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Abstract

Ambient-pressure XPS was used to investigate the reactions of CO, H,, and their
mixtures on Co foils. We found that CO adsorbs molecularly on the clean Co surface and
desorbs intact in vacuum with increasing rate until ~90°C where all CO desorbs in
seconds. In equilibrium with 100 mTorr gas, CO dissociates above 120°C, leaving
carbide species on the surface but no oxides, because CO efficiently reduces the oxides at
temperatures ~100°C lower than H,. Water as impurities or produced by reaction of CO
and H, efficiently oxidizes Co even at room temperature. Under 97:3 CO/H, mixture and
with increasing temperatures, the Co surface becomes more oxidized and covered by
hydroxyl groups until ~150°C where surface starts to get reduced, accompanied by
carbide accumulation indicative of CO dissociation. Similar trend was observed for 9:1

and 1:1 mixtures but surface reduction begins at higher temperatures.
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1. Introduction

Modern gas-to-liquid (GTL) technology aims to produce synthetic lubricants and liquid
fuels from synthesis gas (or syngas for short, a mixture of carbon monoxide (CO),
hydrogen (H;), and often some carbon dioxide (CO;)), which can be obtained from the
conversion of coal, natural gas, and renewable biomass sources.'™ The Fischer-Tropsch
(F-T) process consists of a series of reactions that catalytically convert syngas to long-
chain hydrocarbons,”® and plays an essential role in GTL technology, which has therefore

attracted a great deal of scientific interest over the past few decades.” '

Cobalt (Co) is among the best catalysts used in commercial F-T synthesis, thanks to its
superior activity, high probability of chain growth, and low water-gas-shift activity (i.e.,
CO + H,0 < CO, + Hy), although it is more expensive compared to iron, which is
another commercially available catalyst.*’ In order to use the metal more efficiently and
achieve optimal catalyst design, it is crucial to understand the fundamental processes
taking place on the catalyst surface during F-T synthesis. For example, one of the
elemental steps in F-T synthesis is the dissociation of adsorbed CO molecules. Two
reaction pathways have been proposed and evaluated via theoretical calculations, namely
the carbide mechanism and the hydrogen-assisted mechanism, both still under debate.
The main difference between the two is whether or not hydrogen adsorbed on the catalyst
surface participates in CO dissociation.'”'* Other relevant processes of practical interest
include carbon deposition, catalyst poisoning, short-term and long-term deactivation,

catalyst regeneration, etc.'> >

Co-based F-T catalysts have been extensively studied in the past, including Co single
crystals, polycrystalline Co foils, and Co nanoparticles on different oxide supports.*’
Many (surface science) characterization techniques,”*' such as scanning tunneling

microscopy (STM),' ¢

various electron spectroscopies (e.g., x-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES), x-ray absorption spectroscopy
(XAS)),”?® and temperature-programmed desorption (TPD),***’** have been very
helpful in the mechanistic studies of various catalytic systems. In many cases, the
chemical and structural changes of the Co catalyst surface were characterized ex situ, i.e.,
by comparing the catalyst before and after the reaction. More recently surface
characterization techniques that work under more realistic conditions have been
developed in an attempt to close the pressure gap between surface science and

heterogeneous catalysis.”” >’ Ambient-pressure XPS (AP-XPS) is one successful example
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for operation in the mTorr to few Torr range. Synchrotron light sources provide the
additional advantages of high brilliance and variable x-ray energy, which facilitates
efficient probing of the catalyst chemical state and the nature of adsorbed and dissolved

species with different probing depths.>>%*

In this article we used AP-XPS to systematically investigate the chemical state of a
polycrystalline Co foil surface in the presence of pure CO and H; reactant gases and their

mixtures.

