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As-prepared, metallic Co(0001) in UHV
Figure S1 shows the Co 2p, O 1s, and C 1s spectra of the as-
prepared sample in UHV comparing a measurement at 20 ◦C to
one at 220 ◦C. Both measurements have been taken after CO has
been used in the high-pressure cell inside the analysis chamber,
which increased the base pressure from the 10−10 mbar to the
10−9 mbar range compared to the freshly-baked analysis cham-
ber.
In comparison with relative peak positions given in literature1–3,
we can identify the binding energy regions where adsorbed oxy-
gen (or cobalt oxide), hydroxyls, and CO can be found as marked
with the grey areas in Figure S1(b). In the same manner we iden-
tify, in order of increasing binding energy, carbon atoms, hydro-
carbons CxHy, and adsorbed CO in the C 1s spectra (see Figure
S1(c)).
The adsorbed CO contribution in the O 1s spectrum could po-
tentially overlap with a contribution caused by molecularly ad-
sorbed H2O. As the exact binding energy position of the adsorbed
water might vary significantly depending on co-adsorbates, the
oxidation state of the cobalt, and the amount of water1,3,4, the
CO and the H2O contribution could not be easily distinguished
during peak fitting. However, on clean Co(0001) as well as on
O(ad)/Co(0001) in UHV at all investigated temperatures, it can
be expected that water adsorbs dissociatively if it does so at all4,5.
The atomic oxygen contribution to the O 1s spectra at low binding
energies could stem from adsorbed atomic oxygen or from cobalt
oxide. However, the Co 2p spectra show a mainly metallic surface
in UHV (see Figure S1(a)). In a detailed fit (see below) merely
1 % and 6 % of the peak area are attributed to oxidized cobalt
at 20 ◦C and 220 ◦C, respectively. With the calibration explained
in the main text, the coverage of the oxygen can be estimated to
0.07 ML and 0.11 ML, respectively, which is thus partially caused
by adsorbed atomic oxygen. Oxygen can be expected to eas-
ily form on the Co(0001) surface from water contamination1,4,
which is likely present in the UHV background, especially after
the use of gases. The saturation coverage of 0.25 monolayers6

is not reached in our case though. The amount of oxygen is in-
creased at 220 ◦C, potentially because less surface area is covered
by CO. As can be seen in Figure S2, the oxygen observed here
is present until 300 ◦C. This suggests that the adsorbed oxygen
might be stable under the annealing to 317 ◦C during the sample
preparation. This is in agreement with temperature-programmed
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desorption experiments by Xu et al.4, in which the adsorbed oxy-
gen formed by water dissociation was stable until at least 350 ◦C.
As CO was used in the flow cell previously, a significant amount
of CO adsorbed from the UHV background can be found on this
as-prepared sample in UHV at room temperature. Assuming the
saturation coverage of 1/3 of a monolayer in UHV7, we can use
this measurement (with detailed fits as explained below) as a cal-
ibration to estimate coverages for the other adsorbed species (de-
tails see fitting section below).
Figure S2 shows estimated coverages on an as-prepared sample
in UHV as a function of the surface temperature. These mea-
surements were done at beamline 9.3.28 of the Advanced Light
Source, Berkeley. Opposed to above measurements, these mea-
surements were taken before any use of CO in the analysis cham-
ber. Therefore, the amount of CO detected at room temperature is
significantly lower and the amount of adsorbed oxygen does not
show a specific temperature dependence staying between 0.1 ML
and 0.13 ML. The CO is desorbed at 140 ◦C, which is in agree-
ment with temperature-programmed desorption reported in the
literature (see Figure S1 in Ref.7).
The atomic carbon coverage is estimated to be 0.08 ML (after
previous use of CO in the chamber) at room temperature. As the
annealing temperature of hcp cobalt is limited by a phase tran-
sition to fcc, the surface cannot be kept as flat as other surfaces
and traces of contaminants, which preferably adsorb at lower-
coordinated sites, are common (as for example also in Ref.9).
However, we observe a reduced amount between 0.01 ML and
0.03 ML on different as-prepared samples measured at an in-
creased temperature of 220 ◦C. In Figure S2 one can see that
atomic C was not detectable anymore from 240 ◦C on. The des-
orption of carbon as CO can be excluded at all temperatures in-
vestigated here10. Removal of the carbon by reaction with back-
ground hydrogen can be expected from around 200 ◦C on as de-
scribed in the main text. The dissolution of carbon in cobalt is
only expected at significantly higher temperatures where cobalt
carbide can be formed11. Theory suggests that carbon atoms
can easily diffuse below the topmost surface layer of Co(0001),
whereas they are unlikely to diffuse deeper into the bulk unless
Co vacancies are present12. Carbon atoms right below the top-
most surface layer should still be detectable in our case as we
probe the two to three topmost layers of the cobalt crystal. How-
ever, the existence of vacancies is likely on a Co(0001) surface,
such that the dissolution to lower layers cannot be excluded as an
explanation for not detecting the carbon at these temperatures.
In general, it is clear that keeping the surface at an elevated tem-
perature (between 220 ◦C and 260 ◦C) in UHV and when intro-
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Fig. S1 (a) Co 2p, (b) O 1s, and (c) C 1s spectra measured on Co(0001)

