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Mn-doped Coz0, supported on TiO; is a well-known Fischer—Tropsch Synthesis (FTS) catalyst. It has been
shown that when the Mn doping exceeds 3 wt%, CO conversion drops and the product selectivity to
alcohols and olefins increases dramatically. Here we examine the effect of the preparation method to
determine how the proximity of the Mn in the as-prepared catalyst affects FTS performance. Three
preparation procedures were examined: preparation of Mn doped Co(Mn)zO4 mixed oxides, surface
doping of CozO4 with Mn3O, and a physical mixture of the two spinels. Characterisation studies
including XRD, XPS and STEM-EDS, of the as-synthesised materials confirmed the successful preparation
of spinel materials with crystallite sizes ~20 nm. Surface enrichment of Mn on CoszO,4 was seen in the
as-prepared surface doped samples but not in the mixed oxide ones. STEM EDS studies revealed that
after reduction Mn oxide had migrated to the surface in the mixed oxide samples similar to the surface
doped samples. Subsequently, similar CO conversion and product selectivity was observed in both types
of sample. However, unlike the surface doped and mixed oxide catalysts, the physically mixed oxide
samples did not yield alcohols and olefins, although enhanced CO conversion was observed for the 3%
physical mix. The results highlight the prevalence and importance of the effects of surface Mn doping on
the Co speciation which leads to enhanced alcohol/olefin selectivity.

Fischer-Tropsch Synthesis (FTS) has become increasingly significant due to its role in sustainable hydrocarbon production. Interest in FT has grown over recent
decades, driven by favorable economics and the shift toward renewable and alternative feedstocks. Industrial-scale facilities use inputs such as gasified coal,
natural gas, processed waste gas, and biomass to produce fuels, oils, and waxes. Importantly, FTS is a key technology for sustainable aviation fuel (SAF)
production. While paraffins dominate FT products, notable amounts of olefins, alcohols, and carboxylic acids are also generated, highlighting its potential as
a source of diverse platform molecules beyond traditional refining. This research supports the United Nations Sustainable Development Goals (SDGs) 7, 12, and
13, promoting energy, responsible consumption and production and climate action.

Introduction

olefins are also produced in substantial amounts. Alcohols and
carboxylic acids are also formed although usually not in large

Interest in the Fischer-Tropsch (FT) reaction has increased over
the last several decades due to more favourable economics, and
more recently due to the interest in producing hydrocarbons
from alternative and renewable sources. Industrial scale facili-
ties currently produce fuels, oils and wax from feedstocks
including gasified coal, natural gas, landfill gas and biomass.
While the majority of the FT products are typically paraffins,
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enough amounts to be economically separated into their own
product streams.

Manganese is a frequently studied dopant in cobalt-based FT
catalysts. Indeed the benefits of adding Mn to the formulation
was reported as early as 1927 shortly after the first report by
Fischer and Tropsch.” The addition of small quantities of Mn
to Co-based FT catalysts has been found to lead to improve-
ments in activity, selectivity and long-chain product selectivity
due to its ability to improve the dispersion of the cobalt during
catalyst synthesis, leading to improved activity, for both
commercial catalysts and model nanoparticle systems.*”
Intriguingly, it has long been known that Mn promotes the
preferential formation of olefins, particularly at lower pressures
(6 bar) and that this may be enhanced by the formation of an
unusual Co polymorph.*® More recently, the addition of
substantial quantities of Mn to a cobalt FT catalyst has been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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found to substantially increase alcohol selectivity for FT reac-
tion conditions. The authors observed a dramatic increase in
both olefin and alcohol selectivity when >3 wt% Mn was added
to 10 wt% Co on TiO,.*%*

One of the challenges of studying oxide supported catalysts,
is that their heterogeneity means that there can be a wide
distribution of local environments present in one sample. This
can include a wide range of catalyst crystallite size, catalyst-
dopant interactions, support environments etc. This poly-
dispersity can make identifying dopant-catalyst interactions
difficult, as the range of local environments present can obscure
the interactions that are responsible for any dopant effects
observed. An alternative route to study fundamental aspects of
the relationship between a catalysts' structure and performance
is to investigate model catalyst systems, where the active
component or precursor is prepared without the oxide support.
This allows the variables of the active component to be tuned
and characterised prior to supporting and testing. For example,
Prieto et al. produced model Co/ITQ-2 catalysts to study the
effect of cobalt particle size in FT synthesis.*> The authors
synthesised Co;0, nanoparticles with varying crystallite size
distributions with mean diameters ranging from 6-12 nm, and
used them to study the dependence of turnover frequency with
Co particle size.

In this work, we synthesise and characterise a series of model
catalyst particles with varying catalyst-dopant interactions in an
effort to isolate the effects of the different variables that may
arise in combination during traditional catalyst synthesis. By
synthesising nanoparticles with specific catalyst-dopant
morphologies, we can closely control the level and interaction of
the dopant with the oxide catalyst. This approach provides
better opportunities for understanding the influence of
different synthesis variables while maintaining equivalence in
the other parameters that could otherwise be adjusted inad-
vertently during traditional synthesis approaches.

To study the effect of manganese promotors we produced
mixed-oxide particles, surface coated particles and physical
mixtures at varying doping levels, which could then be charac-
terised prior to supporting and catalytic testing. A salt-mediated
hydrothermal synthesis was utilised to synthesise various
nanoparticles, and tuned to alter the resulting order and
composition.” The hydrothermal synthesis has the added
benefit of removing the opportunity of any surfactant to inter-
fere with the surface of the particles, while the authors also
identify that the reaction mediating sodium salt is not found in
the synthesised particles, which would have the potential to act
as a poison in FTS."

