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ABSTRACT: Transition metal alloys are receiving considerable
attention in heterogeneous catalysis as they hold promise to
combine advantageous properties of the constituting metals and,
therefore, provide attractive avenues for targeted catalyst design.
The present study concerns the effect of Co and Ni substituents in
the ferrite (Fe3O4) structure used as a catalyst precursor for
medium-temperature Fischer−Tropsch (MTFT) synthesis, in
anticipation of enhanced oxygenate selectivities. The ferrites
were synthesized by co-precipitation and characterized in detail
before and after exposure to MTFT conditions, employing both
conventional ex situ and state of the art in situ techniques. The
complex product spectrum from the MTFT was analyzed by
combining off-line one-dimensional and on-line two-dimensional
gas chromatography. The latter was used specifically to investigate the formation of minority species, such as oxygenates, which are
often disregarded in literature. In situ XRD and magnetometry showed no notable change in the reduction behavior of the ferrites
with a cobalt substituent, but substituting with Ni decreased the reduction temperature drastically from 315 to 250 °C, most likely
due to the increased hydrogen dissociation activity of Ni. The activity, CO conversion, in MTFT increased in the order Fe ≪ CoFe
< NiFe < CoNiFe. Incorporation of Co and Ni in the catalysts makes them less prone to deposition of inactive carbon. The addition
of Ni specifically, also results in a significant shift in selectivity toward a shorter average chain length, lower olefinicity and higher
water−gas shift activity. Interestingly, these shifts are paralleled by a 76% or 170% increase in C2+ oxygenates selectivity or yield,
respectively. The increase in hydrogenation activity of substituted (i.e., Co and/or Ni) Fe-based catalysts, plays a critical role in the
Fischer−Tropsch synthesis activity and selectivity to the different product classes (i.e., paraffins, olefins, and oxygenates) and the
findings reported here provide valuable insights of key importance for further development and optimization of FT catalysts.

KEYWORDS: medium-temperature Fischer−Tropsch, ferrites, alloys, GCxGC, oxygenate selectivity

1. INTRODUCTION

The Fischer−Tropsch synthesis (FTS) is the catalytic
polymerization reaction of carbon monoxide and hydrogen
(i.e., syngas) to produce a broad range of valuable hydro-
carbon-based products (predominantly linear paraffins and
olefins, but also, for example, alcohols, aldehydes, carboxylic
acids, and aromatics).1−3 FTS is widely considered as an
alternative to refining crude oil for producing conventional
fuels (gasoline, diesel, and jet fuel) from various carbon-
bearing feedstocks, including natural gas, coal, biomass, and
even syngas from sequestered CO2 and electrolytic H2.

4−6

Therefore, its economic feasibility is directly related to the
global oil price. To reduce the FTS process dependency on the
oil price, extensive research efforts are focused on significantly
increasing the selectivity of specific high economic value
compounds or product classes (e.g., fuels or light olefins) and

preventing/limiting catalyst deactivation.7 One attempt to
address these challenges is the use of bimetallic catalysts,
mainly consisting of FTS active metals (i.e., Fe, Co and Ni),
for example, Ni−Fe/TiO2,

8,9 Ni−Fe/Al2O3,
10,11 Fe−Ni/

SiO2,
12 Fe−Co alloys,13−15 Co−Fe/TiO2,

16−19 and even
trimetallic compositions.20 Combinations of iron with noble
metals such as Pt, Ir, and Pd generally convert syngas to
methanol,21−25 while the combination of iron and rhodium is
known to produce C2 oxygenates as well.24 Higher CO
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conversion was observed with the bimetallic Ni−Fe catalyst in
comparison to the monometallic (i.e., Fe or Ni) catalysts for
both supported and unsupported systems.8,9,26−28 Moreover,
the ratio of Ni or Co to Fe influences activity (i.e., CO
conversion) and selectivity. Li et al.27 showed that an increase
of Ni in the unsupported Ni−Fe alloy increases the
hydrogenation and methanation activity of the catalyst, while
Ishihara et al.12 reported similar trends with regard to
hydrogenation, but did not find enhanced methanation activity
for TiO2 and SiO2 supported Ni−Fe alloys. For the Co−Fe
system, various studies report an increase in activity with
increasing Co content.12,16,26 In terms of selectivity, the higher
Co content results in higher paraffin content and a decreased
activity for the water−gas shift reaction.16 Tihay et al.13−15

showed a synergistic effect of the Co−Fe alloy and cobalt
ferrite composite on the stability of the metallic phase and a
higher olefin selectivity in the C2−C4 fraction. They also
showed by X-ray diffraction (XRD) that the alloy phase and
the spinel phase lose crystallinity under CO/H2 and CO2/H2
conditions.14

Materials with a spinel structure (AB2O4) are extensively
used in fields such as magnetism29 and battery research,30

owing to the possibility to modify their chemical and physical
properties via the variation of the cations in the A and B sites.
Furthermore, research on the use of spinel structures in
catalysis include alkane oxidative dehydrogenation,31,32 carbon
monoxide oxidation,33 and water−gas shift,34 as well as the
FTS.35 For the latter, Chonco et al.35 used ferrites to study the
effect of copper as a promoter in iron-based catalysts. They
highlighted the importance of the spinel and the delafossite
structure (CuI+FeIII+O2) versus a physical mixture of CuO and
α-Fe2O3, with the former structures showing higher activity.
The authors suggested that the presence of copper in close
proximity to iron limits the extent of sintering, thus, enhancing
the carburization of the catalyst, resulting in a higher surface
area of the active carbide phase.
Oxygenates, mainly alcohols, are currently used in a variety

of industries, for example, ethanol is considered a valuable fuel
alternative that is biodegradable36 and butanol is viewed as an
important intermediate in the plastic and pharmaceutical
industries, while long chain alcohols are key in the surfactants
industry.37 Currently, alcohols are mainly produced via sugar
fermentation38 and the hydration of alkenes.39 Direct
conversion of syngas to alcohols is considered an attractive
route, which in comparison to the aforementioned two routes,
is versatile and environmentally friendly, since fewer operation
units are required, which also result in lower capital and
operation cost.37 Syngas to oxygenates, mainly alcohols, was
reported over catalysts based on different active metals: (i)
cobalt, with an alcohol selectivity of 38 wt % over Co2Cu at
240 °C,40 ∼45 wt % over Co4MnK0.1 at 220 °C,

41 and ∼15 C%
over Co/activated carbon at 220 °C;42 (ii) molybdenum, with
an alcohol selectivity of 50 C% over K-NiMoS2/Al2O3-
montmorillonite at 280 °C43 and 32 C% at 250 °C over K-
Mo2C/TiO2;

44 (iii) rhodium, with an ethanol selectivity of 24
C% at 240 °C over Rh/Al2O3;

45 and (iv) iron, with alcohol
selectivity of 49 C% at 225 °C over Fe/Al2O3

46 and 62% at
320 °C over K-FeCu/silica.47 The industrial FT process
produces oxygenates in the range of 7−12 C%, based on the
operating condition and the nature of the Fe catalyst.48

However, the development of a catalyst(s) with higher activity,
selectivity, and stability is needed for the industrial production
of oxygenates (alcohols, aldehydes, ketones, and carboxylic

acids) from syngas. This is only achievable through better
understanding of the mechanism of oxygenates formation, the
nature of the active site and catalyst structure−activity/
selectivity correlation.
The present work focuses on the influence of substituents in

the ferrite structure of catalyst precursors on the activity and
selectivity in medium-temperature FTS, with the aim of
increasing the selectivity toward oxygenates. The substituents
used are cobalt, nickel, or a combination thereof. All catalysts
are formed from the spinel structure, thus, eliminating any
structural/support effects. Activation of the catalysts by
reduction was investigated by means of in situ XRD and in
situ magnetometry, while the physical properties of the
catalysts were studied by means of nitrogen physisorption
and transmission electron microscopy (TEM). For product
analysis, we employ a combination of one- and two-
dimensional gas chromatography, the latter coupled with
mass spectrometry and a flame ionization detector, which
greatly enhances product separation, identification, and
quantification.