in UHV (base pressure on the order of 10−9 mbar with previous use of

CO in the chamber) at 20 ◦C compared to 220 ◦C. For comparison the

spectra are calibrated with respect to the cobalt signal as explained in

detail in the text.

Fig. S2 Estimated coverages on an as-prepared Co(0001) in UHV (base

pressure on the order of 10−9 mbar without previous use of CO in the

chamber) at temperatures between 26 ◦C and 300 ◦C. As these measure-

ments were taken at a di�erent setup than the calibration measurement,

the coverages reported are only a rough estimate based on a comparison

to the amount of adsorbed atomic oxygen found in the measurements

above in the same pressure range at 220 ◦C.

ducing gases can increase the surface cleanliness and keep the
surface free from CO, carbon, and hydrocarbons.

Identification of the cobalt oxide present in H2

Figure S3 shows a detailed fitting example of a Co 2p spectrum of
(partially) oxidized Co(0001). The Co 2p peak was fitted with a
main metallic peak at 778 eV of asymmetric shape LA(1,2.25,3).
This is a pre-defined Lorentzian-type shape in CasaXPS13, for
which the low binding energy side of the Lorentzian is taken to
the power of 2.25 and the resulting asymmetric shape is convo-
luted with a Gaussian of width 3). Additionally, two plasmon loss
peaks of 30 % Lorentzian and 70 % Gaussian product line shape
fixed at + 3 eV and + 5 eV and 6.4 % and 2.1 % peak area with
respect to the main peak, respectively, are needed. This is based
on the Co 2p fitting presented in Refs.1,3 and adjusted until a sat-
isfactory fit for a measurement on metallic cobalt is reached. Ad-
ditionally, four oxidized peaks of 40 % Lorentzian and 60 % Gaus-
sian product line shape at positions + 1.8 eV, + 4.1 eV, + 7.8 eV,
and + 10 eV with respect to the metallic main peak are necessary.
Although the distances between the different peaks caused by the
oxide do not match exactly with those given in the literature, the
spectra measured here are more similar to the spectrum of CoO
(or Co(OH)2) than to the spectrum of Co3O4 presented in Ref.3.
Figure S3(b) shows a detailed fit of the O 1s spectrum of oxidized
Co(0001) in wet H2. The peaks are a 35 % Lorentzian and 65 %
Gaussian product line shape at 530 eV and another at + 2.1 eV.
As discussed in detail in the main text this suggests the presence
of molecularly adsorbed water on top of the oxidized surface.
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Fig. S3 (a) Co 2p spectrum measured on Co(0001) in 0.25 mbar (partially

dried) H2 at 220 ◦C surface temperature showing a �t of the 3/2 part

of the doublet. This surface is in a partially oxidized state (caused by

incomplete drying of the H2 in the liquid nitrogen trap), which allows

for an example �t clearly containing both metallic and oxidized cobalt.