The cobalt-manganese oxide nanoparticles synthesised were
supported on titania and characterised before undergoing
catalytic testing.

Experimental
Catalyst synthesis

The model cobalt-manganese oxide nanoparticles were syn-
thesised with different ratios of Co and Mn, as well as different
structural orders.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The nanoparticle synthesis methods are based on an altered
hydrothermal synthesis technique, where metal nitrate salts
were injected into a heated saturated NaNO, solution and stir-
red under airflow for several hours to form the spinel oxide
phases.”® The experimental details were varied to produce
particles with varying Co : Mn ratios.

For the reference Co;O, nanoparticles, the experimental
details were as follows. Sodium nitrite (150 g) and sodium
hydroxide (3.6 g) procured from Sigma-Aldrich, were dissolved
in 100 ml of de-ionized water, and heated to 105 °C under reflux
in a 3-necked round bottom flask under rapid stirring.
Compressed air was bubbled into the stirred solution at ~100
ml min~" via a needle. Once at a stable temperature, 20 ml of
3 M cobalt nitrate solution was injected into the solution over
a period of 1 min. The reaction was left stirring and bubbling at
temperature for up to 48 h, and during the first 24 h NO,
evolution and a gradual shift in suspension colour to black was
observed.

After 48 h, the reaction was cooled to room temperature. The
resulting solids were separated and purified via centrifugation,
where each sample was washed and centrifuged 3 times in
distilled water, followed by 3 times in 0.1 M HCI, followed by 3
further times in distilled water. The purified material was dried
overnight in an oven at 80 °C.

For the synthesis of equivalent Mn;0, particles, the reaction
was repeated with the cobalt nitrate salt substituted with
manganese nitrate salt. To produce mixed spinel Co(;_yMnO,4
nanoparticles, manganese nitrate was co-injected with cobalt
nitrate at the desired ratio of the product. Table 1 shows the
amount of nitrate salts used for each mixed spinel sample, and
the ratio of Co: Mn.

The reference Co;0, particles were used to create Mnz;O,
coated Co;0, particles. This was achieved by dispersing a given
mass of sample in ~10 ml of a dilute solution of manganese
nitrate, drying the mixture via rotary evaporation and finally
calcining the mixture at 250 °C for 4 h. Table 2 shows the
quantities of material used to achieve surface coated particles at
various Co:Mn ratios. For the 100:30 Co:Mn sample, the
manganese was introduced in three steps to reduce agglomer-
ation of the manganese salts prior to calcination.

To support the synthesised particles on titania, each system
was mixed with a specific weight of dried P25 TiO,, such that the
loaded weight of Co after reduction of the oxide phases was
10 wt% on TiO,, equivalent to an effective factor 10 dilution.
This provided loaded catalysts with a consistent loading of
cobalt relative to the catalyst support. Each set of particles
(inclusive of mixed oxide and surface coated) were dispersed in
25 ml of de-ionized water via light sonication, and the P25
support was added followed by further sonication. The resulting
slurry was dried to a free-flowing powder via rotary evaporation,
before being calcined at 120 °C for 4 h.

Characterisation

X-ray Diffraction (XRD) measurements were taken on a Rigaku
Miniflex 10-70° 26 Cu K, source, measured at 3° min .

Roughly 100 mg of each of the measured materials was finely
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Table 1 Synthesis details of mixed spinel oxide nanoparticles

Sample label Co:Mn Vol 3 M Co-nitrate (ml) Vol 3 M Mn-nitrate (ml) NaNO, (g) NaOH (g) H,O (ml)
C0304 100:0 20 0 150 3.6 100
Mn;0, 0:100 0 20 150 3.6 100
Co,Mn,0, 100: 50 6.66 3.33 75 1.8 50
C0,.5Mn, 50, 100: 30 15.38 4.62 150 3.6 100
Co,,Mn, ;0, 100: 10 18.18 1.82 150 3.6 100

Table 2 Synthesis composition of surface coated nanoparticles

Sample label

Mass C0304/CO(3_Mn(x)O4

Mass Mn(NO;),-6H,0

10% Mn3;0,4 on Co30, 1.238
20% Mn3;0, on Co30, 1.038
30% Mn3z0, on Co3;0, 0.811
5% Mnz04 on Co30,4 0.519
1% Mnz04 on Co30,4 0.539

ground and flattened on a sample holder for analysis. Rietveld
refinements were conducted using the collected XRD diffraction
patterns using Topas 6. Note, a polynomial function was
initially applied to remove the stepped background due to
sample fluorescence.

Quantitative XRF elemental analysis was conducted by
diluting approximately 0.2 g of sample in 6.5 g of lithium
tetraborate/lithium metaborate/lithium bromide at a ratio of
66.67% :32.83%:9.5%. The diluted samples were fused at
1050 °C for 12 min, and cast into a 32 mm glass bead for
analysis.

Scanning transmission electron microscopy (STEM) imaging
and energy dispersive X-ray spectroscopy (EDX) was performed
using three instruments: a JEOL ARM200CF at the Electron
Physical Sciences Imaging Centre (ePSIC) at the Rutherford
Appleton Laboratory, a JEOL JEM 2100 EM at the Research
Complex at Harwell (RCaH), and a probe aberration-corrected
FEI Titan G2 ChemiSTEM at the University of Manchester,
UK, all operated at 200 kV acceleration voltage. High angle
annular dark field (HAADF) images were collected using 110 pA
beam current, 21 mrad convergence angle and a 48 mrad
HAADF collection inner angle. EDS element mapping used
a Super-X silicon drift detector (total collection solid angle of
~0.7 srad) with pixel dwell time of 40 us. Data for both HAADF
and EDS was acquired and processed using Velox software.
Electron energy-loss spectroscopy (EELS) was collected on the
Titan using a Gatan GIF Quantum ER spectrometer with a 5 mm
entrance aperture, 0.25 eV per ch dispersion, and 0.1 s pixel
dwell time. The EELS data was acquired in Dual-EELS mode
using Digital Micrograph software to provide collection of both
the low and high loss regions of the spectra and providing
accurate sample edge energy measurement via alignment to the
zero-loss peak. Post-processing of the EELS data used the
Hyperspy Python package, where summation of the spectra
from regions of interest and denoising via principal component
analysis (PCA) was applied.

