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Abstract 
µ-XRD-CT and µ-PDF-CT techniques were used to study passivated Co/TiO2/Mn FT catalyst recovered after 

reaction for 300 hrs. Increasing Mn loading (>3%) led to more cobalt carbide formation and less cobalt metal 

(FCC and HCP) which correlated with increasing alcohol and olefin selectivity which have commercial value. 

Cobalt carbide was located on the extrudates' periphery, while cobalt metal phases were at the centre, possibly 

due to CO diffusion limitations leading to a higher H2/CO ratio. Reduction at a higher temperature of 450° C 

during preparation of a 10% Mn sample resulted in MnTiO3 formation which inhibited carbide formation and 

alcohol selectivity. PDF analysis revealed small CoO particles at high Mn loadings undetectable by XRD. It is 

thought that small MnO particles promote Co carburisation by decreasing the CO dissociation barrier and the 

Co2C phase promotes CO non-dissociative adsorption leading to increased oxygenate selectivity. Higher Mn 

loading (3-10 wt%) inhibited Co reduction which contributed to lower CO conversion and product yield. 

Smaller FCC/HCP particles with increasing Mn loading (1-2 wt%) contributed to improved CO conversion 

and C5+ selectivity. This study highlights the influence of Mn on catalyst structure and function and the 

importance of studying catalysts under industrially relevant reaction times. 

Methods 
Catalytic Reaction 



 

10 %Co/TiO2 extruded trilobe pellets (radius ~ 1 mm) with varied Mn loadings (0%, 1%, 2%, 3%, 5% and 

10%) were activated at 300° C and in 100% H2 at BP facilities. An additional 10% Mn sample was activated 

at 450° C. They were then reacted in FT conditions for 300 hrs. Conversion and selectivity were measured 

during the reaction. The reactor was an 8-channel high throughput unit, with common gas feeds, pressures but 

individual liner temperature control.  1ml of catalyst was loaded into each liner ahead of leak testing, 

activation and FT synthesis. The extrudates were unloaded from the reactor without removing their wax 

coating as a self-passivating procedure, using only a short nitrogen purge step. Samples (0%, 3% and 5% Mn) 

were also reacted for 150 hrs in FT conditions and recovered for analysis, using an analogous 4-channel 

reactor (2023). Online GC analysis was used to measure standard metrics such as conversion, short chain 

selectivity, and productivity as performed in a previous study (Partington et al., 2020). 

XRD-CT and PDF-CT measurements 

The pellets were mounted in glass capillaries (3 mm diameter and 0.1 mm wall thickness) and secured with 

quartz wool. The µ-XRD-CT and µ-PDF-CT scans of the extrudates were performed at ESRF, ID31. A picture 

of the experimental set-up is presented in Figure S1. A monochromatic pencil X-ray beam at 91 keV with a 

size 5 x 22 µm was used with a 50 ms acquisition time and a PILATUS CdTe 2M detector. A motorised stage 

was used to perform the tomographic scans with 120 translation steps over 180° (1.5° step size) utilising an 

interlaced approach (Vamvakeros et al., 2016). The detector was moved from 0.370 m to 1.87 m to collect 

both XRD and PDF data, respectively, for each cross-section of each sample. The XRD images were 

calibrated using a CeO2 standard reference, which was also used to model instrumental broadening. 

Tomographic Reconstruction 

After calibration of every 2D diffraction image, pyFAI software (Ashiotis et al., 2015) and python scripts were 

used to azimuthally integrate the images to a 1D powder diffraction pattern (Vamvakeros et al., 2015). Air 

scattering was removed and the sinograms were centred using MATLAB scripts (MATLAB, 2020). The 

filtered back projection algorithm was used to reconstruct the XRD-CT data. The data was processed into a 

three-dimensional array (249 x 249 x 924) where the 249 x 249 pixels corresponded to the 2D cross-section 

image size and the 924 points stored the complete diffraction pattern for each pixel. The resultant spatial 

resolution of each pixel was approximately 20 µm. 