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. The catalysts were synthesized by

a co-precipitation method described in detail by Arulmurugan
et al.49 The synthesis of Fe3O4 was carried out using near
boiling solutions of Fe(III) nitrate (0.2 M, Sigma-Aldrich) and
FeCl2 (0.1 M, Sigma-Aldrich) as precursors. Both solutions
(50 mL each) were added quickly to a near boiling NaOH
solution (35.35 g in 1.3 L of deionized H2O). The addition of
the metal solutions resulted in an immediate formation of a
black precipitate. The mixture was maintained at 95 °C for 1 h
to allow sufficient time for the rearrangement of the hydroxide
into the spinel structure. The mixture was allowed to cool to
room temperature, and the precipitate was filtered (vacuum
filtration) and washed with deionized water until the filtrate
reached neutral pH. The product was dried in air at 120 °C
overnight and subsequently characterized. The same synthesis
method was followed for the preparation of the substituted
ferrites, where an additional solution with the target
concentration (0.03 M in 50 mL) of the substituent (nickel(II)
nitrate and cobalt(II) nitrate, obtained from Sigma-Aldrich)
was added, and the Fe(II) solution concentration changed to
0.07 M in 50 mL.

2.2. Catalyst Characterization. The crystal phase
identification was achieved by XRD analysis of the powder
sample using a Bruker D8 advance diffractometer equipped
with a LYNXEYE XE detector and a Co source (Kα1 = 1.79 Å).
The elemental composition in the ferrites was determined by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES). In preparation, the samples (∼20 mg) were
digested using a combination of HNO3, HClO3, and HCl/HF
(4:1). The obtained solutions were subsequently diluted with
deionized H2O. A multistandard solution was prepared and
used for ICP-OES calibration for the elements (Co, Ni, and
Fe). The surface area and physisorption properties of the
catalysts were measured at liquid nitrogen temperature with
nitrogen as an absorbent in a Micromeritics TriStar instru-
ment. Prior to analysis, the catalyst was degassed at 200 °C
overnight in a Micromeritics FlowPrep 060 sample preparation
unit. The Raman spectra of the catalysts were measured in a
Renishaw inVia Raman spectrometer, operated with the Nutec
software package, and equipped with a green laser (512 nm).
The laser power and exposure time were varied to prevent
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laser-induced phase transformation/damage. The shape and
size of the catalysts particles were determined in a Tecnai FEI
T20 transmission electron microscope operated with a field
emission gun at 200 kV. The particles were immobilized on a
carbon-coated copper grid.
The effect of the substituents on the reduction behavior of

the different ferrites was investigated using an in situ XRD
capillary cell, described in detail elsewhere,50,51 mounted on a
Bruker D8 advance diffractometer equipped with a Mo source
(Kα1 = 0.71 Å) and a VANTEC detector. The total flow of
pure hydrogen (used as the reducing gas) was set at 5 mL/min
using a mass flow controller over a catalyst mass of ∼18 mg.
The catalyst was heated from 50 to 450 °C at 1 °C/min with
XRD patterns measured in 5 min intervals during ramping
(step size = 0.018°, time/step = 0.2 s, total scan time = 4 min
24 s and 2θ range of 13−30°). Further investigation of the
reduction temperature and pathway was carried out using an in
situ magnetometer52−54 (developed by UCT and SASOL,
South Africa) with a magnetic field strength of up to 20 kOe or
2.0 T. The H2 flow was 27.7 mL/min controlled with a mass
flow controller and the temperature was monitored with a N-
type thermocouple placed in the catalyst bed. The reduction
method for 100 mg of the catalyst diluted with 400 mg SiC
starts from 50 to 450 °C at a heating rate of 1 °C/min and
back to 50 °C at 2 °C/min under pure H2 flow. Magnetic
measurements were taken every 5 min at 2, 0, and −2 T along
the heating ramp from 50 to 450 °C to monitor the degree of
reduction and during the cool down to 50 °C. The latter
measurements, cool down curves, served to ascertain if nickel
segregation occurred during reduction, which would show in a
change of magnetization around its Curie temperature (353
°C). Magnetization versus field strength measurements (M−
H) were also recorded at 50 (fresh/ferrite phase), 450
(reduced/alloy phase), and 50 °C (reduced/alloy phase at
near room temperature) in 65 points between 2 and −2 T
(total time 40 min). The γ value indicates the weight
percentage of particles with sizes larger than the critical
diameter for the superparamagnetic behavior of Fe (dcrit = 8
nm at room temperature55) and is calculated using the
expression:

γ =
·

·
M

M
(wt %)

2
100rem

sat (1)

where γ is the percentage of non-superparamagnetic material,
Mrem is the remnant (measured) magnetism, and Msat is the
saturation magnetism of the material at the temperature of
measurement.
Note that, in this work, samples with γ values below 10 wt %

are regarded as being superparamagnetic, as most of the
particles would have a diameter smaller than the critical
diameter for Fe. The remnant magnetization is measured in the
absence of an external magnetic field (i.e., 0 T), while the
saturation magnetization is determined by extrapolation
beyond the maximum field strength of the magnetometer
(i.e., >2 T). The magnetite phase is ferrimagnetic while
metallic iron is ferromagnetic,56 both of which can be detected
using the magnetometer and can be distinguished from one
another due to their different saturation magnetizations. It is
worth noting that the magnitude of the magnetic moments
decreases with temperature; therefore, an increase in the
magnetization of oxidic iron samples with increasing temper-

ature implies that oxidic Fe (and its substituents) is being
reduced to metallic Fe (and its substituents).
Conventional H2-temperature-programmed reduction (H2-

TPR) analysis was carried out using a Micromeritics
AutoChem II 2920 instrument. The catalyst (∼100 mg) was
placed in a quartz U-tube reactor and heated at a rate of 10
°C/min from 60 to 900 °C under a 50 mL/min flow of 5 vol %
H2 in Ar. The consumption of H2 during the reduction
experiment was analyzed using a thermal conductivity detector
(TCD).