1378 | RSC Sustainability, 2025, 3, 1376-1387

0.415
0.364
0.309
0.087
0.018

To prepare the samples for STEM imaging, roughly 10 mg of
sample was dispersed in ~2 ml of methanol or ethanol by
sonication. The sample suspensions were dropcast onto the
holey carbon support film of a 300 mesh Au TEM grid. For the
oxidised samples, the prepared grid was allowed to dry in air at
room temperature prior to STEM imaging. For the reduced
samples, a tube furnace containing the TEM grid was used to
flow a 5% H,/Ar gas mix during a temperature ramp of 10 °©
C min~" up to 300 °C, where it was then held for 4 hours. The
sample was then left to cool to room temperature within the
furnace while still under H,/Ar flow to minimise oxidation.
Once cooled, the sample was then transferred to the micro-
scope, which required exposing it to air. For oxidation state
identification, EELS edges from the fresh and reduced samples
were compared to those from reference cobalt and manganese
oxide/metallic nanoparticles purchased from Sigma-Aldrich
(product no.: Coz0, - 637025, CoO - 343153, Co - 203076,
Mn;0, - 377473, Mn,0O; - 463701, MnO, - 243442, MnO -
377201).

X-ray absorption spectroscopy experiments were conducted
at B18 Diamond Light Source at the Mn K (6539 eV) edge. The
beam was calibrated with corresponding metal foil prior to any
measurement. Mn K edge measurements were performed in
fluorescence mode using a 4 element Si drift detector on self-
supported wafers. Typically 4 spectra were acquired per
sample and averaged. XANES spectra were processed using the
Athena program (Demeter 0.9.26)."* For XANES processing,
a simultaneous pre and post-edge background removal was
carried out using degree 2 polynomials and a smooth atomic
background was then obtained. Measured data were calibrated
and aligned based on the corresponding metal foil, followed by
normalization based on the height of edge jump.

XPS measurements were taken by XPS Harwell. For each
sample, a monochromatic Al K, (1486.7 eV) source was used.
High resolution scans of the Co & Mn edges were typically taken
in 3 sweeps of 300 steps, 0.1 eV step size and 239 ms dwell time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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XPS spectra were charge corrected using adventitious carbon at
284.8 eV. XPS spectra were plotted and quantified using
CasaXPS v2.3.25.

Catalytic performance testing

Catalyst testing was conducted in a multi-tubular fixed bed
reactor by Drochaid Research Services, St Andrews. Nominally,
600 mg of supported catalyst was diluted in 3 g on SiC before
being loaded into a reactor tube. The loaded catalysts were
reduced under pure 50 ml per min H, (5000 ml g.,. ' h™") at
300 °C and atmospheric pressure for a dwell of 12 h, before
being cooled to 130 °C. At 130 °C the reaction pressure was
increased to 30 bar under Ar flow, and syngas was introduced
(1.8:1 H,:CO, 51% Ar, 8800 ml g.,. - h™'). The temperature
was ramped progressively to 170 °C (2 °C min™ "), 200 °C (1 ©
C min~"), and finally 220 °C (0.2 °C min~"). Typically for each
set of tests, the temperature was increased to 230 °C, followed
by 240 °C after ~24 h at each temperature. During testing,
online tail-gas analysis was conducted by gas chromatography
(GC) every ~2 h. The reported metrics of % CO conversion, %
CH, selectivity & % Cs, selectivity were determined from the
results of the tail-gas analysis. Post decommissioning the wax,
liquid organic and aqueous products were collected for mass
balancing and analysed by GC for organic content. Paraffin:
olefin : alcohol selectivity was determined from the organic
fraction of the liquid products.”

Results and discussion
Characterisation of as prepared catalysts

Elemental analysis. The results of the XRF elemental analysis
conducted on the catalyst series with varying loadings and
preparation methods is presented in Table 3. For most samples,
the measured cobalt and manganese loadings closely match the
expected values, with any deficits observed being relatively
consistent for each element, suggesting that the desired ratios
are still present. Two exceptions are Co,3;Mn,;0,, which
appears to contain more manganese than expected, and (Co:
Mn) 100: 5, which appears to be manganese deficient. Despite
these deviations in loadings, both catalysts remain effective
within their respective series.

View Article Online
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0,0,
Co,;Mn;;0;
Co,3Mn,;0,

2000

1000

Counts per second

Fig. 1 Background subtracted diffraction patterns of CoszO, and
mixed oxide samples Co,7Mng 304 (1 wt% Mn) and Co,3Mng ;04 (3
% wt% Mn) with indexing lines for CosO,4 reflections at the bottom.
Note the shift of Bragg reflections to lower 26 angles with increasing
[Mn].

