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Luis C. Caballero, a J. Paulo L. Perezb and Michael M. Nigra *a

This study investigates the functionalization of TiO2 via sulfation to enhance the performance of Fischer–

Tropsch synthesis (FTS) catalysts for hydrocarbon production from syngas. Acid-functionalized TiO2 serves

as the support material and is impregnated with iron–cobalt bimetallic nanoparticles as the active phase.

This catalyst structure aims to introduce bifunctionality that sustains chain growth and promotes

isomerization and hydrocracking by the acid sites during FTS. The introduction of Brønsted and Lewis acid

sites is evaluated, and the effects of calcination post-functionalization are quantified in the resulting C5+

selectivity and CO conversion. XRD analysis reveals that the functionalization process favors the stabilization

of the anatase phase of TiO2 as a function of SO4
2− ions, resulting in large (>100 nm) particles due to

agglomeration. The support's surface chemistry is significantly altered, with the functionalization leading to

an oxygen-deficient surface and subsequent calcination removing sulfur-containing compounds, as shown

by XPS. The acid site density for the S-doped support is determined to be 4.57 × 10−3 mmolacid sites m
−2

post-calcination at 300 °C. Pyridine-DRIFTS indicates a reduction in Brønsted acid species (e.g., surface S–

OH) after calcination, with the Brønsted to Lewis acidity (B/L) decreasing from 1.68 pre-calcination to 1.27

post-calcination. FTS reaction testing was performed at 250 °C and 300 psi(g). FTS results show that acid

functionalization of TiO2 followed by a calcination step induces desirable structural and surface chemistry

changes on the support which favor the formation of C2–C4 hydrocarbons, while maximizing catalyst

performance, reaching a CO conversion of 29.0% ± 4.95 and CH4 selectivity of 3.03% ± 0.33.
Introduction

Fischer–Tropsch Synthesis (FTS) catalysis has signicantly
beneted from technological advances in materials science and
engineering. It is a tunable catalytic process through which
many hydrocarbon products are synthesized from synthesis gas,
gaining prominence for producing transportation fuels.1 FTS is
an important technology for regions which do not have signif-
icant petroleum resources, such as South Africa and China.
Syngas, consisting primarily of carbon monoxide (CO) and
hydrogen (H2), can originate from any carbon source, but it is
primarily produced from the gasication of coal and biomass.2,3

The complexity of FTS reactions4,5 and the variability of its
product distribution6,7 have prompted efforts to improve its
performance. The material used to support the active phase in
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a catalyst directly inuences FTS performance, inuencing
parameters such as CO conversion, product distribution, and
C5+ selectivity.8 The support disperses and stabilizes the active
metal particles, and metal–support interactions inuence
reaction kinetics. Similarly, the dispersion of the metal particles
depends on the support's textural properties,9 such as surface
area and porosity. These textural properties have also been
identied as important variables impacting the catalyst's sin-
tering rate, leading to catalyst deactivation.10

The production of valuable hydrocarbon products via FTS
can be enhanced by achieving hydrocracking and isomerization
reactions aer carbon chain formation using acid-
functionalized catalysts.11 This approach is appealing, as it
can assist in process intensication and facilitate smaller-scale
applications of FTS.12 Studies on the effects of acidity on catalyst
behavior and performance using zeolites, such as HZSM-5, have
been reported.13 The bifunctionality between acid sites and
bimetallic FTS catalysts has yet to be reported. Such treatment is
hypothesized to enhance FTS performance by providing a suit-
able environment where exothermic carbon chain growth
reactions could coexist with endothermic hydrocracking ones.14

Titanium dioxide (TiO2) has been commonly used as
a support in FTS catalysts,15–17 and TiO2 can be acid-function-
alized18,19 to increase CO conversion as well as selectivity
J. Mater. Chem. A
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towards gasoline-range hydrocarbon products in FTS.20 Maxi-
mizing the yield of long-chain products is favorable, as they can
be hydrocracked to produce naphtha (C5–C10), kerosene, and
diesel from waxes and heavy gas oil.21 For the applications in
this work, it is hypothesized that the nature of the acid sites,
either Brønsted or Lewis, plays a crucial role. Their inuence on
FTS performance has been evaluated for other materials, with
recent studies showing that Brønsted acid sites (BAS) are
responsible for inducing hydrocracking and isomerization
reactions aer polymerization.22 The role of BAS and Lewis acid
sites (LAS) specically on acid-treated TiO2-supported catalysts
is not completely understood.23 Despite this uncertainty, it has
been reported that Lewis acid sites play a role in enabling the
isomerization of olen chains in FTS. These secondary reac-
tions include cis–trans isomerization, skeletal rearrangement,
and cyclization. LAS are also known for affecting the electron
density of neighboring metallic active sites, which has been
linked to an increase in hydrogenation rates.24 Therefore, the
introduction of these Lewis acid sites is considered a strategic
optimization method.

For the active phase in a FTS catalyst, transition metals,
including iron (Fe), cobalt (Co), ruthenium (Ru), and nickel (Ni),
have been studied.25 Ni is undesirable as it promotes metha-
nation, and Ru is expensive, thus being unt for large-scale
applications. Therefore, Fe and Co are the preferred metals
for FTS.26 Iron carbide and metallic cobalt have been identied
as iron's and cobalt's most probable active phases, respec-
tively.27 FTS product distribution varies as a function of the
active phase and temperature. For low-temperature (200–240 °
C) FTS, Fe and Co catalysts favor higher molecular weight
products, with Co outperforming Fe.28 Contrarily, at elevated
temperatures (250–350 °C), Fe-based catalysts are considered
superior due to their lower CH4 selectivity.29

Catalysts consisting of bimetallic iron–cobalt (FeCo) nano-
particles as the active phase have also been studied.30 FeCo-
based catalysts have shown moderate activity, selectivity for
heavier hydrocarbons (C5+) and increased CO conversion for
FTS.31,32 The particle size and general morphology have been
shown to inuence activity and selectivity considerably.33 The
inuence of a bimetallic active phase on an acid-functionalized
TiO2 support has yet to be studied for FTS applications.

This work demonstrates the synthesis and characterization of
acid-functionalized supported bimetallic FeCo catalysts and
evaluates their performance in FTS compared with non-acid-
functionalized TiO2-based systems. The proposed acid function-
alization and optimization methods assess the impact of intro-
ducing Brønsted and Lewis acid sites into the catalyst structure.
The methodology introduced in this study is validated by char-
acterization of the catalysts at different points, emphasizing the
quantication of acid sites, particle size, catalyst composition,
and their effects on FTS catalytic performance.

Experimental
Preparation of acid-functionalized TiO2 support

The acid functionalization of the TiO2 support was divided into
three main stages: (I) as-manufactured, (II) post-calcination (at
J. Mater. Chem. A
400 °C), and (III) post-acid treatment and nal calcination (at
300 °C). Commercial titanium(IV) oxide (TiO2 Aeroxide® P25,
Acros Organics, $99.5% purity) nanopowder was mixed with
deionized (DI) water (resistivity of 18.2 MU at 25 °C), collected
from a Millipore Direct-Q® 3 UV Water Purication System. For
this preparation, 40.0 g of TiO2 P25 were mixed with 120.0 mL of
DI water under magnetic stirring for 2 h. The TiO2 mixture was
transferred onto a watch glass and dried in a VWR Gravity
Convection Oven 2.3CF (120 V) at 120 °C for 2 h. The resulting
dried powder was calcined in air at 400 °C for 4 h in a single-
zone Carbolite Gero Vertical Split Tube (VST) 1200 Furnace.
The heating rate was specied at 3 °C min−1, and the TiO2 was
cooled to room temperature inside the furnace. This calcination
step was crucial in the removal of surface-bound impurities and
contaminants (e.g., adsorbed H2O) in the as-manufactured TiO2

support and the enhancement of its crystallinity prior to the
impregnation with the active phase.34,35 Aer its removal from
the vessel, the support precursor was at Stage II of functional-
ization. The calcined TiO2 was subsequently acid-treated to
introduce potential bifunctional behavior.