2.3. FTS Testing and Product Analysis. The FTS testing
was carried out in a 1/2” stainless steel fixed bed reactor. All
catalysts were tested following the same pretreatment and FTS
conditions. A total of 300 mg (size range 50−75 μm) of the
catalyst was diluted with 2 g of SiC (300 μm) and loaded in
the predetermined isothermal zone of the reactor. The catalyst
was then reduced at 400 °C for 5 h under a H2 flow and cooled
down to reaction temperature. FTS was carried out at 20 bar
total pressure, 280 °C reaction temperature, a H2/CO ratio of
2 and 36 mL/min of syngas and 4 mL/min of argon (internal
reference). The reactor was connected to a hot catch pot
(heated to 140 °C for wax collection) and a cold catch pot
(cooled via a H2O chiller to 10 °C for oil and H2O collection).
The catalyst activity (CO and H2 conversion) and selectivity to
CH4 and CO2 were analyzed on-line by a Varian CP 4900
micro GC-TCD equipped with three individual columns (10
and 20 m Mol Sieve 5A and 10 m Porapak Q). The light
hydrocarbon fraction was sampled using the ampoule
method,57 before the cold trap. The ampoules were analyzed
using a gas chromatograph (Varian GC 3900) equipped with a
flame ionization detector (FID). To achieve effective
separation of C1 and C2 species on the CP-Sil 5CB column,
the GC oven was initially cooled to −55 °C with CO2 before
heating gradually to 250 °C. A detailed analysis of the gas
phase was also carried out using a 2D GCxGC (LECO Pegasus
4D GC) equipped with a flame ionization detector (FID) and
a time-of-flight-mass spectrometer (TOF-MS) directly con-
nected to the reactor outlet gas after the hot trap. The system
was operated in reverse phase mode, where the primary
column has a polar stationary phase (Stabilwax, 30 m, 250 μm,
0.1 μm) and the secondary column a nonpolar one (RTX-5,
1.39 m, 180 μm, 0.2 μm). Modulation of the effluent from the
primary column was achieved by cooling a dry N2 gas stream
with liquid nitrogen. The data analysis was performed using
the TOF Chrom software package. Detailed 1D GC and 2D
GCxGC methods and instrument parameters are provided in
the Supporting Information (Table S1). The carbon balance
for all FTS experiments was within the range of 92−95%.

2.4. Spent Catalyst Characterization. After the reaction,
the reactor was cooled to 50 °C and the catalyst was passivated
using 1% O2 in N2 at a flow of 50 mL/min.58 XRD, Raman
spectroscopy, and thermogravimetric analysis (TGA) of the
spent catalysts was subsequently performed. The TGA analysis
was carried out using a Thermal Analyzers Discovery SDT 650,
with a 10 °C/min heating rate from 50 to 700 °C, under 50
mL/min air flow to decompose any carbonaceous compounds
present on the catalyst surface and/or pores.

3. RESULTS
3.1. Catalyst Characterization. 3.1.1. Ex Situ Catalyst

Characterization. All synthesized materials, after drying,
displayed the same diffraction patterns in XRD (Figure 1),
which matched the reference pattern of iron ferrite (ICDD
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PDF-2 entry 01−071−6336). The absence of additional
diffraction lines supports the successful incorporation of the
substituents into the ferrite lattice structure. Moreover, the d-
spacing of the (3 1 1) plane, especially in the case of
Co0.3Ni0.3Fe2.4O4, shifted to higher values (i.e., lower 2θ),
which indicates an increase in the lattice volume due to the
presence of Co and Ni. The concentration of the Co and Ni
substituents was determined by ICP-OES (see Table 1).
Average crystallite sizes were determined by Rietveld refine-
ment as being 7, 7, 4, and 4 nm for Fe3O4, Co0.3Fe2.7O4,
Ni0.3Fe2.7O4, and Co0.3Ni0.3Fe2.4O4, respectively. Assuming
spherical particles, the theoretical crystallite sizes were
calculated (see Supporting Information for calculations)
using the BET surface area measurements of the different
ferrites. The sizes were found to be 6, 6, 4, and 5 nm for Fe3O4,
Co0.3Fe2.7O4, Ni0.3Fe2.7O4, and Co0.3Ni0.3Fe2.4O4, respectively.
It is evident that there is strong concurrence between the
experimental and theoretical crystallite size, where Ni-bearing
ferrite demonstrated the smallest crystallite size. The same
trend is qualitatively observed in the BET surface area
measurements determined experimentally and theoretically
(Table 1), with the highest surface areas displayed by the Ni-
containing ferrites. A similar effect has previously been
reported by Li et al.27 TEM characterization indicates that

all synthesized materials display irregular particle shapes
(Figure 2), with no obvious alteration upon Co and/or Ni
substitution.

Exceptional care must be taken when analyzing spinel-type
materials with Raman spectroscopy, as the transition metal
(iron, in the present case) inside the structure exhibits
bivalency (ferrous or ferric).59 A high-power laser source and
long exposure under aerobic conditions can oxidize the Fe2+ in
the spinel structure to Fe3+ and change the chemical and
crystal phase to hematite.59 The fingerprint vibrational
stretching bands of pristine Fe3O4 (Figure 3) confirm the
presence of the magnetite structure.60 The Raman shifts at
350.4, 471.8, and 675.3 cm−1 correspond to the Eg, T2g, and
A1g modes, respectively, which is in-line with previous
reports.61,62 The other two weak bands for the T2g mode
appear at 225.7 and 553.7 cm−1.61,63 The most intense band of
the spectra at 675.3 cm−1 (for the A1g mode) can be assigned
to the vibration of the Fe−O bond.61 Importantly, no notable
change was observed in the Raman spectra after the
incorporation of Co and/or Ni (Figure 3). This confirmed
that the ferrite (spinel) crystal structure is maintained after the
incorporation, which is in good agreement with the powder
XRD results. The second order scattering band around 1303

Figure 1. XRD diffraction patterns of the ferrite structures synthesized
via co-precipitation, obtained with a Co source (λ = 1.79 Å). The
expanded section illustrates the change in the position of the (3 1 1)
reflection and d-spacing as a function of cation (i.e., Co, Ni, and Co−
Ni) substitution in the ferrite structure.

Table 1. Effect of Substituents on the Ferrite Surface Area, As Determined by BET Surface Area Measurements, and the Metal
Ratio in the Ferrites, As Determined by ICP-OES Analysis

catalyst
size XRD
(nm)

surface area measurements
(m2 g−1)

theoretical surface areaa

(m2 g−1)
target substituent ratio

M/Fe
ICP-OES substituent ratio

M/Fe

Fe3O4 7 183 179
CoxFe3−xO4 7 187 159 0.3/2.7 0.31/2.69
NixFe3−xO4 4 264 290 0.3/2.7 0.30/2.70
NixCoxFe3−2xO4 4 251 264 0.3/0.3/2.4 0.28/0.27/2.40

aAssuming spherical particles with a crystallite size determined by XRD analysis (refer to Supporting Information for calculations).

Figure 2. TEM images of ferrite and substituted ferrites synthesized
via co-precipitation: Fe3O4 (a), Co0.3Fe2.7O4 (b), Ni0.3Fe2.7O4 (c), and
Co0.3Ni0.3Fe2.4O4 (d).
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cm−1 is a characteristic peak for iron oxide; it represents an
overtone phenomenon or a combination of modes.64 However,
the incorporation of external ions masked this second order
scattering, and it is almost absent in Co0.3Ni0.3Fe2.4O4.
Ex situ XRD showed similar diffraction patterns for the

unsubstituted and substituted ferrites, indicating possible
incorporation of the substituents in the lattice structure of
the ferrite. However, this is not conclusive since XRD only
detects crystalline phases. Surface area measurement by BET
method showed an increase in the surface area, in particular
that of the Ni-bearing ferrite. The theoretically calculated
surface areas and crystallites size values were comparable with
those experimentally obtained.
3.1.2. In Situ Catalyst Characterization. X-ray Diffraction.