XRD measurements and analysis. To verify that the hydro-
thermal synthesis was producing the desired product, the
purified black precipitate was analysed by XRD. Fig. 1 shows the
powder diffractogram for the undoped Co;O, nanoparticles,
which was synthesised as a reference. The diffractogram indi-
cates that the cobalt has been successfully oxidised to form the
Co30, spinel phase, with no other crystalline phases measured
in significant quantities, including no intermediate cobalt
oxides/hydroxides or reaction salts such as sodium nitrite."®

Fig. 1 also shows the diffraction data collected from two of
the Co-Mn co-injected or mixed oxide samples. The diffracto-
gram confirms the presence of the spinel oxide phase only. If
the larger Mn ion is incorporated into the spinel structure as
previously suggested, then the expected response is an increase
in the average lattice parameter with increasing Mn loading.*
This is confirmed from the diffraction data as a shift in peak
positions to lower 26° values with increasing Mn doping relative
to the Co;0, reference. This is consistent with an expectation
for a lattice expansion as the manganese dopant is introduced
to the structure of the base Co;0, particles.

The diffractograms for the mixed-oxide series of particles
were Rietveld refined, with the resulting lattice parameters and

Table 3 Elemental XRF analysis results of tested supported catalyst series (remainder oxygen)

Sample label Preparation method

wt% Co expected

wt% Co measured wt% Mn expected wt% Mn measured

Co030,4 Undoped 9.74
Co,.7Mng ;0,4 Mixed oxide 9.73
Co, 3Mn, ;04 Mixed oxide 9.72
Co,Mn,;0, Mixed oxide 9.71
1% Mn;0,4 on Coz0,4 Surface coated 9.74
5% Mnz0, on Co;0, Surface coated 9.74
10% Mn;0, on Co;0, Surface coated 9.73
30% Mnz0, on Co;0, Surface coated 9.72
10 wt% Co030,/3 wt% Mn;0, Physical” mixture 9.72
10 wt% Co030,/1 wt% Mn;0, Physical mixture 9.73

“ Nominal loading.

© 2025 The Author(s). Published by the Royal Society of Chemistry

9.0 0.00 0.01
9.3 0.97 0.83
8.8 2.92 2.28
8.5 4.85 4.41
9.4 0.10 0.13
9.2 0.49 0.66
9.0 0.97 0.90
8.9 2.92 2.62
— 2.92 —

9.6 0.97 0.89
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Table 4 Parameters extracted from Rietveld analysis of mixed spinel nanoparticles. Expansion is relative to CozO4 reference

Sample label Mn (Wt%) Lattice parameter (a) % expansion Crystallite size® (nm)
C050, 0 8.078 — 19.2
C0,,Mnyg 50, 1 8.096 0.22 20.5
C0,.5Mng 50, 3 8.167 1.09 15.7

¢ Extracted from a Scherrer analysis using the full diffraction profile and assuming spherical nanoparticles.

[ 10% Mn surface coated Co,0,
5 % Mn surface coated Co,0,

2000 %

1000 | }

Counts per second

40 50 60
26°

Fig. 2 Background subtracted diffractograms of Mn surface coated
Co3z04 particles, with CozO4 reflections indexed (red). Note the weak
peak at ca. 20.7° in the 5% Mn-doped sample is an artefact of the
measurement process and is not ascribable to any known crystalline
form of Mn or Co.

crystallite sizes for each sample listed in Table 4. As the Mn
content in the reaction mixture is increased, we observe an
increase in the lattice parameter of the corresponding spinel
product. As no other minor phases are detected, this suggests
that the Mn introduced during the synthesis is successfully
incorporated into the spinel oxide structure to form a solid
solution. However, it should be noted that XRD cannot detect
crystals with sizes less than 3-5 nm, and so we cannot discount
particles of this size with differing phases being present.
Meena et al. reported the lattice parameters for Cog_y-
Mn)O,4 for 0.1 < x < 1, showed a roughly linear increase in
lattice parameter with increasing manganese content.” Fig. S1t
demonstrates the relationship between stoichiometry, x (the
Mn concentration) and lattice parameter, compared to the
lattice parameters measured for the synthesised mixed-oxide
particles. While an increase in lattice parameter is observed
with increasing manganese content, in our samples it is less
significant than the previous report would predict. This
suggests the actual composition of the samples are closer to x =

0.1 and x = 0.5 rather than the intended x = 0.3 and x = 0.7,
respectively and implies that not all of the manganese intro-
duced into the reaction mixture is being fully incorporated into
the spinel structure. Two possible reasons for this are: (1)
incomplete oxidation of the manganese salt during synthesis,
resulting in a lower Mn: Co ratio in the final product, or (2)
manganese may preferentially locate toward the surface of the
particles. A difference in oxidation rates between cobalt and
manganese could then create a variation in the Mn: Co ratio
when comparing the surface and bulk of the nanoparticles.

Fig. 2 shows the diffractograms for the surface coated Co;0,
particles. Unlike the mixed oxide particles, no shift in spinel
peak positions is observed with increasing Mn loading on the
particle surfaces. Additionally, no Mn;0, or any other crystal-
line phases are detected. This suggests that the impregnation
method used to deposit Mn onto the Co;0, particle surface is
successful in creating a well distributed surface coating without
altering the core spinel structure of the nanoparticles.

Table 5 shows the Rietveld refined parameters for the Co;0,
spinel phase for a series of surface doped particles. As expected,
there is only minor variability between the results, with no
observable trend beyond the margin of error (~0.001°).
However, since only a small amount of surface coating was
employed (up to 100:10 Co: Mn) this is not unexpected.

Table S11 shows the Rietveld refined parameters for a series
of surface doped particles which have been supported on TiO,
(P25). The data confirm the retention of the Co;0, phase, with
no significant variability in the lattice parameters or the pres-
ence of other manganese phases as Mn doping increases. This
lack of change suggests that manganese is effectively doped
onto the surface of the Co;0, particles, as intended, without
affecting the core spinel structure or forming unwanted phases.

