure 

in the reactor (up to 10 bar) was regulated by a back-pressure controller. For monitoring 

of the treatment of the Bi-promoted CoBi/CNT catalyst, Quick-XAS measurements were 

carried out at both edges on the same samples using the “edge jumping” capability offered 

at the ROCK beamline [18]. In that case, the measurements at the Co K edge for 25 s were 

performed alternately with measurements at the Bi L3 edge for 55 s, with elapsed time of 

about 70 s between each edge alternation required for moving harmonic rejection mirror 

stripes and Bragg angles of the Si(111) channel-cut suitable for each edge. The longer 

acquisition time for Bi L3 edge than for the Co ones was due to the small Bi edge jump 

measured in transmission mode, which was around 0.035 compared to 2.0 at the Co K edge. 

In order to improve the S/N ratio, 110 spectra recorded in 250 ms were merged at the Bi L3 
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edge against 50 spectra at the Co K edge. Normalization and energy calibration of the data 

were performed using the Python interface developed at the ROCK beamline [17,19]. 

Cobalt and bismuth speciations were obtained thanks to the multivariate curve regression 

with alternating least-square (MCR-ALS) analysis [20] using the MCR-ALS 2.0 Matlab 

toolbox developed by Tauler’s group [21]. This method, which has been described in details 

for time-resolved Quick-XAS data in references [19,22,23] permits to isolate from the data 

set the spectra of each pure species participating to the reaction and its concentration profile. 

The outcome files obtained using the MCR-ALS 2.0 Matlab toolbox for the different 

catalysts are given in Supplementary Material (SM). The EXAFS analysis at the Bi L3 

edge of the catalysts after reduction and air passivation was performed using the Athena 

and Artemis software [24]. The reaction products were monitored by Raman 

Spectroscopy using a 532 nm KAISER Raman spectrometer equipped with a probe 

head located at the outlet of the capillary reactor [25]. 

The Scanning Transmission Electron Microscopy (STEM) analyses were carried on a 

double corrected analytical JEOL TEM 200 CF operated at 200 kV. The elemental 

maps acquisitions (256 x 256 pixels) were carried out using the Energy Dispersive X-

ray Spectrometer (EDX) Centurio 100 detector with a scanning speed of 0.05 ms/px, 

whilst applying a drift correction every 60 seconds. STEM micrographs were acquired 

using a High Angular Annular Dark Field (HAADF) detector with a camera length of 

8 cm and a spot diameter of 0.1 nm. 

NAP-XPS was performed in Prague using a spectrometer custom-built by SPECS 

Surface Nano Analysis, GmbH Germany. An ultrahigh vacuum (UHV) system 
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equipped with a PHOIBOS 150 Hemispheric Energy Analyser and an Al Kα 

monochromatized X-ray source of high intensity (excitation energy of 1486.6 eV) was 

employed to perform X-ray Photoelectron Spectroscopy (XPS) measurements [26]. The 

in-situ reaction cell was set in the analysis chamber allowing XPS measurements in the 

presence of gases with pressure up to 10 mbar and at high temperature. Typically, the 

catalyst (~20 mg) was pressed into a tungsten mesh together with a K-type 

thermocouple and spot welded to a stainless-steel sample holder. The measurements 

were performed in presence of H2 or syngas (1 mbar) at the temperature ranging from 

ambient to 315 ºC. The XPS spectra were analyzed by fitting the Shirley-type function 

with the Casa XPS software. In order to visualize clearly the localization of the 

promoter, TEM and NAP-XPS experiments were performed with the model CoBi/CNT 

catalysts containing 2 wt.% Bi.  

Operando and laboratory catalytic tests 

The FT reaction over the CNT-supported cobalt catalysts was performed both in the quartz 

capillary operando reactor (din=0.8 mm) at the ROCK beamline of the Soleil synchrotron 

and in the laboratory tubular stainless-steel fixed bed reactor (din=8 mm). For the 

synchrotron operando experiments, the capillary reactor was set in sequence with a pre-

bed reactor filled with the same catalyst and heated at the same temperature, in order to 

expose the catalyst to high conversion levels. 100 mg catalyst was loaded in the pre-bed 

reactor and 3-5 mg catalyst was added to the capillary reactor, respectively. The catalyst 

activation, passivation and FT reaction were conducted simultaneously with operando 

Quick-XAS measurements. 
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The same cobalt catalysts were also tested in the laboratory made fixed-bed reactor. The 

following conditions were typically used: P=20 bar, H2/CO=2 and GHSV=6.3 L/g.h. N2
 

was used as internal standard. The products of FT synthesis in both capillary and 

laboratory FT reactors were analyzed using a gas chromatograph (Scion GC-450). A 

thermal conductivity detector (TCD), equipped with a CTR-1 column, was used to 

analyze N2, CO, CO2 and CH4. A flame ionization detector (FID) was used for analysis 

of hydrocarbons separated on a Rt-Q-PLOT capillary column. The liquid products (oil 

and water phases) were collected in a trap kept at 80 °C and analyzed off-line by gas 

chromatography. The product selectivity was calculated on carbon basis without 

considering CO2. The carbon balances were all better than 90 %. The selectivity to CO2 

was calculated separately.  