The functionalization method herein constitutes a modied
version of the experimental protocol introduced by Park et al.36

for TiO2 nanopowder. For this acid treatment, 5.0 g of the
calcined precursor was added to 50 mL of a 1.0 M sulfuric acid
solution (H2SO4, Mallinckrodt, AR® grade, 95.7% purity) and
stirred at 300 rpm for 6 h. The pH of the acid solution was
calculated to be −0.3 (i.e., pH < 1.0), based on the complete
dissociation of the 1.0 M H2SO4 solution, indicating the strong
acidic nature of the solution. If assuming only that the rst
proton dissociates fully, this pH value is equal to 0. The
resulting mixture was then added to 500 mL of DI water and
agitated for 30 min, followed by a precipitate-settling period of
90 min. Following dilution with DI water, the pH of the mixture
was calculated to be 0.74. The supernatant was decanted, and
the precipitated TiO2 support was washed twice with 500 mL of
DI water each time. Following the decantation process and the
successive washes with DI water, the acidity was reduced to the
range of 3.8–4.0. The precipitate was then dried at 120 °C for 4 h
in a VWR Gravity Convection Oven 2.3CF (120 V). The acid-
treated TiO2 was calcined in air at 300 °C for 2 h in a Thermo
Scientic Lindberg/Blue M™ 1200 °C Split-Hinge Tube
Furnace. The initial heating rate was xed at 5 °C min−1, with
the support cooling down to room temperature in the furnace.
This step was named Stage III of the support preparation and
functionalization process. The calcined acid-functionalized
TiO2 support was crushed and sieved to pass through 10 and
35 mesh sieves, obtaining particles in the 500–2000 mm range,
which were used as the acid-functionalized support material for
the catalysts in this work.
Quantication of acid sites on the TiO2 support via volumetric
titration

The acidity of the TiO2 support at Stage III was determined by
measuring the number of total acid sites via volumetric titra-
tion. A conventional acid–base titration experimental setup was
used (Scheme S2 in the ESI†), with the titrant consisting of
This journal is © The Royal Society of Chemistry 2025
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a colorless 0.1 N sodium hydroxide solution (NaOH, Thermo
Scientic Chemicals), and the titrate was the acid-
functionalized TiO2 as described in the previous section. The
volumetric buret was calibrated before the titration experiments
(Fig. S3 in the ESI†). A phenolphthalein solution (C20H14O4,
Fisher Chemical, Alcoholic 1.0%) was used as the indicator for
the equivalence point in the titrations. The amount of acid-
treated TiO2 in solid form was recorded and then dispersed in
25.0 mL of DI water by magnetically stirring at 300 rpm until the
TiO2 was suspended. This solution was titrated against the
NaOH base until it turned from colorless (at pH 8.2) to light
pink. The initial and nal volumes of NaOH solution used were
recorded, and the titrations were performed at least in
triplicate.

Characterization of Brønsted and Lewis surface acidity on the
TiO2 support via pyridine-DRIFTS

The surface acidity of the functionalized TiO2 support was
further investigated by determining the type of acid site
(Brønsted or Lewis) and their respective amounts. The method
introduced herein was a modied version of the protocols by
Bortnovsky et al.37 and Bejblová et al.38 for zeolites. Diffuse
reectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were taken with a Thermo Scientic Nicolet™
iS-50 FTIR spectrometer. The instrument was equipped with
a liquid nitrogen-cooled mercury cadmium telluride (MCT)
detector and a Praying Mantis™ diffuse reection accessory
(Harrick Scientic Products). Pyridine (C5H5N, Thermo Scien-
tic Chemicals, spectrophotometric grade, 99.5+% purity) was
used as the probe molecule, and pyridine vapor was transferred
to the samples by continuously owing ultra-high purity N2

(99.999%) gas through it, as specied by Lu et al.39 for TiO2/SiO2

catalysts. The adsorption of pyridine was carried out for 2 h at
ambient temperature and pressure conditions to allow for
sufficient saturation before transferring the samples to the
instrument. A Cole-Parmer mass ow controller 32907-71 (ow
range between 0.1 L min−1 and 10 L min−1) was used to control
the ow of N2. For the adsorption, the ow rate was set to 4.0
L min−1. Analogous to the work by Moghaddam et al.,40 the
samples were purged with pure N2 owing at 2.0 L min−1 for 2 h
aer the adsorption step to remove physisorbed pyridine
molecules. The samples were then prepared for spectroscopic
measurements by mixing with potassium bromide (KBr, Acros
Organics, 98% purity). The corresponding spectra were
collected at an optical resolution of 4 cm−1 in the frequency
range of 600–4000 cm−1 at room temperature conditions for the
acid functionalized support at Stage III pre- and post-
calcination. This data was converted to Kubelka–Munk
spectra aer appropriate baseline corrections. Smoothing was
applied with the Savitzky–Golay lter.

Catalyst synthesis

The catalysts were synthesized via wet impregnation of the TiO2

support with the bimetallic active phase. Samples were
prepared and labeled according to the preparation stages for
the acid-functionalized support at Stage II (non-functionalized),
This journal is © The Royal Society of Chemistry 2025
Stage III (pre-calcination), and Stage III (post-calcination). The
catalysts consisted of a bimetallic FeCo active phase. The
precursor active metal solutions were co-impregnated and
prepared from iron(III) nitrate nonahydrate (Fe(NO3)3$9H2O,
Acros Organics, >98.0% purity) and cobalt(II) nitrate hexahy-
drate (Co(NO3)2$6H2O, Acros Organics, 99.0% purity), respec-
tively. The catalyst synthesis method herein was a modied
version of the co-impregnation protocol developed by Duvenh-
age et al.41 for non-functionalized TiO2-supported catalysts. The
hydrated Fe and Co salts were dissolved in DI water under
magnetic stirring at 500 rpm for 30 min on a Thermo Scientic
Cimarec+™ stirring hotplate set to 80 °C. Aer the dissolution
of the nitrate salts, the solutions were added dropwise onto the
TiO2 support on a heat-resistant watch glass. The nominal
weight loading for the metals was xed at 2.0 wt% across all
synthesized catalysts, and the Fe : Co ratio was specied as 1 : 1
for Fe and Co, respectively, for all samples. The impregnated
materials were dried in a VWR Gravity Convection Oven 2.3CF
(120 V). The impregnation protocol was repeated for all
samples. For the Stage III (post-calcination) sample, the catalyst
was calcined in air at 300 °C for 3 h in a Thermo Scientic
Lindberg/Blue M™ 1200 °C Split-Hinge Tube Furnace. The
heating rate was xed to 3 °C min−1, and the sample was le to
cool inside the furnace. As proposed in a follow-up study by
Duvenhage et al.,42 the catalysts were reduced in a 100% H2

atmosphere at 400 °C for 4 h. The total ow rate of H2 gas was
set to 40 standard cubic centimeters per minute (SCCM) or 8.33
× 10−7 kg s−1 at 25 °C and 1 atm.

Fischer–Tropsch synthesis (FTS)

The bimetallic catalysts were tested for FTS in an annular packed-
bed reactor. An online gas chromatograph-mass spectrometer
(GC-MS) (Thermo Fisher Scientic Trace 1310 Gas chromato-
graph analyzer and an ISQ Single Quadrupole Mass Spectrom-
eter) were used to analyze the hydrocarbon product distribution.
As a function of studies by Kasht et al.,43 Cheng et al.,44 and
Snavely et al.,45 the C10+ product distribution was negligible in
this work due to its considerably low yield and the analytical
challenges associated in its quantication with the ame ioni-
zation detector (FID). Helium (He) was selected as the carrier gas
for this process. Following specications from previous studies
on FTS catalysts,32 the reaction was run at 250 °C and 300 psi(g)
for 6 h for all samples in this study. The time-on-stream (TOS)
was considered sufficient for the initial activity studies for the
catalysts in this work, based on previous reports.46,47 The syngas
mixture had an H2/CO ratio of 2.0 for all experimental runs, with
a total gas ow rate of 100 SCCM. The product distribution, C5+

selectivity, C2–C4 selectivity, and CO conversion GC-MS data were
analyzed to assess catalyst performance.

