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Supplementary Materials
Samples and Gases
The experiments were performed on two hat shaped cobalt crystals (N4.7) with the flat (0001) and the stepped () direction exposed on the surface (Ra<30nm, miscut < 0.1°) with a top surface of 7mm diameter (Surface Preparation Laboratory, SPL). It is worth noting that the stepped crystal exposes a high density of B5 S1 sites that are regarded as an active site for the Co based Fischer-Tropsch reactionS2. The gases were obtained with a purity of 5N for all gases except CO where the purity available could not exceed 4.7N. For the X-ray photoelectron spectroscopy (XPS) experiments the gases were purified in appropriate apparatus (SAES Getters/Entegris). Under the measurements we recorded the temperature at the back of the sample with a type N thermocouple. Sample front temperature has been calibrated under various gas loads for a comparable specimen with a thermocouple spot-welded to the front. We expect that our temperature measurements agree to better than . 
POLARIS XPS Experimental Setup
The POLARIS setup is placed at beamline P22, DESY. The spectrometer utilizes a virtual cell approach, where a gas stream is directed onto a flat specimen and X-rays reach the interaction volume under grazing incidence conditions of 0.3°.S3 In this way a radially symmetric local high-pressure cushion is formed (d~2mm), while the rest of the chamber experiences much lower pressures (i.e. when the pressure in the probed volume is ~1000mbar the chamber pressure is 10mbar). The excited electrons are collected at distances of approximately 30µm by a line array of circular apertures, well matching the stretched-out X-ray footprint due to the grazing incidence geometry.
For the XPS experiment we used a double bounce monochromator with Si(311) crystals tuning the photon energy to 4600eV. The electron analyzer was used with an 800µm curved slit and a pass energy of 100eV. The total energy resolution where the expected photon energy bandwidth and the electron analyser resolution is folded together account for . The beamline optics use a horizontally bent elliptical mirror and a vertical cylindrical focusing mirror to achieve a beam foot print on the order of , which was measured with a polished YAG crystal at regular intervals during the experiment.
Due to the specific design of this experimental setup (i.e. an outward flowing gas jet), no contamination from the heater or chamber can reach the sample surface when gas flow is applied. 
The pressure in the virtual pressure cell was estimated from a calibration done by a previously used method, further illustrated in S10 and in the literatureS3. 
All XPS spectra were acquired in an add-dimension mode indicating that a list of short C 1s, O 1s, Co 2p3/2 spectra are recorded repeatedly and summed together for statistics. This method allows to distribute slow surface changes under the reactions into all three spectra in similar weights such that distortions between spectra are expected to be negligible and developments can be traced quasi simultaneously in several core-levels.
[bookmark: _Ref127263778]XPS Data Processing
All spectra are recorded with a binding energy calibration to the Fermi edge of a clean metal. A correction for the adsorbate binding energies due to the recoil effect has been neglected (see S6.d). The spectra were first converted to counts per second and were plotted in each panel with offsets for visibility. For comparison we normalized the spectra as described in S6.c. 
We observe 4 distinct peaks in O 1s spectra. These are observed at 532.5 eV, 531.7 eV, 530.2 eV, and 529.1 eV. The first two peaks were assigned to H2O and COtop respectively, whereas the last two are tentatively assigned to chemisorbed O and OH states, which, however are not observed in an appreciable quantity. 
In the C 1s spectra we notice 5 distinct features observed at 285.7 eV, 284.7 eV, 284.1 eV, 283.5 eV and 283.2 eV. 
The quantification of the peaks is performed by applying a global fit model that finds a maximum likelihood optimization using the Levenberg-Marquardt algorithm of the peak positions and shapes for all spectra of a set. . The constraints of the fitting parameters are given in Table S1 (for the C 1s region), Table S2 (for the O 1s region) and Table S3 (for the Co 2p region). The background estimation has been performed by subtracting a Shirley function where the Shirley parameter is a free variable in every spectrumS4.
Table S1 Peak Model for the quantification of C 1s peaks
	Name
	Center (eV)
	Gaussian FWHM (eV)
	Lorentzian FWHM (eV)
	Type

