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Convert syngas to paraffin and alcohols catalyzed by Co-based catalysts
Size and support dependence of Co catalysts on Fischer-Tropsch synthesis
Product distribution controlled by the surface compositions

Chemical transient kinetics experiments to study the non-steady state chemistry



Abstract

Fischer-Tropsch (F-T) synthesis, converting syngas to hydrocarbons, provides a green alternative
for fuel production. Cobalt is one of the most intensively studied F-T catalysts due to its great
activity, high stability, and relatively low cost. In this mini review, we summarized some recent
advancements in the development of cobalt-based F-T catalysts focusing on the effects of particle
size, surface oxidation states, crystallography, and bimetallic particles, with emphasis on the
research from our group. Furthermore, non-steady state conditions were investigated to access the
initial Kinetics using chemical transient kinetics (CTK) experiments, which could bring more

insights into the reaction mechanism and catalysis design.

Keywords : Fischer-Tropsch synthesis, Chemical transient kinetics, Cobalt catalysis,

Structure-property relationship
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1 Introduction

Synthesis gas or syngas, a mixture of hydrogen and carbon monoxide, has been used in the
industry as a source of fuels and chemicals[1]. The production of syngas is well established,
including steam reforming of natural gas[2], gasification of coals[3], conversion of biomass and

other organic wastes[4].

nickele catalyst

CH4 + H,0 — 750-900¢ 3H, + CO (Steam methane reforming reaction)

Depending on the production method and the raw materials (especially the carbon to hydrogen
ratios), the chemical composition of syngas varies widely. However, syngas can still work as the
source of pure hydrogen. The CO in the synthesis gas can yield another molecular H> via water-
gas shift reaction, where the pure H can be obtained after removing CO- and used in the synthesis
of ammonia, hydrogen peroxide, methanol and other fine chemicals[5]. Pure carbon monoxide can

be obtained by cryogenic separation or absorption in aqueous copper salt solutions[5].
CO + H,0—- CO, + H, (Water gas shift reaction)

Besides as the hydrogen and CO source, syngas is also used for electricity generation[6],
synthesis of methanol[7-9], and directly as a fuel[10]. Among all applications of syngas, Fischer-
Tropsch (F-T) synthesis is a crucial reaction that produces hydrocarbons ranging from CHas to long
carbon chains such as gasoline and diesel. Sabatier et al. first reported the hydrogenation of CO to
form methane in 1902[11]. Fischer and Tropsch then discovered “gasoline synthesis” from CO
and Hz in 1926. F-T synthesis usually produces a mixture of hydrocarbons with different carbon
numbers via a multi-step reaction. As shown in the equation (1), -CHz intermediates are formed to
achieve chain growth, leading to the production of paraffin or olefins. The growth of carbon chains
requires breaking the C-O band, the addition of hydrogen atoms to carbon and oxygen, and forming
anew C-C bond. It is widely accepted that the formation of one -CH. intermediate group involves
1) associative adsorption of CO; 2) splitting the C-O bond; 3) dissociative adsorption of two H>
molecules; 4) water formation; 5) water desorption; 6) (CH.) formation by transfer another two H



atoms to the carbon atom. Therefore, the formation of metal carbonyls on the surface is believed
to be crucial to produce hydrocarbons. A more detailed mechanism was summarized in the review
by Schulz[12].

CO + 2H, » (CH,) + H,0 (1)
(2n + DH, + nCO - C,Hypy, + nH,0 )
(2n)H, + nCO - C,H,, + nH,0 3)