2. Materials and Experimental Methods

The Co foil (Purity: 99.9%; Temper: as rolled) was purchased from Goodfellow
Corporation. To minimize contamination, the gas lines for CO and H, were baked at
120°C and purged several times before pressurization. Prior to introduction of CO into
the measurement chamber, the CO gas (Purity: 99.99%) was passed through a hot trap of
copper beads at 250°C, to remove any carbonyl contaminants. We checked Ni XPS signal
on a regular basis to make sure that no Ni deposition occurred during our experiments.
Similarly, ultra-pure H, gas (99.999% purity) passed through a liquid nitrogen trap to
minimize residual water impurities by freezing. As will be discussed later, H;
introduction causes an increase in the background pressure of water, possibly because of
reactions with the chamber walls which became more severe with time, as shown in the
mass spectrometry measurement performed after three days of in situ measurements
(Figure S1). Unfortunately background water is particularly problematic due to the high

reactivity of Co with water to produce oxide.

AP-XPS measurements were carried out at the AP-XPS endstation of Beamline 11.0.2 of
the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory.”
Before the experiments, the AP-XPS chamber was baked out at 120°C for 48hr, resulting
in a base pressure of 1x10” Torr. In situ experiments were conducted within multiple 12-
hour sessions, with 12-hour waiting period between each session. The base pressure
could be recovered to low 10 Torr after 12-hour period. Before each set of
measurements the Co foil was subject to a cleaning procedure in the preparation chamber
(base pressure: 6x10"° Torr) involving 1 keV Ar" sputtering, annealing to 400°C, heating
in 1x10” Torr O, at 400°C, and again in vacuum at 700°C (details of these procedures are

described in Section I of the supporting information (SI)). Repetition of this treatment
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removed the surface carbon contamination, as verified by APXPS measurements. After
the cleaning procedure the sample was intentionally exposed to a few mTorr of CO to
cover its surface and prevent accumulation of background contaminants. This was not
necessary in CO adsorption measurements conducted in the freshly annealed chamber,
which had much less background water contamination. Sulfur and nitrogen were
sometimes found on the Co surface. These contaminants impact CO adsorption on the Co
surface as discussed in SI Section II. In all experiments presented below however, sulfur

or nitrogen contamination was completely removed from the surface.

Unless otherwise noted, XPS spectra of each region were acquired with incident photon
energies (E;) of 1000 eV for Co2p, 735 eV for Ols, and 490 eV for Cls, to produce
ejected photoelectrons with kinetic energies (Eyi,) of about 200 eV. According to electron
inelastic mean free path (IMFP) data,*' the probing depth of such photoelectrons is
around 0.6 nm. To minimize beam damage, the x-ray beam was defocused and the shutter
closed between measurements to block the x-ray beam from entering the measurement
chamber. In addition, the beam spot was moved to a new location on the surface for each
set of measurements. Unless otherwise noted, in all temperature-dependent measurements
each set of spectra was acquired when the temperature of the Co foil stabilized at a target
temperature with no more than + 2°C fluctuation within approximately 20 min. Details

about spectra fitting procedures are described in SI Section III.

3. Results and Discussion
3.1 Co surface after cleaning cycles

The survey XPS spectrum of the sample (Figure 1) acquired in ultra-high vacuum (UHV)
while the surface was still at ~400°C, shows the chemical state of the surface after a
cleaning cycle. Apart from the metal Co peaks only small C and O peaks are observed.
Based on published ionization cross sections of each element we estimate the
concentration of these impurities to be below approximately 1% (atomic percentage or
at%) with respect to Co. Percentage concentrations of surface species with respect to Co
determined in this way will be used in the remaining of the paper. Details of the

calculation method are described in SI Section III.

After the temperature decreased to RT following cleaning we obtained a nearly carbon-

free surface, as shown by the C/s spectrum at the bottom of Figure 2a. The O/s spectrum
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(shown in Figure 2b) however, exhibits an oxygen peak at 529.6 eV, which corresponds
to approximately 10 at%. As will be discussed later this oxygen is likely the result of
reaction between Co and residual H,O in the UHV background. Since the Co2p spectrum
(inset of Figure 1) does not exhibit features related to oxidized Co, we believe that the
peak at 529.6 eV is related to adsorbed atomic oxygen.?” There is also a small shoulder at
530.4 eV (<1 at%) due to an unidentified chemical species, which we will refer to as O.
The intensity of the Oy species however almost never changed in the various chemical

reactions studied below, indicating that it may correspond to a subsurface species.
3.2 CO adsorption and desorption on Co surface