Computational Methods 

Spin-polarized periodic density functional theory (DFT) calculations were performed 

using the vdW-DF2 functional [27,28], as implemented in the Vienna ab initio 

simulation package (VASP) [29,30], together with a projector augmented wave (PAW) 

method. A plane wave kinetic energy cutoff of 450 eV was found to be sufficiently 

converged. The electronic structure was optimized to within 10-5 eV. The 2nd order 

Mathfessel-Paxton (MP) method with a smearing width of 0.2 was used. The Co(111), 

Co(100) and Co(211) surfaces were modeled as six-, five- and four-layered slabs 

cleaved from optimized bulk fcc-cobalt, respectively. For the Co(111) and Co(100) 

slabs, only the top three layers were allowed to fully relax during geometry 

optimization, whilst for the Co(211), only the top two layers were relaxed. For all unit 
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cells studied, viz. p(3x3), p(2x3), p(2x4) and p(2√3x2√3)R30o, the Monkhorst-Pack 

grid was adjusted to give a k-point density of ca. 0.038 Å-1 with only a single k-point 

along the longest lattice vector. Periodic slabs were separated by a vacuum gap of 15 

Å. All adsorbates were added only on the relaxed side of the surface and a geometry 

optimization convergence criterion of 0.01 eV/Å was used. 

Bulk bismuth oxide and metallic bismuth were optimized using their respectively 

optimized k-point grids. Statistical thermodynamics was used to calculate the Gibbs 

free energies of gas molecules as well as adsorbed species. The substitutional Gibbs 

free energy was calculated as follows: 

0.5 Bi2O3 + COy/Co(hkl) + (0.5 + y) H2  Bi/Co(hkl) + (0.5 + y) H2O + CO 

Δ� = ���/	
(�
�) + �1
2 + �� ���� + �	� − 1

2 ����� − �	��/	
(�
�) − �1
2 + �� ���  

where the G is the Gibbs free energy and the Bi/Co(hkl), COy/Co(hkl) subscripts 

represent adsorbed Bi and COy, y ∈{1, 0}, on the Co(hkl) surface. ������  is the 

electronic energy of the bulk bismuth oxide. The Gibbs free energy depends on the 

partial pressures of CO, H2 and H2O as well as temperature. 

Results  

Ex-situ catalyst characterization 

The textural properties of the CNT support and cobalt-based catalysts are displayed in 

Table S1, SM. The CNTs exhibit a high surface area of 145.3 m2/g. As expected [8], 

the BET surface area and pore volume decrease after the CNT impregnation with Co or 

Bi. This is caused by partial pore blocking by cobalt or bismuth species and by the 

effect of CNT “dilution” with the metals introduced by impregnation. Table S1, SM 
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also shows the ICP elemental analysis data. All the three catalysts have similar cobalt 

content (around 15 wt.%), while the Bi contents were close to 0.2 wt.% in the 

impregnated and mechanically mixing catalysts. ICP analysis of the spent catalyst 

showed that the bismuth content remained similar to the catalyst inventory composition 

(Table S1, SM). No bismuth leaching occurred during the reaction.  

 
Figure 1. XRD profiles of the freshly calcined catalysts (a) and used catalysts (b) after 

contact with air for 7 days. 

 

The XRD profiles of the freshly calcined catalysts are presented in Figure 1a. They 

exhibit the diffraction lines attributed to both Co3O4 and CoO phases. The presence of 

CoO is possibly due to the partial reduction of Co3O4 by the CNT carbon species during 

the decomposition of cobalt nitrate. After the introduction of Bi to the cobalt catalysts, 

the cobalt oxide phase composition in the calcined catalysts remains the same. 

Calculation of the Co3O4 crystallite sizes from the XRD diffraction line broadening 

yields the values in the range of 9-10 nm (Table S1, SM). The XRD patterns of the 

used catalysts (Figure 1b) show the presence of both cobalt oxide and cobalt metallic 
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phases. The diffraction line at 26°, attributed to CNTs, keeps similar a high intensity in 

the used catalysts.   

 

Figure 2. TPR profiles of the freshly calcined CNT-supported cobalt catalysts. 

 

Figure 2 shows the H2-TPR profiles of the non-promoted Co/CNT and Bi-promoted 

catalysts. Three main peaks can be observed. The reduction of Co3O4 proceeds [31–33] 

via intermediate formation of CoO, while CoO can be directly reduced to metallic 

cobalt. The small peak at about 270 oC is therefore, attributed to the reduction of Co3O4 

to CoO. The second peak, located at about 380 oC, is assigned to the reduction of CoO 

to metallic Co. The nature of the third peak above 430 oC seems to be more complex. 

