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Abstract: Platinum is widely used as a reduction promoter in transition metal heterogeneous catalysts,
while its effects on the catalyst’s properties and CO hydrogenation behavior remain unclear. In this study,
an improvement in the reducibility of platinum-promoted catalysts is observed. Notably, platinum
suppresses the aggregation of cobalt nanoparticles (CoNPs) during catalyst preparation, as evidenced
by STEM/TEM and XRD analyses, which reveal the presence of smaller CoNPs and weakened cobalt
diffraction in platinum-promoted catalysts. In addition, platinum also promotes the formation of more
active hexagonal close-packed (hcp) cobalt but inhibits metal-support interaction (MSI). Therefore, the
cobalt-time yield (CTY) for CO hydrogenation in the promoted catalyst is strongly improved, and,
furthermore, its intrinsic activity (turnover frequency, TOF) is also slightly increased. However, the
product distribution seems unchanged except for the CO2 for the platinum-promoted catalysts.

Keywords: Co/TiO2; platinum promoter; CO hydrogenation; reducibility

1. Introduction

Oxide, including SiO2, TiO2, Al2O3, CeO2, and zeolite, is the typical support in
heterogeneous catalysts [1–3] and is primarily used as a medium to deliver the active
component. Among those, TiO2-supported CoNPs are a widely reported heterogeneous
catalyst [1,4–6]. TiO2 as a support is often used to study the strong metal-support interaction
(SMSI) due to the reducible nature of TiO2. The active metal phase is often blocked
by the reduced TiO2−x easily formed during reduction and is, therefore, inimical to the
adsorbability and catalytic performance of the catalyst [5,6]. Furthermore, this SMSI shows
a dependency on the TiO2 polymorph and the supported metal nanoparticle size, with
anatase (vs. rutile) and a large nanoparticle size (3–13 nm) being more susceptible to
this phenomenon [7–10]. In addition, reducibility is an additional concern for the TiO2-
supported transition metal catalysts. This originates in the formation of metal-support
compounds (MSC) between the transition metal and the support, e.g., the non-reducible
cobalt titanate in a Co/TiO2 catalyst [11,12], leading to a loss of active metal for catalytic
reactions. Such titanate compound formation, undesirably, can be exacerbated by close
contact between the transition metal and TiO2, for example, the spreading of cobalt on
the titania surface [13,14]. Fortunately, recent work showed that creating surface oxygen
vacancies or removing surface oxygen atoms can significantly promote the reduction of
supported cobalt oxides [15]. Also, the surface modification of the TiO2 support is also
reported to minimize the formation of MSC, where TiO2 is coated with a third material
such as carbon and SiO2 [16].
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Alternatively, another simple and effective way to improve the reducibility is con-
firmed to be the addition of small amounts of noble metals [17]. Noble metals such as
platinum can easily dissociate adsorbed H2 [18–21], which then spills over onto the active
species like cobalt via TiO2 to promote the reduction of cobalt oxide [22–25]. Beaumont et al.
reported that smaller Pt nanoparticles (1.9 vs. 12 nm) with CoNPs nearby show a better
promotional effect on cobalt oxide reduction [22]. As it can continuously remove surface
oxygen under reaction conditions, the activity of CO2 or CO hydrogenation can be strongly
enhanced. Also, den Otter et al. found that Pt-promoted Co/SiO2 and CoNb/SiO2 can
remarkably improve a catalyst’s reducibility and the following Ficsher–Tropsch synthesis
(FTS) activities [26]. They also showed that the addition of platinum can change the prod-
uct selectivity (depending on the reaction pressure) and decrease the CoNP size. At high
pressure (20 bar), platinum addition decreases the C5+ selectivity, while at low pressure, the
C5+ selectivity is improved. However, the effect of the platinum promoter on the supported
cobalt nanoparticle size is still controversial. Zhang et al. reported that platinum has no
significant effect on the size of Co3O4 nanoparticles in a carbon nanotube-supported cata-
lyst but can improve the stability of the catalyst in FTS [27–31]. In contrast, Vosoughi et al.
observed improved cobalt dispersion in a platinum-promoted cobalt mesoporous alumina
catalyst, thus leading to improved active sites and stability of the catalysts for FTS [32]. The
platinum promotional effect on metal dispersion was also occasionally observed by other
researchers [25,33,34]. However, many researchers believe that metal dispersion is more
influenced by the nature of the support, such as the pore structure and MSI [26,27,33], or by
the catalyst preparation method [35]. As a promoter, platinum initially is designed to form,
for example, a Pt–Co alloy [36]. However, cobalt and platinum tend to segregate, especially
at high platinum loadings [37,38], which makes it complex to study the role of platinum.
So, well-defined Co and Pt NPs with controllable size, interparticle distance, and core-shell
structure were previously prepared for this task [22,23,39].