XANES measurements. XANES measurements were con-
ducted on representative samples to gain further insight into
how the nature of the manganese environment in the catalysts
vary as a function of the synthesis method, manganese loading
and TiO, support. Fig. 3 shows the normalised XANES spectra
collected for the Co, - Mn,;0, and Co,;Mn, -0, mixed oxide
supported catalysts, as well as the 5% Mn surface doped catalyst

Table 5 Parameters extracted from Rietveld analysis of surface coated nanoparticles

Sample label Mn (Wt%) Composition Lattice parameter (A) % expansion
— 0 C050, 8.078 —

5% Mnz0, on Co30, 0.5 C0304 + Mn30,4 8.071 —0.09

10% Mn;0, on Cos0,4 1 C030, + Mn;0, 8.074 —0.05

1380 | RSC Sustainability, 2025, 3, 1376-1387
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1.6
{ = = Co,,;Mng,;0,

144
1 ==+ 5% Mn,0, surface
1.2+ Mn,0,

>y -—

1.0
0.8

0.6

Normalised Intensity

0.4

0.2 H

0.0
6500

T 1
6550 6600

Energy (eV)

Fig. 3 Mn K-edge XANES for TiO, supported Co,;Mng:0,4 &
Co,3Mng ;0,4 mixed oxide catalysts, and 5% Mn surface doped
samples and MnzO4. Note the dilution with TiO, renders the Mn
weight% a factor ten lower in the supported catalysts than in the as
synthesised oxides. The arrow at 6559 eV highlights the rising
absorption edge position (1s—4p transition) where subtle changes
indicate the presence of slightly different Mn species/site occupancies.

and the Mn;0, confirming the identification by XRD. The data
revealed that all samples primarily contain Mn within the same
spinel structure environment, with no significant changes in
the proportion of 2+ and 3+ oxidation state sites, despite two of
the samples being a mixed oxide spinel. A slightly higher
intensity for the 1s-4p dipole transition at ~6559 eV in the
Mn, ; doped sample suggests partial ordering of Mn>* at octa-
hedral sites, which may also explain the blue shift in the peak
position seen in the Mn 2p XPS region (see Fig. S41). In contrast,
the 0.5% Mn surface doped sample shows a slight decrease in
intensity, which could be explained by the presence of small
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amounts of additional Mn species, such as Mn,0; or MnO. Due
to insufficient data quality, linear combination fitting using
reference oxides to estimate the proportion of (other) oxide
components was not attempted. However, based on the simi-
larities of the spectra collected for both the mixed oxide and
surface doped series, we conclude that the manganese state in
all samples is similar to that in the synthesised pure Mn;O,.

Transmission electron microscopy measurements. To assess
the morphological properties of the synthesized nanoparticles,
the pure Co;0, sample was imaged by high-resolution STEM.
Fig. 4a shows a high angle annular dark field (HAADF) STEM
image of a typical cobalt oxide particle cluster, with a high-
resolution image of a representative single particle shown in
Fig. 4b. The estimated mean Co;0, nanoparticle diameter is
~20 nm, which closely aligns with the size determined by XRD.
The d-spacing between lattice planes in the high resolution
HAADF STEM image is 2.88 A, which is a good match to the
expected d-spacing of 2.89 A for the 220 plane of Fd3m cubic
Co0;0,.*

To understand how effectively the manganese dopant is
distributed in or over the various spinel particles for each
synthesis method, STEM-EDS was used to map the cobalt and
manganese in the as prepared samples (Fig. S5-S71). In the
surface doped sample, the maps and accompanying linescan
(acquired from arrowed region highlighted in HAADF image of
the same area, Fig. 5a) illustrate an enrichment of Mn at the
surface of the particles. This is consistent with XPS data (ESI,
Table S2t) which confirms a surface enrichment of Mn relative
to the expected synthesis and agrees with the XRD analysis
indicating the core has a lower Mn content than that found by
XRF. The STEM-EDS maps also show that, even at 1% Mn (100 :
1, x = 0.03) on Co;30y,, the coverage of Mn is reasonably uniform
and no hot spots are observed. This is consistent up to a surface
coverage of 10% Mn on Co30, (Fig. S6¢cT) where the manganese
distribution can be seen to disassociate from the cobalt distri-
bution. The surface coating of Mn is visible as the Co elemental

Fig. 4

(a) HAADF STEM image of as prepared CozO4 nanoparticles and (b) high resolution image of a single particle ~20 nm in diameter. Note the

visible lattice spacings indicates an interplanar separation of 0.288 nm, consistent with the (220) lattice spacing in spinel phase CozO4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative HAADF imaging, EDS elemental mapping, and EELS oxidation state probing from the unsupported, as prepared (a and b)
surface doped 100 : 30 and (c and d) mixed oxide Co, 3Mng ;04 samples. For the STEM-EELS in (b and d) reference spectra from various Co and
Mn reference oxides and metallic species were collected for comparison. PCA deconvolution of the Co and Mn spectra was performed to
identify the predominant species present. Note deconvolution of the O K-edge spectra was not performed due to overlapping contributions

from Co and Mn species.