It may be assigned to the reduction of smaller cobalt oxide nanoparticles or gasification 

of the CNT supports [34–36]. The bismuth promotion results in a higher intensity of 

the TPR peaks and probably corresponds to a higher extent of cobalt reduction. The 
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total hydrogen consumption during TPR experiments is shown in Table S1, SM. The 

total hydrogen consumption in the catalysts increases in the following order: Co/CNT< 

Co/CNT+Bi/CNT < CoBi/CNT. The intensity of the peaks at 380 °C significantly 

increases after the bismuth promotion in the catalysts prepared by impregnation. Even 

the Co/CNT+Bi/CNT catalyst prepared by mechanical mixing presents the easier 

reduction ability compared with the Co/CNT catalyst. Better catalyst reducibility can 

be assigned to the promoting effect of bismuth on cobalt reduction and possibly to the 

occurrence of cobalt nanoparticles in close interaction with bismuth in the promoted 

catalysts. Note that the Bi content in the catalysts (0.2 wt.%) was too small to contribute 

to any noticeable extent to the intensity of the TPR peaks.  

 
 

Figure 3. STEM-HAADF micrograph (a) and STEM-EDX elemental maps (b-f) of the 
freshly calcined CoBi/CNT catalyst (2 wt.% Bi): (b) chemical map of C, (c) chemical 
map of Co, (d) chemical map of Bi, (e) chemical map of oxygen, (f) superimposed 
chemical maps of Co, Bi and O, (g) superimposed chemical maps of Co and Bi and (h) 
superimposed chemical maps of Co Bi and C. 
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The STEM-HAADF images and STEM-EDX chemical maps of the freshly calcined 

and activated CoBi/CNT catalysts are shown in Figures 3, 4, S1-S4, SM. In freshly 

calcined CoBi/CNT, larger (>15 nm) and smaller (<5 nm) nanoparticles were detected 

within the CNTs (Figure S1, SM). The small nanoparticles are located on the CNTs 

surface as well as on the inner CNT tube channels. The Bi atoms were identified within 

both large and small size cobalt oxide nanoparticles located both in inner channels or 

outside CNTs (Figure S2, SM). The High-Resolution STEM-HAADF observations are 

consistent with the STEM-EDX (Figure 3) findings, which show distinct cobalt 

nanoparticles and bismuth species localized both on the surface of cobalt oxide 

nanoparticles and directly on the CNT support.  

 
Figure 4. STEM-HAADF micrograph (a) and STEM-EDX elemental maps (b-f) of the 
activated CoBi/CNT catalyst (2wt.% Bi): (b) chemical map of C, (c) chemical map of 
Co, (d) chemical map of Bi, (e) chemical map of oxygen, (f) superimposed chemical 
maps of Co, Bi and O, (g) superimposed chemical maps of Co and Bi and (h) 
superimposed chemical maps of Co Bi and C. 

 

Similar to the calcined CoBi/CNT catalyst, two populations of nanoparticles are 

identified (Figures 4 and S3, SM) in activated CoBi/CNT. The larger particles have 
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the sizes larger than 20 nm (up to more than 50 nm), with shapes varying from elongated 

to rather rounded and morphologies evolving from homogenous (uniform contrast) with 

the Bi atoms uniformly distributed over the Co nanoparticle surface (Figure 5). The 

shape and morphology of smaller nanoparticles changed from round and regular to 

facetted. Moreover, the shell of these nanoparticles also contains large amounts of 

bismuth (higher Z element) (Figure S4, SM). The STEM-EDX maps (Figure 4) 

suggest preferential location of the bismuth over the surface of cobalt nanoparticles in 

particular, in the reduced catalysts. The STEM-EDX map of oxygen (Figure 4e and f) 

indicates partial oxidation of metal nanoparticles in the activated catalyst, which is 

probably caused by the exposure to air during the passivation.  

 

 
 

Figure 5. High resolution STEM-HAADF images, showing cobalt-bismuth core-shell 
nanoparticles in the activated CoBi/CNT catalyst (2 wt.% Bi). 

 

 



17 
 

Catalytic performance in the laboratory fixed-bed reactor 

The catalytic performance of the monometallic Co/CNT, Bi-promoted cobalt CoBi 

/CNT and Co/CNT+Bi/CNT catalysts prepared by either impregnation or mechanical 

mixing method was tested in the laboratory fixed-bed reactor (Table 1, Figure 6) at 

H2/CO=2 and 20 bar of total pressure.  

 

Figure 6. CO conversion versus reaction time during FT synthesis over freshly reduced 
CNT supported Co catalysts. Reaction condition: 20 bar, H2/CO=2, GHSV= 6.3 L/g.h, 
T=250 ºC. 

 

In order to accelerate the catalyst deactivation, the reaction temperature was set to 250 

oC, which is slightly higher than the conventional temperature for low temperature FT 

synthesis (220 - 240 oC). All three examined catalysts show similar initial CO 

0 20 40 60 80 100 120

20

30

40

50

60

70

80

Co/CNT+Bi/CNT

Co/CNT

C
O

 C
o

n
v
e

rs
io

n
/ 

%

Time/ h

CoBi/CNT



18 
 

conversion (Figure 6). The non-promoted Co/CNT catalyst exhibits noticeable 

deactivation; the CO conversion gradually decreases by about 16% during 110 h of  

reaction from 68% to 57%. Interestingly, the Bi-promoted Co/CNT catalysts show 

much more stable catalytic performance compared to the non-promoted counterpart.  