Herein, to further probe the effects of platinum addition on transition metal catalysts, we
report a microemulsion coupled with a deposition method to prepare platinum-promoted and
unpromoted Co/TiO2 catalysts. It is proposed that their nanoparticle sizes and the mixing
of cobalt and platinum can be well controlled. Unexpectedly, despite using the same micelle
solution, the different metal precursors (cobalt nitrate solution versus a cobalt/platinum nitrate
solution of the same concentration) resulted in significant variations in the size distribution
of the metal nanoparticles on the catalyst surface. Platinum can significantly maintain the
nanoparticle size by preventing the aggregation of CoNPs (Co(OH)2) during their deposition
on TiO2. As platinum can also promote cobalt oxide reduction, CO hydrogenation activities
in the promoted catalysts are significantly enhanced while the product yields are not affected.
The desired hcp active phase of CoNPs is also surprisingly promoted to form CO2 although
with an unclear reason to date. Exceptionally, CO2 formation is strongly boosted with over a
300% yield in platinum-promoted catalysts detected.

2. Results and Discussion
2.1. Improved Activities of CO Hydrogenation on Platinum-Promoted Catalysts

The CO hydrogenation activities of the catalysts (493 K, H2/CO = 10, 1 bar) are shown
in Figure 1. CO conversion on 5CoPt/15CoPt (30~35%) is observed to be roughly 2~3-fold
higher than that on 5Co/15Co (10~17%) throughout the reaction time (Figure 1a). A simi-
lar activity gap between the platinum-promoted and unpromoted samples is also seen in
Figure 1b, which is converted to CTY for each catalyst, i.e., >120 vs. ~50 mmolCO/gCo

−1·h−1

in 5CoPt/5Co or ~60 vs. ~30 mmolCO/gCo
−1·h−1 in 15CoPt/15Co. Interestingly, 5CoPt/5Co

catalysts are more active than those high-loaded 15CoPt/15Co (~2-fold difference in CTY).
The intrinsic activity, i.e., the TOF, for each catalyst is calculated in Figure 1c. The data
clearly show that the TOF values for the platinum-promoted catalysts are slightly higher
than those of the unpromoted catalysts under identical reaction conditions. Similarly,
the catalysts with low cobalt loadings also show higher intrinsic activities. This means
that platinum addition and TiO2 support (i.e., MSI) have positive effects on the intrinsic
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activities of Co/TiO2 catalysts. The accompanying product distributions of 5Co/5CoPt
and 15Co/15CoPt determined from MS profiles are given in Figures S1 and S2. The actual
selectivities of CH4/C2/C3/C4/C5 hydrocarbons and CO2 are hardly obtained based on
the MS data, but the relative MS intensities of hydrocarbons (to methane) are calculated to
describe the product distribution (Figure 1d and Figure S3). Under the reaction conditions,
CH4 is the primary hydrocarbon (>80%) compared with other minimal products. Addi-
tionally, CO2 production is notably higher with platinum-promoted catalysts compared to
unpromoted catalysts. The CO2 formation could derive from the water–gas shift reaction,
the Boudouard reaction, or the carburization reaction [40]. However, which reaction leads
to the CO2 formation here is not clear, but it could partly be due to the high amount of
surface oxygen vacancies and surface OH groups in the promoted catalysts [41,42].
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Figure 1. CO hydrogenation activity of the catalysts under conditions of 493 K, 1 bar, and H2/CO = 10.
(a) CO conversion; (b) Cobalt time yield (CTY) (corrected with corresponding DOR value); (c) TOF
after reaction for 30 min; (d) Relative product distributions. The activities are strongly enhanced for
the catalysts with the addition of platinum and a low cobalt loading.