The effect of the substituents in the ferrite structure on the
reduction temperature and pathway under H2 was studied in
an in-house developed in situ XRD cell.50,51 The changes in
phase composition and crystallite size were determined by
Rietveld refinement using the software TOPAS 4.265 (using
Fe3O4 and Fe crystal structures for refinements, with the d
spacing allowed to vary to account for the substituents). No
changes in the reduction onset temperature and reduction
pathway were observed with the introduction of cobalt into the
ferrite structure (Figure 4a,b). Both ferrite and cobalt ferrite
have an onset reduction temperature of 315 °C and reduce to
the wüstite and metal phase. In general, the reduction pathway
agrees well with Ding et al.66 The unchanged reduction
temperature after inclusion of cobalt can be explained by the
limited increase in the hydrogen dissociation activity of cobalt
compared to iron. Cobalt-based catalysts in FTS are, therefore,
commonly promoted with PGM metals to facilitate reduc-
tion.67,68 The average crystallite size increased from 6−7 nm to
15−17 nm during reduction. It is important to note that no
phase segregation was observed during reduction of the
Co0.3Fe2.7O4 phase, which suggests the presence of a CoFe
alloy in the reduced phase. The latter also showed a slight
increase in the d-spacing of the (1 1 0) plane, indicative of Co
incorporation in the Fe structure.
The introduction of Ni into the ferrite structure altered the

reduction behavior significantly (Figure 4a,b). The onset
reduction temperature was lowered to 250 °C for both
Ni0.3Fe2.7O4 and Co0.3Ni0.3Fe2.4O4. We propose that the higher
hydrogen dissociation capacity of Ni is responsible for this
enhancement. Hydrogen can be activated on Ni sites and

subsequently facilitate the reduction of adjacent Fex+ in an
intraparticle hydrogen spillover mechanism. This intermediate
phase, wüstite or Ni/Ni+Co substituted wüstite, is completely
reduced to the metallic/alloy phase at 325 °C. All samples
show a similar degree of sintering upon reduction, with all
resulting crystallite sizes ranging between 15 and 17 nm.

Magnetization Measurements. Magnetic properties of
substituted ferrites have extensively been investigated; the
influence of ferrite composition, crystallite size, shape and
architecture have been reviewed by Kolhatkar et al.69 Ferrite/
magnetite (Fe3O4) has a ferrimagnetically ordered structure, in
which in the absence of a magnetic field, the atomic layers with
larger magnetic dipole moments align antiparallel with respect
to those with smaller magnetic dipole moments. In contrast,
metallic Fe is ferromagnetic, which differs from ferrite in that
all magnetic dipole moments are equal in magnitude and are
aligned parallel to each other.
Different iron phases and alloys exhibit differences in their

saturation magnetization and Curie temperature, as summar-
ized in Table 2. Therefore, magnetic properties can be used to
study the reduction of the substituted ferrites to determine the
influence of substituents on the reduction behavior and to
confirm alloy formation. Since metallic iron has a higher
saturation magnetization than the ferrite phase (i.e., Fe3O4),

56

the onset of reduction is recognized as the temperature where
the magnetization increases. Table 2 shows that this is the case
for the alloys as well. Noteworthy, the FeO phase is
antiferromagnetic and thus undetectable in the magnetometer.
However, the formation of a FeO phase (un/substituted) may
otherwise be observed by a drop in the magnetization during
the reduction process. This was clearly observed in the case of
Fe3O4 and Co0.3Fe2.7O4 by the drop in magnetization around
250 °C and to lesser extent for the Ni-bearing ferrites.
The substituents in the ferrite structure influence the

magnetization of the iron-based structure, with a slight
increase in magnetization upon inclusion of cobalt (from 70
to 80 emu/g) and a decrease with the inclusion of Ni (from 70
to 39 emu/g). The comparable magnetization of ferrite and
cobalt ferrite and a decrease in the magnetization over nickel
ferrite was also observed by Lee et al.70 and rationalized by the
change in the magnitude of the magnetic moment upon
inclusion of the substituents. In general, the saturation
magnetization values obtained in this study are comparable
with the reported literature values (see Table 2). The
differences may be due to the analysis temperature, material
composition, and/or particle size.69

The magnetic measurements (Figure 5a) show that the
onset reduction temperatures from the ferrite phase to metallic
phase are about 310, 300, 245, and 260 °C, over Fe3O4,
Co0.3Fe2.7O4, Ni0.3Fe2.7O4, and Co0.3Ni0.3Fe2.4O4, respectively.
While these onset of reduction temperatures are in reasonable
agreement with those from the XRD analysis, we note that the
values obtained from the magnetic measurements are system-
atically lower. The reason is that XRD detects only crystalline
phases, while in principle all metal ions can contribute to the
magnetization and be detected with this technique. Hence, if
reduction of the oxide phase initially forms unordered
intermediates, these contribute to the overall magnetism, but
not to the XRD.
It is important to note that both the in situ XRD and the

magnetic measurements show complete reduction of the
ferrites to the metallic phases, since (1) no other crystalline
phases were detected besides the metallic phase in XRD, and

Figure 3. Raman spectra of fresh Fe3O4, Co0.3Fe2.7O4, Ni0.3Fe2.7O4,
and Co0.3 Ni0.3Fe2.4O4 catalysts. The dotted box area highlights the
2nd order scattering band position.
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(2) the magnetization of all catalysts reached a stable value just
above the temperatures where, according to XRD, full
reduction was reached. The slight decrease in magnetization
toward higher temperatures is due to thermal effects.69

The magnetization versus field strength measurements (M−
H) were used to determine the magnetic nature of the particles

present in each sample, that is, whether superparamagnetic or
non-superparamagnetic. The M−H measurements of Figure
5b, obtained at 450 °C, show hysteresis behavior when the
applied magnetic field approaches 0, depending on the metallic
phase composition. Ni-containing samples show the highest
contents of superparamagnetic material, indicated by the

Figure 4. Compositional changes of different ferrite structures (a) and an on-top view of the XRD patterns (b) obtained in situ during H2
reduction (XRD: Mo Kα1 = 0.71 Å).
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lowest γ values of 20.5 and 10.3 wt % for NiFe and CoNiFe,
respectively, compared with values of 39.5 and 49.2 wt % of
non-superparamagnetic material in the Fe and CoFe samples,
respectively. The small hysteresis and, consequently, the low γ-
values for Ni-containing alloys can be ascribed to the large Ni
critical diameter of 55 nm.69

Magnetic measurements have been previously used to
confirm alloy formation in CoNi catalysts.74 In the case of
alloy formation, the decrease in magnetization with an increase
in temperature is monotonic, and no significant variation/
inflection point in the absolute first derivative curve around the
Ni Curie temperature region should be observed (i.e., ∼353
°C, see Table 2). Figure 5c shows a monotonic decrease in
magnetization with an increase in the temperature and no
inflection point in the absolute first derivative curve (Figure
5d). Thus, the Ni0.3Fe2.7O4 precursor reduced to a Ni−Fe alloy
structure, while the Co0.3Ni0.3Fe2.4O4 reduced to an alloy
structure evidently containing Ni+Fe. Due to the high Curie
temperature of cobalt (∼1115 °C, see Table 2), the same
analysis cannot be done for the Co-containing alloys, as only
temperatures below 1000 °C can be realized using the current
magnetometry setup.52−54

The conventional H2-TPR of the (un)substituted ferrites
(Figure S1) shows the presence of three reduction steps. The
first reduction, between 200 and 350 °C, is attributed to the
reduction of Fe3+ (in the ferrite structure) to Fe2+.76 This
reduction peak is less intense and broad in the TPR profiles of
the substituted ferrites, in particular, the Ni-bearing ones, and
seems to have a slightly lower onset temperature for these
catalysts. It has also been proposed that this peak can be due to
the reduction of hematite (α-Fe2O3) impurities in the ferrite.77