The CO conversion remains unchanged over CoBi/CNT at around 72% during 110 h. 

In addition, we found that Co/CNT+ Bi/CNT prepared by mechanical mixing also 

presented improved stability compared with the non-promoted Co/CNT catalyst. The 

catalytic results for the CNT-supported cobalt in FT synthesis are consistent with our 

previous work [11], which reported the enhanced stability of silica supported cobalt 

catalysts on their promotion with Bi. 

 

Table 1. FT catalytic results over cobalt catalysts measured in the laboratory fixed bed 
reactor. Conditions: 20 bar, H2/CO=2, GHSV = 6.3 L/g.h, T=250 ºC, 100 h. 
 

Catalysts 
CO conv. 

(%) 

CO2 
selectivity 

(%) 

Hydrocarbon selectivity (%) 

CH4 C2-4
= C2-4

0 C5
+ 

Co/CNT 57.6 0.5 8.4 5.8 3.1 82.7 

CoBi/CNT 71.3 3.8 8.8 6.1 3.3 81.8 

Co/CNT+Bi/CNT 65.1 2.7 8.5 6.0 3.4 82.1 
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Operando Quick-XAS experiments in the capillary operando reactor 

In order to provide further insights into the role of bismuth regarding the cobalt 

reducibility and catalyst stability, we performed operando Quick-XAS measurements 

with the same catalysts in a capillary setup accompanied with the simultaneous 

measurements of catalytic performance. The procedure is presented below. The catalysts 

were reduced in hydrogen flow at 400 oC, the FT reaction was conducted at 250 oC, 

H2/CO = 2 and P = 10 bar for 2 h. In another set of experiments, after reduction, the 

cobalt catalysts were cooled down to 50 °C, purged under nitrogen and passivated in 

the air flow at the same temperature for 1 h.  

 
 
Figure 7. XANES at the K-absorption edge for cobalt phase evolution over Co/CNT 
catalyst, (a) reduction from 50 oC to 400 oC under H2. (b) the reduced CoBi/CNT was 
contacted with air at 50 oC. 

 

Figures 7 and 8 display evolution of the Co K-edge Quick-XAS spectra recorded for 

the non-promoted Co/CNT and Bi-promoted CoBi/CNT catalysts, respectively. Figure 

9 displays the time evolution of fractions of Co3O4, CoO and Co, involved during the 

reduction and further air passivation for both catalysts determined by MCR-ALS 

(Figures S5-S8, SM).  
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Figure 8. XANES at the K-absorption edge for cobalt phase evolution over 
CoBi/CNT catalyst, (a) reduction from 50 oC to 400 oC under H2. (b) the reduced Bi 
was contacted with air at 50 oC. 

 

In agreement with the XRD results (Figure 1a), Quick-XAS detected in the freshly 

calcined catalysts a mixture of Co3O4 and CoO in proportion close to 50:50 (Figure 9).  

 
Figure 9. Cobalt speciation determined by MCR-ALS from the Quick-XAS data set 
recorded for cobalt catalysts during reduction under hydrogen and air oxidation at 50 
°C: (a) Co/CNT, (b) CoBi/CNT. 
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During the hydrogen reduction, the cobalt-based catalysts undergo the reduction from 

Co3O4 to CoO and then to metallic Co (Figure 7a and 8a). The onset of reduction of 

CoO to Co occurs at 290 °C for the Co/CNT catalyst versus 267 °C for the CoBi/CNT 

catalyst. In addition to the difference in the temperature of the reduction onset, the 

cobalt reduction is relatively slow for the Co/CNT catalyst with only 33% of metallic 

Co formed at the end of the heating ramp under hydrogen against 68% of metallic Co 

at the same step for the CoBi/CNT catalyst. In order to obtain similar fractions of 

metallic cobalt after the reduction, a longer time at 400 °C under H2 has to be used for 

the unpromoted Co/CNT compared to CoBi/CNT. Namely, nearly the same extent of 

cobalt reduction can be reached in 60 min at 400 °C for CoBi/CNT with 88 % of 

metallic Co, while for Co/CNT, it takes 100 min to reach 78 % of metallic Co (Figure 

9). The speciation determined from the MCR-ALS of the Quick-XAS data is consistent 

with the TPR data (Figure 2). Thus, bismuth acts as a promotor for the cobalt reduction 

in the catalysts.  

The in-situ Quick-XAS spectra at the L3-edge of Bi (Figure 10) show the bismuth phase 

evolution from oxidic phase to metallic bismuth during hydrogen reduction from 50 oC 

to 400 oC. The impregnated cobalt catalyst is more easily reducible than the catalyst 

prepared by mechanical mixing. The speciation obtained by MCR-ALS for the 

CoBi/CNT (Figure S9-S10, SM) evidences a direct transformation of the oxidic 

bismuth species into metallic bismuth, with an onset of reduction at 235 °C and a 

complete reduction at the end of the heating ramp (Figure 10c). The same behavior is 

reported for the reduction of cobalt for the Co/CNT+ Bi/CNT catalyst than for the 
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CoBi/CNT with a reduction temperature lower than for the Co/CNT. It is noteworthy 

that the XANES spectrum of the oxidic bismuth species for the freshly calcined 

CoBi/CNT is different to those recorded for the Bi2O3 reference or for the freshly 

calcined Bi/CNT catalyst (Figure S11, SM). This strongly suggests that the local order 

around Bi of the CoBi/CNT catalyst is impacted by the presence of cobalt and could 

indicate the localization of a thin bismuth layer over the surface of cobalt nanoparticles.  