2.2. Identifying Surface Properties, Nanoparticle Sizes, and Active Components of the Catalysts

To elucidate the reaction differences in those catalysts, we first measured the N2 physical
adsorption to determine their surface areas as well as their pore volumes and diameters
(Table 1). It was found that catalysts with a platinum promoter and higher loading possess
higher surface areas and larger pore structures. Since the same rutile support was used in all
the catalysts, the above differences are attributed to the contribution of supported nanoparticles
(i.e., their concentrations and nanostructures). From Figure 2, it is evident that the average
CoNP size in 5Co (10.08 nm) is significantly larger than that in 5CoPt (5.25 nm). The catalysts
at a higher cobalt loading also exhibit such size differences that the unpromoted 15Co catalyst
yields larger CoNPs (13.34 nm) than the 15CoPt (7.68 nm) (Figure S4). Then, the XRD patterns
for these samples (diffraction of Co(OH)2 and Co0, Figure 3) further confirm the difference
in the NP size and that catalysts with the promotion of platinum and a low cobalt loading
show small and broad diffraction peaks both before and after H2 reduction. However, for
the samples 5Co/15Co, the reflections always appear narrower, which is indicative of larger
crystallites (Figure 3). Interestingly, where a Scherrer analysis can be performed on reduced
catalysts, there is a good correlation with the average particle size as determined from the
STEM/TEM images (i.e., 16.26 nm of CoNPs for 15Co, 11.37 for 5Co, 10.56 for 15CoPt, and
6.08 nm for 5CoPt). The larger NP sizes in unpromoted catalysts are due to the aggregation of
initial CoNPs during demulsification although we used the same micelle solution to prepare
the catalysts, and particularly high cobalt loading exacerbates such aggregation. The FTIR
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absorption (1384 cm−1) in Figure S5 confirms such aggregation, as a stronger aggregation of
NPs will lead to more nitrate compounds being encapsulated in the calcined samples [43].
Fortunately, those nitrate compounds can be decomposed or removed after reduction treatment
since such nitrate absorption peaks disappear in the reduced catalysts (Figure S5). Additionally,
for the platinum-promoted catalyst (e.g., 5CoPt), cobalt and platinum are not homogenously
mixed. Bare PtNPs, the Pt-core-Co-shell structure, and a Co–Pt alloy can be identified in
the platinum-promoted catalyst (Figure 2c,d). The crystal phases of cobalt for the promoted
and unpromoted catalysts are analyzed in Figures 2b,d and 3. For both of the catalysts, face-
centered-cubic (fcc) cobalt would occupy the major phase from the FFT patterns in Figure 2b
and the XRD patterns in Figure 3. However, for platinum-promoted catalysts, particularly
5CoPt, the hcp cobalt can be clearly observed in Figures 2d and 3. The reason for the formation
of different cobalt crystal phases in the two types of catalysts is not clear. However, in previous
studies, hcp cobalt was identified to exhibit higher intrinsically active CO hydrogenation than
the fcc phase [44,45]. TiO2 is partly reduced to Ti2O3 in both types of catalysts, as seen in
Figure 2b,d. This Ti2O3 is not detected on the surface of CoNPs for 5CoPt (Figure 2c,d), but
its FFT pattern is measured on the CoNP in 5Co (Figure 2b, region 2). As such, the SMSI is
weakened in 5CoPt, which will promote the adsorbability and hydrogenation activity [5,6]. All
of the above indicate that a high TOF or CTY can be present in platinum-promoted catalysts,
corresponding to the reaction results in Figure 1 [45,46].

The H2-TPR profiles in Figure 4 illustrate the reducibility of the promoted and unpro-
moted catalysts. Compared with 5CoPt/15CoPt, the reduction of 5Co/15Co catalysts is
strongly delayed with an observation of the H2 consumption peaks extremely shifting to a
high temperature. In 5Co, the peaks are attributed to the reduction of Co(OH)2 and Co3O4
to Co0 and CoTiO3 to Co0, respectively [11,47]. By increasing the cobalt loading to 15 wt. %,
15Co shows a different reduction behavior. First, there is a small double peak centered at
521 K, which was previously ascribed to the reduction of unsupported Co3O4 NPs [48,49],
reflecting the aggregation of CoNPs in this sample. In fact, the aggregation (with a low
extent) in 5Co is also evident with a small bump at around 500 K. Then, the later H2 con-
sumption peak in the 15Co sample (Figure 4) is centered at 654 K but with two shoulders at
626 and 726 K. These correspond to the overlapped reduction of Co(OH)2/Co3O4 →Co0.
There is only minimal H2 consumption after 726 K in this sample, indicating negligible
cobalt–titania interaction or CoTiO3 formation.