Characterization

Powder X-ray diffraction (XRD) was performed using a Phillips
PANalytical X'Pert diffractometer to assess the phase composi-
tion and crystallinity of the materials at different points of the
synthesis process. The radiation source for the XRD system was
a monochromatic Cu-Ka beam of wavelength (l) 0.154 nm at 50
J. Mater. Chem. A
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Fig. 1 XRD spectrum for the TiO2 support precursor at Stage III, with
the anatase and rutile peaks labeled.
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keV and 10 mA. The Bragg–Brentano geometry was used for all
measurements, and 2q values were obtained in the 20–90°
range, with a step size of 0.02. The shis in diffraction patterns
and phase changes were analyzed using the open-source
General Structure and Analysis System II (GSAS II) soware,
and the grain size was calculated according to the Scherrer
equation, as discussed in the manuscript. X-ray photoelectron
spectroscopy (XPS) was used to assess the acid functionalization
treatment on the TiO2 support. The measurements were taken
with a Kratos Axis Ultra DLD X-ray/Ultraviolet photoelectron
spectrometer. The instrument had a monochromatic Al Ka X-ray
radiation source. The measured binding energies (BEs) were
corrected according to the adventitious C 1s peak, commonly
found at 284.4 eV.48 The data was processed and analyzed with
appropriate soware, with the elemental composition at the
surface being of interest. Surface area measurements were
performed via N2 adsorption–desorption experiments using
a Micromeritics 3Flex high-performance gas adsorption
analyzer. The samples were pre-activated overnight at 150 °C
with a N2 gas ow using a Micromeritics FlowPrep™ 060 ow
degasser. The composition of the bulk catalysts was assessed via
X-ray uorescence (XRF) using an Eagle III Microspot spec-
trometer. This non-destructive technique was used to measure
the actual wt% of the Fe and Co metals in the catalysts aer
impregnation and reduction. The instrument was set to 40 kV
and 750 mA, with a spatial resolution of 0.1 mm. Morphological
studies were conducted using a Thermo Fisher Scientic FEI
Teneo™ SEM with Trinity™ Detection System, which enabled
high-resolution imaging for surface analysis. OriginPro 2024
was used as the scientic graphing and data analysis soware
for the corresponding gures in this manuscript. As also
included in the ESI,† graphical diagrams for experimental
processes were created with the Chemix open-source soware
and molecules were drawn with chemical sketching tools pow-
ered by ChemAxon.

Results and discussion
XRD studies assessing crystallographic and microstructural
effects of acid-functionalization and calcination on TiO2

supports

The TiO2 support precursor is successfully acid-treated to
introduce bifunctionality. The relevant phase transitions and
crystallographic XRD patterns are assessed by evaluating the
support at three stages of preparation [I, II, and III (post-
calcination)], as described in the Experimental section. The
XRD data is analyzed by performing Rietveld renement and
contrasting to the reference standards in the Crystallography
Open Database (COD). The support precursor does not display
notable phase transitions between Stages (I) and (II), as shown
by the XRD spectra (Fig. S2 in the ESI†). The material shows co-
existence of titania as two polymorphs: tetragonal anatase
(space group I41/amd) and tetragonal rutile (space group P42/
mnm). The peaks at 2q = 25.47° and 25.35° for Stages I and II,
respectively, were assigned to anatase, and were considered the
most prominent peaks in the spectra, denoting the phase's
overwhelming majority.
J. Mater. Chem. A
Despite the similarities in XRD spectra between Stages I and
II, which was as expected at the specied calcination tempera-
ture,49 the full width at half maximum (FWHM) values helped
elucidate the role of the initial calcination step in the support
preparation. The FWHM value decreased from 0.371° in Stage I
to 0.312° Stage II for the major anatase peaks. This result
denoted the sharpening of the most prominent peak aer
calcination, which shows successful crystal growth resulting
from the partial transition of amorphous TiO2 into its more
crystalline form.50 The XRD spectrum for the TiO2 support
precursor at Stage III (post-calcination) is shown in Fig. 1, with
the peaks corresponding to the TiO2 polymorphs labeled.

Fig. 1 displays crystallographic features different from those
found in the TiO2 precursor at Stage II due to the functionali-
zation process and the nal calcination step. A signicant result
is the absence of the anatase peak at 2q = 25.35°, which was
present at Stage II. This development is attributed to phase
transformations resulting from the nal calcination step and
induced by the acid treatment.51 The data suggests the presence
of a mixed anatase–rutile phase aer the nal calcination,
which agrees with the existing literature.52 The peaks found at
2q = 27.59°, 36.23°, 41.37°, 44.19°, 54.45°, 56.79°, and 64.19°
are assigned to TiO2 in its rutile phase (PDF #00-021-1276)53 in
the (110), (101), (111), (210), (211), (220), and (002) planes,
respectively. Conversely, the peaks at 2q = 39.35°, 62.85°,
69.13°, 69.89°, and 76.65° correspond to the (004), (204), (116),
(220), and (215) planes of the anatase phase (PDF #00-021-
1272).54 Table S2 in the ESI† shows the XRD data, including the
FWHM (°) and the crystallite size (Dp) values for the acid-
functionalized TiO2 support at Stage III (post-calcination).

The average crystallite size (Dp) for the TiO2 nanoparticles as
a function of the XRD peaks is calculated at 69.27 nm. The
average size for the rutile-phase particles is 63.31 nm, with
a calculated Dp value of 49.74 nm for its characteristic peak at 2q
= 27.59°. The grain size values calculated for the functionalized
rutile are larger than what is typically found in TiO2 annealed at
400 °C.55 Similarly, the average Dp for the anatase nanoparticles
This journal is © The Royal Society of Chemistry 2025
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Table 1 Fraction of rutile and anatase phases in the TiO2 support
precursor at Stages I, II and III (post-calcination)

Stage FR FA FR/FA

I 0.202 0.798 0.253
II 0.185 0.815 0.227
III (post-calcination) 0.160 0.840 0.190
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is 75.23 nm, with the grain size for its characteristic peak at 2q=
69.13° being unusually large (>100 nm). This result suggests
agglomeration of these nanoparticles during acid treatment of
the TiO2 precursor, leading to larger crystallite sizes, as dictated
by electrostatic and van der Waals interactions.56 The surface
chemistry of the TiO2 is affected by the acid functionalization,
due to the formation of empty spaces via the sulfate ions
burning off during the nal calcination step, as proposed by
Colón et al.57 in their study of a sulfated TiO2 photocatalyst.
Further important considerations including the quantication
of acid sites and their effects on FTS performance will be dis-
cussed in the following sections.

For TiO2-supported catalysts, studies have demonstrated
that crystallite size and phase composition (rutile vs. anatase)
signicantly impact the dispersion of metal nanoparticles on
the support. Smaller crystallite sizes (typically of anatase)
promote a high initial dispersion of metal particles. Smaller
particles tend to have stronger metal–support interactions
(SMSIs), as demonstrated in a study by Bertella et al. for Co and
Ru FTS catalysts. In their work, this phenomenon was deemed
a consequence of the potential migration of partially reduced
TiOx species onto the metal active sites, “decorating” their
surface and masking them. The effects of the SMSIs were found
to be directly correlated with the increased surface area of the
TiO2-anatase support.58 On the other hand, the development of
larger TiO2 particles, whether from an increase in the rutile's Dp

values or calcined anatase, was linked to weaker SMSI effects
due to a lesser extent of a lesser extent of TiOx decoration, thus
exposing a higher fraction of the metal surface.59 They showed
that when SMSIs were strong due to ne-grained anatase TiO2,
the catalyst's activity per gram of the active metal (i.e., Co or Fe)
was diminished, despite exhibiting similar initial turnover
frequencies (TOFs). Regarding product selectivity, it has been
inferred that using larger TiO2 crystals or rutile phase may favor
the formation of higher C5+ hydrocarbon products and suppress
methanation. Therefore, the considerable Dp value of 69.27 nm
calculated for the TiO2 support in this work may minimize
metal–support encapsulation and potentially enhance C5+

selectivity. These initial microstructural modications are
essential for evaluating the subsequent acid functionalization,
which was hypothesized to introduce additional interactions.

Due to the presence of a mixed rutile–anatase phase in the
functionalized TiO2, the molar proportion of the phases is
calculated and evaluated for the two characteristic peaks at
Stage III: rutile at 2q = 27.59° with crystal plane (110), and
anatase at 2q = 69.13° with crystal plane (116). For Stages I and
II, the characteristic anatase peaks are identied at 2q = 25.47°
and 2q = 25.35°, respectively. These peaks correspond to the
(101) crystal plane. This specic and prominent anatase peak is
absent at Stage III (post-calcination), implying a reduction of
this phase. The characteristic rutile peaks for Stages I and II
correspond to the same (110) peak, found at 2q = 27.73° and 2q
= 27.47°, respectively. The quantitative XRD analysis method by
Spurr and Myers is used,60 according to eqn (1) and (2):

FR = 1/[1 + 1.265(IR/IA)] (1)
This journal is © The Royal Society of Chemistry 2025
FA = 1 − FR (2)

where FR and FA are the respective quantities of rutile and
anatase in the sample and IR and IA represent their character-
istic peak intensities. The calculated values obtained for the
XRD data for the TiO2 support at all stages of preparation are
shown in Table 1.