	C
	283.00..283.20
	0.30..0.45
	0.20..0.50
	Pseudo-VoigtS5

	CH2
	283.3..283.55
	0.5..0.8
	0.2..0.3
	Pseudo-VoigtS6

	CHsurf
	283.80..284.10
	0.20..1.00
	0.00..0.50
	Pseudo-Voigt

	CH
	284.00..284.70
	0.75..0.90
	0.00..0.50
	Pseudo-Voigt

	COtop
	285.65..285.85
	0.20..1.50
	0.00..0.50
	Pseudo-Voigt




Table S2 Peak Model for the quantification of O 1s peaks.
	Name
	Center (eV)
	Gaussian FWHM (eV)
	Lorentzian FWHM (eV)
	Type

	O
	529.10..529.30
	1.20..1.40
	0.15
	Pseudo-Voigt

	OH
	529.80..530.20
	0.40..2.00
	0.15
	Pseudo-Voigt

	COtop
	531.60..532.20
	1.70..1.90
	0.15
	Pseudo-Voigt

	C
	532.80..533.20
	0.90..1.60
	0.15
	Pseudo-Voigt



Table S3 Peak Model for the quantification of the Co 2p3/2 peak.
	Name
	Center (eV)
	Lorentzian FWHM (eV)
	Asymmetry (a.u.)
	Type

	Co Metal
	777.5..778.3
	0.0..1.0
	0.18..0.40
	Doniach- SunjicS6




SXRD Experimental Setup
The surface X-ray diffraction (SXRD) experimentS7 was performed at beamline P21.2 at DESY using a beam with ~3x10µm (VxH) FWHM, an energy of 67.4keV and a glancing angle of 0.05°S8,9. The detector (VAREX XRD 4343CT, 150µm pixel size) was placed 1.4 m away from the interaction zone. The sample temperature was controlled using a BN encapsulated graphite heater. The gases of 5N purity for Ar, and H2 and 4.7N purity CO (same purities as in the XPS experiment) were delivered to an X-ray transparent Be dome and therein directed onto the same Co(0001) single crystal as for the XPS experiment. The CO gas was additionally purified from Ni(CO)4 using a copper carbonyl trap. The experimental setup is in details described elsewhereS7. Scans were taken over a range of 105°. 
[bookmark: _Hlk130151283]Compiled SXRD Data
[bookmark: _Hlk146876711]In this section we present the compiled SXRD data of the Co(0001) crystal, which was omitted from the main text due to space restrictions. For the discussion and analysis, we use the bulk hexagonal coordinate system of cobalt, with a=b=2.505 A, c = 4.089 A  =90°,  =120°. The reciprocal lattice coordinates are given in units of a*=b*= 2.896 A-1 and c*=1.537 A-1 ( =90°, =60°). The fits were performed with the ANAROD packageS10. For the fit the following parameters were used: a scale factor, surface displacement parameter of the first Co surface layer, displacement and occupation parameter for CO. A change of the occupation of the topmost CO layers did not improve the fit, indicative for an atomically smooth surface. The structure factors were extracted from the high energy XRD data following the procedure described in the literatureS9. We first show the maximum projected images of the four conditions we have studied in Figure S1. The images under the different conditions almost look identical, as the changes of the crystal surface are minute and reflect the findings that Co stays metallic and does not form surface reconstructions during the reaction or major deposits that make other structures appear (i.e. carbides) in line with previous studiesS11. The used gas mixture is a total pressure of 1bar distributed between 1:2 mix of CO and H2 of the specified partial pressure and the remainder being Ar. For example 200mbar indicates 1:2 CO:H2 mixture of 200mbar with 800mbar of Ar. The flows were set to 10mln/min total applying flow ratios based on the described partial pressures relative to 1bar total pressure.
[image: ]
[bookmark: _Ref131450439][bookmark: _Ref131413157]Figure S1 SXRD images of the Co(0001) surface under the indicated conditions in a 1:2 CO:H2 reaction mixture. Clear (1,0) rods are observed together with powder rings from surficial imperfections. All conditions resemble each other remarkably well, in line with the established observation that the Co substrate does not change under the reaction. Image is cropped to the top right quadrant of the detector, the direct beam behind beam stop is in the bottom left conrer of. Presented in log-intensity.
In Figure S2 we show the integrated structure factor from the four indicated conditions (200mbar and 1000mbar reactants at 456K and 496K). Comparing these lines, it is obvious that we observe no obvious differences. There seems to be an outlier at 1000mbar 456K around 2.5 r.l.u. (reciprocal lattice unit). The structure factor is higher around 0.5 r.l.u. for the 493K samples indicating an annealing like behavior under the reaction at the elevated temperatures. Peaks at ~0.7 and ~1.4 r.l.u. indicate a small and approximately constant amount of fcc Co powder rings that are identifiable in the max projected images of Figure S1. The fcc contribution can be attributed to the fact that the annealing temperature of the Co crystal is not too far away from the hcp->fcc transition temperature of 693K and thus a small fraction of the crystal surface might already undergo this transition. We estimate that significantly less than 10% of the crystal surface is reconstructed to the fcc-lattice based on the intensity of the fcc-related peaks and thus deem their influence on the reaction to be negligible.
At 1000mbar and 503K the intensity of the rod decays slower which can be understood as a smoother surface.
[image: ]
[bookmark: _Ref131413166]Figure S2 Integrated structure factor of the indicated conditions. Around 1.0 and 2.0 rlu a beam stop was utilized, thus this region is ignored. The small FCC like Co peaks are plotted in yellow and are masked out for the fit analysis in the main manuscript.