In contrast, 5CoPt/15CoPt catalysts are ready to reduce with almost all the H2
consumption peaks observed at temperatures below 700 K, corresponding to PtO2 and
Co(OH)2/Co3O4 reduction to Pt0 and Co0, respectively. This can be attributed to the strong
promotional effect of Pt via H2 spillover and that the dissociated H under the promotion of
Pt migrates onto cobalt oxides to enforce their reduction [22–24]. Specifically, the reduction
of 5CoPt seems more difficult than that of 15CoPt (e.g., the presence of a peak at 815 K in
5CoPt, Figure 4). It is proposed that highly dispersed PtNPs in the low-loading catalyst
cannot accumulate enough H spillover onto cobalt oxides and promote their reduction. H2
spillover seems irrelevant to physical or chemical contact between platinum and cobalt [24],
but TiO2 can significantly promote such a spillover effect [23]. Exceptionally, for the Pt-core-
Co-shell structure, the promotional effect of the Pt-core is thought to be minimal since the
Co-shell will isolate the Pt-core from initially contacting the H2. A reverse Co-core-Pt-shell
structure was confirmed to be ineffective for CO hydrogenation as its active phase cobalt
was encapsulated [22]. Smaller CoNPs in 5CoPt (Figure 2, Figure 3 and Figure S4) leading
to a stronger cobalt–titania interaction can also have a negative effect on the reduction of
CoNPs. Therefore, more cobalt titanate (CoTiO3) species can be formed and present in
5CoPt and are known to be more difficult to reduce than cobalt oxides [11,47]. The 15CoPt
sample should contain similar Co/Pt nanostructures, but its high loading will weaken the
cobalt–titania interaction and enhance the H2 spillover effect to promote the reduction. The
degree of reduction (DOR) of the catalysts under reduction at 623 K with 10% H2/N2 for
3 h is 86.8% for 5CoPt, 69.1% for 5Co, 100.0% for 15CoPt, and 85.2% for 15Co, respectively,
reflecting the strong promotional effect of Pt and the weak MSI in high-loaded samples.
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The XPS spectra in Figures 5 and S6 show the element components and their chemical
environments in both the 5Co and 5CoPt catalysts. In contrast to the observations in
Figures 3 and 4, the Co2+ species as the main components in both cases (Figure 5a) are
due to passivation before XPS measurements. However, more metal cobalt in the 5CoPt
sample (15.2%) was still fitted out in comparison with 5Co (10.6%), indicating that more
metal cobalt can be maintained in the 5CoPt sample. For Co2+ species, there are two types,
i.e., Co2+(I) and Co2+(II), corresponding to CoO and CoTiO3, respectively [50,51]. From
Figure 5a, the amount of CoTiO3 in 5CoPt (37.4%) is significantly higher than that in 5Co
(15.5%), implying a stronger MSI derived from the intimate contact between the cobalt
and TiO2 and the high dispersion of cobalt in the 5CoPt sample. This high dispersion of
cobalt is also confirmed by more surface cobalt calculated from the XPS survey spectra
(see Figure 5c). This seems to be a contradiction to the H2-TPR results shown in Figure 4,
which indicate that platinum-promoted catalysts should have less cobalt titanate. In fact,
the presence of more CoTiO3 from the 5CoPt XPS Co 2p spectrum is largely due to the
reoxidation of the reduced cobalt during passivation. Fortunately, CoTiO3 is not largely
present in the in situ reduced catalysts.

Table 1. Textural properties of the catalysts.

Catalyst BET Surface
Area a/m2/g

BJH Pore Volume
a/cm3/g

BJH Pore Diameter
a/nm

CoNP Size b/nm

STEM/TEM XRD

5Co 33.64 0.19 1.94 10.08/10.29 11.37
5CoPt 38.73 0.22 2.11 5.25/5.80 6.08
15Co 44.72 0.15 3.81 -/13.34 16.26

15CoPt 55.59 0.24 3.82 -/7.68 10.56
a, measured from calcined catalysts; b, determined from reduced catalysts.
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hcp structures can be determined.
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Figure 4. TPR profiles of the catalysts with and without platinum addition. H2 consumption peaks of
platinum-promoted catalysts significantly shifting to a low temperature indicates the promotional
effect of platinum on the reducibility of the catalysts.

Figure 5b shows the XPS O 1s spectra of the 5Co and 5CoPt catalysts. The three
devoluted peaks (529.7, 531.3, and 533.0 eV) refer to Ti-O (TiO2), Ovac, and -OH, respectively.
Generally, less surface Ti-O species (63.3%) but more Co-O/Ovac (28.3%) and -OH (8.4%)
are seen in the 5CoPt catalyst than in the 5Co catalyst. This indicates the surface diversity
of 5CoPt, which is due to the promotion of highly dispersed cobalt and platinum. However,
the Ti species in both catalysts are roughly similar (Figure S6a); only minimal Ti3+ (<4%) was
fitted out in the two catalysts. This is because rutile is the most thermally stable polymorph
of TiO2 and is difficult to reduce under the reduction conditions (623 K, 50% H2/He) [9,52].