2 Fischer-Tropsch catalyst

F-T catalysts usually are (1) active for hydrogenation reactions; (2) capable to form metal
carbonyl around the F-T reaction conditions[12]. Iron and cobalt are the traditional catalysts for
“gasoline synthesis”, and are still used for industrial application[13]. Nickel, ruthenium and
rhodium are also typical F-T catalysts. Nickel selectively produces methane at higher temperatures
and forms volatile “surface carbonyl” at elevated pressure, causing the deactivation and continuous
loss of metal under commercial reaction conditions[14]. Thus, nickel has not been commercialized
for the F-T process[14, 15]. Ruthenium can effectively lower the reaction temperatures due to its
high activity and produce long-chain hydrocarbons with high selectivity. However, its industrial
application is limited by the scarcity and high-cost. Rhodium-based catalysts have been reported
to directly convert syngas to C2+ oxygenate due to its moderate adsorption of CO molecules, which
will be discussed further in this paper. Both iron and cobalt catalysts have been used for F-T
synthesis in the industry. Iron catalysts could selectively produce the linear terminal olefins with
the 60-70% selectivity towards C,-Cs4 olefins[16]. It also has activity toward water gas shift
reactions, which is favorable for the conversion of CO-rich syngas[17, 18]. However, water as a
byproduct will deactivate the iron catalysts via oxidation of the active Fe species and inhibit the
rate of FTS. Therefore, it is essential to maintain a low partial pressure of water during industrial
operations, usually achieved by the use of reactors in series and removing water from recycled
steam[19]. Besides, the activity loss of Fe-based FTS catalysts is also caused by: (1) transition
from the active phases (metallic Fe, carbide) to inactive phases (e.g. oxide, inactive carbides); (2)
deposition of carbonaceous species on the surface; (3) loss of active sites from sintering; (4)

surface poisoning (e.g. sulfur)[20]. Cobalt has gained more attention due to the production of diesel



fuels due its higher activities, higher Cs+ selectivity, and more resistant to deactivation compared
to iron [21]. Re-oxidation of cobalt and formation of poly-carbon are two main reasons for long-
term deactivation, while sintering may lead to the loss of activity at the initial stage especially for
6-12 nm crystallites[22]. In addition, carbide formation, poisoning, the formation of stable
compounds via interaction between cobalt and supports, surface reconstruction could all cause the

deactivation, as summarized in previous reviews[22, 23].
3 Fischer-Tropsch synthesis using Co catalysts

In this mini review, we focused on our recent work on cobalt-based catalysts and summarized the
studies of size effect[24], crystallography effect, the influence of surface oxidation state[25] on
both pure Co and bimetallic alloys[26]. In addition, chemical transient kinetics (CTK) experiments
were discussed including the experimental set-up and the study of reaction under non-steady state
condition[27, 28].

3.1 Particle size effect

The synthetic methods of nanoparticles with preciously controlled size and shape were well
explored and established since the early 21st centuries, which leads to the rapid growth of
nanocatalysis[29]. By using nanomaterials as catalysts, remarkable novel catalytic properties
including significantly enhanced activity and selectivity have been reported and new surface
chemistry has as well been investigated[30-42]. The activity and selectivity of the F-T process are
also size-dependent[37, 38, 42-44]. Early work by Iglesia has reported the turnover frequency
(TOF) of F-T synthesis is insensitive to the cobalt particle size over a range of 10-200 nm[45].
However, the TOF will dramatically decrease when the particle size is smaller than 10 nm, and the
selectivity to methane increases within smaller nanoparticles[46-48]. The cobalt particle size effect
in the range of 2.6-27 nm was investigated by de Jong’s group using inert carbon nanofibers as
supports. TOF of CO hydrogenation remains almost unchanged when particle sizes are larger than
6 nm (1 bar) or 8 nm (35 bar), but decreased with smaller particle size (< 6 nm)[37].

Our group studied the size effect using cobalt nanoparticles (NPs) with four different sizes (3.2,
5.5, 8.6, and 11 nm) supported by mesoporous silica (MCF-17)[24]. All the catalysts were

pretreated in pure oxygen at 350 °C, followed by a reduction in hydrogen flow at 450 °C. The



reaction was then carried out under a flow of Hz: CO: Ar (2:1:0.08) at 5 bar, with a flow rate of 30

mL/min. Fig.1a shows the increase of CO consumption TOF with increasing particle size at three

tested temperatures (190, 220, and 250 “C). 11 nm Co NPs shows a 15-fold greater TOF than that

fo 3.2 nm Co NPs at 190 °C, while only 5-fold enhancement was obtained at 250 “C. Moreover,