[bookmark: _Hlk130151337]Compiled XPS Data
In S6.a and b we show the O 1s and Co 2p spectra that were omitted in the main text for the reader’s convenience.
a. O1s 
[image: C:\Users\palo3274\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\5B1034FC.tmp]
Figure S3 Compiled O 1s data for the indicated conditions.
b. Co 2p3/2
[image: C:\Users\palo3274\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\159A2E3E.tmp]
Figure S4 Compiled Co 2p3/2  data for the indicated conditions.
c. [bookmark: _Ref158727734][bookmark: _GoBack]Quantification of C and O Species
To quantify the surfacial coverages of C and O on the flat/stepped Co surfaces we utilize a bilayer model that we have described in our previous worksS12. The inputs are the unit cell of the materialS13, photoionization cross-sectionsS14, X-ray penetration depthS15,16, photoelectron inelastic mean free pathsS17, total scattering cross-section of the gas mixtureS18,19, incidence angle and detector geometry. In accordance with previous reports using this procedure we estimate a large error bar on the absolute value of these calculations of about 50% but very small (i.e. 5%) between spectra at different temperatures, pressures, and substratesS12,20. The repeatability of the measurements we estimate to be on the order of 10% and thus allowing us to make good comparisons, especially within an isobar. In our analysis we notice a strong pressure for the total signal, yet a minor variation for COtop. Thus, we utilize the observed small T dependence of COtop to calibrate the absolute coverages to the known value of 1/3 ML for this species by averaging the obtained coverages through our model for  This single number division ensures compatibility of average coverages but retains trends observed in the data. The C 1s data in Fig. 2 of the main text is normalized in this way to enable a representative comparison of the surface species.
[image: C:\Users\palo3274\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\FFF6F8B7.tmp]Figure S5 Coverages of the 200mbar experiments detailing the COtop coverage as function of temperature for C 1s (top) and O 1s (bottom) spectra. The trend that the coverage of this species is stable is found in all experiments and forms the basis for the recalibration by its average in the T region defined in the text. The vertical lines indicate the averaging T interval applied for the normalization.
d. [bookmark: _Ref131450511]Negligible influence of Recoil on the XPS Measurements
[bookmark: _Hlk151996535]In our work we have carefully evaluated binding energy positions of known peaks and find that they do not exhibit a noticeable effect of the photoelectron recoilS21. The expected value for recoil energies should be  for C 1s photo electrons emitted after excitation with a photon energy of 4600eV. This value is to be taken relative to the Fermi Energy shift of the substrate, Co which is much heavier indicating we should expect an even smaller shift from it, if any. We thus assume that the observed metal Fermi level energy position is so close to the undisturbed value that we do not observe it in our measurement. However, our observed peaks in COtop fit the literature values very wellS22. We explain this finding, that we are at temperatures where the surface layer’s Debye temperature  is significantly larger than our experimental temperature. This criterion is previously found to drastically increase the probability of a recoilless emissionS23. The CO layer can be seen as a very stiff surface, comparable in compressibility to Pb on Ag(111)S24. The speed of sound is proportional to the compressibility and that in turn is directly proportional to the Debye temperature, which qualitatively shows that our assumption of the experiments being conducted significantly below  likely is true. Thus, we accept that recoil only plays a minor role in our analysis. This is further supported by observing that the energy width () is larger than the recoil effect.
e. Mitigation of X-ray Induced Changes
To mitigate X-ray beam induced effects on our sample studies have been performed in each beam time where we find the cut-off where accumulation of beam induced species (i.e. graphite at 284.9-285.0eV), was observed. This criterion has been achieved by attenuating the full beam of P22 by a factor of 5x. As this species is not a peak in all our reported spectra the effectiveness of this method is shown. We perform this analysis directly after focusing the beam horizontally. Small beam pointing errors in the beamline can lead to a focus shift and consequently a larger beam. This acts like a further attenuation, as larger beams have a smaller fluence and to a reduction of beam damage and thus is not further considered problematic to the interpretation of the data. For the much higher energy work at P21 we used the full beam as it is expected that the exponentially smaller photoionization cross-sections at 10x higher energy will lead to negligible influences on the surface structure.
Mass Spectrometry.
Mass-spectrometry is limited in its applicability as the flows are very high and the production rates which are very low. In other works we have shown that our sensitivity for the pressures studied here is on the order of TOF comparable to 10s of turnovers per site and second.S25,26 The accepted rates on B5 rich surfaces of hydrogenation on Co are 300x lower S27. Thus, operando quantification of the product distribution is all but impossible in the current setup for single crystal Co based Fischer-Tropsch synthesis.
[bookmark: _Ref127263858][bookmark: _Hlk130151305]Computational Details. 
Density-Functional Theory (DFT) calculations were performed with the GPAW (generalized plane augmented wave)S28,29  software for a ¼ ML coverage using PAW:s with an explicit core-hole. The finite-difference mode with grid spacing of 0.2 Å was used in conjunction with a Monkhorst–Pack k-point sampling density of 2.5 k-points/Å3 in the supercell and the revised Perdew-Burke-Ernzerhof (RPBE) exchange-correlation functionalS30. For excited-state calculations we must make sure the supercell is big enough (in our experience larger than 8 Å on each dimension) so core-hole interactions with its periodic images are reduced.
The absolute XPS binding energies (BE) are calculated using generated core-ionized PAW:s (explicit core-hole) representing the final or excited state and the BE is obtained from the equation