Introduction of 1x10” mTorr CO into the chamber gave rise to new peaks at 285.5 eV
and 531.6 eV in the Cls, and Ols regions of the XPS spectrum (Figure 2), respectively.
They are attributed to CO molecules adsorbed on the metallic Co surface.” The
asymmetry towards the higher binding energy (BE) side in the CO(ad) peaks, especially
in the C/s region, is likely related to energy losses from excitation of electron-hole pairs
and vibrational states of the adsorbed CO molecules.** Carbide species are also identified
at ~283 eV.'"* An additional component at ~284 eV was needed to fit this region of the
Cls spectra, probably corresponding to dissolved carbon in the subsurface region,*
graphitic carbon, or hydrocarbons fragments, originating from beam-induced

decomposition of gas phase CO, or from background hydrocarbon species.

When the CO pressure was increased to 10 mTorr, other than the adsorbed CO peaks, gas
phase CO peaks around 290.5 eV and 537.0 eV (the exact positions depending on the
sample work function (WF)) became clearly visible as shown in Figure 2, with increasing
intensity under higher pressures of CO. It is noteworthy to mention that under 500 mTorr
CO, the CO(ad) peaks in both C/s and O/s regions became noticeably broader: The full-
width at half-maximum (fwhm) of CO(ad) peak increased to 0.94 eV in Cls spectrum
and 1.61 eV in O/s spectrum, compared to 0.75 eV and 1.80 eV under low CO pressures.
According to the TPD and XPS studies of CO adsorption on Co(0001),'*** CO molecules
preferentially occupy top sites on the Co surface at low pressures, but will start to occupy
other sites, such as bridge sites, at higher pressures. Similar phenomenon was also
observed on surfaces like Ru(0001).*” The broadening observed in the CO(ad) peaks
therefore indicates a gradual increase in the occupancy alternative sites on the Co foil

after the top sites become filled.



Quantitative comparison of apparent O /s/C s ratio for adsorbed CO species (summarized
in Table S1) revealed that at the lowest CO pressure tested here (1x10° mTorr), the
O1s/Cls ratio (~1.6) is substantially higher than the ratio under higher pressure (1.1~1.3).
This is probably due to OH groups present on the surface at low CO coverage.
Unfortunately the O/s peaks of OH(ad) and CO(ad) are very close in BE making it
difficult to distinguish these two species.

Upon evacuation of the 500 mTorr CO gas phase, about a third of adsorbed CO
molecules (~6 at% wrt Co) remain on Co surface (Figure S2). To study the temperature
dependence of CO desorption, the foil was heated at a rate of ~3°C/min while
continuously recording XPS spectra in Cls region, as shown in Figure 3a. The
temperatures reported in Figure 3a are those measured at the beginning of each spectrum.
All spectra in the series were fitted with three components: 1) CO(ad) at 285.5 eV, ii)
carbon dissolved or CHy groups (C(dis)/CHy) around 284 eV, and iii) carbide species at
~283 eV. The intensity trend of each species is plotted against temperature in Figure 3b.
The molecular CO disappeared almost completely around 90°C. This temperature is in
line with the TPD measurements found in the literature.'®** The amount of C(dis)/CH;
remained constant, whereas the carbide peak slightly increased. The growth of carbide,
although by a small amount (~1 at% after all CO molecules desorbed), is possibly
associated with CO decomposition at defect sites, which can take place at temperatures as

low as 330 K (57°C) according to Westsrate et al.**

3.3 CO dissociation on the metallic and oxidized Co surface

We have shown in the previous section that pure CO adsorbs and desorbs molecularly
from the Co surface, desorption being fast (few seconds) and complete when the
temperature reached 90°C. This indicates that the energy barrier for CO dissociation on
metallic Co is higher than that for desorption. Therefore, to study the dissociation of CO
the surface coverage should be maintained in equilibrium with the gas phase. We thus

performed the experiment in the presence of 100 mTorr of CO gas.