the product distribution is also changed with the particle size (Fig.1b). 11 nm Co has the largest
selectivity (~85%) to long-chain products with carbon number higher than 5 (Cs+) but the smallest
selectivity to methane, while smaller particles are more selective to methane formation (all larger
than 30%). This selectivity trend as a function of particle size is consistent with the results reported
by de Jong’s group[37], while 10 nm Co NPs supported by inert carbon nanofibers exhibited a
higher methane selectivity of ~40 wt% and a Cs- selectivity of 30 wt%. Zhang and coworkers
studied the catalytic performance of Co/Al.O3 using different commercial alumina, and a 14.7%
methane selectivity and ~80% Cs- selectivity were observed on the alumina support with lower
acidity[49], which is consistent with some other reports[50, 51]. Therefore, we proposed the high
selectivity towards Cs+ product and low selectivity of undesired methane over 11 nm Co might be
explained by the support effect. Besides, the size effect also results in different responses to the

temperature changes. Fig.1a demonstrates the increases in TOF with raising temperature for each

particle size and Fig.1c-d show the temperature effect on selectivity. At 190 "C, all Co NPs with

different sizes have very similar selectivity towards methane and Cs. product, indicating size effect
is not obvious at the lower temperature. However, more methane and less Cs. product were formed
at a higher temperature in general while temperature effect is more significant on smaller particles,
which leads to the large difference in product distributions.

The origin of the decreased activity and increased methane selectivity of small Co NPs was
investigated by de Jong’s group using steady-state isotopic transient kinetic analysis (SSITKA) to
monitor the surface species[38]. The irreversibly bonded CO molecules should be responsible for
the low activity of small NPs due to the block of Co sites. Besides, the lower specific activity of
terrace sites on smaller Co particles seems to significantly hamper the TOF. The possible
explanation could be the slower CHyx hydrogenation caused by the stronger binding of Co-CHy
bond. Salmeron’s group demonstrates the decreased CO conversion to methane with particle size

(< 10 nm) is not due to surface oxidation by water, carbon deposition or sintering[44]. Instead,



they proved that H. dissociation is more difficult on smaller particles via H-D exchange

experiments, and proposed the observed size effect is related to the dissociation of hydrogen.

3.2 Effect of surface oxidation state

Besides size effect, the investigation into other characteristics of catalysts will bring more insights
into the reaction mechanism and catalyst design, among which the oxidation states of surface
metals catches our attention. It is well known from surface chemistry that surface restructuring can
be induced by various gases, which could lead to the activation of the catalyst surface or new
reaction pathways[52-54].In F-T synthesis, metallic Co is believed to be necessary to dissociate
CO, which most likely works as the active site. Nevertheless, the oxidation of surface cobalt atoms

is inevitable in the reaction pathway, as shown in equation 4.
CO + H, + Co— CH, + CoO 4)
CoO + H, » H,0 + Co (5)

The surface oxygen could be subsequently removed by reacting with hydrogen, producing water
and regenerating the cobalt active sites (equation 5). The byproduct water, however, is also an
oxidizing agent, that possibly leads to the deactivation of cobalt catalysts due to surface oxidation.
The impact of water in F-T synthesis has been well summarized in the previous reviews[55-58].
Theoretically, the regeneration of metallic Co active sites of bulk cobalt oxides is
thermodynamically favorable at the typical operation temperature for F-T synthesis (220-250 °C).
On the other hand, small Co NPs (< 4.4 nm, unsupported) are expected to be unstable in the
presence of water vapor (pH20/pH2 < 1.5, ~ 75% CO conversion) and oxidized to Co(Il)O, as
evidenced by the thermodynamic analysis[59]. The ease of oxidation of smaller Co NPs might
decrease the number of active sites and thus lead to poor activity, which is another explanation of
size effect on the activity. Khodakov’s group provided direct evidence for surface oxidation of
Al>O3supported Co NPs using scanning transmission electron microscopy combined with spatially
resolved electron energy loss spectroscopy (STEM-EELS)[60]. The tested Co NPs stay almost
metallic (both in the bulk and at the surface) after 20 h reaction at 220 °C. Cobalt oxide species
showed up after severer reaction conditions and longer reaction time (240 °C, 170 h) were applied.