 
Figure 10. X-ray absorption spectra at the L3-absorption edge for bismuth phase 
evolution over CoBi/CNT catalyst, (a) reduction from 50 oC to 400 oC under H2. (b) 
reduced CoBi/CNT was contacted with air at 50 oC, (c) Bismuth speciation determined 
by MCR-ALS from the Quick-XAS data set recorded for the CoBi/CNT catalyst during 
(c) H2 activation and (d) air passivation. 

 

After activation under H2, the Fourier Transforms of the EXAFS spectra of the 

CoBi/CNT and Bi/CNT catalysts display very different first coordination shell (Figure 

S12b, SM). The fitting of EXAFS Fourier transform moduli for Bi (Table S2, SM) at 



23 
 

the end of the activation (just before introducing air) of the CoBi/CNT catalyst 

evidences that Bi is surrounded by 3.8 Co at 2.70 Å. For the fully reduced monometallic 

Bi/CNT catalyst, Bi has 3 Bi atoms as first neighbors at 3.06 Å and 3 Bi at 3.56 Å. The 

Bi-Co distance in CoBi/CNT is larger than the Co-Co distance in Co nanoparticles (2.50 

Å) but shorter than Bi-Bi in Bi NP, the hypothesis of adsorption of Bi on Co 

nanoparticles could be an explanation for the presence of Bi-Co coordination. 

Operando EXAFS suggests therefore, that the majority of Bi is in intimate contact with 

Co.  

 

Table 2. FT catalytic results over cobalt catalysts measured in the in-situ capillary 
experimental setup at the SOLEIL synchrotron (10 bar, H2/CO=2, GHSV= 6.3 L/g.h, 
T=250 ºC, 5 h) 

 

 

The operando Quick-XAS data are consistent with the catalytic experiments conducted 

simultaneously in the capillary reactor (Table 2). The initial CO conversions on the 

Co/CNT and CoBi/CNT catalysts were similar and equal respectively to 28.8% and 

Catalysts 
CO conv. 

(%) 

CO2 
selectivity 

(%) 

Hydrocarbon selectivity (%) 

CH4 C2-C4 C5+ 

Co/CNT 28.8 0.4 9.8 8.6 81.6 

CoBi/CNT 32.6 1.6 10.2 10.5 79.3 
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32.6%. Higher selectivity to CO2 has been observed over the Bi-promoted catalysts 

compared to the monometallic Co/CNT counterpart. Note that the catalytic 

performance obtained in the operando capillary reactor is very similar to that in the 

laboratory fixed reactor measured under the same conditions (Table S3, SM). The in-

situ Raman spectroscopy also confirmed similar amounts of methane produced on both 

Co/CNT and CoBi/CNT catalysts during steady step conditions of the FT synthesis in 

the capillary reactor (Figure S13, SM). Note different activation procedures for these 

catalysts. 

In the passivation experiments, after catalyst reduction and exposure to air at 50 °C, 

XANES at the Co K-absorption edge indicates gradual oxidation of metallic cobalt in 

both catalysts to cobalt oxides but the transformation rate is 4 times faster for the 

CoBi/CNT with 0.42 %/min than for the Co/CNT with 0.1 %/min (Figure 9). Taking 

into account that the fraction of metallic cobalt is slightly higher for the CoBi/CNT 

catalyst (88 %) compared to Co/CNT (78%) before air introduction, a similar fraction 

of the metallic cobalt phase amounting to 55-56 % is obtained after 60 min of exposure 

to oxidative atmosphere for the bismuth promoted catalyst and only after 100 min for 

the unpromoted one. It is noteworthy that more than 70 % of metallic bismuth is 

oxidized during the first 10 minutes of air exposure (Figure 10d) and the remaining 

metallic bismuth species are fully converted into oxide with a transformation rate of 

0.46 %/min. This reduction rate is equivalent to the one reported for cobalt and in 

agreement with the close vicinity of cobalt and bismuth as deduced from the 

aforementioned EXAFS fitting. Very fast rate of the  oxidation of bismuth in 
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CoBi/CNT after the catalyst exposure to air compared to cobalt observed by Quick-

XAS (Figures 9 and 10) is consistent with preferential localization of bismuth in the 

shell of cobalt nanoparticles.  

 
Figure 11. Co 2p NAP-XPS spectra measured in H2 and syngas at different 
temperatures: (a ) CoBi/CNT; (b) Co/CNT+Bi/CNT . 