map shows gaps between the particles which are not visible in
the Mn map. For the mixed oxide particles (Fig. 5¢ and S6d¥)
STEM-EDS shows that Co and Mn largely follow the same
distribution, suggesting that the synthesis method is producing
a well distributed mixed spinel oxide, which is also borne out by
the XPS data which show a surface composition that matches
well with the expected values and XRD measurements of the
bulk composition. Surface enrichment found by STEM-EDS in
these samples is much less significant and <1 nm thick.
STEM-EELS of the Co and Mn L, ;-edges and O K-edge were
collected and compared to reference Co and Mn materials to
reveal the local oxidation state of the metals in the samples. Due
to the low signal-to-noise ratio (SNR) the spectra were summed
over representative small local regions of interest, as high-
lighted by squares in the HAADF images. Fig. 5b compares the
spectra acquired from the bulk (R1) and surface (R2) of the
surface doped particles. The results demonstrate that virtually
no Mn is present in the particle core and that the Co exists as
Co30,4, whereas at the surface the Co and Mn signals match to
CoO and MnO, respectively, possibly as a mixed phase.
However, it should be noted that due to the low concentration of
Mn the spectra has a very low SNR, making oxidation state
determination difficult. For the mixed oxide Co,3;Mn,;0,
samples, the Co is present predominantly as Co;0, although
there is some evidence of Co reduction to form CoO at the
particle surfaces. Due to the close spectral similarity of Mn;O,
and Mn,0;, the Mn signal is more difficult to distinguish

1382 | RSC Sustainability, 2025, 3, 1376-1387

unambiguously into one of these specific oxide phases. There-
fore, it is only possible to determine that Mn is consistent with
the expected Mn;0, (with Mn,O; also fitting the spectral data
within measurement error) and that there does not seem to be
evidence of Mn reduction on the particle surfaces. In contrast
for the surface doped samples (ESI Fig. S87) the best fit is for
both Mn and Co to be present in a lower oxidation state in the
surface coating (as MnO and Co0), although the signal to noise
ratio in these samples is lower than for the mixed oxide
samples, leading to larger uncertainties in the assignment of
oxidation state.

STEM-EDS before and after reduction. A critical step before
the FTS reaction is an ‘activation’ heat treatment of the catalyst
to convert it to metallic Co, via CoO, which is considered to be
the active species in the reaction.” We performed HAADF STEM
and EDS measurements on the surface doped 100: 30 and the
mixed oxide catalysts to compare their structure before and
after activation. Post-treatment, there is little change in the
mean crystallite size, which remains as ~20 nm, but there is an
observed increase in surface segregation of Mn in both samples
(Fig. S8a and ct). EELS data also confirms the surface segrega-
tion of Mn. For the surface-doped 100 : 30 sample, Mn is present
as MnO with a CoO shell covering a metallic Co core (Fig. S8b¥).
In contrast, for the mixed oxide Co, ;Mn, ;0. sample, Mn does
not appear to have been reduced from Mn;0,/Mn,0; (Fig. S8d+t)
and the cobalt still matches Co;0,. This suggests that either the
presence of Mn as Mn;0,/Mn,0; leads to a reoxidation of cobalt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the spinel phase during exposure to air, or that the heat
treatment was not sufficient to significantly reduce the cobalt in
the mixed oxide particles to its metallic phase.

Characterisation summary. These characterisation results
suggest that overall the synthesis has effectively produced the
desired mixed Co-Mn spinel oxide and surface coated Mn oxide
on Co spinel oxide materials, both with variable Co-Mn ratios.
XRD results demonstrate that in both sets of samples the
particles have the desired spinel crystalline form. Indeed, the
mixed oxides have the spinel structure, independent of the Mn
loading although the deviation from linearity in the observed
lattice parameter suggests that with increasing Mn loading,
additional Mn oxide species are present on the particle surfaces.
XPS, Mn K-edge XANES and STEM-EDS mapping confirm
significant uptake of Mn into the solid solution of the spinel
oxide phase with a small amount of additional Mn oxide on the
particles' surfaces.

In comparison, the surface coated samples do not show any
lattice expansion by XRD consistent with the Mn oxide forming
a highly nanocrystalline surface layer on the Co;0, particles,
rather than forming discreet Mn-oxide particles. STEM-EDS
shows high dispersion of Mn over the Co;0, particles, even at
very low Mn levels (100 : 1 Co : Mn), with evidence of Mn present
on the particle surfaces. Quantitative XPS analysis confirms
a uniform Mn surface, with STEM-EELS and Mn K-edge XANES
suggesting that the Mn species may contain some MnO in
addition to the Mn;0,

STEM-EELS after an activation heat treatment in hydrogen
reveals that in surface doped samples the Coz;O, cores are
reduced to Co metal with a MnO surface layer. This observation
is consistent with previous work on CoMn systems and where
MnO has been identified as being present in reduced samples."”
For the mixed oxide spinel nanoparticles the Co is only partially
reduced to metal in the core of the particle but the Mn remains
as a spinel.

Catalyst performance testing. Catalytic testing was con-
ducted on the supported catalyst series under FTS conditions to
understand how the manganese doping levels and the sample
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preparation method, would affect the catalyst performance and
selectivity during FTS.

Fig. 6 shows the CO conversion measured by GC tail-gas
analysis and the alcohol selectivity measured in the organic
liquid products, for the two types of catalyst samples. For the
surface coated samples, even the lowest Mn loading leads to
a significant drop in CO conversion, which remains lower than
the undoped reference throughout the series. This is not unex-
pected, as the manganese surface coating has the potential to
cover the reduced cobalt surface and block catalytic sites from the
gas phase reactants. As this series of samples was synthesised
from a shared base of synthesised Co;0, particles, any change in
activity cannot be explained by an initial variation in crystallite
size of the catalyst prior to or post reduction. While the lowest
doping level does not appear to show a shift in % CH,4 or % Cs.
produced, above 0.5% Mn there is a meaningful increase in %
CH, selectivity, from 12.3 to 21%. Across the series, we can see an
increase in alcohol selectivity over the reference catalyst, with
selectivities ranging from 5-10% for 1% Mn and below. For the
highest loaded (3%) sample however, a significant jump in
alcohol selectivity to 35% is observed. Interestingly for the 3% Mn
catalyst, a lower CH, selectivity is observed compared to the rest
of the series. While the lower % Cs, selectivity has not returned to
the levels measured for the undoped sample, an explanation for
this is the significantly reduced conversion.