In situ, CO-DRIFTS spectra are shown in Figure 6 and Figure S7, where the strong linear
adsorption peaks (2060/2065 cm−1) of CO in the platinum-promoted 5CoPt sample are clearly
observed, as reported in the literature [53–56]. This adsorption is persistent when elevating
the temperature from 303 to 493 K, with only a 5 cm−1 blue shift observed. Besides the linear
adsorption, small bridged adsorption of CO at 1997 cm−1 is also seen at 303 K; however, this
adsorption disappears when the temperature is increased. In contrast, for 5Co, the adsorption
peaks (at 303 K) are primarily below 2000 cm−1, corresponding to the bridged adsorption of
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CO, while the CO linear adsorption is minor (see 2049/2026 cm−1 in Figure 6). By increasing
the temperature to 493 K, the adsorbed CO in the 5Co catalyst is largely removed with only
a tiny peak at 1986 cm−1 observed. These findings suggest that the 5Co catalyst with fewer
active sites shows weaker CO adsorption than the 5CoPt catalyst, which is in line with its low
activity of CO hydrogenation (Figure 1). The less and bridged CO adsorption in 5Co would be
partly due to its larger CoNP size (Figures 2 and 3) [36]. However, the bridged CO adsorption
in those larger CoNPs can promote CO dissociation to shift the products majorly towards
hydrocarbons, particularly long-chain hydrocarbons [57,58]. In comparison, the additional
and linear CO adsorption in 5CoPt could be attributed to its much smaller CoNPs as well as
the contribution of the platinum promoter. This CO adsorption mode is unsuitable for CO
dissociation but could promote more CO2 formation [59].
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Catalysts 2024, 14, x FOR PEER REVIEW 8 of 14 
 

 

hydrocarbons [57,58]. In comparison, the additional and linear CO adsorption in 5CoPt 
could be attributed to its much smaller CoNPs as well as the contribution of the platinum 
promoter. This CO adsorption mode is unsuitable for CO dissociation but could promote 
more CO2 formation [59]. 

 
Figure 6. In situ CO-DRIFTS spectra of 5Co and 5CoPt catalysts after adsorbing CO for 30 min and 
then flushing He for 15 min. Strong linear adsorbed CO in 5CoPt catalyst cannot be desorbed under 
reaction temperature (493 K). In contrast, weak CO bridged adsorption on the 5Co catalyst is seen 
at 303 K and can be largely removed when elevating temperature to 493 K. 

2.3. Rationalizing Reaction Performance with Catalyst’s Properties 
The activity differences between the two types of catalysts would be attributed to the 

active phase, the nanoparticle size, and the metal–support interaction. Generally, the ac-
tive cobalt phase for CO hydrogenation is metallic cobalt, consisting of fcc and hcp crystal 
structures [44,45]. Therefore, the higher degree of reduction in the Pt-promoted catalysts 
can provide more metallic cobalt for CO hydrogenation, resulting in higher CO conver-
sions. However, the discrepancies in the DOR (86.8 vs. 69.1% or 100.0 vs. 85.2%) cannot 
trigger those large activity differences between the promoted and unpromoted catalysts 
shown in Figure 1. In particular, the obvious differences still exist in the DOR corrected 
CTY and TOF in Figure 1b,c. However, the observed hcp phase in the platinum-promoted 
catalysts (Figures 2d and 3) can, indeed, improve the intrinsic activity of CO hydrogena-
tion, and it is reported that the hcp cobalt in the FTS was around 5-fold more intrinsically 
active than the fcc phase [45]. This possibly illustrates the higher TOF values in the plati-
num-promoted catalysts. But the mechanism of forming more hcp cobalt in this promoted 
catalyst is unclear and the major phase is still fcc cobalt. The transition from fcc cobalt to 
hcp cobalt is attributed to the variances in the vibrational, magnetic, and electronic degrees 
of freedom within these lattice structures [60]. Notably, the absence of long-range mag-
netic interactions in fcc cobalt is crucial for the formation of hcp cobalt [61]. Consequently, 
it can be inferred that platinum may enhance the formation of hcp cobalt by perturbing 
long-range magnetic interactions [62–64]. 