Alternatively, these Fe2O3 “impurities” may be present as
maghemite (γ-Fe2O3), which is indistinguishable from Fe3O4
in XRD characterization and which would explain why no
phase change is observed in the in situ XRD reductions (see
Figure 4), which correspond to these TPR peaks. The second
reduction step, between 350 and 550 °C, is assigned to the
reduction of the (un)substituted ferrite to a (un)substituted
wüstite phase, and the third reduction, between 550 and 800
°C, may represent the transformation of the (un)substituted
wüstite to the (mono-, bi- or tri)metallic phase.76−78

The use of in situ XRD and magnetometry for investigating
the influence of substituents on the reduction behavior of the
ferrite, forms a powerful combination since XRD cannot detect
non-crystalline phases, which (as long as these are magnetic)

are detected in the magnetometer. Both in situ techniques
demonstrate that Ni acts as a reduction promoter, since
inclusion of Ni results in a decreased onset of the reduction
temperature from 310 °C (Fe3O4 and Co0.3Fe2.7O4) to 250 °C
(Ni0.3Fe2.7O4 and Co0.3Ni0.3Fe2.4O4). We suggest that the effect
is caused by the higher reducibility of Ni2+ to Ni0, which then
facilitates H2 dissociation and subsequent migration to the
adjacent iron and cobalt (via spillover), where initiation of the
reduction process is known to be relatively difficult.79

3.2. Spent Catalyst Characterization. After the FT
reaction, the catalysts were passivated and analyzed by XRD to
determine their bulk crystalline phase composition (Figure 6).
Rietveld refinement (Table 3) showed increases in the Hag̈g
carbide concentration from 78 to 95−97 wt % for the multi-
metallic catalysts (CoFe, NiFe, and CoNiFe) compared to the
pure iron sample. This suggests either an improved
carburization of the ferrite as a result of incorporating Co,
Ni, and Co−Ni, or a suppression of the reoxidation behavior
which would be caused by the product water under reaction
conditions. Only the pure Fe sample showed an oxidic
component, namely, magnetite, in the spent sample. The
increase in the Hag̈g carbide concentration and disappearance
of any iron oxide phase upon introduction of Co and/or Ni
may be caused by a higher hydrogenation activity, assisting in
the removal of oxygen from the catalyst surface, thus,
preventing reoxidation of the carbide phase, in agreement
with Unmuth et al.80 The Hag̈g carbide formed from the
metallic iron has similar crystallite size, but in the bi- and tri-
metallic catalysts, the Hag̈g carbide is significantly smaller
(Table 3). This could be due to cleavage of the metallic phase
and/or intermediate phase crystallites prior to Hag̈g carbide
phase formation. A similar observation was reported by
Chonco et al.35 during in situ XRD analysis of α-Fe2O3
activation in a carbon monoxide environment. The decrease
in the crystallite size of the metallic catalysts (see Table 3)
could therefore be another reason for the increase in the Hag̈g
carbide content in the bi- and tri-metallic catalysts, since the
carbon incorporation into the structure, to form Hag̈g carbide,
readily occurs in smaller crystallites size Fe-based materi-
als.27,81−83

A possible deactivation of Fe-based FTS catalysts is
deposition of “coke” on the catalyst surface.85 The passivated
catalysts were characterized by TEM and TGA in air to
determine the presence of carbon overlayers on the catalyst
surface and the mass loss corresponding to carbon oxidation,

Table 2. Magnetic Properties of Relevant Iron Phases, Substituted Ferrites, Cobalt, Nickel and Iron Alloys

magnetism
Curie temperature

(°C)
saturation magnetism (emu g−1), this

studya
saturation magnetism (emu g−1),

literature ref

α-Fe ferromagnetic 770 204 222 56

Fe3O4 (magnetite) ferrimagnetic 580 ± 15 70 90−82 56

CoFe2O4 ferrimagnetic 404 80 68−72 70−72

NiFe2O4 ferrimagnetic 517−570 39 55 73

FeO antiferromagnetic
Co0.3Ni0.3Fe2.4O4

a 48
Co 1115 74

Ni ferromagnetic 353−358 53 74

CoFe ferromagnetic 213 209−222 72

Ni20Fe80 ferromagnetic 173 186 75

CoNiFea 189
aSaturation magnetization determined in this study at 50 °C before and after reduction for the (un)substituted ferrite and iron metallic/alloy phase,
respectively.
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respectively. Noteworthy, Hag̈g carbide decomposes in the
same temperature range as that of “coke”; therefore, this may
contribute to the mass change. However, since Hag̈g carbide is
the dominant phase in all catalysts, the contribution will be
comparable, and we assume that the main difference in the
TGA profiles obtained arises from the carbon deposition. The
TEM results (Figure 7) show the presence of an overlayer on
(un)substituted iron catalyst particles, which is most likely due
to carbon deposited during the FTS reaction. The TGA
analysis (Figure 8) of the spent catalysts under air flow
demonstrated mass losses of 32, 23, 14, 12 wt % from Fe,
CoFe, NiFe, and CoNiFe spent catalysts, respectively. This
trend is similar to that obtained for the onset reduction
temperature and hydrogenation activity, where the Ni bearing
alloy demonstrated the lowest onset reduction temperature
and the highest hydrogenation activity. Therefore, it is possible
that the hydrogen-rich catalyst surface prevents carbon
deposition and/or promotes the in situ removal of carbon
via hydrogenation to methane.86,87 This could also explain the
increase in methane selectivity over the Ni-bearing alloys.
Furthermore, the carbonaceous material (coke) is classified in
two classes, “soft” and “hard” coke. “Soft” coke consists of
alkene-like compounds with an H/C ratio of 2.88−90 These
compounds decompose under an air atmosphere in the
temperature range of 180−330 °C,88 while the “hard” coke
has a lower H/C ratio and decomposes in the temperature
range of 300−530 °C. The mass loss for all catalysts occurs in
the temperature range of 280−410 °C, possibly indicating a
mixture of “soft” and “hard” coke. Hence, the substituents in
the Fe catalyst only seem to influence the amount of coke
formed, but not the nature of the coke formed.
The nature of carbon deposits on the catalyst surfaces, as

monitored with Raman spectroscopy (Figure 9), shows a
similar differentiation as the XRD analysis. The spent Fe
catalyst shows two distinct bands at 1351 and 1576 cm−1,
which correspond to the D- and G-bands of distorted and
graphitic carbon, respectively.91−93 The other three catalysts
display a broad band around 2000 cm−1, suggesting the
presence of amorphous carbon not coupling effectively with
the laser due to very small size and low concentration of
graphitic crystallites.94,95 It appears that the deposited carbon
on the alloys has a different nature to that present on the pure
iron catalyst, and lacks the graphitic structure as observed on
the latter. This could be a further indication of the
hydrogenation activity of the substituted alloys, limiting carbon
deposition and growth on the catalyst surface.