XRD analysis is limited in revealing information about the
amorphous phase.61 Therefore, the methods presented in this
study consider only two crystalline phases: rutile and anatase,
as shown in Table 1. Furthermore, the specications of TiO2

Aeroxide® P25 by the manufacturer state a typical composition
of 80% anatase and 20% rutile,62 as corroborated by the data
obtained for the TiO2 precursor at Stage I. The modest increase
of rutile content (and decrease of the anatase phase composi-
tion) from Stage I to Stage II shows that the initial calcination
did not induce a complete phase transformation between the
two phases. This nding agrees with the existing literature, as
studies have shown that the anatase-to-rutile transition in TiO2

nanostructured systems occurs at temperatures above ∼700 °
C.63 It is hypothesized that a higher temperature accelerates the
transition following the functionalization.

The decrease in rutile content from Stage II to Stage III can
be attributed to the acid functionalization process. FR/FA
decreases from 0.253 in Stage II to 0.190 in Stage III due to the
role of the SO4

2− ions in the H2SO4 solution, which inuenced
crystallinity and morphology, favoring anatase phase forma-
tion.64 The well-documented anatase to rutile transition in TiO2

as a function of increasing calcination temperature65 is con-
tradicted by the results shown in Table 1. As this transition
occurs from the surface to the bulk, the impregnation of the
precursor with the acid before the nal calcination step
promotes the stabilization of the anatase phase in the TiO2

material by delaying the transition process.66 For FTS and
similar applications, published results are conicting, with
recent studies showing that a higher fraction of rutile leads to
desirable CO conversion rates and selectivity for Co-based
catalysts.67,68 Notably, a mixed rutile–anatase phase has been
shown to promote enhanced FTS reaction rates.69 The potential
synergistic effects between an acid-functionalized support and
a bimetallic FeCo phase have yet to be studied. Relevant kinetic
considerations are presented along with CO conversion and C5+

product selectivity data in the following sections of this study.
XPS studies to assess acid functionalization of the TiO2

support precursor

The surface chemistry and the effects of the acid treatment on
TiO2 in this work are studied with XPS at Stages II and III pre-
J. Mater. Chem. A
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and post-calcination. As shown in Table S5 in the ESI,† no
traceable amount of sulfur was found in the chemical compo-
sition of TiO2 at Stage III (post-calcination).

The O 1s XPS region data reveals minimal differences in peak
location for Stages II and Stages III (post-calcination), denoting
similar characteristics. Two asymmetric peaks are found in this
region (Fig. S5 in the ESI†). The major peak is at 529.51 eV for
Stage II and 529.54 eV for Stage III, while the minor peak is at
531.41 eV and 531.04 eV for Stages II and III, respectively. These
two components are assigned to O2− in the TiO2 crystalline
complex (metal oxide) for the major peaks and O atoms in
hydroxyl (–OH) groups for the minor peaks, as corroborated by
the literature for TiO2.70 The peak intensities in the Ti 2p and O
1s regions decreased in magnitude aer acid functionalization
(Fig. S4 in the ESI†). The integrated peak areas were quantied
to assess the effects of the support modication on its surface
composition. These results, including the full width at half
maximum (FWHM) values in eV and the relative percentages
(%) for the relevant peaks as a function of binding energies (BE)
in eV are shown in Table 2.

The main observation from the values shown in Table 2 is
the change in relative percentage (%) of O2− ions and hydroxyl
(OH) groups from Stage II to Stage III. It is concluded that the
acid functionalization treatment favored the formation of these
hydroxyl groups, as shown by the increase from 9.9% to 26.6%.
The surface of the TiO2 support is said to be hydroxylated post-
functionalization, which can be attributed to the dissociation of
H2O molecules at oxygen vacancies.71 The acidic conditions in
the H2SO4 solution promote the formation of these compounds
on the support's structure. Titania's surface becomes proton-
ated in low-pH solutions, giving rise to H+ being adsorbed and
desorbed reversibly.72 As a result of this continuous ion
exchange, Ti–OH is hypothesized to be formed due to protons
attaching to an O atom, as Zhao et al. showed in their study of
an acid-treated titania surface.73 These –OH groups are then
considered desirable for the applications in this work, as they
can act as Brønsted acid sites by donating protons.74

In contrast to the elemental composition results in Table S5†
for TiO2 at Stage III post-calcination, the XPS data for its pre-
calcined counterpart reveals trace amounts of N and consider-
able amounts of S but no Ca or Si (Fig. S7 in the ESI†). Notably,
the relative atomic percent for O is more signicant prior to
calcination at 58.4%, compared to the 50.0% value found for the
treated sample. The heat treatment procedure successfully
removes sulfur-containing compounds introduced in the acid
Table 2 XPS data in the O 1s region for the TiO2 support precursor at
Stages II and III (post-calcination)

Stage

Experimental XPS data

Major peak (O2− ions) Minor peak (–OH)

BE FWHM % BE FWHM %

II 529.51 1.2 90.1 531.41 1.0 9.90
III (post-calcination) 529.54 1.4 73.4 531.04 1.6 26.6

J. Mater. Chem. A
functionalization. This result is attributed to the breakdown of
the sulfur-containing species on the material's surface as
a function of calcination temperature.75

As previously discussed, the O 1s XPS region for the pre-
calcined TiO2 at Stage III displays considerably different
features from Stages II and III (post-calcination). This XPS
region for the pre-calcined counterpart is notably characterized
by a major asymmetric peak that can be dissected into three
minor peaks. The deconvolution of the major O 1s peak, as
shown in Fig. 2, reveals the presence of a less intense region
characterized by a minor peak at a BE of 532.13 eV. This lower-
energy peak was assigned to H2O molecules in the system.76

This peak could correspond to SiO2 due to its proximity to its BE
value of 533.1 eV;77 however, the elemental analysis in Table S6†
further corroborates it as a different compound.

The three minor O 1s peaks are 1.2–1.6 eV apart. Analogous
to the data in Table S5,† the integrated peak areas are used to
calculate the relative percentages (%) for the compounds cor-
responding to the peaks in Fig. 2. The FWHM values are 1.3 eV,
1.5 eV, and 0.8 eV for the metal oxide, OH, and H2O peaks,
respectively, with their corresponding percentages then calcu-
lated to be 59.55%, 25.94%, and 14.51%. These values are
instrumental in elucidating the role of the acid functionaliza-
tion process in promoting the growth of an OH and H2O-
abundant layer on the support surface. This development is
observed to increase photocatalytic activity in other literature
studies, with the presence of hydroxyl groups on the surface
promoting charge transfer enhancements.78 There is a minimal
Fig. 2 XPS spectrum of O 1s region, with the metal oxide, OH, and
H2O peaks labeled for TiO2 at (a) Stage III (pre-calcination) and (b)
Stage III (post-calcination).

This journal is © The Royal Society of Chemistry 2025
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change in the relative percentage of –OH groups before and
aer calcination, from 25.94% to 26.6%. Another crucial result
of the post-functionalization calcination treatment is the
disappearance of the H2O peak and the successful removal of
sulfur-containing compounds. In contrast, Fig. 3 shows the
sulfur XPS regions in the TiO2 support at Stage III (pre-
calcination), with the labeled S 2p and S 2s peaks.

The relative atomic percent of 5.50% for S, as shown in Table
S6,† was a signicant result in connecting the role of H2SO4 in
forming acid sites. Despite the S-doping mechanism of TiO2 not
being well-established, it has been suggested that the uptake of
sulfur species is a function of the synthesis method and the
operating conditions.79 The major S peak shown in Fig. 3 is
found at 168.63 eV. This peak can be categorized as a S 2p3/2
peak, corresponding to SO4

2− ions, with the sulfur atom in a +6
oxidation state (S6+). A lower peak in the same 2p region would
indicate the presence of S4+ instead.80 It can then be inferred
that the diprotic H2SO4 ionized in the water solution, producing
an equilibrium of hydronium and sulfate ions, the latter of
which the TiO2 precursor adsorbed as part of the functionali-
zation process. This nding agrees with existing literature,
suggesting that sulfate ions are the predominantly adsorbed
species on S-doped TiO2 catalysts.81 This introduces acid sites
onto the TiO2 surface, which are hypothesized to be a desirable
structural feature for the FTS applications in this work. The
presence of the sulfate ions is corroborated by the band in the S
2s region, which was found at a BE of 232.63 eV. Despite the
focus of S-species being in the 2p region, this minor 2s peak
Fig. 3 XPS spectrum of the S 2s and S 2p regions, with the peaks
labeled for the TiO2 support at (a) Stage III (pre-calcination) and (b)
Stage III (post-calcination).