Then, as seen in Figures 2, 3 and S4, the platinum-promoted catalysts possess smaller 
cobalt nanoparticle sizes. In this scenario, those two catalysts can provide more surface 
cobalt for a reaction. The fraction of surface cobalt is calculated to be 26.5% for 5CoPt, 
12.7% for 5Co, 17.2% for 15CoPt, and 9.9% for 15Co [65]. Therefore, the activities (CTY) 
for the platinum-promoted catalysts (5–15CoPt) can reach a 2-fold higher value than the 
unpromoted ones (5–15Co), while that for low-loaded catalysts (5Co/5CoPt) can only be 
<1.5-fold higher than the high-loaded catalysts (15Co/15CoPt). The other factor here that 

2200 2100 2000 1900 1800 1700
0

1

2

3

4

 

 

303 K

493 K

CO-DRIFTS

 

 

In He flow

A
bs

or
ba

nc
e 

/ a
.u

.

Wavenumber / cm-1

5CoPt

5Co

2065

2060

1986

2049

1997
2026

1932
1867

1982

Figure 6. In situ CO-DRIFTS spectra of 5Co and 5CoPt catalysts after adsorbing CO for 30 min and
then flushing He for 15 min. Strong linear adsorbed CO in 5CoPt catalyst cannot be desorbed under
reaction temperature (493 K). In contrast, weak CO bridged adsorption on the 5Co catalyst is seen at
303 K and can be largely removed when elevating temperature to 493 K.
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2.3. Rationalizing Reaction Performance with Catalyst’s Properties

The activity differences between the two types of catalysts would be attributed to the
active phase, the nanoparticle size, and the metal–support interaction. Generally, the active
cobalt phase for CO hydrogenation is metallic cobalt, consisting of fcc and hcp crystal
structures [44,45]. Therefore, the higher degree of reduction in the Pt-promoted catalysts
can provide more metallic cobalt for CO hydrogenation, resulting in higher CO conversions.
However, the discrepancies in the DOR (86.8 vs. 69.1% or 100.0 vs. 85.2%) cannot trigger
those large activity differences between the promoted and unpromoted catalysts shown
in Figure 1. In particular, the obvious differences still exist in the DOR corrected CTY and
TOF in Figure 1b,c. However, the observed hcp phase in the platinum-promoted catalysts
(Figures 2d and 3) can, indeed, improve the intrinsic activity of CO hydrogenation, and it is
reported that the hcp cobalt in the FTS was around 5-fold more intrinsically active than the
fcc phase [45]. This possibly illustrates the higher TOF values in the platinum-promoted
catalysts. But the mechanism of forming more hcp cobalt in this promoted catalyst is
unclear and the major phase is still fcc cobalt. The transition from fcc cobalt to hcp cobalt is
attributed to the variances in the vibrational, magnetic, and electronic degrees of freedom
within these lattice structures [60]. Notably, the absence of long-range magnetic interactions
in fcc cobalt is crucial for the formation of hcp cobalt [61]. Consequently, it can be inferred
that platinum may enhance the formation of hcp cobalt by perturbing long-range magnetic
interactions [62–64].

Then, as seen in Figure 2, 3 and S4, the platinum-promoted catalysts possess smaller
cobalt nanoparticle sizes. In this scenario, those two catalysts can provide more surface
cobalt for a reaction. The fraction of surface cobalt is calculated to be 26.5% for 5CoPt,
12.7% for 5Co, 17.2% for 15CoPt, and 9.9% for 15Co [65]. Therefore, the activities (CTY)
for the platinum-promoted catalysts (5–15CoPt) can reach a 2-fold higher value than the
unpromoted ones (5–15Co), while that for low-loaded catalysts (5Co/5CoPt) can only
be <1.5-fold higher than the high-loaded catalysts (15Co/15CoPt). The other factor here
that can affect the CTY or further the TOF could be the nanoparticle size effect. There is a
consensus that CoNPs below a critical size of 5–10 nm show low intrinsic activities (TOFs) in
CO hydrogenation [65–67]. Our nanoparticle sizes in all the catalysts are higher than 5 nm,
suggesting that the nanoparticle size effect here would not be significant [67]. However, the
unpromoted catalysts would be still more intrinsically active than the promoted ones (see
the major bridged CO adsorption in 5Co, Figure 6) due to their relatively larger nanoparticle
sizes. This is a contradiction with the TOF values in Figure 1c, indicating the existence of
other factors influencing the reaction differences.