 

Evolution of the sub-surface layer in the cobalt catalysts promoted with bismuth in 

hydrogen and syngas 

XPS is one of the most powerful spectroscopic tools to obtain chemical information 

about the catalyst surface and sub-surface layer. Conventional XPS operates under 

ultra-high vacuum conditions (<10-8 mbar) and is limited to the catalyst characterization 

before and after catalytic reactions or catalyst pretreatments [37]. NAP-XPS allows the 

study of the catalyst surface under semi- or pseudo-catalytic conditions at the gas 

pressures of several millibars at a wide range of temperatures [14,37]. Figure 11 shows 

the Co 2p NAP-XPS spectra of the CoBi/CNT and Co/CNT+Bi/CNT catalysts. The 
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spectra of the calcined catalysts are characteristic of the Co3O4 phase, which was 

identified by the binding energy, spin-orbital splitting and low intensity of the satellite 

peaks [38,39]. The detection of Co3O4 by XPS as one of the major cobalt oxide phases 

in the calcined catalysts is consistent with the XRD and XANES results. Note that in 

addition to Co3O4, XANES and XRD detected a significant fraction (45 %) of cobalt in 

CoO phase in the oxidized cobalt catalysts. After the temperature increases in H2 to 250 

oC and then to 315 oC, the evolution of the XPS spectra suggests reduction of cobalt 

oxides to the metallic phase, as identified by the binding energy at ~778 eV [40,41]. 

After the change of the gas from H2 to syngas (H2/CO=2) and temperature decrease to 

the FT reaction temperature (250 oC), cobalt still remains in the metallic phase.  

Similar Co 2p XPS spectra were observed for the Co/CNT+Bi/CNT catalyst prepared 

by mechanical mixing (Figure 11b). CoBi/CNT and Co/CNT+Bi/CNT seem to contain 

similar cobalt phases: Co3O4 in the fresh calcined catalysts and mostly cobalt metal 

phase in the reduced counterparts. The ratios of XPS intensities are shown in Table 3. 

Table 3. Ratio of correcteda XPS intensities measured in the presence of hydrogen 
and syngas in the NAP-XPS experiments 
Catalyst Gas Temperature, °C ACo/AC ABi/AC 

CoBi/CNT 
H2 

50 0.0454 0.0013 

250 0.0272 0.0004 

315 0.0223 0.0020 

H2/CO=2 250 0.0196 0.0016 

Co/CNT+Bi/CNT 
H2 

50 0.0407 0.0013 

250 0.0258 0.0008 

315 0.0190 0.0007 

H2/CO=2 250 0.0201 0.0006 
a XPS raw intensities divided by transmission and relative sensitivity factor (RSF) 
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A noticeable decrease in the relative intensity of the Co 2p peaks was observed after 

the reduction of both CoBi/CNT and Co/CNT+Bi/CNT in hydrogen and subsequent 

exposure to syngas. The decrease in the XPS intensities corresponds to the decrease in 

the cobalt surface concentration and could be caused by cobalt sintering. Another 

possible explanation could be the formation of cobalt-bismuth structures with cobalt 

localized in the core and bismuth in the shell. This might result in some decrease in the 

intensity of cobalt XPS signal. The preferential localization of bismuth in the 

nanoparticle shell in the reduced catalysts is consistent with the STEM-EDX (Figure 

4) and Quick-XAS.  

The Bi 4f NAP-XPS spectra of the Bi-promoted cobalt catalysts are shown in Figure 

12. The fresh catalysts exhibit Bi 4f peaks with the binding energies [42–44] of 159.0 

eV and 164.2 eV, similar to the values found for Bi2O3. The catalyst surface 

composition from NAP-XPS during different treatment steps in the catalyst is shown 

in Table S4, SM. The catalyst exposure to hydrogen at 250 °C leads to the oxidic 

species reduction to the metallic state with a characteristic doublet [45,46] having a 

peak at 156.9 eV. Surprisingly, the intensity of Bi XPS peaks decreases in both 

CoBi/CNT and Co/CNT+Bi/CNT after catalyst heating in hydrogen at 250 °C. This 

could be an indication of a major decrease in both bismuth surface and sub-surface 

concentrations. A similar phenomenon was detected in our previous study [14] for 

bismuth promoted iron catalysts and could be caused by migration and sintering of very 

mobile bismuth metallic species produced during the reduction of bismuth oxide. 
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Figure 12. Bi 4f NAP-XPS spectra measured in H2 and syngas at different 
temperatures: (a) CoBi/CNT; (b) Co/CNT+Bi/CNT.  

 

At higher reduction temperature (315 °C), the variations of relative intensities (IBi/IC, 

Table 3) and surface bismuth content (Table S4, SM) show different trends for the 

CoBi/CNT and Co/CNT+Bi/CNT catalysts. Interestingly, the intensity of Bi XPS peaks 

over the impregnated CoBi/CNT catalyst suddenly increases and gets even higher, 

while no major modification of intensities of the Bi 4f XPS peaks was observed for 

Co/CNT+Bi/CNT prepared by mechanical mixing. Indeed, Bi is localized in closer 

proximity to cobalt in the CoBi/CNT catalyst prepared by impregnation, compared to 

Co/CNT+Bi/CNT prepared by mechanical mixing. This proximity could facilitate 

redispersion of bismuth species over cobalt nanoparticles and the formation of cobalt-

bismuth core-shell structures. The redispersion of bismuth over cobalt nanoparticles is 

also consistent with a more significant decrease in the intensity of Co 2p XPS signal in 
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the catalyst prepared by impregnation (Table 3) compared to the counterpart prepared 

by mechanical mixing, where this phenomenon is expected to be less significant.  