When temperature increases to 340 °C, a distinct oxygen halo was appeared in STEM, indicating



the formation of CoOx layer on metallic Co core, in the presence of dominant water vapor at higher
temperatures. A decreased activity and increased selectivity to methane were observed for this
surface-oxidized Co NPs.

It is noteworthy that oxidized cobalt atoms rather than metallic cobalt could interact with the
support, yielding the thermodynamically more stable species (e.g. cobalt aluminate[61], cobalt
silicate[62] or cobalt titanate[63]), which further deactivates the catalysts due to the loss of active
cobalt. Holmen’s group investigates Co reoxidation via in situ X-ray absorption near edge structure
(XANES) and confirmed the accumulation of CoAl204 during the F-T process[64]. They proposed
the spreading of formed CoO over the Al.Os leads to the reaction of Co?" with the support. To
avoid the irreversible loss of active species, the authors suggest a reoxidation threshold calculated
as 5.3 nm. Besides making larger particles, the stability of metallic phases could also be increased
by the addition of promoters such as Pt[65], Re[66, 67] and Ru[45]. For example, Pt could promote
the reduction of calcined Co catalysts for both steps at relatively lower temperatures: C0z0s —
Co0 and CoO — Co[68]. With the lower activation energy of forming cobalt metallic phase, the

reaction rate was significantly increased compared to monometallic Co NPs.

Interestingly, our group discovered an active cobalt oxide catalyst for the F-T Synthesis[25]. Two
porous metal oxides (i.e. TiO2 and SiO) were prepared to support 10 nm Co NPs synthesized by
colloidal method. For both supports, a reduced Co (denoted as “red”) catalyst and an oxidized Co

(denoted as “ox™) catalyst were prepared. The reduced Co was pretreated in 20 vol% H2 in He flow

at 450 °C for 1h. The oxidized Co was obtained by pure O treatment at 350 "C, followed by H>

treatment at 250 °C which is not sufficient to reduce cobalt. Ambient-Pressure X-ray Photoelectron

Spectroscopy (AP-XPS) spectra of Co/TiO2 demonstrates that Ti species were all reduced to Ti®*

at 450 °C under 100 mTorr of H, while Co™ was only partially reduced to metallic Co° (Fig. 2a-

b). As a comparison, no metallic Co was observed at 250 “C and Ti was only partially reduced.

The oxidation state of Co was further analyzed by Extended X-ray Absorption Fine Structure

(EXAFS), showing the metallic Co at 450 °C and oxidized Co at 250 “C under 150 Torr H2 (Fig.2c-

d), which pressure is closer to the reaction conditions. F-T synthesis at 250 °C under 5 atm CO/H>



(ratio 1:2) for 24 h was then catalyzed by both Co/TiO. and Co/SiO. with alternating oxidation
states. Co/TiO, shows a larger TOF than that of Co/SiO; all over the time. Surprisingly, the
oxidized Co/TiO: is active and yields 2 times TOF compared to reduced Co/TiOz. In contrast,
reduced Co/SiO2 is more active compared to oxidized Co/SiO2. To understand the unusual

catalytic performance, the surface Co percentage (%Co) on TiO2 support was monitored by both

AP-XPS and lab-based XPS. It was found out the %Co increased from 29% in O, at 350 "C to 35%

in Hz at 250 °C, but dropped to 20% at 450 °C in H2. The decreased surface %Co in the reduced

Co/TiO2 was probably due to the encapsulation of metallic Co by TiO (Fig.2e), which lowers the
number of accessible active sites and thus hamper the activity. Meanwhile, the increase of %Co in
the oxidized Co/TiOz indicates the wetting of small cobalt oxide on the surface of TiO2 due to the
strong metal-support interaction (SMSI).

A recent work by Liu and coworkers also observed an active CoO phase supported by SiO; in F-
T synthesis[69]. Differently, the CoO species were obtained directly from the reduction of Co304
and yielded higher TOF compared to metallic Co. The DFT calculation demonstrated the lower
activation energy of CO dissociation via hydrogen-assisted CH,O pathway on CoO(200) surface
compared to the face-center cubic Co (111) surface, suggesting CoO could also be an active phase

in this reaction.