This journal is © The Royal Society of Chemistry 2025
conrms the presence of SO4
2−, which typically shows at 232.7

± 0.1 eV in this region.82

The XPS data presented in this section reveals crucial
information about the electronic state of the support's surface,
with a particular focus on Stages II and III (pre- and post-
calcination). Aer functionalization, the S]O bond in the
sulfate ions is hypothesized to give rise to Brønsted acid sites by
adsorbing H+ ions. This effect can be explained by the ampli-
cation of the acid strength of the Ti4+ ion, resulting from the
induction effect from the SO4

2− ions.83 Similarly, other func-
tional groups, such as hydroxyls, can contribute to the acidic
behavior of the support.84 The consequences of the nal calci-
nation step on such acid-functionalized supports have not been
examined for Fischer–Tropsch synthesis yet in the literature. It
is shown that introducing SO4

2− ions on TiO2 promotes the
formation of both Brønsted and Lewis acid sites,85 which are
discussed in the next section of this study.

Characterization of acid sites on the functionalized TiO2 via
volumetric titration and BET surface area

The acidity of the functionalized TiO2 support is quantied by
determining the number of acid sites via volumetric titration of
the precursor against a normalized sodium hydroxide (NaOH)
solution. These acid sites on the support at Stage III are calcu-
lated according to the reaction between the diprotic sulfuric
acid (H2SO4) solution used in the functionalization and the
alkaline titrant solution shown in eqn (3):

H2SO4 + 2NaOH / Na2SO4 + 2H2O (3)

This neutralization reaction between NaOH and H2SO4 is
assumed to proceed to completion by involving all acid sites on
the support and disregarding side reactions and potential
impurities. For these results, the acid sites were considered
monoprotic, which is a simplication shown in the literature
for many other materials.86

The results for the aqueous-phase volumetric titration are
used to obtain the average number of acid sites on the func-
tionalized TiO2 support, calculated to be 0.256± 0.009 mmolacid
sites gsupport

−1. This reported value represents the total number
of acid sites on the material. The acid sites on the TiO2/SO4

2−

solid donated a H+ or accepted an electron pair as a function of
the titrant and the indicator. This method does not differentiate
between acid site types (BAS or LAS) which prompts further
characterization using spectroscopic techniques,87 which are
presented in the subsequent section of this study. Based on the
XPS results and the conrmation of acidic character on the
support, the two proposed sulfated structural complexes on
TiO2 are shown in Fig. 4.

The acidic properties introduced into the support are a result
of the stabilization of the SO4

2− ions on the TiO2's surface as
a function of open coordination sites on the titanium (Ti) metal.
The S]O bonds in the sulfate ions are responsible for the
enhancement of both Brønsted and Lewis acidity due to the
inductive effect from electronegativity differences with the Ti
atoms. It is hypothesized that such acid treatment and calci-
nation modications induces signicant changes in catalytic
J. Mater. Chem. A
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Fig. 4 Coordinated sulfated TiO2 (TiO2/SO4
2−) structures, including

(a) chelated and (b) bridged complexes.
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activity and stability, as shown for comparable support mate-
rials like zirconia.88

It is hypothesized that the acid-functionalized support in
this work is a modied TiO2 framework involving H+ protons
that can be donated to a base (Brønsted acid sites), and Ti+

atoms that can accept electron pairs (Lewis acid sites).89 The
successful modication of its structure and the introduction of
acid sites is hypothesized to induce a bifunctional character to
the system, which corresponds to carbon chain formation fol-
lowed by isomerization and/or hydrocracking and possible
secondary reactions in FTS. Much of the research on bifunc-
tional catalysts has only been conducted on zeolites, thus
making the acidic functionalization in this work relevant in FTS
and for general catalytic applications.90–92 Fig. 5 displays
a model of a bridged TiO2/SO4

2− complex, with the Brønsted
and Lewis acid sites on the structure.

The surface area of the functionalized support [at Stage III
(post-calcination)] is successfully measured with N2 adsorption/
desorption isotherms, and the data is compared to the support
prior to acid treatment (at Stage II). The Brunauer–Emmett–
Teller (BET) surface area (SBET) for the non-functionalized
precursor is 55.97 m2 g−1, and 43.03 m2 g−1 for its functional-
ized counterpart. The acid site density (at Stage III) is calculated
at 4.57 × 10−3 mmolacid sites m−2, based on the volumetric
titration and N2 physisorption results. Considering the
assumption that one S atom (or sulfate ion) corresponds to one
Ti atom prior to calcination, the surface area measurements are
important in assessing the elimination of H2O in the system
and the formation of oxygen vacancies resulting from S and OH
groups' removal aer the nal calcination step. The trend shows
that SBET values decrease aer functionalization, which are
Fig. 5 Structural model of the bridging TiO2/SO4
2− support, labeled

with the proposed Brønsted and Lewis acid sites.

J. Mater. Chem. A
attributed to the successful crystal growth of TiO2 nanoparticles
as a function of the heat treatment. It can be inferred that
particle agglomeration played a crucial role, impacted by the
nal calcination step, as previously reported for titania-based
materials.93,94
Pyridine DRIFTS (Pyr-DRIFTS) for the distribution of Brønsted
and Lewis acid sites on the functionalized TiO2 support

The corresponding FTIR spectra for the sulfated TiO2 support at
Stages III (pre-calcination) and III (post-calcination) are crucial
to determining the effects of the acid functionalization of the
resulting support material. The successful introduction of
sulfate-related species on TiO2 is corroborated by inspecting
their corresponding FTIR peaks. The support at Stage III (pre-
calcination) displays four characteristic peaks at wavelengths
of 1232.2 cm−1, 1137.9 cm−1, 1049.1 cm−1, and 979.7 cm−1.
These peaks are related to two major sulfur-related motions in
the functionalized support: vibrations of the S–O bonds and
stretching of the S]O bonds.95 These four FTIR bands are
attributed to asymmetrical motions for the peaks at
∼1226 cm−1 and ∼1049 cm−1 and symmetric vibrations for the
∼1134 cm−1 and∼979 cm−1 bands.96 The identication of these
peaks in the 900–1300 cm−1 range corroborates that the sulfur
species successfully attached onto the TiO2's surface by bonding
to Ti+ cations aer functionalization. Furthermore, the differ-
ences between the peak locations and intensities pre- and post-
calcination are used to assess the effects of this nal heat
treatment. For TiO2 at Stage III (post-calcination), the peaks are
found at 1229.4 cm−1, 1136.5 cm−1, 1047.1 cm−1, and
977.5 cm−1. The peaks, which shi towards slightly lower
wavenumber values, decrease in intensity aer calcination.
Calcination favors the removal of these ions from the support
via desorption, which relates to changes in the phase compo-
sition of the TiO2 support.97

The FTIR spectra also reveals information about the pres-
ence of hydroxyl (–OH) groups originating from water intro-
duced in the functionalization. Characteristic peaks at
∼3450 cm−1 are observed for the support, which are assigned to
stretching vibrations of the O–H bonds.98 For the uncalcined
sample, this peak is identied at 3448.2 cm−1, and at
3452.0 cm−1 for its calcined counterpart. A secondary adsorp-
tion peak attributed to the bending vibrations of H2Omolecules
is found at 1627.7 cm−1 for both samples. The calcined support
displays a lower intensity for these peaks in contrast to its
uncalcined counterpart, suggesting that a signicant amount of
H2O is successfully removed from the support due to
calcination.99

The use of pyridine (Pyr) as a probe species for DRIFTS allows
for the ratio of Brønsted to Lewis acid sites to be determined.
Pyridine adsorbs onto the sites, displaying characteristic
frequencies, as reported in the literature. When Pyr coordinates
to TiO2, its FTIR peaks are shied slightly due to its adsorption.
Liquid Pyr displays peaks at 1439 cm−1, 1482 cm−1, 1572 cm−1,
and 1583 cm−1. The two lower frequencies originate from in-
plane C–H deformation modes, and the higher frequency
peaks correspond to in-plane deformation modes of the ring
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Pyr-DRIFTS spectra of the TiO2/SO4
2− support at (a) Stage III

(pre-calcination) and (b) Stage III (post-calcination).