 

Table 4. Stability of Bi on different Co surface sites, relative to bulk bismuth oxide, at 
227 °C for a H2/H2O ratio of 5. 
 

Structure ΔGr (kJ/molBi) 

Bi(bulk) 31 
0.11 ML Bi on Co(111)  -29 
0.11 ML Bi on Co(100)  -62 
33% Bi on Co(211)  -71 

 

DFT modeling 

The thermodynamic stability and preferred localization of Bi on Co catalysts was 

studied using DFT. Table 4 provides an overview of the stability of Bi at Co(111) and 

Co(100) terraces and at Co(211) step sites under FT conditions. While the reduction of 

Bi2O3 to metallic Bi is calculated to be slightly unfavorable under FT conditions (+31 

kJ/mol), the calculations show that Bi adsorbs strongly on Co. The formation of CoBi 

alloys is however, highly unfavorable, with the reaction energy above 350 kJ/mol. Bi 

binds particularly strongly at the step sites, with a preference of 40 kJ/mol over the 

Co(111) terrace sites. Lateral interactions between adsorbed Bi atoms are quite weak, 

and the adsorption energy is constant up to 0.44 ML on the Co(111) terraces (Figure 

S14, SM). Bi is also highly mobile on the Co(111) terraces and along the Co(211) steps, 

with the diffusion barriers below 20 kJ/mol. 
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Under FT conditions, CO is the dominant species on Co terraces [47], while both C and 

CO are the dominant species on the Co step sites [48]. We evaluated the competition 

between Bi and CO on the Co terraces (Figures 13 and S15, SM).  

 

 
Figure 13. Thermodynamic analysis of the competitive adsorption between (a) Bi and 
CO* on Co(111) terraces, (b) Bi and CO* at (211) step sites and (c) Bi and C* at 
Co(211) step sites. (d) Reaction Gibbs free energy for the displacement of CO* and C* 
by Bi at FT conditions (6.7 bar CO, 13 bar H2, and H2/H2O ratio of 1 – 10.7). More 
details can be found in Figure S15, SI. 

 

Under FT conditions, the CO saturation coverage on the Co terraces is 7/12 ML. Our 

calculations indicate that at 227 °C, CO is slightly preferred over Bi, and hence, Bi 

cannot displace CO from the Co terraces (Reaction G1 in Figure 13d). At the step sites, 

the strong adsorption of Bi displaces some of the carbon atoms (Reaction G3 in Figure 

13d), and CO adsorption is competitive with Bi (Reaction G2 in Figure 13d). This 
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finding partially explains the improved coke resistance of Bi-promoted Co catalysts 

observed in our previous report [11], since coke nucleates at the step sites and hence 

requires high carbon step concentrations [49]. Bismuth preferentially occupies these 

sites and thus, suppresses carbon adsorption on the steps. 

The strong preference of Bi for the step sites can also explain the observed enhanced 

sintering resistance [11]. Sintering originates from the migration of undercoordinated 

Co atoms [50], and the strong adsorption of Bi on the defect sites reduces their surface 

energy. Previously we showed [51] that extended graphene island and surface carbide 

were initiated and grown from the step sites. Carbon atoms can diffuse into the step 

sites to form the p4g surface carbide or grow out of the steps to form graphene strips. 

The preferential localization of bismuth on the step and edges of cobalt nanoparticles 

can therefore slows down carbon deposition.  

Discussion  

Promotion with metals has been a common way to improve the performance of cobalt 

FT catalysts. Most commonly noble metals (Pt and Ru) have been used. The promotion 

effects of cobalt FT catalysts due to noble metals have been summarized in recent 

reviews [5,52]. The present work features a new strategy to improve the performance 

of cobalt FT catalysts using mobile metal promoters such as bismuth.  

In the present work, we showed that the promotion with Bi primarily resulted in better 

catalyst stability (Figure 6), which derives from decreased carbon deposition and cobalt 

sintering. No catalyst deactivation was observed for the bismuth promoted catalysts 

prepared by impregnation, while the unpromoted counterpart lost about 20% of the 
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initial activity. Bismuth promotion has no effect on the long-chain hydrocarbon 

selectivity and the promoted catalyst shows similar C5+ selectivity compared with the 

un-promoted cobalt catalyst (Table 1). The promotion with bismuth did not lead to any 

major increase or decrease in FT reaction rate, and any major modification of 

hydrocarbon selectivity. DFT modeling suggests that CO can displace Bi atoms in the 

samples with lower Bi content. This may explain still higher catalytic activity of cobalt 

catalysts with Bi, even when Bi atoms block a high fraction of cobalt active sites. The 

bismuth promoted catalyst shows somewhat higher selectivity to CO2 (Tables 1, 2 and 

S3, SM). In previous work [11], we uncovered that bismuth promotion facilitated 

removal of carbon species from cobalt via a combination of CO hydrogenation and 

carbon oxidation : 

Ccoke + 2CO + 4H2= CO2 + 2CH4, ΔG= -142.0 kJ/mol (250°C) 

This could explain the reduced carbon deposition on the Bi promoted cobalt catalysts 

and their better stability. According to the reaction shown above, the methane yield 

should twice higher than the amount of CO2 produced. Another reason contributing to 

higher CO2 selectivity could be reaction of CO with adsorbed oxygen over bismuth-

promoted cobalt catalysts. Previously, we have observed [53] this effect over iron 

catalysts promoted with Bi. 