XRD Refinements 

TOPAS was used to perform Rietveld analysis on the XRD-CT data for quantitative phase analysis and 

structure determination. Initially, the CeO2 standard was refined to find the instrumental parameters which 

were then fixed in the subsequent refinements. The Rietveld analysis was initially performed on the summed 

diffraction pattern of the entire XRD-CT data in order to arrive at a suitable starting model for subsequent 

sequential refinement of all the data. Scale factors were refined for each phase initially followed by lattice 

parameters and then crystallite size and strain parameters. Firstly, the known dominant phases, rutile and 

anatase, in the catalyst phase were included and refined in the input file. Next, cobalt metal phases (FCC and 

HCP) and cobalt carbide were refined. Due to the similar X-ray scattering effects coefficients of Mn and 

cobalt, cobalt and Mn oxides could not be refined separately. It is known that mixed metal oxide spinels form 

(Salazar-Contreras et al., 2019) which could be detected by an expansion in the lattice parameter of the cobalt 

oxide phases (CoO and Co3O4) in the refinement. The weight percentages had an error of ±0.5%, therefore a 

wt% of <0.5% indicated the presence of the phase could not be reliably confirmed and information on lattice 

parameters and crystallite size could not be extracted. 

The trilobe cross-sections were divided into individual one-pixel thick layers from the outer periphery to the 

centre using a MATLAB script. The script searched the immediately surrounding pixels of each pixel for non-

zero values to create a mask of the outermost layer of the extrudate. This layer was then subtracted, and a 

mask was created for the next subsequent layer. This process was repeated until all layers were characterised 

with a mask. These individual layers were summed, and Rietveld refined using TOPAS to investigate the 

chemical structure as a function of the distance from the pellet centre. 2D spatial maps of the refinement 

results were produced. 

Generating the PDF and Real-space Refinements 

The atomic pair distribution function (PDF) was produced by Fourier transforming the XRD-CT data using 

PDFGetX3 software (Juhas et al., 2013) which also performed various additive and multiplicative corrections, 

for instance due to finite Q range and atomic scattering factors. The PDFs were calculated to a Qmax of 25.3 Å-1 

and to a r value of 50 Å with a Qmaxinst parameter of 25.3 Å-1. Initially, the mean XRD pattern was transformed 

into a mean PDF pattern and analysed to build a good starting model for the subsequent sequential refinement 

that would be performed. Real-space Rietveld refinement was performed using TOPAS (Coelho, 2018) which 



 

minimises a residual between the experimental PDF and a calculated PDF using a least-squares optimisation 

approach. Various macros were used to implement PDF real-space refinement on TOPAS (Yang et al., 

2020)(Dinnebier et al., 2018). Firstly, peak broadening and dampening due to instrument factors were refined 

using the CeO2 standard which were subsequently fixed for the refinement of the PDF of the sample. Scale, 

crystallite size, lattice parameters and atomic displacement parameters (Beq) were refined sequentially for the 

mean pattern. There is a gradual dissipation of correlated motion as a function of r and this was included in the 

refinement by modelling the atomic displacement parameters using a spherical function. Screening of 

additional structures that were potentially present in the sample was carried out using a web-based 

programme, ‘PDF in the Cloud’ (Yang et al., 2020). The programme enabled automated structure refinements 

to be carried out, using CIF files sourced from a crystallographic server. The refinements were carried out on 

difference PDF’s that were obtained from the difference between the experimental data and the known refined 

support phases, anatase and rutile, and cobalt phases to determine if any unexpected phases were present. Like 

in the XRD processing, separate layers from the extrudate trilobes were transformed into PDF’s and refined to 

further study the extrudate structure as a function of distance from the centre of the pellets. The results were 

then processed in to 2D phase spatial maps using MATLAB. 

Results 
 

 

 

Mean XRD-CT pattern Refinement 

 

Figure 1 - Stacked Mean XRD-CT patterns of all the different samples with varied Mn loading showing the increasing 

cobalt carbide content with increasing Mn loading and the concomitant loss of the Co metal phases (FCC and HCP). 

Low wt % of CoO was present in the higher Mn loading samples (5% and 10% Mn). Note that no reflections due to the 

anatase TiO2 polymorph are present in this portion of the diffraction pattern.   