Fig. 7 XRD spectra for the functionalized FeCo catalysts, supported
on TiO2 at (a) Stage II, (b) Stage III (pre-calcination), and (c) Stage III
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found in its chemical structure.100,101 Fig. 6 shows the FTIR
spectra for the support at Stage III in the 1400 cm–1700 cm−1

range.
Fig. 6 conrms the presence of Brønsted and Lewis acid sites

on the TiO2/SO4
2− support complex, which are labeled B and L

respectively. The sulfated complex showed an additional peak
in this range post-calcination, as shown in Fig. 6(b). This band,
found at 1558.2 cm−1, was attributed to the oxidative break-
down of Lewis-bound Pyr molecules into carbonaceous
compounds,102 resulting from the calcination step. The FTIR
frequencies for the BAS and LAS on the sulfated TiO2 support, as
shown in Fig. 6, are presented in Table S4 in the ESI.†

The peaks associated with pyridine adsorbed onto the BAS
and LAS show the same FTIR bands for both the uncalcined and
calcined samples, as elucidated in Table S4.† The common peak
for both samples, at 1481.1 cm−1, relates to the total amount of
acid sites (Brønsted and Lewis) present in each sample.103 The
ratio of Brønsted to Lewis acidity (B/L) is calculated according to
eqn (4), as introduced by Emeis in a study on pyridine adsorbed
on solid acid catalysts:104

B/L = (AB × CL)/(AL × CB) (4)

where AB and AL represent the areas of the FTIR peaks for
Brønsted and Lewis acidity in cm−1 respectively, CB is the
coefficient of Brønsted acidity (188 cm mmol−1), and CL corre-
sponds to the coefficient of Lewis acidity (142 cm mmol−1).105
This journal is © The Royal Society of Chemistry 2025
For the acid functionalized TiO2, the B/L ratio is calculated at
1.68 for the uncalcined support, demonstrating a greater
number of Brønsted acid sites than Lewis acid sites. For its
calcined counterpart, the B/L ratio is calculated at 1.27. This
result shows that the nal calcination step had a greater inu-
ence on BAS than on LAS. By examining the spectra in Fig. 6, the
intensity of the BAS and LAS bands greatly decreased aer
calcination. This nding suggests a considerable reduction in
the total amount of acid sites present in the functionalized and
calcined support. The calcination temperature is highlighted as
the probable cause for this development, as such harsh condi-
tions are known to reduce specic surface area by damaging its
pore structure – and more importantly, prompt the degradation
of SO4

2− species.106 Such modications are expanded upon
further in the following sections.

Catalyst characterization

Following the successful impregnation of the TiO2 support with
a bimetallic FeCo active phase, the crystal structure of the
catalysts is evaluated via XRD, aer undergoing reduction in an
H2 atmosphere. This reduction in the full hydrogen atmosphere
was effective, as evidenced by the XRD data and supporting
insights presented in this section. The successful reduction of
the Fe and Co active metal species is corroborated by the
favorable FTS performance trends observed across the catalytic
systems. Moreover, previous relevant studies by van Ravenhorst
et al.,107 Kuznetsov et al.,108 and Tomić-Tucaković et al.109 on the
reducibility of Co-based catalysts, alongside work by van der
Kraan et al.110 and Ji et al.111 for Fe-based systems, provided
substantial validation for the efficacy of the pure H2 reduction
protocol utilized in this work.

The systems herein are characterized as a function of the
titania support at Stages II, III (pre-calcination), and III (post-
calcination). As the nominal active metal loading is similar
for all samples (2.0 wt%), the focus of the analysis relies on the
effects of the acid functionalization and nal calcination on the
(post-calcination), with the peaks labeled.

J. Mater. Chem. A
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phase composition of the resulting catalysts. Fig. 7 shows the
XRD spectra for the synthesized FeCo catalysts supported on
TiO2, following H2 reduction.

The XRD spectra for the functionalized catalysts shown in
Fig. 7 revealed characteristic peaks corresponding to the rutile
and anatase polymorphs of TiO2. This phase composition for
the support material remained unchanged, as shown prior to
the impregnation with the bimetallic active phase (Fig. S2 in the
ESI†). The strongest reections pertaining to these titania
phases remained unchanged at every stage of support prepa-
ration. For Stages II, III (pre-calcination) and III (post-
calcination), the characteristic peaks for TiO2 are at 2q =

25.59°, 25.53°, and 25.73° for anatase (110), respectively. For
rutile (110), the strongest peak reections are at 2q = 27.77°,
27.83°, and 27.93°, respectively. By using the Spurr and Myers
method, the phase composition of the support in the bimetallic
catalysts is calculated, and the fractions of rutile (FR) and
anatase (FA) are evaluated as a function of the acid functional-
ization and calcination processes. The results of this analysis
are shown in Table 3.

These calculations further corroborate the hypothesis that
the acid functionalization process favors the stabilization of the
anatase phase, with the catalysts supported on acid-treated TiO2

(Stage III) displaying a higher fraction of anatase, and a lower
fraction of rutile when compared to the Stage III system. The
wetness impregnation protocol used to deposit the Fe and Co
active phases onto the support does not disrupt this phenom-
enon, which is discussed earlier in this work. The nal calci-
nation step at Stage III does not largely impact the phase
composition of the nal catalytic systems, as shown by the FR
and FA values. The fractional content of the anatase phase for
the sample supported on the calcined Stage III support was
calculated at 0.368, which was only marginally greater than its
uncalcined counterpart, at 0.355. Despite the introduction of
a bimetallic FeCo active phase being known to increase the
rutile fraction in an as-synthesized catalyst,112 the acid func-
tionalization in this work was the main driving force for the
corresponding phase composition changes in the support
material.

The lack of relatively intense peaks for the Fe and Co species,
compared to those of the TiO2 support, can be attributed to
a combination of the low loading of the active metal particles on
the TiO2 surface and the dominant diffraction peaks from the
larger TiO2 crystallites.113 This phenomenon is further sup-
ported by the signicant rutile fractions (above 20%), as it has
also been shown that the dispersion of a metal phase such as Co
is enhanced by the rutile content in the support.114 Jongsomjit
Table 3 Phase composition in the FeCo/TiO2 catalysts at stages II, III
(pre-calcination) and III (post-calcination)

Stage FR FA FR/FA

II 0.301 0.699 0.431
III (pre-calcination) 0.262 0.738 0.355
III (post-calcination) 0.269 0.731 0.368

J. Mater. Chem. A
et al. demonstrated that CO hydrogenation activity was
enhanced for Co/TiO2 systems by the inclusion of ∼19% rutile
in the support. This improvement was attributed to increased
support stability, and more importantly associated with weaker
SMSIs associated with the rutile phase of TiO2.115 For Fe-based
catalysts, literature is more limited. Nonetheless, Madhu-
sudhan Rao et al. showed in their detailed XPS study on Fe/TiO2

systems that such systems exhibit SMSI behavior analogous to
other Group VIII metals (e.g., ruthenium). Iron oxides can be
encapsulated in the TiO2 support during annealing or lead to
interdiffusionmechanisms. These phenomena can result in low
apparent dispersion of Fe due to the partial coverage of the
reduced TiO2 surface layer.116

Even with relatively lower intensity Fe and Co peaks, the
active species in the bimetallic catalysts are identied in Fig. 7.
The resulting peaks are then matched to metallic Co (PDF #00-
015-0806)117 and Co3O4 (PDF #00-042-1467)118 for the Co phase.
For the Fe active phase, a-Fe (PDF #00-006-069)119,120 and a-
Fe2O3 (PDF #00-033-0664)121 are identied. A FeCo alloy peak
(PDF #00-048-1818)122,123 at 2q = 45.21° is also identied for the
non-functionalized bimetallic catalyst supported on TiO2 (Stage
II), with an estimated crystallite size of 89.64 nm. The crystallite
size (Dp) of the active species (in nm) for all samples is calcu-
lated using the Scherrer equation with the calculated FWHM
values from the XRD spectra, as discussed in previous sections.
The K constant and l were set to 0.9 and 0.15406 nm, respec-
tively. The identication of these reections for the active
phases suggests that the reduction was successful in generating
the desired active species for FTS applications. Despite initially
considering transmission electron microscopy (TEM) for the
characterization of these systems, the successful identication
of the active metal species via XRD was deemed sufficient.
Furthermore, the innate low contrast between FeCo nano-
particles and the TiO2 support in standard TEM imaging poses
a critical limitation for the clear visualization and particle size
measurement of these species. Such challenges, due to the
proximity in atomic numbers (Z-values) and electron density,
have been well-documented in the literature, such an in a study
by Nasralla et al. on Fe systems.124

The SBET values for the catalysts were calculated at 49.42 m2

g−1, 49.23 m2 g−1, and 49.05 m2 g−1 for FeCo supported on
Stages II, III (pre-calcination), and III (post-calcination)
respectively. The minimal level of variability for these values
suggests that the overall structural integrity of the support was
retained following the acid and heat treatments. The increase
from 43.03 m2 g−1, which was the calculated SBET value for the
functionalized TiO2 before impregnation as discussed in
previous sections, helped elucidate the role of the sulfate ions in
modifying its surface chemistry. This development can be likely
attributed to the sulfate groups inducing a partial blockage or
restructuring of the pore architecture in the support. The
deposition of the active Fe and Co nanoparticles modied
TiO2's morphological features, which might have caused the
exposure of inaccessible sites.