3.3 Effect of crystal phase

Crystallographic structure is another structure sensitivity observed in F-T synthesis. Cobalt can

exist in three different crystal phases, i.e., a-Co (HCP, hexagonal closest packed), fCo (FCC,

face-centered cubic) and eCo (complex cP structure, primitive cubic)[70]. While the Saphase
transition of bulk Co occurs around 400 °C[71], the transformation of NPs could be achieved at
milder condition. Kitakami discovered a close relationship between the crystal phase and particle
size, namely pure FCC (<20 nm), mixture of FCC and HCP (~ 30 nm) and dominant HCP with a
very small portion of FCC ( > 40 nm). A further theoretical calculation suggested fCo Wulff
polyhedron is the most stable phase when particles are smaller than 110 nm, while the other two
(BMT icosahedron, a Wulff polyhedron) could exist as metastable phases[72]. The difference in
crystal structure leads to distinct surface morphologies and topologies (i.e. exposed facets, atom

density, active sites), which results in different catalytic performance. Many groups have reported



the higher activity of HCP than FCC Co NPs[73-78]. A detailed DFT calculation reveals the higher
CO dissociation rate on most of the HCP facets compared to those of FCC, indicating the higher
intrinsic activity of HCP Co[79]. Moreover, the computational results suggest the direct CO
dissociation (CO* + H* — C* + O* + H*) is preferred on HCP Co while the hydrogen-assisted
CO dissociation (CO* + H* — CHO* — CH* + O%*) is thermodynamically favored on FCC Co
NP. As shown in Fig.3, the potential energy of direct pathway on HCP Co is lower than that of
hydrogen-assisted dissociation on FCC Co, indicating the higher activity of HCP Co even in the
presence of Ho.

The formation of Co2C during F-T synthesis was also observed, which is considered as one of the
deactivation mechanisms[23, 80]. CoC is typically regarded inactive, yielding very low activity
of CO dissociation and high selectivity to methane[78, 81]. However, Co.C nanoprisms derived
from CoxMn1xO under reaction conditions were reported to selectively convert CO to low
olefins[82]. It is believed the exposed {101} and {020} facets in the quadrangular nanoprism
morphology are responsible for activity and high selectivity to lower olefins. In another work by
Li’s group[83], the selectivity towards alcohols dramatically increases in the presence of both
Co2C and metallic cobalt, and therefore the Co.C and Co interface was proposed as the active sites.
DFT was used to confirm the synergetic effect of Co-Co,C. The calculation results suggest
dissociative adsorption of CO and subsequent C-C coupling occur on the metallic Co sites, while
Co.C preferred the non-dissociative adsorption of CO molecules which could easily insert into the
CH: intermediates on the Co sites to produce alcohol. Another recent computational work
investigates the Co, Co2C and CosC phases to determine the intrinsic active site for selective
formation of light olefin in FTS[84]. The calculation indicates the formation of alkanes is
thermodynamically favored on Co(111), while C0.C(111) has the highest selectivity to methane
due to the stronger binding of CH: intermediates. Furthermore, CosC(101) is beneficial to increase
the selectivity of light olefins due to its lower energy barrier for C-C coupling and weaker H
binding suppressing the deep hydrogenation. Finally, the authors suggest the Co/CosC interface
could be a promising candidate for the selective production of light olefins, as summarized in Fig.4.



3.4 Bimetallic nanoparticles

As has been discussed, Co-based catalysts produce hydrocarbons with high carbon numbers but
few oxygenated products which require a different reaction pathway. Nanoparticles composed of
two different metal elements usually show novel catalytic, electronic and optical properties
compared to the two individual metals[85-87]. The modification of the activity and selectivity of
catalytic reactions results from the tunable electronic and geometric properties by adding the
second metal[54, 88].