The mean XRD-CT refined patterns for the samples are illustrated in Figure 1 and the results are presented in 

Table 1. It is found that the Co2C phase increased with Mn loading whilst the Cobalt metal phases (FCC and 

HCP) both decreased. The Co was mostly reduced in the Co-containing species as the samples were recovered 



 

from the reactor under predominantly reducing conditions and the wax products remaining on the catalysts 

prevented oxidation. There was, however, a small percentage (3 wt%) of CoO detected in the 10% Mn sample 

with an expanded lattice parameter (4.29Å). MnO was not refined separately in addition to CoO as Co and Mn 

have similar scattering factors and so they cannot be differentiated by Rietveld refinement. Previous research 

has pointed towards the presence of mixed-oxide spinels with an expanded lattice parameter (Co1-xMnxO) 

(Paterson et al., 2020, Liu et al., 2019). Consistent with previous work, no crystalline Mn-containing species 

were detected (Paterson et al., 2020). The mean pattern in Figure S2 illustrates the presence of the different 

phases in the 3% sample which contains the Co0 metal phases (FCC and HCP) and the Co2C phase as well as 

the difference between the refined and experimental data. The FCC (200) peak was excluded from the 

refinements as it was not present due to the possible present of stacking faults. Whilst this aided the fit of the 

FCC (100) peak, the presence of stacking faults results in more complex peak shapes and asymmetry that 

would require more elaborate modelling to improve the fit further. The full pattern is presented in Figure S3, 

where the support phases (TiO2), anatase and rutile, were identified whilst MnTiO3 was formed in the 10% Mn 

sample reduced at 450°C. 

The Co2C phase wt% increased with Mn loading from 3% until 10% and was at trace values at 1% and 2% 

loadings where it was just at 1.1%. The crystallite size of the Co0 FCC phase was found to decrease with 

increasing Mn loading which correlates with previous research (Paterson et al., 2018). The total Cobalt metal 

(FCC + HCP + Co2C) wt% was found to vary where it was around 7% at 0-2% Mn loadings but 8-10% at 3-

5% weight loadings. This suggests that some of the cobalt is not found in the XRD at low Mn wt% loadings 

due to small crystallite sizes or disordered cobalt being present. CoO is present at very small wt % (0.5-2%) 

suggesting that nearly all the cobalt is reduced, validating the wax passivation method of the catalyst. 

A 5% Mn sample was extracted after 150 hrs of reaction, and it was found that the Co2C phase had formed at 

this intermediate stage. However, the refined weight percentage of the Co2C phase increased from 7.5% at 150 

hrs to 8.9% at 300 hrs and the crystallite size increased from 7.5 nm to 9.3 nm indicating that the Co was 

further carburised during this period. 

Table 1 - Rietveld Refinement results of the XRD-CT mean patterns illustrating the phase wt %, CS (crystallite size in 

nm) and LP (lattice parameters) of the samples extracted after 150 hrs and 300 hrs. The Co2C wt % increases with Mn 

loading whilst the Co0 metal phases (FCC and HCP) decrease with increasing Mn wt% beyond 5%. The 10%a samples 

were reduced at 450° C which resulted in the production of Mn titanates (MnTiO3). 

a
 Reduction at 450° C 

Phase 
 

Mn wt % 

Hrs  150 300   
5% 0% 1% 2% 3% 5% 10% 10%a 

Rwp (%) 6.4 6.9 6.2 6.2 6.2 6.7 7.9 7.9 

Co2C Wt% 7.5 - 0.6 0.9 3.6 8.9 7.1 - 

CS  7.5 - 10.8 6.5 10.6 9.3 11.7 - 

LP 
(Å) 

2.89 - 2.99 2.99 2.89 2.89 2.89 - 
4.45 - 4.61 4.65 4.45 4.45 4.45 - 
4.37 - 4.28 4.26 4.37 4.37 4.37 - 

HCP Wt % 0.2 4.9 4.8 3.8 3.1 0.2 0.7 5.3 

CS - 2.6 2.2 2.2 7.1 - 9.9 2.9 

LP 

(Å) 