(b) O 1s spectrum measured on Co(0001) in wet H2 at 220 ◦C including

a �t. The spectrum corresponds to t = 11.6 min in Figure 1(a) of the

main text.

(a)

(b)

Fig. S5 (a) C 1s spectrum and (b) O 1s spectrum measured on Co(0001)
in 0.25 mbar CO at (a) 190 ◦C and (b) 220 ◦C surface temperature

showing the peaks necessary for a satisfactory �t.

Additional spectra of the metallic Co(0001) in 0.25 mbar CO

Fig. S4 Co 2p spectra measured on Co(0001) in 0.25 mbar CO at 220 ◦C
and 120 ◦C.
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Adsorbates: Fitting Procedure and Estimation of Coverages

In the main text, we identify the following adsorbates in the C
1s spectra: adsorbed COx, CO, hydrocarbons CxHy, and carbon
atoms. To fit all C 1s spectra with the same set of peaks at
fixed relative positions (see Figure S5(a) for an example), it is
necessary to split the COx peak into two contributions. These
are at + 2.69 eV and + 1.50 eV with respect to the main CO
peak at 285.7 eV, which is best fitted with a slightly asymmet-
ric LA(1.8,2.5,0) shape, for which the high binding-energy side
of a Lorentzian shape is taken to the power of 1.8 and the other
side to the power of 2.5. Additionally, a small contribution at
- 0.65 eV from the main CO peak could stem from a different ad-
sorption site on the surface7,14 compared to the main CO peak.
For a satisfactory fit, the hydrocarbon peak is split into two con-
tributions as well, which have a distance of 0.2 eV from each
other. In comparison with literature15–17, the carbide/atomic car-
bon contribution is split into a graphitic carbon/multiple carbon
atom contribution at 283.6 eV and a carbidic/single carbon atom
contribution at - 0.37 eV with respect to the first. All C 1s peaks
(except the main CO(ad) peak) were fitted satisfactorily with a
50 % Lorentzian and 50 % Gaussian product line shape. The rel-
ative binding energy positions of all contributions are fixed and
the FWHM is restricted to the same value for every measurement
of the same peak for consistency.
In the O 1s spectra, adsorbed COx, CO, OH, and O are identified
in the main text. Figure S5(b) shows an example of the detailed
fitting of the O 1s spectra with the atomic oxygen contribution at
529.7 eV (including a small contribution at 528 eV), the adsorbed
hydroxyls at 530.7 eV, and the CO and COx peaks at 531.7 eV and
532.3 eV, respectively. The separation of the CO and COx peak is
less clear in the O 1s spectra compared to the C 1s spectra and the
absolute values of ratios between CO and COx peak areas are not
clearly in agreement between the two. The disagreement could
stem from the time that passes between measuring the C 1s and
the O 1s spectra in every set of measurements. Additionally, the
COx/CO ratio will be measured higher in the O 1s spectra when-
ever x is larger than 1. Therefore, the results discussed in the
main text are based on the fitting of the C 1s spectra.
In order to estimate coverages from the detailed fits, the peak
areas are calibrated for the slit used (see methods section in the
main text) and the measured Co 2p area. Finally, the CO satura-
tion coverage of 1/3 of a monolayer in UHV7 was measured on
the as-prepared sample in UHV (after the use of CO in the cham-
ber, see Figure S1) and used as a calibration to estimate the cov-
erages for the other adsorbed species. As non-negligible amounts
of other adsorbed species are present in the same measurement,
one needs to distinguish between the absolute CO coverage and
the CO coverage on that part of the surface which is free from
other adsorbates. We perform the calculation of the estimated
absolute coverages in such a way that the CO coverage on the
free part of the surface is equal to the saturation coverage which
can correspond to a somewhat smaller absolute coverage. Using
this calibration we find 0.02 ML coverage of hydrocarbons in UHV
at room temperature, which likely stems from the increased CO
background in the UHV after the use of CO in the high-pressure

cell, and is decreased to below 0.01 ML when increasing the tem-
perature as it likely desorbs.