The morphological features of the TiO2 support at different
stages of the acid functionalization process were evaluated by
eld-emission scanning electron microscopy (FESEM) imaging,
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Product selectivity (%) to C1–C9 hydrocarbons for the FeCo
catalyst supported on TiO2 (Stage II).
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as shown in Section 7 of the ESI.† As Fig. S8–S10† indicate, the
TiO2 support was able to retain its overall morphology across
Stages II, III (pre-calcination), and III (post-calcination). Despite
this development, there was a visible increase in surface
roughness and morphological complexity as a function of the
acid treatment and its subsequent calcination. These structural
changes were consistent with the addition of the sulfate (SO4

2−)
ions and their thermal decomposition from the nal calcina-
tion step. While there were alterations to the support material,
its integrity was maintained, denoting the prevention of major
structural changes. Fig. S11† denotes the general morphology of
the as-synthesized FeCo/TiO2 Stage III (post-calcination) cata-
lyst. These images reveal the presence of irregular clusters and
dense supercial features, which suggest agglomeration of
nanoparticles. Despite not being able to resolve these nano-
particles in a discrete manner, the apparent clustering behavior
observed suggests that the active phase was effectively anchored
to the support. As discussed in previous sections, the catalysts'
loading was conrmed via XPS (Section 6 of the ESI†).

Catalyst performance: CO conversion and product selectivity
for FTS

The catalytic performance of the synthesized bimetallic systems
is evaluated for Fischer–Tropsch synthesis (FTS) reactions, as
described in the Experimental section. Key FTS parameters
analyzed in this study include CO conversion, CH4 selectivity,
and C5+ selectivity. These parameters are sensitive to structural
modications and surface chemistry changes induced by the
acid functionalization of the TiO2 support. The catalysts are
tested as a function of the TiO2 functionalization stage: (II) post-
calcination (at 400 °C), (III) functionalized pre-calcination, and
(III) functionalized post-calcination (at 300 °C). The non-
functionalized sample (Stage II) serves as the control catalyst
at a nominal 2.0 wt%, with relevant results summarized in
Table 4.

The CO conversion, as shown in Table 4, suggests moderate
catalytic activity for FTS. This result is in accordance with other
FeCo bimetallic systems in the literature. A 2.0 wt% FeCo/TiO2

catalyst (1 : 1 Fe : Co ratio) synthesized by Duvenhage et al.125

measure a CO conversion of 10.5%. In the same study, for
a 4.0 wt% FeCo/TiO2 catalyst (2 : 2 Fe : Co ratio), the CO
conversion increases to 15.8%. Similarly, Arcuri et al.126 show
that their 4.87 wt% FeCo/SiO2 catalyst reaches a CO conversion
of 2.7% at 1 atm and the same temperature and pressure
conditions as the 2.0 wt% catalyst in Table 4. The reported C2–

C4 selectivity values in Table 4 correspond to a mixture of light
Table 4 COconversion (%), normalized rate of CO consumption (molCO
for the FeCo/TiO2 (Stage II) catalysts during FTS

FTS parameter

CO conversion (%)
Normalized rate of CO consumption (molCO s−1 gFeCo

−1)
CH4 selectivity (%)
C5+ selectivity (%)
C2–C4 selectivity (%)

This journal is © The Royal Society of Chemistry 2025
hydrocarbons, including paraffins [e.g., ethane (C2H6), propane
(C3H8), butane (C4H10)], and their olen counterparts. These
compounds were then grouped in accordance with standard
reporting practices in FTS literature. While the results in Table 4
are promising for the catalysts introduced in this study, further
optimization of the FTS reaction conditions, including
temperature, pressure, and H2 : CO ratio, could enhance
performance.

The calculated CH4 selectivity of 4.48% ± 2.47 indicates
a favorable performance trend for these catalysts. As Co-based
catalysts tend to favor elevated CH4 selectivity at higher
temperatures,127 the selection of low temperature Fischer–
Tropsch (LTFT) conditions for these systems is considered
appropriate. The non-functionalized catalysts supported on
TiO2 (Stage II) favored chain growth propagation, thereby
successfully minimizing undesirable methanation. The low CH4

selectivity could be attributed to different phenomena,
primarily the role of primary olens competing with methyl
groups for surface sites.128 This development is further corrob-
orated by the C5+ selectivity of 61.3% ± 3.00, which indicates
a signicant portion of heavier hydrocarbons are produced
during the FTS process. The hydrocarbon distribution for this
bimetallic catalyst is shown in Fig. 8.

Despite the considerable amount of heavier paraffins and
olens produced, as denoted by the C5+ selectivity, this
parameter is notably lower in magnitude than the 72.6% value
for the analogous 2.0 wt% FeCo/TiO2 catalyst (1 : 1 Fe : Co ratio)
s−1 gFeCo
−1), CH4 selectivity (%), C5+ selectivity (%), and C2–C4 selectivity

Experimental value

27.6 � 6.94
5.89 × 10−5 � 1.62 × 10−5

4.48 � 2.47
61.3 � 3.00
34.2 � 2.08

J. Mater. Chem. A
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Fig. 9 Product selectivity (%) to C1–C9 hydrocarbons for the FeCo
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synthesized by Duvenhage discussed previously. This result can
be attributed to the synergy between the Fe and Co active sites
in the bimetallic alloy as a function of the calcined TiO2 at Stage
II, which pushes product selectivity towards a lighter hydro-
carbon composition. Similarly, there is a slight preference for
olen production, as shown by an olen selectivity (On) of
52.5%± 2.8, compared to the paraffin selectivity (Pn) of 47.5%±

2.7. This result suggests that, during FTS, H2 mobility is slightly
reduced, which leads to reduced adsorption rates and therefore
a minimization of the hydrogenation of alkenes to alkanes as
a function of the bimetallic FeCo active phase.129

To determine the catalytic effects of the acid functionaliza-
tion introduced in this work, three parameters are considered
important for catalyst performance and production of lighter
olens and paraffins as a function of hydrocracking: C5+ selec-
tivity, C2–C4 selectivity, and CO conversion. The mechanism of
this desirable hydrocracking during FTS is a function of inter-
mediate carbenium ions (RR0R00C+) formed by the interactions
between hydrocarbons and metal/acid sites on the support.130

The metal sites dehydrogenate saturated molecules and
hydrogenate unsaturated ones, and the acid sites enabled the
isomerization or hydrocracking of alkene intermediates.131 It is
hypothesized that the catalyst architecture introduced in this
study would increase C2–C4 selectivity by cracking the heavier
hydrocarbons and decreasing CH4 selectivity. The FTS results
for the FeCo/TiO2 Stage III (pre-calcination) and FeCo/TiO2

Stage III (post-calcination) are shown in Table 5.
The acid functionalization of the TiO2 support introduces

important metal–support interactions, as evidenced by the
catalyst performance of the bifunctional catalysts shown in
Table 5. For the FeCo/TiO2 Stage III (pre-calcination) catalyst,
there was a decrease in activity, as denoted by the CO conver-
sion of 16.2% ± 1.61, which represents a 41.3% decrease in
catalytic activity compared to the control FeCo/TiO2 (Stage II)
catalyst. This development is attributed to the remaining sulfur
in the catalyst, as evidenced by the XPS studies, which induces
a partial blockage of the active sites for the carbon chain
formation in FTS.132 This incorporation of the sulfur atoms into
the catalyst's architecture is likely a major contributor to
a higher CH4 selectivity of 4.80% ± 2.43 by hindering CO
Table 5 CO conversion (%), Normalized rate of CO consumption (m
selectivity for the FeCo/TiO2 Stage III (pre-calcination) and Stage III (pos