Rhodium was selected due to its ability to absorb CO molecules both dissociatively and non-
dissociatively[89], the latter is believed to be critical in alcohol formation[90]. We thus were able
to adjust the alcohol selectivity by tuning the amount of added rhodium. 5 nm spherical Co-Rh
bimetallic NPs (with 2, 10, 16 at% Rh), pure Co and Rh NPs were synthesized by the colloidal
method[26]. These nanoparticles were then supported on MCF-17 and used as catalysts in F-T
synthesis. Co-Rh bimetallic catalysts show a similar activity compared to the pure Co catalysts,
while pure Rh remains almost inactive. The addition of Rh changes the selectivity compared to
pure Co catalyst. Although the high selectivity towards Cs. is similar to that of Co/MCF-17,
alcohols including methanol, ethanol and propanol were produced by Co-Rh/MCF-17, with up to
5 times higher yields. In order to build the relationship between the catalytic properties and surface
structures, Co and Rh distribution under reaction conditions were investigated by AP-XPS. Fig.

5a shows the phase segregation induced by different gas environments. Surface Co is enriched to

88% after O, treatment at 350 °C, while Rh diffused to the surface under H» flow at 450 °C, and

remained on the surface (59%) under reaction gas environment (Hz: CO = 2:1). Probing depth
profiles of AP-XPS indicates the decrease of Rh concentration from the surface to the bulk,
confirming the surface enrichment of Rh (Fig.5b). The alcohol selectivity is then correlated to the
surface Rh concentration. A volcano shape was observed for both alcohol formation (Fig 5¢) and
selectivity to larger alcohols such as propanol (Fig. 5d), clearly indicating an optimum Co-Rh ratio

on the surface is critical to enhancing the selectivity.



4 Chemical Transient Kinetics study

F-T synthesis is a complicated reaction involving plenty of elementary steps, reaction active sites
and surface spices, of which reaction mechanism is still under debate. Transient kinetics studies
are very useful to gain fundamental insights into intrinsic reaction kinetics and reaction mechanism.
Transient techniques such as steady-state isotope kinetics analysis (SSITKA)[91, 92], temporal
analysis of products (TAP)[93], and chemical transient kinetics (CTK)[94] have been applied in
the heterogeneous catalysis for mechanistic and kinetic investigation. Here, the design of CTK
system in our group and its application in the mechanism study of F-T synthesis will be reviewed
and discussed in this section.

4.1 System set-up

CTK monitors the time response of the F-T synthesis following a sudden change from inert gases
to reactants (CO and Hz) and traces the build-up of the steady state. Insights are gained into the
initial construction of the active surface, thus to help understand the full scope of each step and
better control the selectivity of this complicated reaction. A new gas flow system with two
independent plug-flow circuits was designed for CTK experiments[28]. As shown in Fig.6 inset,
a four-way valve is used to control the circuit directed through the reactor. The gas at the reactor
outlet was continuously analyzed by an online quadrupole mass spectrometer (QMS), which
operates using a multiple ion detection mode with an effective time resolution of 2.2s. To obtain a
complete picture of the broad product distribution, samples at the outlet were also analyzed offline
using a GC-MS equipped with a flame ionization detector (FID), a thermal conductivity detector
(TCD) and a QMS. A model catalyst CoMgO was used to evaluate the performance of the system,
and the results from online-QMS are consistent with the previous report, confirming the validity
of the system. Followed by that, GC-MS was used as the analyzer for CTK experiments. A small
volume of the effluent gas (~1.3 mL, corresponding to the time resolution of 2 s) is injected into a
vacuum-sealed flask via a synchronized sampling system at moments during the transient period
(the selected sampling times were marked as the vertical dashed line in Fig.7a). These samples
were then analyzed by GC-MS to provide a product distribution at each time (t), and the selectivity
of different products as a function of time was displayed in Fig.7b. The main product methane is
the first one to appear, followed by Cas, Cas, Cas, Css and Ces, all appearing in the first 40 s. The

product distribution reached the steady state after 60 s and remained unchanged over a few hours.



The appearance sequence of hydrocarbons is directly related to the carbon numbers, indicating a
polymerization mechanism. The use of GC greatly lowers the detecting limit compared to only

using online QMS where Ca-+ is not detectable.