From the reaction results in Figure 1, we know that catalysts with low loadings show
higher activities, indicating the promotional effect of the MSI. The term MSI involves
various nature changes in the catalysts like the components, morphology, charge transfer,
etc. As shown in Figure 4, a catalyst with low loading or without a platinum promoter
shows more H2 consumption at a high temperature. This means that those catalysts possess
more metal–support compounds, i.e., cobalt titanate in this case, which is an inactive phase
for CO hydrogenation and can decrease the overall activity [68]. However, the CTY and
TOF calculation has already excluded the effects of non-reducible cobalt titanate through
correction with the DOR. Then, morphology changes of the cobalt nanoparticles will also
strongly influence the activity. Here, the spreading of cobalt on the TiO2 surface would
not be significant from previous reports as the highest temperature here of only 623 K
cannot lead to obvious spreading during reduction [13]. Since TiO2 is a reducible support,
the decoration of TiO2−x (i.e., SMSI) is another morphology change we are discussing.
To minimize the surface energy, the generated TiO2−x can spontaneously migrate onto
the supported metal nanoparticles and change their surface exposure and the following
adsorbability [5,8,69,70]. However, rutile is the most thermally stable polymorph of TiO2,
and its reduction is considered to be weak [9] and can only decorate the peripheries of
CoNPs, as seen in the STEM images in Figure 2b,d (particularly 5Co in Figure 2b). In
addition, large nanoparticles (such as the largest 13.3 nm in 15Co) strongly decorated with
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TiO2−x were observed in previous work [10]. As a result, the CO adsorption in unpromoted
catalysts is hindered, as shown in the DRIFTS spectra, and can be easily removed during
heating (Figure 6 and S7). Of course, the bare platinum nanoparticles may also contribute
to the linear CO adsorption in 5CoPt [41,71], but the amount would be small due to the
extremely low Pt loading (atomic ratio Co/Pt = 10:1). Lastly, the charge effect here is
not significant, although platinum as an electron donor can promote CO dissociation and
the following CO hydrogenation [72]. The XPS binding energy shiftings of Co 2p, O 1s
and Ti 2p are minimal, as seen in Figure 5 and Figure S6. Therefore, the higher activities
of CO hydrogenation in the platinum-promoted catalysts are majorly due to their better
reducibility and higher surface cobalt (i.e., small NP size) while partially resulting from the
formation of hcp cobalt and a weak decoration effect.

3. Experimental Section
3.1. Catalyst Preparation

First, a tetraethylene glycol monododecyl surfactant (Sigma-Aldrich, Saint Louis,
MO, USA) was dissolved in hexane (Sigma-Aldrich) at 303 K to form a reverse micelle
solution. Then, a Co(NO3)2·6H2O (Sigma-Aldrich, >98%) aqueous solution was added to
acquire a pink liquid. Next, after adding pre-calcined pure rutile (773 K for 6 h), 28 wt. %
NH3 (aq) (Sigma-Aldrich) was dropwise added to generate solid Co(OH)2 NPs, and then
acetone (Sigma-Aldrich) was used to break the micelles and make the inner Co(OH)2 NPs
anchor onto the rutile support. Lastly, the acquired precipitation was filtered and washed
3–5 times with acetone before drying at 373 K for 12 h and calcining at 473 K for 5 h [73,74].
Those catalysts were designated as 5/15Co, indicating a composition with approximately
5/15 wt. % Co loading. For the platinum-promoted catalysts, denoted as 5/15CoPt, a
mixture solution of cobalt nitrate and a platinum nitrate solution (Pt 15 % w/w, Alfa-Aesar,
Ward Hill, MA, USA) were utilized, with a fixed Co/Pt atomic ratio of 10/1. The rest
of the procedures were repeated as above for the 5/15Co catalysts. Sample reduction
was achieved under the conditions of 50 vol. % H2/He flow (20 mL/min) and 623 K for
3 h [75]. The reduced samples were protected either by passivation (1 vol. % O2/He, 303 K,
50 mL/min, 30 min) or by the isolation of pure ethanol before further characterization.

3.2. Catalyst Characterization

Before measurements were obtained, each reduced or passivated sample was dispersed
into ethanol using an ultrasonic bath (10 min) and then dropped onto a carbon film-coated
copper TEM grid. After drying in air, TEM imaging was conducted using a JEOL JEM2100
TEM 200 kV instrument. HAADF-STEM was performed on a JEOL ARM200CF 200 kV
microscope. The TEM/STEM images were analyzed using 1.52e ImageJ software [76,77],
with the extraction of specific regions in Figure 2 for fast Fourier transformation (FFT). The
NP size was averaged from the manual measurement of over 100 NPs.

XRD analysis was performed using a Rigaku Miniflex X-ray diffraction instrument
(Cu Kα1, 45 kV, 2θ 20–70◦, step 0.01◦, speed 0.2 s/◦) with fixed divergence slits. Note
that the measurement of the reduced samples was protected by the ethanol solvent and
deposited a low noise Si background XRD holder.