Sulfur Coverages

Coverages of sulfur are roughly estimated by comparison with the
calibration of the oxygen coverage by taking into account the dif-
ferent photon flux for the O 1s and the S 2p measurement as well
as the cross sections of the respective orbitals with photons of the
energy used (determined using Ref.18).
The sulfur coverage detected after a total of more than 17 h in
0.25 mbar CO is on the order of 0.001 ML.
Over the course of more than 7 h in 0.25 mbar H2, a small amount
of sulfur is adsorbed on the surface (0.007 ML in the last set of
measurements at 300 ◦C), which likely stems from contaminants
in the hydrogen bottle.
The estimated sulfur coverage increases to maximally 0.005 ML
within 4 h in the reaction mixture for both gas ratios. Thus,
although sulfur is known to easily block CO adsorption on
Co(0001)19,20 as well as on more industrially relevant cata-
lysts21, it is not a significant poison in the conditions and time
frame studied here.

Beam Effect

Figure S6 compares the coverage of carbon and oxygen species
measured over time in the reaction mixture at 220 ◦C while stay-
ing in one position on the surface (thus with strong beam expo-
sure) to measurements where the beam exposure was minimized.
To achieve the minimum beam exposure we have moved to a new
position on the sample right before every measurement of the car-
bon binding energy range. In this way the influence by the beam
is as small as possible and stays constant over time between mea-
surements taken at the same temperature. When comparing two
consecutive sweeps of every such carbon area measurement, no
difference is detectable, which confirms that beam-induced depo-
sition does not play a role in the time frame in which the carbon
signal is measured. However, as the O 1s and Co 2p spectra are
measured later in time, the areas could still be slightly influenced
by a change in carbon species over time. The same procedure is
used for all measurements shown in the main text and the previ-
ous sections of the supporting information.
In detail, the comparison in Figure S6 shows a somewhat higher
coverage of C, likely stemming from beam-induced CO disso-
ciation. Subtracting the two values at 2 h results in a maxi-
mum beam-induced C coverage of 0.06 ML. However, this differ-
ence decreases over time, likely because more surface area gets
blocked by hydrocarbons on the surface with strong beam expo-
sure. The detailed fits show that between 69 % and 80 % of
the carbon is carbidic on the beam-exposed sample. This is in
the same range as on the sample with minimized beam exposure
(70 % to 76 %), thus suggesting that both carbide and graphite
formation are promoted to roughly the same extent by the beam.
The deposition of hydrocarbons is more strongly increased on the
sample with strong beam exposure, roughly by a factor of 10 com-
pared to the sample with minimum exposure. This suggests a
beam-induced Fischer-Tropsch reaction. Figure S6(b) shows this
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Fig. S6 Estimated coverages of (a) carbon species and (b) oxygen

species measured on Co(0001) in 0.25 mbar 2 H2 + 1 CO at 220 ◦C
over time comparing measurements done with strong beam exposure, la-

beled (beam), to measurements done while minimizing beam exposure as

explained in the text. (c) Hydrocarbon coverage on Co(0001) measured

in 0.25 mbar 2 H2 + 1 CO at increasing temperature. The sample was

held at every temperature step for roughly 2.5 h under continuous beam

exposure at the same position.

also leads to an increase in the estimated coverage of OH and
slight increase in the coverage of O. Although this could stem from
the water produced by the reaction, an oxidation of the surface
has not been observed in any measurements with strong beam
exposure.
As we also see a faster increase of hydrocarbon coverage when
increasing the temperature in the measurements with minimal
beam exposure (see Figure 10(b) in the main text), the beam
might practically have a similar effect as an increased temper-
ature. The beam-induced deposition could be observed starting
from 220 ◦C surface temperature on and proceeds faster at higher
temperatures. While increasing the temperature from 220 ◦C to
300 ◦C in the reaction mixture over a course of roughly 8 h, the
hydrocarbon coverage increased exponentially (see Figure S6(b))
and reached a total of more than 4 layers estimated coverage.
This additionally suggests that the cobalt surface itself might not
be necessary for the beam-induced reaction, although the steps
could still be involved. The hydrocarbons found on the surface
do not seem to desorb in the temperature range investigated here,
thus being able to cover the whole surface and making it crucial
to minimize the beam exposure.
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