The evolution of Cls spectra in this experiment is shown in Figure 4. With increasing
temperature, the peak corresponding to adsorbed CO gradually decreased up to a
temperature around 120°C, while the intensity of the carbide component remained almost

unchanged. Above 120°C, however, a rapid increase of carbide peak intensity was
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observed, indicative of CO dissociation. In addition to the increase in intensity, the line
shape of the carbide peak became noticeably asymmetric, and an extra component
centered at 0.6 eV lower BE was necessary to fit the peak (inset of Figure 4a). These two
components could correspond to two different carbide species, one of them perhaps a

45,50 -
330 Besides these

more crystallized carbide® such as Co,C identified in recent reports.
carbide peaks, the intensity of the component at 284 eV, assigned to C(dis)/CHy, only
slightly increased above 150°. The observed increase in concentration of carbide species
above 120°C cannot originate from beam-induced decomposition of gas phase CO, as
beam effects should lead to a steady rate of carbide accumulation independent of the
temperature. The onset temperature of direct CO dissociation around 120°C is the reason
for introducing CO as a protecting agent during cooling below this particular
temperature, as mention above, to minimize adsorption and contamination by background

gases.

In the Ols region (spectra shown in Figure S3), a decrease in intensity of the CO(ad)
peak (531.6 eV) was observed with increasing temperature paralleling the behavior of the
corresponding 285.5 eV peak in the C/s region. The O(ad)/oxide component however did
not increase compared to the initial value, indicative of no additional oxide formation.
This also suggests that the oxygen atoms produced in the dissociation of CO most likely
react with other CO molecules to form CO,, which desorbs from the surface.**! This
result contradicts the conclusion by Lahtinen et al. that CO dissociation by itself can lead

to oxidation of the Co surface and eventually deactivation of the Co catalyst.>

To investigate the interaction between CO and surface adsorbed oxygen and/or surface
oxide in more detail, we intentionally oxidized Co by a brief exposure to 1x10” Torr of
O, at RT. The Co2p spectrum (inset of Figure S4a) shows that the exposure led to
oxidation of the majority (about 80%) of surface Co atoms. By fitting the Co2p spectrum
and comparing the oxidized Co peak and its satellite features to the XPS spectra of
standard compounds reported in the literature,” we determined that the oxidized Co

species is most likely CoO.

After introduction of 100 mTorr of CO into the system, a Cls peak appeared 289 eV due
to CO adsorbed on the oxide (CO(ad)@CoOx), as shown in Figure 5a. This peak is
considerably blue-shifted (3.5 eV) relative to that of CO on metallic Co, similar to the
shift observed on oxidized copper.”® In contrast, the Ols peak of CO adsorbed on the

oxide has similar energy to that of CO(ad) on clean Co surface. Upon heating from RT no

8



substantial changes were observed in all O/s and C/s peaks until 150°C (Figure 5b and
S4b). When the temperature reached 150°C, the Cls peak of CO(ad)@CoOy at 289 eV
started to decrease whereas the intensity of CO(ad) peak at 285.5 eV increased rapidly
(Figures 5b and S4c). In the meantime the intensity of the oxide peak in Ols spectra
decreased, indicating that surface oxide is being reduced by CO. At around 200°C, the
surface was almost fully reduced to metallic Co. The surface reduction was also tracked
by the percentage of Co*" (Figure S4a). The reduction of the oxide is also accompanied
by a shift of the C/s and Ols spectra of gas-phase CO towards lower (apparent) BE. The
shifts indicated a decrease in the work function of the reduced surface (now covered by
~9 at% CO(ad) and ~15 at% carbide) relative to the oxidized Co surface.