where  is the total electronic energy of the final or excited state, and  is the total electronic energy of the initial or ground state. The BE are then shifted according to the binding energy position of COtop.
Sample Cleaning 
[bookmark: _Hlk158730813]Prior to the reaction studies the Co(0001) and Co()  samples were cleaned by established procedures of repeated sputtering (1keV, ~1µA, 30min) and annealing (523K, 30min) processes in ultra-high vacuum. In the XPS experiments the single crystals were also chemically cleaned by dosing of 0.16 liter per minute O2 for 5s followed by annealing in 1 liter per minute H2 at a sample distance of 30µm and 473K. In between each measurement the samples were kept in H2 flows greater or equal 0.16lpm (p<50mbar, negligible scattering in gas) to limit contamination from the vacuum environment, while we evaluated the surface cleanliness of C 1s, O 1s, S 1s, Si 1s containing species. The intensity sum of these was kept below 5at% of the Co2p3/2 signal. The Si 1s peak is orders of magnitude more sensitive to hard X-rays (by about a factor 100x) than both Si2p core-levels combined. 
[bookmark: _Ref158727639]Pressure Calibration
The pressure in the reaction zone is calibrated according to established proceduresS3. In lieu of a micro pressure sensor that would be able to directly probe the conditions in the ~30µm sized virtual cell, we instead calibrate the pressure observed in the first differential pumping stage with the 1:2 CO:H2 gas mixture and pressures in the chamber. An example graph of this pressure calibration is given in Figure S6. The error of this measurement is estimated to be within the reproducibility of the two gauges involved (Pfeiffer RPT 200 PB, full scale accuracy ) resulting in a net uncertainty of  which amounts to about 4 mbar at 1000mbar. Due to the particular style of recording used close to the end of the region 20mbar steps are taken, which further limits the uncertainty of the absolute pressure.
[image: C:\Users\palo3274\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\1C7B2FB8.tmp]
[bookmark: _Ref143697997]Figure S6 Pressure calibration for 1:2 CO:H2 mixture comparing the chamber pressure and the pressure of the first differential pumping stage.
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