The bismuth-promoted cobalt catalysts exhibit better stability in FT synthesis. A 

combination of techniques suggests that the promotion of CNT-supported cobalt 

catalysts with bismuth mobile promoter results in a strong interaction of cobalt with the 

promoter. First, we found using TPR (Figure 2) and in-situ Quick-XAS (Figure 9) that 
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bismuth facilitates the reduction of cobalt species in the supported FT catalysts. The 

promotion of cobalt catalysts with bismuth results in a higher extent of cobalt reduction 

after the same duration of catalyst exposure to hydrogen. Our operando Quick-XAS 

data (Figure 9) are indicative of a much higher fraction of metallic cobalt in the bismuth 

promoted catalysts after 60 min of isothermal reduction at 400 °C than for the 

unpromoted one and much quicker cobalt reduction after passivation in air.  

Metallic bismuth has a relatively low melting point and extremely high mobility during 

the catalyst activation. Using a combination of methods (STEM-EDX, operando 

Quick-XAS, NAP-XPS), we observed migration of bismuth and formation of cobalt 

bismuth core-shell nanoparticles in the reduced catalysts. Interestingly, NAP-XPS 

uncovered that migration only occurs, when bismuth gets reduced to the metallic state. 

First, after the reduction, metallic bismuth forms relatively large liquid droplets and 

then it gets re-dispersed over cobalt nanoparticles. The NAP-XPS results are consistent 

with STEM-EDX, which showed a high concentration of cobalt-bismuth core-shell 

nanoparticles in the reduced catalysts. Passivation under air flow has been used in this 

work in order to confirm bismuth localization on the surface of cobalt nanoparticles. 

Selective localization of bismuth in the shell of cobalt nanoparticles is consistent with 

very fast oxidation of bismuth compared to cobalt during the passivation shown by 

operando Quick-XAS (Figures 9 and 10d). Note that the Co-Bi core shell structures 

may only exist at higher Bi content. The core-shell particles in the sample with 2 wt.% 

Bi were confirmed by HRTEM and STEM-EDX (Figures 4 and 5). At lower Bi content 

(0.2 wt.%), the amount of bismuth is not sufficient to form a complete shell and, in 
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agreement with DFT modeling bismuth selectively blocks cobalt sites at the steps and 

edges of cobalt nanoparticles. It is usually considered [54–56] that steps, corners and 

edges of cobalt nanoparticles may provide active sites for FT synthesis. Bismuth can 

cover some of these active sites [11]. The catalytic data shows that the CO conversion 

indeed decreases spectacularly for high Bi contents. At Bi content below 0.2 wt. %, the 

effect of Bi promotion on the FT reaction rate is not very pronounced, while the catalyst 

stability is remarkably enhanced. Therefore, sufficient step, corner and edge sites 

remain available for FT reaction in the studied bismuth promoted catalysts. 

The enhanced stability of bismuth promoted catalyst against carbon deposition comes 

from oxidation of the refractory carbon deposits by oxygen species [11] located over 

bismuth layer generated during dissociation of CO, which coincides with slightly higher 

CO2 production during CO hydrogenation (Tables 1, 2 and S3, SM). DFT modeling 

also suggests easy diffusion of bismuth on Co(111) terraces and along Co(211) steps. 

Preferential bismuth adsorption over cobalt low coordinated sites decreases the surface 

energy and stabilizes cobalt nanoparticles against sintering. On the other hand, as it was 

previously suggested [51], blocking by bismuth of the edge and step sites reduces 

carbon deposition. By blocking these defect sites and reducing the surface energy, 

bismuth is expected to improve the nanoparticle stability against sintering at low 

bismuth content.  

Conclusion 

A combination of operando Quick XAS, NAP-XPS, STEM-EDX; conventional 

characterization and catalytic experiments allowed elucidation of evolution of the 
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cobalt and bismuth species in the CNT-supported catalysts and reasons of enhanced 

catalyst stability during FT synthesis. The presence of bismuth in cobalt catalyst 

facilitates their reduction. After the hydrogen reduction, bismuth atoms migrate over 

the catalyst surface and interact with cobalt forming core-shell nanoparticles; cobalt is 

localized in the core, while bismuth atoms are situated in the nanoparticle layer. At low 

bismuth coverage, DFT modelling suggests preferential localization of bismuth at the 

steps and edges of cobalt nanoparticles, which may hinder cobalt sintering and carbon 

deposition. 
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