Simultaneously with the reduction of the oxide, a rapid increase in the carbide
concentration, and a mild growth of C(dis)/CH, species were observed above 150°C
(Figure 5b). The chemical reduction of the oxidized Co surface by CO again disproves
the conclusion that CO dissociation causes surface oxidation and catalyst deactivation.
Contrary to our results, TPD studies on single crystal Co(0001) by Kizilkaya et al.
revealed that the oxygen pre-covered Co surface cannot be reduced by CO (up to 1x107
Torr) within the temperature range of 100-500 K.>” We attribute this discrepancy to the
three orders of magnitude difference in CO pressure (107 Torr in our experiments vs 107
Torr in the TPD studies), which once again demonstrates the importance of studying

catalyst surfaces under more realistic conditions.

3.4 Oxidation of Co by water impurities and reduction by H,

As mentioned above and discussed further below, the introduction of H, generates
background water, which is a very effective oxidant of Co (more details in SI Section V
and in Figures S5-S8). Upon exposure to 100 mTorr of H,, Co2p spectrum (bottom curve
in Figure S5b) showed almost fully oxidized Co with prominent oxide satellite features.
From the position of the main peak as well as the satellite features, the oxidized Co
species is most likely CoO, possibly mixed with some Co(OH),, which cannot be easily

distinguished in peak fittings.”

To study the reduction of Co oxide by H,, the oxidized Co foil was heated in the presence
of 100 mTorr H,, while the O/s and Co2p spectra were monitored in situ. As shown in

Figure S6a, adsorbed oxygen or surface oxide (O(ad)/oxide) kept growing until ~200°C
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whereas the OH(ad) concentration dropped gradually. Beyond 200°C, both the oxide and
OH(ad) peaks dropped rapidly and disappeared around 290°C, indicating complete
reduction of Co surface and complete desorption of H;O/OH(ad). Co2p spectra showed
similar trend as shown in Figures S5b and S6b. Once the freshly reduced Co foil was
cooled back to 185°C, still under 100 mTorr H», the surface was severally oxidized again
(top spectrum in Figure S5b and the black square in Figure S6b). The oxide reduction
experiments in CO and in H, demonstrate the substantially higher effectiveness of CO as

a reducing agent, with a difference of nearly 100°C in onset temperature for reduction.

According to Kizilkaya ez al.,*” on the oxygen pre-covered Co (0001) surface H, does not
react with surface oxygen at RT based on their TPD experiments. It is reported that under
2.3x107 Torr of H, the onset temperature for the reduction reaction is around 450 K
(177°C) for flat Co(0001) and even higher (550 K or 277°C) for defective surfaces. The
(full) reduction temperature from our experiments is in line with the value reported for
the defective surfaces. The apparent activation barriers for water formation, was
estimated using a simple kinetic model from these TPD data, as ~130 kJ/mol; therefore,
oxygen removal via water formation can be considered as the rate-limiting step in the F-T
reaction.””*® The effects of oxidation of Co by residual H,O has serious consequences in
practical catalytic reactions, not only because the industrial syngas may contain higher
levels of water than the ultrapure H, gas used in research, but also because water is a by-
product formed in situ on the catalyst surface. This may also be the main cause of catalyst

oxidation in Co-based low-temperature F-T reactions.

3.5 Chemical state of Co surface under CO/H, mixtures

In the previous sections we presented results of reactions of CO and H;, on Co separately.
Here we focus on reactions involving CO/H, mixtures as those used in Fischer-Tropsch
synthesis. As indicated above, we introduced CO first during cooling after the cleaning
procedure (around 120°C) in order to block the adsorption of background water and
prevent the oxidation of the surface. After the temperature dropped to RT and CO partial
pressure stabilized at desired values (97, 90, and 50 mTorr, respectively), H, was
introduced to achieve a total pressure of 100 mTorr with three different CO:H; ratios of
97:3,9:1, and 1:1.
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Figure 6 shows the C/s and Ols XPS spectra collected at increasing temperatures from
RT to 300°C, under 97 mTorr CO and 3 mTorr H,. Because of the relatively low partial
pressure of Hj, the Co surface was not appreciably oxidized at RT by background water
in this case. When the temperature exceeded 50°C, the oxide peak in the Ols spectra
grew substantially, as well as the component at 531.6 eV due to growing coverage of
surface hydroxyl, the peak of which overlaps with that of CO(ad) in O/s spectra. The
oxidation of Co is also corroborated by the growth of the peak at 289 eV in the Cls
spectra related to the CO molecules adsorbed on oxidized Co, whereas peak intensity of
CO(ad) on metallic Co at 285.5 eV decreased. In the meantime the concentration of
residual carbide dropped slightly, possibly due to carbide decomposition in H, above
150°C,> which is even observable at RT as we discussed in SI (Section VI and Figure
S9).