4.2 Time-Resolved CTK study of model Co catalysts.

The reaction mechanism of FTS is still under debate. As summarized in previous reviews[95-99],
three main mechanisms were proposed, namely carbide mechanism, hydroxycarbene (enol)
mechanism and CO insertion mechanism. Fischer and Thopsch proposed the carbide
mechanism[100], suggesting the dissociative adsorption of CO as chain initiation. Methylene (CH.)
group formed by hydrogenation of surface carbon is believed to be the monomer of chain
propagation. Hydroxycarbene (-CHOH) intermediates are responsible for C-C coupling in
hydroxycarbene mechanism[101], while inserting CO into alkyl intermediates represents the chain
growth in CO insertion mechanism[102], as summarized in Fig.8. Due to the complicated reaction
network, multiple active sites or ensembles are likely involved in F-T synthesis for individual steps:
CO dissociation, H» dissociation, monomer formation, polymerization, chain termination. To
better understand the reaction mechanism and reveal the structure-property relationship, transient
reactor systems such as CTK and SSITKA have been applied to provide information about surface
coverage and residence time of intermediates[92, 94, 95, 103-105]. For example, SSITKA was
used to determine the rate coefficient of chain initiation, growth and termination in F-T
synthesis[106] and a previous CTK study showed the evidence of CO-insertion mechanism on
Co/MgO model catalyst[104]. Besides, Hensen’s group used both SSITKA and CTK to investigate
the mechanism of methanation over Pt-prompted Co/SiO; catalysts[107].

Somorjai and coworkers presents a CTK study on the size dependence of Co NPs (4.3 nm and 9.5
nm) under non-steady states condition[27]. Similar to the CoMgO catalyst discussed in section 4.1,
hydrocarbons appeared in the order of the carbon numbers (Fig.7a-b). This consistent sequential
appearance of the hydrocarbons confirms that single carbon species are the monomer on both Co
NPs, agreeing with the Anderson-Schulz-Flory distribution. The single carbon monomer is further
proved during backward transient that a significant amount of methane was detected in 10 s after
CO purge is stopped. The carbon balance was traced over time using data from both online MS
and offline GC-MS, and carbon coverage (0,) as a function of time was plotted for both catalysts

(Fig. 9d). Both catalysts have a change of accumulating rate around 15 s, with 4.3 nm Co NPs tend



to be stabilized at 6, = 0.5 while 9.5 nm Co NPs continue to steadily grow carbon on the surface.
Therefore, we propose the carbon monomer is formed in the first several seconds. Besides, 6, the
value of 0.5 might also be critical where carbon coverage and hydrogen coverage reache
equilibrium and favors the chain-growth kinetics. The product distribution of both Co NPs was
obtained from GC-MS. A small amount of CO2 was observed on both catalysts, but no alcohol
was detected for either of them. The only big difference is the olefin to paraffin ratios (O/P). The
smaller O/P value of 4.3 nm Co (0.07 vs. 0.35) indicates the higher hydrogenation activity of
smaller Co NPs. Fig. 9c shows the different normalized outlet flow of CO for both catalysts
monitored by online QMS. 4.3 nm Co has a shaper slope and reaches the steady-state in 20 s,
indicating a faster adjustment of the surface under the reaction environment even its surface area
is larger. As a contrast, it takes about 100 s for 9.5 nm Co NPs to reach the steady state, probably
owing to the weak adsorption of CO.

A recent CTK study by Kruse’s group revealed the competing mechanisms in F-T synthesis over
Co-MnOx model catalysts[108]. CO insertion mechanism is believed to be dominant under high
surface coverage condition, evidenced by the linear dependence of transient chain lengthening
probability on the CO partial pressure. However, the C-C coupling of CHy s also significant below
the monolayer limit, probably via the hydrogen-assisted CO dissociation. This study demonstrated
the importance of surface coverage on the reaction pathways and highlighted the advantages of
CTK systems in monitoring the surface intermediates.