2.51 2.51 2.51 2.52 2.51 2.51 2.50 2.51 

4.10 4.10 4.10 4.06 4.08 4.01 4.21 4.08 

FCC Wt% 0.4 3.5 3.3 3.6 1.6 0.1 0.0 2.9 

CS 3.54 10.5 8.1 7.7 5.2 - - 11.2 

LP 

(Å) 
3.54 3.54 3.54 3.54 3.54 - - 3.54 

CoO Wt% 0.9 0.3 0.1 0.2 0.5 1.2 3.1 0.4 

CS 4.0 7.1 3.0 3.7 3.1 3.3 2.6 5.7 

LP 

(Å) 
4.22 4.28 4.26 4.27 4.24 4.24 4.29 4.28 



 

Anatase Wt% 80.2 77.8 78.4 80.1 79.7 78.9 80.3 65.1 
CS 16.9 21.4 20.7 19.8 19.5 18.9 13.7 15.1 

LP 
(Å) 

3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79 

9.51 9.50 9.51 9.50 9.50 9.50 9.50 9.50 

Rutile Wt% 10.8 13.5 12.8 11.4 11.4 10.8 8.8 2.6 
CS 25.8 42.6 40.8 39.6 38.2 37.4 28.6 29.1 

LP 
(Å) 

4.60 4.59 4.59 4.59 4.59 4.59 4.60 4.60 
2.96 2.95 2.96 2.96 2.96 2.96 2.96 2.96 

MnTiO3 Wt%        23.7  
CS        20.8  
LP 
(Å) 

       5.14 
        14.26 

 

XRD-CT Refinement 

The XRD-CT spatial maps presented in Figure 2 illustrate the increasing Co2C content present on the 

periphery of the catalytic extrudates with increasing Mn loading above 3 wt %. This indicates a promotional 

effect of the Mn at loadings of 3 wt% and higher which facilitates cobalt carbide production in the active 

catalyst. Furthermore, it is found that the Co metal (FCC and HCP) phases were present uniformly at lower 

Mn loadings but in the centre of the extrudates at higher loadings. Slightly more HCP phase (~1 wt%) is 

present than the FCC phase in the active catalyst and increased Mn loading from 0-2% is shown to result in 

more uniform distribution of the FCC phase. FCC and HCP cobalt phases were both present in the 10% Mn 

(reduced at 450° C) sample and there was no presence of carbides, exhibiting a similar distribution of phases 

as the 0% sample. This is due to the Mn being locked away in the Mn titanate phase which prevents its 

promotional effects that require the Mn to be close to the cobalt. Figure 3 shows the XRD patterns of 

successive layers in the 3% Mn catalyst where it can be seen how the Co2C phase is present at the periphery of 

the extrudates whereas the FCC and HCP cobalt metal phases are present at the centre. Only a small 

percentage of CoO was found to be present indicating that most of the cobalt was reduced however more was 

found to be present at higher Mn loadings, though just around 2 wt %. The Rwp (residual weight percentage) 

was relatively constant at around 7-8% indicating a good fit for all the patterns. However, a higher Rwp at 9% 

occurred in the 3% Mn sample, which could be due to the error associated with the transition between the 

Co2C and HCP phases from the periphery to the centre. 

 

 

Figure 2 - Reconstructed XRD-CT 2D images of the catalytic pellets (extracted after 300 hrs) illustrating the refined wt 

% percentage (left) and crystallite size (right) of the different phases present. Increased Mn loading resulted in more 



 

cobalt carbide and a smaller particle size of the FCC phase. Lower Mn loadings had a higher presence of FCC and 

HCP phases. An egg-shell distribution is observed with Co2C egg-white and HCP in the centre. 

 

It was found that the FCC crystallite size decreases with increasing Mn loading as seen in Error! Reference 

source not found. which corresponds to previous research (Paterson et al., 2020). The particle sizes of the 

HCP phase (2.5nm) are much smaller than the FCC phase (6-10nm) except for in the 3% Mn catalyst where 

larger HCP particles are found to be formed at the centre of the extrudates. Larger Co2C particles (14nm) are 

found to be formed on the periphery of the 3% Mn catalyst compared to the 5% and 10% Mn catalysts (10nm). 