The intensity of the CO(ad)+OH(ad) component in the O/s region peaked at around
100°C, as the accumulation of reaction products H;O and OH(ad) was balanced with
increasing desorption rate at higher temperatures. Above 150°C the oxide peak decreased
rapidly, indicating fast reduction primarily by CO. The reduction of Co was accompanied
by an increase in the peak intensity of CO(ad) on metallic Co at 285.5 eV, and a decrease
of the CO(ad)@CoOy peak intensity at 289 eV. Meanwhile the intensities of the carbide
peak and the C(dis)/CHx component began to increase sharply, as a consequence of fast
CO dissociation. At 200°C, the oxide peak in the O/s region shrank to a level smaller
than the initial residual oxide peak, and all the adsorbed CO molecules resided on

metallic Co surface.

The trends of surface species as a function of temperature under 97:3 CO/H, gas mixture,
calculated from the fitting of C/s and O/s spectra, are summarized in Figures 7 and 8a.
Assuming the intensity ratio of O/s/Cls signals from adsorbed CO molecules of 1.121
(the value at highest coverage of CO measured here, under 500 mTorr; see detailed
explanation in SI section IV), the contribution of CO(ad) to the total intensity of the
CO(ad)+OH(ad) peak can be calculated based on the combined C/s intensity of CO(ad)
species (on both metallic and oxidized Co surface). The estimated O/s intensity of
CO(ad), as well as that of OH(ad), as a function of temperature are shown by gray curves

in Figure 8a.

The evolution of the chemical state of the Co foil surface can also be followed easily by
the changes in the WF evidenced in the shift of CO(g) peaks in both C/s and O/s spectra,
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as shown in Figures 7 and S10. From the direction of the shift we can conclude that the
WF of metallic Co surface covered by CO is higher than the oxidized surface by 1.1eV.
Once the surface is reduced at ~200°C, the WF dropped substantially (~0.8 eV), but the
accumulation of surface carbide (~13 at% wrt Co at 250°C) increased the WF slightly
(~0.2 eV).

Similar measurements were also performed under 9:1 and 1:1 CO/H, gas mixture. The
evolution of surface species in these cases are also shown in Figures 7, 8b, and 8c. In the
case of 9:1 CO/H, mixture, about 60% of the surface Co atoms were oxidized
immediately after the introduction of H,, estimated from the percentage of CO adsorbed
on oxidized Co surface (Figure 8c). This percentage increased to about 80% in the case of
1:1 CO/H; mixture. Such rapid oxidation under higher H; partial pressure could be due to
the rapid reaction or displacement of the adsorbed CO on the clean Co by H; even at RT
as shown in the SI Section VI and Figure S9, leaving the reactive Co surface unprotected
from the water molecules, both as a contaminant and reaction product. Upon heating, the
general trends of the surface composition were similar to those in the case of 97:3 CO/H;
mixture. Since CO is the more effective reducing agent as shown in the reduction
experiments in CO and in Hj, the decrease in CO content (and increase of H, content) in
the syngas mixture pushed up the onset temperature of surface reduction (~160°C and
~225°C in the cases of 9:1 and 1:1 CO/H, mixtures, respectively). Moreover, the
accumulation of carbide and C(dis)/CHy species also began at higher temperatures with
higher H, content, which is consistent with the report by Claeys et al.”® The reasons for
such trend of carbide accumulation are as following: 1) CO dissociation and carbide
deposition is slower on oxidized Co and rapid accumulation of carbide only starts once
the surface has been reduced to metallic state; 2) Carbide species rapidly decompose in
H, above 150°C.”° Higher H, content in the syngas mixture leads to higher onset
temperature for surface reduction as well as higher rate of carbide decomposition, and

both factors contribute to the higher onset temperatures of carbide accumulation.