3.3. FTS Activity and Selectivity. The FTS activity (CO
conversion after 48h time on stream (TOS)) of the
synthesized ferrites after reduction (at 400 °C for 5 h under
a flow of 100 mL/min H2) increases with the introduction of
substituents in the ferrite structure from 23.9% over Fe
catalyst, to 33.6, 38.1, and 41.9%, over CoFe, NiFe, and
CoNiFe, respectively (see Table 4 and Figure 10). This can be
rationalized with the reported higher intrinsic CO activation
capacity of Ni and Co.2,96 The decrease in specific surface area
based on the crystallite size of the reduced metal, as measured
during in situ XRD, can only account for a 5−10% increase in
surface atoms and can, as such, not be solely responsible for
the improved activity. The CO2 selectivity (31.1, 26.9, 35.2,
and 35.0 C%, over Fe, CoFe, NiFe, and CoNiFe, respectively)
decreases when Co is incorporated and increases when Ni is
present. Generally, CO2 formation in the FTS is associated
with the water−gas shift (WGS) reaction,2 with metallic iron

Figure 5. Saturation magnetization as a function of temperature in a
H2 environment for all catalysts (a), M−H plots obtained at 450 °C
for all catalysts, with the enlarged section highlighting the hysteresis
behavior (b), cooling down curves (c), and absolute first derivatives of
the cooling down curves of Ni-bearing alloys (d). Dotted area in (c)
and (d) indicates the Curie temperature of metallic nickel.

Figure 6. XRD patterns of standards and passivated spent catalysts
after FTS at 280 °C, 20 bar, H2/CO = 2. (*) Reflections due to SiC
used as catalyst diluent.
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and the magnetite phase are well-known to sustain the WGS
reaction.2 Metallic cobalt only shows very little CO2 selectivity
under typical FTS conditions.2,97 In the present study, it was
not possible to elucidate if the observed drop in CO2 selectivity
in the presence of Co is actually based on the observed
suppression of the iron oxide phase in the active catalyst (see
Table 3) or through the presence of the less WGS active
metallic cobalt itself. On the other hand, pure Ni has been
studied as a WGS catalyst, and is usually not very effective as
its CO dissociation and methanation activity dominate.
Different promoting and alloying approaches have been
reported to steer selectivity of Ni catalysts toward the WGS
reaction, with the synthesis of NiFe alloys being one of them. It
is reported that the presence of Fe weakens the strength of the

CO adsorption and suppresses H2 adsorption, overall reducing
the CO dissociation/methanation activity and enhancing the
WGS reaction.98−100

The hydrocarbon selectivity of the catalysts shows clear
evidence of an increased hydrogenation activity in the presence
of the substituent metals, especially Ni. The methane
selectivity increases from 9.5 C% over the pure Fe catalyst,
to 12.1, 30.4, and 32.5 C% over CoFe, NiFe, and CoNiFe,
respectively. In parallel, the chain growth probability (C3−C8)
decreases from 66 to 49%, again with the Ni containing
samples showing the greatest change. The same effect is seen
in the composition of the hydrocarbons, that is, the olefin to
paraffin ratio (Table 4).

3.4. Oxygenate Formation. The detailed selectivity for
the different oxygenates classes (e.g., alcohols, aldehydes,
ketones, and acids) was studied with the use of 2D GC,
allowing for baseline separation between the different classes of
compounds based on the functional groups (i.e., paraffins,
olefins, aldehydes ketones, alcohols, and acids) and the carbon
number (see Figure 11), as reported by Grobler et al.101 Since
all the substituted ferrite catalysts have comparable conversion
(iso-conversion), its effect on selectivity is assumed negligible.
The total oxygenates selectivity increased slightly by the

inclusion of cobalt in the Fe catalyst (from 10.4 to 11.7 C%).
Metallic cobalt is generally not regarded as highly selective
toward oxygenates in the FTS.102−104 Work reported by
Gnanamani et al.105 and Xiong et al.106 indicates that cobalt
carbide phases, potentially formed in small quantities under
reaction conditions, support oxygenate formation. In the
present study, there is no direct evidence of Co2C formation,
but it can also not be fully excluded. The total oxygenate
selectivity increases significantly from 10.4% for iron, to 15.6−

Table 3. Composition of Spent Catalyst (Determined via Rietveld Analysis) after 48 h TOS at 20 bar, 280 °C, H2/CO Ratio of
2; Conversion of 24, 34, 38, and 42%, over Fe, CoFe, NiFe, and CoNiFe, Respectively

Fe CoFe NiFe CoNiFe

magnetite phasea (wt %) 14 (17.2 ± 1.7 nm)
mono-/bi-/tri-metallic phasea (wt %) 8 (58.7 ± 5.8 nm) 5 (28.4 ± 4.1 nm) 3 (27.8 ± 8 nm) 5 (35.8 ± 6.5 nm)
Hag̈g carbide phasea (wt %) 78 (17.5 ± 0.6 nm) 95 (8.1 ± 0.2 nm) 97 (13.3 ± 0.4 nm) 95 (8.7 ± 0.3 nm)
Rwpb (%) 5.7 5.9 5.8 6.9

aNumbers in parentheses are the crystallite sizes of the phase. bRwp indicates the quality of the fit obtained after applying Rietveld refinement, with
values between 2 and 10% indicating a good fit.84

Figure 7. TEM analysis of spent and passivated catalysts after 48 h
TOS at 20 bar, 280 °C, H2/CO ratio of 2. Conversion of 24, 34, 38,
and 42%, over Fe, CoFe, NiFe, and CoNiFe, respectively.

Figure 8. TGA/TPO analysis under air of passivated spent catalysts
after FTS at 280 °C, 20 bar, H2/CO = 2.

Figure 9. Raman spectra of passivated spent catalysts after FTS at 280
°C, 20 bar, H2/CO = 2.
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16.8 C% for the Ni-containing alloys CoNiFe and NiFe. When
considering the valuable C2+ alcohols and aldehydes only, a
relative increase of up to 76% in selectivity is observed for
NiFe and up to 170% improvement in yield is obtained for
CoNiFe. This observation is noteworthy as oxygenates are
generally believed to be prone to secondary hydrogenation
reactions resulting in paraffins,107 which one may expect to be
enhanced in the presence of Ni. However, the result can be
rationalized by the same hypothesis supporting an increased
WGS activity, that is, the addition of Fe to Ni suppresses the
hydrogen adsorption and thereby reduces the CO dissociation
probability. The adsorbed molecular CO can potentially be
incorporated into chain growth, yielding oxygenates, as
proposed by Pichler and Schulz.108 The increase in the

oxygenate content may therefore be due to the increased
formation of these primary compounds. For all catalysts, most
of the oxygenates are found in the C2 fraction, with 40−50 C%
of all oxygenates. The composition of this fraction (see Figure
12a) varies greatly. In the case of the pure iron catalyst, 56.2%
in the C2 oxygenates fraction is ethanol, with the balance being
made up by ethanal and acetic acid at 31.4 and 12.4%,
respectively. Upon introduction of higher hydrogenation
activity through incorporation of substituents, the concen-
tration of ethanol in the C2 oxygenates fraction increases to
76.5% in the presence of Co, and 82−84% while the catalysts
contain nickel, with the acetic acid and ethanal content
decrease below 4 and 20%, respectively. Overall, alcohols are
the dominating oxygenate species in the product, independent

Table 4. FTS Activity and Selectivity (given in C%) after 48 h of TOS at 20 Bar, H2/CO Ratio of 2, and 280 °C