This agrees with previous research that found that Mn in close proximity to larger cobalt particles would 

carburize (van Koppen et al., 2022). Small CoO particles are found to be present at higher Mn loadings (5% 

and 10%), which are expected to be mixed-oxide spinels (Co1-xMnxO), indicating that the Mn inhibited 

reduction of Co. The phase distribution and crystallite sizes did not vary significantly with height and XRD-

CT cross-section maps of the samples at different heights are presented in Figure S4. 

Spatial maps of the wax were produced (Figure S5) by refining polypropylene (CH2) and it was found that that 

more wax content remained on the catalyst with increasing Mn loading. This correlates with research that 

found that olefin products are more likely to readsorb on the catalyst surface, due to greater solubility in 

synthesis liquids, and undergo secondary reactions such as hydrogenation (Iglesia et al., 1991, Iglesia, 1997). 

 

 

 

Figure 3 - Stacked XRD patterns of the successive layers of the 3% Mn catalyst extrudate showing the evolution of the 

different cobalt phases with increasing distances (20µm steps) from the centre of the catalyst pellet. Co2C is present at 

the surface periphery whilst FCC and HCP phases are present at the centre. 

Mean PDF Refinement 

The summed PDF patterns were produced by summing all the Bragg data for each pixel and then Fourier 

transforming the result. Similar to the XRD refinement, an increase in Mn loading resulted in increased Co2C 

formation, first appearing at 3 wt % Mn, whilst Co0 (FCC and HCP) phases were present at lower Mn loadings 

(0% and 1%). There was a higher percentage of FCC/HCP cobalt detected in the PDF than in the XRD 

indicating the presence of small cobalt metal particles. A larger percentage of CoO is detected at higher Mn wt 

% indicating that the Mn was present in disordered or small mixed-oxide spinels (Co1Mn1-xO) particles that 



 

could not be detected by XRD. The refinement of the mean patterns from 0-10 Å is presented in Figure S6 

where there are changes to the Co-Co peak at 2.5 Å due to the formation of cobalt carbide. 

Table 2 - Rietveld Refinement results of the PDF-CT mean patterns illustrating the phase wt %, CS (crystallite size) and 

LP (lattice parameters). The results correlate well with the XRD refinement. Co2C wt % increases with Mn loading 

whilst the Co0 metal phases (FCC and HCP) decrease with increasing Mn wt% beyond 5%. 

 