5 Summary and outlook

We showed a general methodology to study the Co-based catalysts for F-T synthesis, including
the enhancement of catalytic performance via particle size effect, surface oxidation state, support
effect and alloying to form bimetallic nanoparticles. All these parameters played critical roles in
tuning the reaction activity and selectivity, making F-T synthesis a very complicated reaction
network. The Co size effect has been studied for many years, and many understandings of the
origin of Co size effect were achieved. Clearly, the size effect also correlates with the effect of
surface oxidation state and particle crystal phases, and thus a comprehensive study to integrate
these elements might be helpful. The oxides and carbides which were previously believed to be
responsible for deactivation, have been reported as active phases with different selectivity from
metallic cobalt. The design of novel cobalt oxide and cobalt carbide could lead to production



distribution shift to lower olefins or alcohols, leading to a new reaction direction. Moreover, CTK
has been proven to be a powerful tool to investigate the reaction kinetics and mechanism during
the non-steady state, but mostly on model catalysts. More catalytic systems should be investigated
using transient techniques to build a complete picture of F-T synthesis. For our group, it is planned
to continue study F-T synthesis using single site catalyst with different metal atoms and metal
oxide supports. We envision novel catalytic behaviors will be observed on single site catalyst due

to its unique adsorption geometry, tunable oxidation state via SMSI and good thermal stability.
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Fig.1 (a) CO consumption TOF of 3.2, 5.5, 8.6 and 11 nm Co/MCF-17 catalysts at three
temperatures (190, 220, 250 °C). CO hydrogenation was carried out at 4 bar with Hz to CO ratio
of 2:1; (b) Selectivity towards methane (SCHa) and hydrocarbons with the carbon number of 5 and
higher (SCs+) as a function of particle size in CO hydrogenation at 5 bar and 250 °C. Temperature

and size dependent of (c) Cs+ and (d) methane selectivity in CO hydrogenation. Adapted with
permission from Ref[24]. Copyright 2013, Springer Science Business Media New York.
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Fig.2 Ambient-Pressure X-ray Photoelectron Spectroscopy (AP-XPS) spectra of the Co/TiO2
catalyst at (a) Co 2p and (b) Ti 2p core levels under various conditions. (c) Near Edge X-ray
absorption fine structure (NEXAFS) spectra and (d) the corresponding Extended X-day
Absorption Fine Structure (EXAFS) oscillation at Co K edge at different temperatures. (e)
Schematic representation of proposed surface reconstruction under oxidative and reductive
environments. Adapted with permission from Ref[25]. Copyright 2014 American Chemical
Society.
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breaking via the direct route (red) and the H-assisted route (blue) on (A) HCP Co facets and (B)
FCC Co facets. The equilibrium morphology of HCP Co and FCC Co based on the Wulff
construction from DFT were presented on top. Adapted with the permission from Ref[79].Copy
right 2013 American Chemical Society.
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in total alcohol product as a function of surface Rh concentrations. Adapted with permission from
Ref[26]. Copyright 2016, Springer Science Business Media New York
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Fig.6 Schematic presentation of the gas-line, reactor and analyzer used for chemical transient
kinetic experiments. Inset shows the valve switch to allow the fast gas change from circuit 1 to
circuit 2. Adapted with permission from Ref [28]. Copyright 2014 American Chemical Society.
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as a function of time obtained from GC-MS data. The reaction was carried out using CoMgO as
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Chain Initiation: CO dissociation and hydrogenation
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(2) Hydroxycarbene Mechanism

Chain Initiation: formation of hydroxy carbene
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(3) CO Insertion Mechanism
Chain Initiation: reduction of adsorbed CO
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Fig. 8 Three main mechanism of F-T synthesis. Adapted with permission of Ref[95]. Copyright
2014, Springer Nature.
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Fig. 9 Carbon selectivity as a function of time of (a) 4.3 nm Co/MCF-17 and (b) 9.5 nm Co/MCF-
17. (c) Normalized outlet flow and theoretical flow of CO for 4.3 nm and 9.5 nm CO/MCF-17. (d)
Carbon coverage (0,) for 9.5 nm and 4.3 nm Co/MCF-17. Adapted with permission from Ref[27].
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