In industrial practice, Co-based catalysts are used in low-temperature F-T reactions, at
temperatures of 200-240°C in H; rich environment (CO:H; ~1 :2).4’48 The overall trend of
surface evolution we observed in our in situ experiments indicates that the kinetic barrier
for CO dissociation on oxidized Co surface is much higher than that on metallic Co
surface; once the Co surface is reduced, CO dissociation can readily take place. Therefore

the reduction of surface oxide is likely a rate-limiting step in the F-T reaction. When the
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conversion rate of syngas is high in the F-T reactions, rapid water accumulation on the
surface leads to oxidation and prevents further lowering of the reaction temperature for
Co-catalyzed F-T processes. On the other hand, although reactions at higher temperature
favors water/hydroxyl desorption and maintaining metallic Co surface, they also lead to
the rapid accumulation of surface carbide, which has been shown to favor methane
production over long-chain hydrocarbons.’*>*® To achieve optimum activity and
selectivity of Co-based catalysts in the low-temperature F-T processes, it is best to

maintain a metallic surface without high concentration of surface carbide species.

4. Conclusions

In summary, we used AP-XPS to investigate a polycrystalline Co foil as a model catalyst
for F-T synthesis under pure CO, pure H,, and different mixtures of CO and H; at various
temperatures, aiming to observe the chemical evolutions of the Co surface in situ and

operando.

We found that adsorbed CO on the clean Co surface desorbs completely around 90°C
under vacuum, with no obvious dissociation. In the presence of 100 mTorr CO, direct CO
dissociation takes place on clean Co surface only above 120°C, leaving a substantial
amount of carbide species and some C(dis)/CHy species on the surface. The metallic Co
surface gets easily oxidized by water either as a background impurity or as a by-product
of the hydrogenation reaction. The oxidized Co surface can be reduced by CO much more
efficiently than by H,, which requires a temperature higher by ~100°C to achieve full

reduction.

Under the syngas mixture at RT, Co surface was oxidized with the extent of oxidation
depending on the H; content in the mixture. As the temperature increases the Co surface
gets oxidized further, but is eventually reduced rapidly at higher temperatures. The
reduction temperatures also depend on the H, partial pressure in the syngas mixture.
These trends are likely related to the relative ineffectiveness of surface reduction by H;
compared to CO, as well as to the higher water production rate with high H, content.
Once the surface is reduced, adsorbed CO molecules start to dissociate rapidly when the
temperature rises further, leaving substantial accumulation of carbide species on the
catalyst surface, which may shift the selectivity of the catalyst towards methane

production.
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It is worth mentioning that the working pressure in the above-mentioned experiments was
typically 100 mTorr, which is much lower than that in practical F-T synthesis (typically
tens of atmospheres). In industrial F-T synthesis, fast chain growth would lead to
accumulation of liquid or wax species on the catalyst surface, which is unlikely to take
place under the conditions in our experiments. Nevertheless, our results still provide
useful reference information regarding the chemical states and evolutions of the catalyst

surface in equilibrium with the syngas mixture.
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Figure 1. The survey spectrum of the cobalt foil surface after cleaning procedures (acquired at ~400°C, Ey,

=735 eV). The inset shows the Co2p region after cooling down to RT with E;, = 1000 eV.
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Figure 2. Pressure-dependent CO adsorption on cobalt foil surface. (a) Cls and (b) Ols regions of XPS

spectra acquired with photon energies of 490 eV and 735 eV, respectively. The grey portion of the spectra
were rescaled to compensate for gas attenuation of the electron flux. The attenuation coefficients were
determined by comparing Cls peak intensities (E,, = 490 eV) of an HOPG sample in UHV and under
different pressures of CO.
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Figure 3. CO desorption from the cobalt surface. (a) C/s XPS spectra acquired in vacuum (Ey,, = 490 eV).
The colors of spectra from blue to red represent temperatures from RT to 101°C. (b) Peak areas of adsorbed
CO (CO(ad)), carbide, and dissolved carbon (C(dis)) or hydrocarbon contaminants (CH,) as a function of