 
a
 Reduction at 450° C 

Phase Parameter Mn wt %   
0% 1% 3% 5% 10% 10%a 

 Rwp(%) 21.6 21.5 21.1 22.1 23.5 25.8 

Co2C Wt% 1.1 1.1 3.7 9.1 9.5 1.3 

CS (nm) - - - 15.6 12.0 - 

LP (Å) 2.87 2.87 2.88 2.88 2.88 2.87 

4.41 4.42 4.43 4.43 4.43 4.42 

4.39 4.39 4.37 4.37 4.37 4.39 

HCP Wt % 5.0 4.8 5.4 0.3 0.2 2.2 

CS (nm) 3.9 3.6 4.2 - - 5.6 

LP (Å) 2.49 2.50 2.50 2.58 2.60 2.73 

4.09 4.09 4.07 4.04 4.05 3.96 

FCC Wt% 5.7 5.4 1.7 0.2 0.0 5.0 

CS (nm) 4.0 3.7 4.1 - - 8.5 

LP (Å) 3.53 3.54 3.54 3.59 3.59 3.53 

CoO Wt% 1.1 1.1 1.0 1.1 5.2 1.7 

CS (nm) 21.3 19.4 16.1 11.4 1.0 2.6 

LP (Å) 4.25 4.26 4.26 4.26 4.34 4.29 

Anatase Wt% 71.1 72.1 74.0 76.2 73.2 59.3 

CS (nm) 5.1 5.1 5.0 5.0 4.5 4.6 

LP (Å) 3.78 3.78 3.78 3.78 3.78 3.78 

9.47 9.47 9.47 9.47 9.47 9.47 

Rutile Wt% 15.8 15.2 13.9 12.8 11.6 5.2 

CS (nm) 4.3 4.4 4.4 4.6 4.2 4.6 

LP (Å) 4.59 4.59 4.59 4.59 4.60 4.62 

2.95 2.95 2.95 2.95 2.94 2.91 

MnTiO3 Wt%      25.8 

CS (nm)      9.30 

LP (Å)      5.12 

     14.23 
 

PDF-CT Refinement 

The results from the PDF-CT refinement correlated with the results from the XRD-CT refinement where an 

increasing Mn loading was found to lead to an increase in Co2C formation on the extrudate periphery and 

decreasing Co0 (FCC and HCP) content in the centre. The PDF-CT wt % maps are presented in Figure 4 

whilst the crystallite size maps are presented in Error! Reference source not found.. A higher wt % of CoO 

is found in the PDF than in the XRD, possibly due to the small average particle size (1 nm) not being detected. 

The CoO wt % is shown to increase with increasing Mn loading which is understood to be due to the 

incorporation of Mn in the CoO lattice forming CoxMn1-xO spinels. Similar to the XRD results, the crystallite 



 

size of the FCC particles was found to decrease with increasing Mn loading, correlating with previous research 

(Paterson et al., 2020). However, large HCP particles were found in the centre of the extrudates at higher Mn 

loadings. 

The Rwp is multiplied by a factor of one third in the maps in order to visually identify any abnormalities and 

correlation. It is found that the error is uniform throughout at around 30 %. The errors in real-space PDF 

refinements are usually higher than those in XRD and this Rwp value is tolerable and indicates a reasonable fit. 

 

Figure 4 - Reconstructed PDF-CT 2D images of the catalytic pellets illustrating the refined wt % percentage (left) and 

crystallite size (right) of the different phases present in each pixel of the catalyst pellet for the different Mn loadings. 

Small CoO particles were present at higher Mn loadings whilst large HCP crystals were present at the centre of the 3% 

Mn sample. 

Product Analysis 

Catalyst stability was investigated throughout the reaction and the results for the 2% Mn catalyst are presented 

in Figure 5 where it was found that activity and selectivity was relatively constant from 160-300 hrs. The CO 

conversion and product selectivity for olefins, alcohols and C5+ was measured throughout the reaction for 160 

- 300 hrs and is presented in Figure 5 as averages for all the samples. The average CO conversion of the 2% 

Mn sample was the highest (49%) whilst the 1% Mn sample was marginally lower at 46%. This indicates that 

the Mn promoter improved conversion, even at low weight percentages, possibly due to the smaller crystallite 

size of the FCC/HCP Co phases. However, at increasing Mn loading (5-10%), conversion was also lower at 

36%. The 10% Mn sample which was reduced at 450° C had an average conversion rate at 38% throughout 

the experiment which was similar to the 0% sample. 

Product selectivity for olefins, alcohols and C5+ was measured for the different catalytic systems throughout 

the reaction and is presented in Figure 6. The 1% and 2% Mn catalysts exhibited high C5+ selectivity and low 

olefin and alcohol selectivity. The catalysts with higher Mn loadings (3-10%) demonstrated higher alcohol and 

olefin selectivity but lower C5+ selectivity. The 3% Mn catalyst had the highest alcohol and olefin selectivity 

and the lowest C5+ selectivity. The 10% Mn catalyst which was reduced at 450° C showed similar selectivity 

as the 0% Mn catalyst due to the Mn being locked away in Mn titanates. 