A ChemBET Pulsar chemisorption analyzer (Anton Paar, Graz, Austria) was used to
test the reducibility of the catalysts. Before performing H2-TPR analysis, all the samples
were pre-treated under pure He flow (50 mL/min) at 393 K for 30 min. Then, the H2-TPR
with a TCD detector was started at 303 K under 10 vol. % H2/N2 (50 mL/min) and, lastly,
ramped to 1073 K (10 K/min). Specifically, an isothermal H2-TPR at 623 K for 3 h (ramping
procedure: 303 K→623 K (maintaining 3 h)→1073 K) was conducted to calculate the degree
of reduction (DOR). The H2 consumption ratios in the H2-TPR profiles of ≤623 K versus
the total temperature range were the DOR of a corresponding catalyst.

Those pre-reduced samples with passivation were used to perform XPS analysis on
a Thermo Fisher Scientific (Waltham, MA, USA) NEXSA spectrometer (Al X-ray source,
72 W, 400 microns). The samples were measured at room temperature and 10−9 mbar with
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a charge neutralization mode and a pass energy of 50 eV (0.1 eV step size). The acquired
data were analyzed by CasaXPS (version 2.3.19PR1.0) using a binding energy calibration of
C 1s (284.8 eV) [78].

The transmission FTIR spectra were measured using a Nicolet (Madison, WI, USA)
iS10 spectrometer (4 cm−1 spectral resolution). Before measurement, all the samples were
dried at 373 K for 1 h, diluted with KBr powder, and pressed into 1 mm pellets. In situ
CO adsorption (CO-DRIFTS) was carried out on an Agilent (Santa Clara, CA, USA) Cary
600 Series FTIR spectrometer. First, each catalyst was reduced under 50 vol. % H2/He
(30 mL/min) at 623 K for 3h. Then, the catalyst was flushed with 10 vol. % CO/He at 303 K
for 30 min before changing the gas to pure He (50 mL/min) to desorb the gaseous CO.
DRIFTS spectra were recorded during CO and He flushing between 400 and 4000 cm−1

with a resolution of 4 cm−1.

3.3. CO Hydrogenation

The activity of CO hydrogenation was tested on a CATLAB Microreactor (Hiden,
Warrington, UK). In total, 150 mg of powder catalyst was first reduced in 50 vol. % H2/He
(20 mL/min) at 623 K for 3 h. Before switching to syngas (H2/CO = 10, vol/vol) and
ramping to 493 K, the catalyst needed to be cooled down to 423 K in the H2/He flow. The
hydrogenation reaction was performed at 1 atm. The outlet gases before and after the
reaction were recorded using an equipped mass spectrometer (MS). The intensities of all
the fragments, i.e., m/e = 2 (H2), 15 (C1), 18 (H2O), 27 (C2), 28 (CO), 41 (C3), 44 (CO2),
57 (C4), and 71 (C5), were calibrated using the inert standard gas He (m/e = 4).

4. Conclusions

Platinum as a promoter in Co/TiO2 catalysts not only promotes the reduction of sup-
ported CoNPs but also prevents their aggregation in the catalysts. As a reduction promoter,
platinum can significantly shift H2-TPR profiles to a low temperature and enhance the
reducibility of the catalysts. However, the extent of DOR enhancement by Pt addition
cannot lead to large differences in the activity of CO hydrogenation. Since large differences
were detected in the CoNP size (see STEM/TEM and XRD) and the surface fraction of
cobalt between the promoted and unpromoted catalysts, the activity of CO hydrogenation
was majorly attributed to those aspects. In addition, platinum promoted more hcp cobalt
formation but weakened the MSI; thus, the CO adsorbability (see DRIFTS) and intrinsic
activity for CO hydrogenation (TOF) were also slightly improved. Furthermore, these
platinum-promoted catalysts can also promote CO2 formation but cannot change the hydro-
carbon yields. This work gives insights into the promotional roles of platinum in supported
cobalt catalysts and guides us to design a catalyst with optimal dispersion and reducibility
for catalytic reactions.
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under H2/CO volume ratio of 10 for 15Co/15CoPt catalysts; Figure S3: Relative MS intensities
of hydrocarbons to methane under H2/CO volume ratio of 10; Figure S4: TEM images and corre-
sponding histograms of reduced catalysts; Figure S5: FTIR spectra of the calcined and reduced
catalysts; Figure S6: XPS Ti 2p (a) and Pt 4f (b) spectra of reduced 5Co and/or 5CoPt catalysts;
Figure S7: CO-DRIFTS spectra of 5Co and 5CoPt catalysts, changing with He flushing time and
temperature (the spectra records started at 303 K).
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