FTS parameter

FeCo/TiO2Stage III (pre-calcination)
CO conversion (%)
Normalized rate of CO consumption (molCO s−1 gFeCo

−1)
CH4 selectivity (%)
C5+ selectivity (%)
C2–C4 selectivity (%)

FeCo/TiO2Stage III (post-calcination)
CO conversion (%)
Normalized rate of CO consumption (molCO s−1 gFeCo

−1)
CH4 selectivity (%)
C5+ selectivity (%)

J. Mater. Chem. A
dissociation and CH coupling. This favors the formation of
shorter-chain hydrocarbons and alkanes,133 as shown by the C2–

C4 selectivity of 39.6% ± 3.2, On of 56.47% ± 2.76, and Pn of
43.53% ± 1.95 for this catalytic system. The product distribu-
tion results for the FeCo/TiO2 Stage III (pre-calcination) catalyst,
which indicates a tendency to form middle distillates as
a function of the induced hydrocracking, are shown in Fig. 9.
The chemisorption of sulfur atoms and their role in the deac-
tivation of Fe and Co catalysts has been studied, with Ma et al.134

showing that each sulfur atom blocks six surface Fe or Co
atoms, as predicted by the sorption theory; thus, corroborating
the performance results for the catalysts in this study.

The nal calcination step introduced in the acid function-
alization process is considered a favorable optimization tech-
nique in the synthesis of the bifunctional catalyst. The FeCo/
TiO2 Stage III (post-calcination) catalyst displayed the optimized
performance metrics, as evidenced by its CO conversion of
29.0% ± 4.95 shown in Table 5 and the product distribution in
Fig. 10. The calcination temperature specied for this step is
hypothesized to be an important variable which affects the
sulfur content in the material and the surface area of the
olCO s−1 gFeCo
−1), CH4 selectivity (%), C5+ selectivity (%), and C2–C4

t-calcination) catalysts during FTS

Experimental value

16.2 � 1.61
3.70 × 10−5 � 6.12 × 10−6

4.80 � 2.43
55.5 � 2.17
39.6 � 3.2

29.0 � 5.0
6.89 × 10−5 � 1.63 × 10−5

3.03 � 0.33
60.4 � 3.3

catalyst supported on TiO2 Stage III (pre-calcination).

This journal is © The Royal Society of Chemistry 2025
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support, as shown by Shao et al.135 for sulfated TiO2–SiO2 cata-
lysts. It has been reported that sulfated TiO2 catalysts only
exhibit higher activities when calcined at temperatures above
500 °C.136 The resulting phase evolution of the TiO2 support at
Stage III (post-calcination) is a function of the reduction of
Brønsted acid sites. This can be largely attributed to the
decomposition of the SO4

2− ions and their removal from the
TiO2, which inuences the textural and chemical properties of
the support prior to impregnation with the active phase.137 The
residual Brønsted sites on the support are then attributed to
hydroxyl groups remaining on the surface, which are less
Brønsted acidic than the sulfate ions, as discussed in previous
sections.

As shown in Fig. 10, the selectivity towards middle distillates
is signicant, displaying a C2–C4 selectivity of 36.55% ± 2.36
and a C5+ selectivity of 60.41% ± 3.24. The slightly greater
distribution of heavier hydrocarbons is attributed to the
reduced fraction of Brønsted acid sites as a function of the nal
calcination step. It can then be inferred that the higher
proportion of Lewis acid sites has less inuence than the
Brønsted sites on the hydrocracking process, which is shown for
other systems in the literature.138,139 By considering the kinetic
parameters presented in this section, it is concluded that the
optimized catalyst is the FeCo/TiO2 Stage III (post-calcination),
which maximizes CO conversion and induces hydrocracking as
a function of the surface chemistry and morphological changes.
This is further corroborated by the calculation of the normal-
ized average rate of CO consumption (−�rCO) for the catalysts, as
shown in Section 6 of the ESI,† where the FeCo/TiO2 Stage III
(post-calcination) sample displays the highest rate of CO
consumption, at 6.89 × 10−5 ± 1.63 × 10−5 molCO s−1 gFeCo

−1.
For all three samples in this study, catalyst stability as a func-
tion of time-on-stream (TOS) is consistent with previously
published work on FTS,32 with the catalysts showing no deac-
tivation over the 6 h-time period for each experimental run. TOS
performance and catalyst stability data is presented in the ESI.†

For all three catalysts, the chain growth probability (a) was
calculated using the Anderson–Schulz–Flory (ASF) distribution
Fig. 10 Product selectivity (%) to C1–C9 hydrocarbons for the FeCo
catalyst supported on TiO2 stage III (post-calcination).

This journal is © The Royal Society of Chemistry 2025
model. Although catalysts in the literature have shown critical
deviations from this model,6,140 it remains an important
parameter that helps elucidate the extent of chain formation
during FTS. For the FeCo/TiO2 Stage II catalyst, a was 0.704 ±

0.069. For the acid-functionalized samples (FeCo/TiO2 Stage III),
a was estimated at 0.726 ± 0.066 pre-calcination and 0.718 ±

0.024 post-calcination. This increasing trend in a value show-
cases consistency in the propagation of the hydrocarbon prod-
ucts likely due to the optimized surface properties induced as
a function of the acid treatment and nal calcination step.

Despite the favorable performance trends displayed by the
catalysts in this work, it is critical to emphasize that FTS
product distribution is also strongly correlated to reaction
temperature and catalyst's active phase, particularly for Co-
based systems. For a Co/SiO2 catalyst, Arslan et al. showed
that CO conversion signicantly increased from ∼5% at 200 °C
to∼86% at 350 °C (20 bar, H2/CO= 2.0), highlighting the strong
correlation between temperature and activity. Furthermore, the
decrease of CO conversion at temperatures above 350 °C was
attributed to potential water–gas shi (WGS) activity resulting at
elevated temperatures.141 When compared to FTS catalysts re-
ported in the literature, de la Peña O'Shea et al. demonstrated
that their FeCo (1 : 2)/SiO2 (15.0 total wt%) catalyst achieved an
optimal CO conversion of ∼60% at 260 °C, while a mono-
metallic Co/SiO2 (10.0 wt%) specimen exhibited lower activity,
which resulted from the lower dispersion of the Co active phase
on the support.129 For conventional FeCo/TiO2 systems,
Duvenhage et al. also elucidated the inuence of reaction
temperature on performance and product selectivity. Their Fe :
Co (1 : 2)/TiO2 (5.0 total wt%) catalyst showed an increase in CO
conversion from 37.3% at 220 °C to 72.6% at 225 °C to 90.3% at
310 °C. Across this temperature range, C5+ selectivity also shif-
ted, from 49.9% to 33.6% to 17.8%, showing that higher
temperatures increase the formation of CH4 and light hydro-
carbon products.125

Conclusions

The results from this study elucidate the signicant effects of
introducing acid sites on TiO2 to impart bifunctionality in
a single catalytic material for Fischer–Tropsch synthesis (FTS)
reactions. Experimental data shows that acid treatment of the
catalyst support with H2SO4, followed by a calcination at 300 °C
[FeCo/TiO2 Stage III (post-calcination)], induces signicant
morphological and microstructural changes that optimized FTS
reaction performance at 250 °C and 300 psi(g). With a CO
conversion of 29.0% ± 4.95 and a signicant shi towards C2–

C4 products, these catalysts prove to be more adept at inducing
hydrocracking reactions than their non-functionalized [FeCo/
TiO2 (Stage II)] and uncalcined [FeCo/TiO2 Stage III (pre-
calcination)] counterparts. This catalyst support optimization
sequence begins to address the role of Brønsted and Lewis sites
in modifying active sites in an FTS catalyst and their effects on
CO activation, carbon chain growth, and olen modication. A
higher number of Brønsted acid sites (e.g., hydroxyl groups)
results in a higher level of hydrocracking, compared to a greater
number of Lewis acid sites (e.g., unsaturated Ti4+ sites). Despite
J. Mater. Chem. A
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this desirable modication, the presence of sulfur-containing
species (SO4

2−) from acid functionalization poisons the cata-
lyst's active sites and minimizes CO conversion (16.2% ± 1.61).
These experimental results highlight the effects of acid sites and
support phases on reaction kinetics, further offering a method
to optimize overall FTS catalytic efficiency.
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