C5+ selectivity was the highest for the 1% and 2% Mn catalysts (77-80%) suggesting that the Mn promoted 

chain growth at low weight percentages. This is expected to be due to the smaller crystallite size of the 

FCC/HCP Co phases for these samples. However, at higher weight percentages of Mn (3-10%) the selectivity 

was much lower, and this correlated with an increase in alcohol and olefin selectivity. The selectivity to 

olefins and alcohols was highest for the 3% Mn sample and much lower for the 0-2% Mn samples. The 

samples with higher Mn loadings (5-10 wt %) showed lower olefins and alcohols selectivity than the 3% 

sample but higher than the 0-2% Mn samples. The Mn promotes olefin and alcohol formation the most in the 

3% sample and to a lesser extent at higher Mn loadings. This indicates that the reduced amount of Co0 metal 

plays a role in reducing olefin and alcohol selectivity in the higher loading Mn catalysts. 

 



 

 

Figure 5 – CO conversion and selectivity to C5+, alcohols and olefins for the 2% Mn sample for the reaction time from 

160 to 300 hrs. The selectivity and conversion are stable with time on stream. 

 

Figure 6 – CO conversion and C5+, alcohol and olefin selectivity as a function of Mn loading. It is found that an 

increase in Mn (wt%) results in an increase in C5+ selectivity from 0-2%, and increased alcohol and olefin selectivity 

except for the 10% Mn sample reduced at 450°C. 



 

 

Summary and Conclusion 
 

µ-XRD-CT and µ-PDF-CT techniques were used as complementary techniques to study Co/TiO2/Mn FT 

catalyst where it was found that increasing Mn loading corresponded to increasing cobalt carbide content and 

decreasing cobalt metal (FCC and HCP) in passivated catalyst recovered after reaction. It was found that the 

cobalt carbide was located on the periphery of the catalytic extrudates whilst the cobalt metal phases (FCC and 

HCP) were at the centre. This could be due to a higher partial pressure of CO at the periphery due to pore 

diffusion limitations of the syngas. It has been found that Co2C is formed inversely proportionally to the 

H2/CO ratio (Claeys et al., 2014). Evidence has also shown that before reduction, aggregated cobalt oxide 

particles (weak metal-support interactions) which are preferably located at the edges of the extrudates reduce 

more quickly (Senecal et al., 2017). This was suggested due to a higher H2 concentration at the centre and 

particle size effects. A sudden increase in alcohol and olefin selectivity at 3% Mn coincides with an increased 

amount of Co2C indicating that the carbide phase is active. More research is required to understand the exact 

mechanism that leads to the selectivity changes. It is thought that the Mn leads to a decrease of the CO 

dissociation barrier promoting carburisation of cobalt (Paterson et al., 2020). Furthermore, DFT calculations 

have found that Co2C promotes CO non-dissociative adsorption leading to increased oxygenate selectivity (Pei 

et al., 2015). The production of Mn titanates (MnTiO3), due to reduction at 450°C, changes the selectivity of 

the high loading 10% Mn catalyst to that of a 0% Mn catalyst, where there is higher C5+ but lower olefins and 

alcohol selectivity. The Mn is locked away in Mn titanates and is not able to promote cobalt carbide formation 

leaving the cobalt metal in the FCC and HCP form. 

PDF analysis does not assume periodic order and allows the study of small nanoparticles and disordered 

phases that are not detectable using XRD. PDF-CT revealed the presence of small CoO particles (~1.5 nm) at 

high Mn loadings indicating the presence of mixed oxide spinels (CoxMn1-xO). This suggests that Mn inhibits 

Co reduction which led to decreased CO conversion and product yield. Slightly higher weight percentages of 

FCC/HCP phases were found using PDF indicating that a small proportion were present as small nanoparticles 

that could not be found in the XRD refinements. 

Recovering and imaging the catalyst after 300 hrs of reaction provided an insight into the catalytic structure 

during industrially relevant conditions and timescales. This enabled the study of the formation of the cobalt 

carbide phase as a function of Mn loading with spatial resolution by using XRD-CT and PDF-CT chemical 

imaging techniques. 

 

 

Future Work 

 

- Analysis of the presence of stacking faults in the Co/TiO2/Mn catalyst. 

- Investiating the role of Mn in the formation of Co2C in the catalytic systems. 

- The use of different supports and the formation of carbides with alcohol/olefin selectivity. 

- Formation of carbides with different syngas ratios during reduction and reaction. 
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