Fe CoFe NiFe CoNiFe

XCO 23.9 ± 1.1 33.6 ± 1.6 38.1 ± 0.6 41.9 ± 1.6
α 0.66 0.64 0.49 0.49
CO2 selectivity 31.1 ± 0.9 26.9 ± 1.0 35.2 ± 0.7 35.0 ± 0.8
selectivity to organic products
CH4 9.5 ± 0.1 12.1 ± 0.2 30.4 ± 0.8 32.5 ± 1.2
C2−4 paraffins 7.8 ± 0.8 11.5 ± 1.4 20.6 ± 0.3 18.4 ± 0.6
C2−4 olefins 33.9 ± 0.9 30.7 ± 1.5 20.7 ± 0.1 21.2 ± 0.2
C5+ paraffins 11.8 ± 0.3 11.0 ± 0.6 3.7 ± 0.2 4.2 ± 0.1
C5+ olefins 26.5 ± 1.1 22.7 ± 1.1 7.4 ± 0.4 7.7 ± 0.7
MeOH 0.5 ± 0.1 0.7 ± 0.1 1.2 ± 0.1 1.1 ± 0.1
C2+ alcohols 5.7 ± 0.9 7.8 ± 0.1 12.7 ± 0.4 11.7 ± 0.5
aldehydes 2.8 ± 0.5 2.2 ± 0.4 2.3 ± 0.4 2.2 ± 0.1
ketones 0.6 ± 0.2 0.5 ± 0.1 0.3 ± 0.06 0.7 ± 0.2
acids 0.8 ± 0.01 0.5 ± 0.01 0.5 ± 0.05 0.2 ± 0.01
C3=/C3− 5.1 2.8 3.0 3.1
primary C4=/total C4= 0.95 0.9 0.88 0.9

Figure 10. FTS organic product selectivity in C% after 48 h of TOS at 20 bar, H2/CO ratio of 2, and 280 °C. Highlights show oxygenate selectivity
in C%. Figure S2 (in Supporting Information) shows the selectivity, including CO2.
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of catalyst composition. Their content increases in the
presence of substituents from 60% to approximately 80% of
the oxygenated products. Figure 12b shows the oxygenates
(i.e., alcohols, aldehydes and acids) content in the total
product (i.e., oxygenate, olefin, and paraffin) with a similar
carbon number. Due to the unfavored thermodynamics of
methanol formation, the selectivity to this product is low. The
highest selectivity was obtained at C2, which could be due to
OH addition to the CH3−CH= catalyst surface species,109

and/or due to the CO-insertion mechanism taking place, that
is, insertion of molecular CO into the growing chain.108 With
increasing carbon number, the selectivity to oxygenates (Figure
12b) and alcohol content in total alcohols (Figure 12c)
decreased, which could be rationalized by carbon number-
dependent secondary conversion.2 The ratio of linear to
branched (n/iso) paraffins and alcohols (Table 5) shows
similar values for the two classes of compounds (i.e., paraffins
and alcohols) for each catalyst. Moreover, the inclusion of
substituents (Co and/or Ni) in the Fe structure results in a
drop in the normal to iso ratio. This correlation could be due
to a common intermediate(s) for the formation of both
paraffins/olefins and oxygenates.

4. DISCUSSION
Fischer−Tropsch synthesis is a well-established technology for
the conversion of coal, natural gas, heavy oils, or biomass to
synthetic fuels and chemicals. In the future, it is believed to
play an essential role in the storage and conversion of
renewable electricity as well, where CO2 is the carbon source
and electrolysis of water will provide hydrogen (and oxygen).
In an eventually defossilized society, it is important to dispose
over flexible carbon-neutral technology that not only provides
synthetic fuels, but also a range of chemicals. Exploring how
selectivities in the FTS can be manipulated by varying the
composition of catalysts is therefore of great importance. The

present work shows that alloying the most used FTS catalyst,
iron, with other abundant metals, cobalt and nickel, provides a
way to shift the product distribution toward oxygenates, with
subtle but important changes in the other product classes as
well.
The bi- and tri-metallic catalysts are, in fact, modified iron

catalysts, derived from magnetite (ferrite) in which 10% of the

Figure 11. GCxGC-FID (logarithmic scale) online product analysis
48 h of TOS at 20 bar, H2/CO ratio of 2, and 280 °C over Fe, CoFe,
NiFe, and CoNiFe. In the small graph, (1) paraffin, (2) olefin, (3)
aldehydes and ketones, (4) alcohols, and (5) acids. The enlarged
sections display the retention time area of linear and branched
alcohols.

Figure 12. C2 oxygenate composition (a), content of alcohols and
aldehydes in the linear product fraction as a function of carbon
number (b), and alcohol content in total alcohols as a function of
carbon number (c), produced by FTS after a 48 h TOS at 280 °C, 20
bar, and H2/CO ratio of 2.

Table 5. Linear to Branched Ratio (n/iso) in Paraffins and
Alcohols after 48 h of TOS at 20 bar, H2/CO Ratio of 2, and
280 °C, over the Four Catalysts

Fe CoFe NiFe CoNiFe

paraffins 4.2 4.1 3.5 3.6
alcohols 4.8 3.7 3.0 3.1
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iron has been replaced by nickel or cobalt or, in the tri-metallic
case, 20% by Ni and Co.
Addition of Co and/or Ni into the ferrite structure via a co-

precipitation method yielded substituted ferrites with crystal-
lite sizes ranging between 4 and 7 nm. The inclusion of the
substituents in the ferrite lattice alters the position (i.e., d-
spacing) of the (3 1 1) reflection, which is the most intense
one. The XRD analysis (Figure 1) shows a slight increase in
the d-spacing upon the introduction of the substitutes: from
2.51 Å for Fe3O4, to 2.52 Å for Co0.3Fe2.7O4 and Ni0.3Fe2.7O4,
and 2.53 Å for the tri-metallic Co0.3Ni0.3Fe2.4O4. The change in
d-spacings is small, in line with the comparable ionic radii of
Fe2+ (0.83 Å), Co2+ (0.82 Å), and Ni2+ (0.78 Å).110

Also, the magnetic measurements in Table 2 indicate that
the incorporation of Ni and Co in the ferrite lattice did occur,
as the measured values for the saturation magnetization of the
ferrite and Co-substituted ferrites were comparable, and both
higher than those of the Ni-containing ferrites, in agreement
with literature values. Fe3O4 and CoFe2O4 are reported to have
similar measured magnetic moments of 4 μB,110 while the
NiFe2O4 measured magnetic moment is 2.3 μB.110 These
values explain the comparable saturation magnetization for
ferrite and the Co-substituted ferrite, and both being higher
than those of the Ni-containing ferrites (bi- and tri-metallic
ferrite). The same effect is observed in the reduced alloys.
Hence, the characterization results are consistent with the

notion that the substituting elements have indeed been
incorporated in the ferrite structure. This is also reflected in
the thermal evolution of the reduction process, as is clearly
revealed by the in situ XRD experiments of Figure 4, and the in
situ magnetization measurements of Figure 5. While the effects
of cobalt incorporation in the ferrite for reduction are subtle
(but noticeable, Figure 4), nickel clearly facilitates the
reduction of the iron significantly and reduces the temperature
needed for complete reduction by more than 50 °C.
As the Fe metal and the bi- and tri-metallic alloys exhibit

higher saturation magnetization than the corresponding ferrites
(Table 2), reduction can be monitored by following the
magnetization in situ. One should be aware that, for
superparamagnetic particles, an increase in crystallite size
during the reduction process also contributes to an increase in
saturation magnetization of the metallic phase. Figure 5
confirms the trend revealed by the in situ XRD that
incorporation of Ni in the ferrites enhances their reducibility
significantly, while Co has little effect. Reduction of oxides
proceeds via the dissociation of H2 on metallic nuclei formed
at the surface of the oxide, a process that occurs more easily on
nickel oxide than on iron oxide. Once such metallic nuclei have
been established, H2 molecules can dissociate readily and H-
atoms can diffuse over the surface and effectuate reduction of
the iron oxide. This process is often referred to as intraparticle
hydrogen spillover in the literature.79