The results from the testing of the mixed oxide catalyst
samples are also shown in Fig. 6. As with the surface coated
materials, the addition of Mn reduces the CO conversion and
a significant jump in alcohol selectivity is observed at 3% Mn,
which is measured at ~30% for both the 3 and 5% Mn catalysts.
However, at 1% Mn and lower the selectivity remains relatively
unchanged in relation to the Co;0, reference sample. While the
mixed-oxide catalyst series does show a drop in conversion
throughout compared to the un-doped catalyst, the drop is less
significant than that observed by the surface coated samples, as
well as being more variable. Unlike the surface doped catalyst
series, the mixed-oxide series is produced from particles which
were synthesised separately. The smaller crystallite size of the of
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other entries refer to particular product selectivity.
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the as-synthesised particles is a likely major contributing factor
in the variation in activity between different loading levels
(Table 4). The % CH, selectivity is also less affected by the
addition of Mn in the mixed-oxide series than the surface
coated samples, although we can see a steady decrease in CH,
selectivity from 0.5 to 5% Mn, the 5% Mn catalyst achieving only
5% selectivity compared to 12.3% for the undoped catalyst at
the same temperature. Again, similar to the surface doped
catalyst series, we can see that at higher manganese loadings,
methane selectivity is improved compared to the undoped
reference, a corresponding increase in Cs, selectivity is not
observed. In this case however, the conversions observed are
much closer together and so the effect cannot be explained by
lower activity alone.

A final set of catalysts were tested, where a mixture of sepa-
rate Co30, and Mn;0, particles were dispersed on to the same
TiO, support at loadings of 10% Co/1% Mn and 10% Co/3% Mn
respectively. Fig. 7 shows the results of the testing of these
samples. For both doping levels tested, the alcohol selectivity
remains unchanged relative to the catalyst reference. The lack
of alcohol selectivity in the 3% Mn sample is not consistent with
the selectivity observed in the 3% Mn mixed oxide or surface
doped samples. This suggests that a close interaction is
required between the active cobalt and manganese dopant for
the effect in alcohol selectivity to be produced. Additionally, the
performance of the 3% Mn sample is significantly higher than
the reference and the 1% Mn sample, in regard to CO conver-
sion, % CH, and % Cs, selectivity.

Paterson et al. report a significant increase in alcohol selec-
tivity with manganese doping =3% on 10% Co/TiO,.'* The re-
ported catalysts were synthesised via co-impregnation of cobalt
and manganese precursor salts and characterisation shows the
metals form a mixed oxide in the synthesised catalyst. For the
surface coated and mixed oxide model catalysts studied,
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Fig. 7 Summary of catalytic testing results of a physical mixture of
Coz04 (10%) + MnzO4 (0, 1 and 3%) deposited on TiO, at 230 °C,
followed by 240 °C after ~24 h at each temperature (i.e. total reaction
time of 48 h) and 30 bar gas pressure. Note the entry on the left-hand
side refers to % CO converted whereas all other entries refer to
particular product selectivity.

1384 | RSC Sustainability, 2025, 3, 1376-1387

View Article Online

Paper

a similar increase in alcohol selectivity is observed in all cata-
lysts with =3% Mn. In the mixed oxide model series, no
increase in alcohol selectivity is observed below 3% Mn,
whereas the surface coated series exhibits a smaller selectivity
increase at 0.5 and 1 wt% loadings. The difference in behaviour
between these two series implies that there is a dependence of
exposed surface area of the manganese species with alcohol
selectivity. This suggests the manganese phase is directly
involved with the gas phase of the reaction, rather than simply
imparting electronic effects onto the active cobalt metal.

The ratio of paraffins: olefins:alcohols produced by each
catalyst tested is shown in Fig. 8. Overall, we can see that
catalysts displaying high levels of alcohol selectivity also have
higher olefin selectivity. This is consistent with the catalysts
studied by Paterson et al.,, who report similar correlation
between high alcohol selectivity and olefin selectivity.'” Mean-
while, minor increases in olefin production are observed at
lower Mn doping levels without a corresponding increase in
alcohol selectivity. The relationship between increased olefin
production and Mn doping is expected, with Mn being reported
to be effective in increasing olefin selectivity from 10 to 30%
with 1% Mn doping.”

As the range of conversions within the series of catalysts
tested is wide, a more representative comparison between the
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samples is to look at the H, : CO consumption ratio, as shown in
Fig. 8. As the WGS is also responsible for varying the H,: CO
ratio, the % CO, selectivity is also shown, however CO, can also
be formed during carbon monoxide disassociation.>* We can
see a significant dependence of % CO, selectivity in the high
manganese catalysts in both the mixed oxide and surface coated
series, however the % CO, selectivity remains at the baseline for
the 3% Mn physical mixtures catalyst. This suggests that it is
not the manganese species itself that is responsible for the %
CO, selectivity, but rather the cobalt modified by the presence of
local manganese. The catalysts that display high alcohol selec-
tivity also display the highest % CO, selectivity. The apparent
H, : CO consumption is less consistent though, with the usage
ratio swinging both lower and higher than the reference
undoped catalyst.

Higher CO, selectivity resulting from the WGS will lead to
the production of H,, creating an apparent decrease in the H, :
CO consumption. Previous work by some of us has shown that
mixed-oxide catalysts with >3 wt% [Mn] in their formulation
tend to form Co,C which has also been shown to exhibit WGS
activity.">"” As such we suspect that the high H,:CO ratios
observed in catalysts with [Mn] > 3 wt% is due to the formation
of increasing amounts of Co,C irrespective of the preparation
method.”