temperature, based on the peak fitting results from (a).
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Figure 4. Thermally induced CO dissociation on the cobalt surface. (a) C/s XPS spectra (Ey,, = 490 eV)
under 100 mTorr CO. The colors of the spectra, from blue to red, represent temperatures from RT to 230°C.
The inset shows the fitting of the Cls spectrum (gas phase region not included) acquired at 230°C showing
components assigned to C(dis)/CH, (~284 eV), two carbide species at 283 and 282.4 eV, and CO(ad) at

285.5 eV. (b) Peak areas of adsorbed CO, carbide, and dissolved carbon as a function of temperature, based

on the peak fitting results from (a).
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Figure 5. Reduction of surface Co oxide by CO. (a) Cls spectra (Ep, = 490 ¢V) acquired under 100 mTorr
CO. The colors of spectra, from blue to red, represent temperatures from RT to 225°C. Molecular CO
produces peaks from gas phase species (291.3 to 290.5 eV), and adsorbed species on metallic Co (285.5
eV), and on oxidized Co (289.0 eV). (b) Peak areas of adsorbed CO on metallic Co (CO(ad) @ Co) and on
oxidized cobalt (CO(ad) @ CoOy), carbide, and C(dis)/CH, as a function of temperatures, based on the

peak fitting results from (a).
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Figure 6. Evolution of the Co surface during reaction conditions under 97 mTorr CO and 3 mTorr H,. (a)

Cls and (b) Ols regions of XPS spectra as a function of temperatures. The colors of spectra, from blue to

red, represent temperatures from RT to 250°C.

23



1.0F + &
a @ s
o+
2 08} oF
2 COH, +F
@ ’
= + 9;:3 p
© 06} ®- 91 ® _
] @ 11 12 :
< ; ¢
(g 04} + :‘ "
= +® '
& 02- + + ++§+ i + ". ‘l
D B-DF t+
g @0_9_@8@5 b
00k BHppapmaglediy )
1.0F + i
b *
8 +@
g0 o
£ + m
I 06 !
@ '
3 . ;
g $o
3 e oo, v
.g .@ @ ® "
0.2f @ S + |
+ % +
8 C pyioedaggiang
'; ’_1 \‘
O 081 & "
=~ ; &8 At \
8 o6 & R !
R T
S e v, .
04 |
g’ :‘ + + \
: ' @
é ozt ¢ to v
M 3 % :
a ; &N
oob®E 1 ! 0 o o i S+ N
50 100 150 200 250 300

Temperature / °C

Figure 7. Relative concentration of surface species during reaction under mixtures of O and H,. (a) carbide,
(b) C(dis)/CHy, and (c) adsorbed CO on oxidized cobalt as a function of temperature under 100 mTorr of
gas mixture with three different CO:H, ratios (97:3, 9:1, and 1:1). In figure (a) and (b), for each CO/H,

ratio, the peak intensities of carbide and C(dis)/CHy species in the spectrum acquired at the highest

temperatures were set to unity.
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Figure 8. Evolution of the O(ad)/oxide, CO(ad), OH(ad), and O, XPS peak areas as a function of
temperature under 100 mTorr of CO/H, mixture with three different ratios: (a) 97:3, (b) 9:1, and (c) 1:1.
The peak areas of O(ad)/oxide, Oy, and CO(ad)+OH(ad) were calculated from the fitting results of O/s
spectra acquired under each condition (E,, = 735 eV). The intensities of CO(ad) were estimated using the
CO(ad) intensities in the corresponding Cls spectra, assuming that the O/s/Cls ratio of CO(ad) is 1.121
(see explanations in SI Section IV). The OH(ad) intensities were estimated by subtracting CO(ad)

intensities from the corresponding total intensities of both.
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