The iron metal and the corresponding alloys form the
precursor of the catalytically active phases, which form in situ
during the FTS reaction. All active samples contain the Fe5C2
or Hag̈g carbide, while it is not possible to ascertain whether
these carbides contain the Co and Ni as substituents on the Fe
positions or as segregated metal or carbide. Nevertheless, the
effect of the substituents is obvious, in the (1) crystallite sizes
of the carbide phases, which are smaller (Table 3), (2) smaller
amount and different nature of the carbon accrued by the
catalysts during FTS (Figures 8 and 9) and, (3) higher CO

conversion levels and markedly changed product distributions
during FTS.
The FTS activity of the catalysts increased in the order Fe≪

CoFe < NiFe < CoNiFe. Several factors contribute to this
trend. In addition to the larger particle size of the unpromoted
iron catalyst, the degree of carburization is significantly lower
than in the promoted catalysts, as the iron catalyst forms iron
oxide during FTS. In contrast to this, the bi- and tri-metallic
catalysts are almost fully reduced and carbided (Table 3).
Furthermore, Co and Ni exhibit higher intrinsic activity than
iron for CO hydrogenation.96,111

The product selectivity of the CoFe system resembles that of
iron, but incorporation of Ni has a significant effect on the
distribution of products. The NiFe and CoNiFe catalysts show
higher hydrogenation activity, as evident in the higher
selectivity for CH4, a lower chain-growth probability, lower
olefin/paraffin ratios in the C2−4 and C5+ fraction, and a
doubling in the selectivity toward oxygenates, notably C2+
alcohols. It is well-known that the primary FTS product is rich
in olefins, while subsequent secondary readsorption and
hydrogenation enhances the overall paraffin content.112 The
olefin to paraffin ratio in the product fraction with carbon
numbers of 2−4 drops from 4.3 to 2.9 when Co is
incorporated into the catalyst and to 1 in the presence of Ni.
The same qualitative trend is observed for the longer carbon
chain numbers at an overall lower olefin content, a well-
documented observation associated to a longer residence time
of the primary olefin and, therefore, a higher probability of
secondary hydrogenation.112−114 The increases in the paraffin
content, methane selectivity, and decreased chain growth
probability upon incorporation of nickel in the catalyst can be
attributed to the relatively high hydrogenation activity of
nickel, and is in fact also reflected in the enhanced reducibility
of the Ni-containing catalysts, as discussed above.
The oxygenate selectivities over Fe, CoFe, NiFe, and

CoNiFe were 10.4, 11.7, 17.0, and 15.9 C%, respectively
(Table 4 and Figure 10), the dominant oxygenates being
alcohols, followed by aldehydes. Ethanol is the predominant
product, representing 40−50% of all oxygenates. Within the C2
oxygenates, the ethanol content increases from 56% on pure
Fe, to 76% on CoFe and 82−84% for the Ni-containing alloys.
The selectivity of valuable C2+ alcohols plus aldehydes
increased from 8.5 to 15 C% which translates to a relative
increase of 76%. This effect is even more substantial when
expressing the C2+ oxygenates formation in terms of yields
(1.40, 2.45, 3.71, 3.78 C% over Fe, CoFe, NiFe, and CoNiFe,
respectively) as increases of 75, 165, and 170% were obtained
via Co, Ni, and Co+Ni modification, respectively. The findings
are considered to be of key importance for further develop-
ment of active and selective catalysts for specific classes of
compounds. It is likely that additional promotion (e.g., with
alkali metals) can greatly enhance performance in terms of this
type of catalysts and bring them on par with state-of-the-art
catalysts for the production of oxygenates from synthesis
gas.115,116

There are different proposed formation mechanisms for
oxygenates reported in literature.2 Aldehydes and alcohols
form in the “enol” mechanism via a chain termination step,
while acids may form via the Cannizzaro reaction (i.e.,
secondary reaction of aldehydes).2 Johnston and Joyner117

proposed that alcohol formation takes place via the coupling
reaction of alkyl and surface hydroxyl groups. However, the
most considered mechanism of oxygenate formation in FTS is
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the CO insertion mechanism.2,108 In this mechanism, chain
growth takes place via CO insertion into a metal−alkyl group,
yielding a surface acyl species. As C1 species are believed to
dominate on the catalyst surface (as also reflected in methane
selectivities often larger than expected due to ideal Anderson−
Schulz−Flory kinetics),2 this predominantly leads to the
formation of C2 oxygenates (mostly ethanol), as observed in
this study. The formation of paraffins and olefins occurs by
termination of the growing chain through hydrogen addition
or β-H-elimination, respectively. Importantly, alcohols are
proposed to form via the reaction of RCHOH surface species
with hydrogen. Aldehyde formation can take place via β-H-
elimination of RCHOH, yielding enol species, which isomerize
to aldehydes.2 Considering the widely accepted CO insertion
mechanism for higher alcohols formation, in particular,
ethanol,118,119 two types of active sites may be required to
facilitate chain propagation and CO non-dissociative adsorp-
tion, as well as insertion into the growing chain. The former
function is possibly carried out over the Fe sites, while the
latter two functions preferably occur over the alloy sites (Co-
and/or Ni-Fe site). The presence of the substituents therefore
aids in the formation of oxygenates. Oxygenates are also
reported to undergo secondary reactions, including hydro-
genation and incorporation into the growing chain.120−122 The
high oxygenates selectivity at the C2 position could be
explained by the high stability of ethanol, in comparison to
C3+ alcohols, against secondary reactions

123 and the possibility
of ethanol forming via an additional route, to CO insertion, by
the reaction of surface ethylidene with an OH group.124 In
general, the production of oxygenates, in particular, alcohols,
require a catalyst that would facilitate the chain growth/
propagation and CO insertion steps.125 Although the catalytic
material in this study does not provide high oxygenates
selectivity, it provides a route to at least enhance oxygenates
formation via a stabilized Fe-based catalyst with limited carbon
deposition and improving reducibility and carburization.
Finally, we note that the GCxGC product analysis in Figure

11 illustrates how rich the product distributions of the FTS
catalysts are. In the future, we intend to employ such
information for detailed mechanistic studies of chain growth
in the Fischer−Tropsch reaction.

5. CONCLUSION
The study determined the influence of Co and/or Ni
substituents in the ferrite structure and on the chemical and
physical properties, as well as FTS activity and selectivity,
particularly to oxygenated compounds. Characterization via in
situ XRD and magnetometry analyses under a H2 environment
showed that Ni acts as a reduction promoter by facilitating the
reduction of the ferrite at lower temperatures. Alloys were
formed upon reduction, but exposure to FT conditions caused
the formation of Hag̈g carbide, likely containing Co and Ni as
substituents. The modification with Co and Ni further resulted
in smaller crystallites, less carbon deposition, and pronounced
positive effects on FTS activity (i.e., CO conversion), as well as
increased selectivities to methane, paraffins and oxygenates. It
is likely that the modification, in particular that with nickel,
leads to significant changes in hydrogen availability on the
catalyst surface, which selectively affects steps of product
formation ultimately promoting desorption as alcohols. The
findings of this study are of fundamental importance toward
the development of iron-based catalysts optimized for selective
product formation.
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