Activity comparison. The activity of each catalyst per gram of
cobalt was calculated using the cobalt loadings measured by
elemental XRF (Fig. 9). The trends observed in the % CO
conversion results are not changed by the translation of the data
to activity per unit of cobalt. For the surface doped particles, the
drop in activity, even at low levels of Mn, can be explained by the
expected blocking of surface cobalt sites in the activated catalyst
by the manganese dopant. This effect appears to be diminished
as the manganese level is increased in the 3% sample.

For the mixed oxide samples, each catalyst shows a signifi-
cant reduction in activity in comparison to the undoped parti-
cles. Unlike the surface doped series however, the mixed oxide
series do not share a consistent particle size of the spinel oxide
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Stream (TOS).

as they were synthesised separately, so the activity results have
not been deconvoluted from the effect of crystallite size, or
metal surface area, on activity.

The 3% Mn catalyst in the physical mixture series is the only
catalyst tested that outperforms the reference catalyst. The
difference is more significant than it appears in Fig. 9, as the 3%
Mn sample is operating at a temperature 10 °C lower than the
rest of the catalyst series.

Fig. 10 shows the CO conversion data for the physical
mixture series. As shown, the conversion of the 3% Mn catalyst
increases over time at 230 °C, climbing from ~38 to ~55% over
a span of 3 days at 230 °C. This suggests that there is a signifi-
cant amount of restructuring occurring within this sample. This
observation was unique to the 3% Mn physical mixture, and
progressively increasing conversion was not observed in any
other of the model catalyst systems discussed. The most
common explanation for a steady increase in CO conversion is
due to further reduction of cobalt oxide during the FT reaction,
due to only partial reduction occurring during the activation
procedure. This explanation appears insufficient to explain this
observation however, as the Co;0, particles supported in this
catalyst are identical to those in the reference catalyst. Addi-
tionally, the 3% Mn physical mixture catalyst shows an
improvement in initial conversion at 220 °C of ~23%,
compared to ~14% in the reference Co;0, catalyst, with this
gap increasing during the lifetime of the run.

While the addition of separate Mn;O, particles to the 3%
physical mixture catalyst appears to have no effect on the
alcohol selectivity (Fig. S97), as well as the increased activity
there is an increase in % Cs. selectivity to 93.5%, and corre-
sponding decrease in % CH, selectivity to 3.62%, which is
remarkably low for a cobalt FT catalyst at these temperature

ranges.”*

Summary and conclusion

Despite the different synthetic methods employed Mn is,
according to XRD, initially present predominantly as Mn;O,
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although we note that the structural similarity of Mn,O; renders
it almost impossible to determine how much of the latter phase
is present by the characterisation techniques available. HAADF-
STEM/EDS/EELS measurements revealed that after a heat
treatment activation step, both types of catalyst exhibited Mn
surface enrichment on the Co nanoparticles; with Mn seen to
exsolute in the case of the mixed oxide samples. The catalysts
prepared by the two different methods and possessing Mn
loadings up to 5 wt% when supported on TiO, produced cata-
lysts which showed similar and reproducible (from previous
work) FTS performance in terms of CO conversion and partic-
ularly the selectivity to alcohols, olefins and CO,. The mixed
oxide catalysts did exhibit some variance in CO conversion
which can be rationalised in terms of crystallite size variation
for the original synthesised material. This suggests that the
delivery of Mn does not particularly affect the FTS performance
considering the (mixed) oxide synthesis method could be opti-
mised further to eliminate this variable. It also suggests that the
state of Mn after reduction (predominantly MnO for the surface
doped and Mn;0,/Mn,0; for the mixed oxide samples respec-
tively) does not affect catalytic performance since it is likely that
MnO is present in both samples when they are operating at
elevated pressures in a syngas mixture. As for the state of Co, it
has previously been reported that the presence of increasing Mn
leads to the formation of Co,C. Since the catalyst could not be
recovered after testing it was not possible to confirm whether
this phase had formed although we note the higher amount of
CO, produced (greater water gas shift activity) is consistent with
such a phase being present.

The performance testing data for the physically mixed
samples when supported on TiO, returned a result that suggests
that 1% Mn;0, does not lead to a significant coverage of the
surface of the Co as the CO conversion (and product selectivity)
is only slightly reduced when compared to Co without Mn
doping. A particularly interesting result however was obtained
with the physical mixture containing 3% Mn;0,. Not only does
the catalyst exhibit improved CO conversion, it does so without
a greater selectivity to olefins, alcohols and CO, - seemingly the
physical separation leads to a synergistic effect. These results
are consistent with previous research that show CO conversion
increasing with [Mn] although typically when the Mn is in close
proximity to the Co although in this instance it can be ration-
alised that the Mn and Co speciation under reaction conditions
are sufficiently different and therefore alcohol & olefin forma-
tion is avoided.

When comparing the results obtained for the physically
mixed samples with the surface doped and mixed oxides, it is
clear that the close proximity of Co and Mn is necessary for
realising catalysts with a high selectivity to oxygenates and
olefins. Based on past studies this proximity seems important
for the formation of Co,C although the reason and mechanism
by which this happens is unclear and requires further investi-
gation. Ultimately understanding quite how this proximity
effect works in practice would require a high fidelity chemical
imaging study of these catalysts under operando conditions and
for several hours on stream.*
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Data availability

Processed data (spectra and patterns) are available from the
following repository: https://rdr.ucl.ac.uk/.
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