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differentiated by the chemical shift in the binding energy of the
core levels. Due to the short mean free path of photoelectrons,
however, most XPS studies concerning CO hydrogenation
over single-crystal materials were done ex-situ.26−29 Thanks to
recent developments in instrumentation increasing the
operable pressure, XPS can now be used to probe the CO
hydrogenation reaction over working catalysts in the 100 mbar
to 1 bar range.30 Spectra of an operating catalyst surface at
stable reaction conditions show the steady state of the
reaction.25,31 Since the measured intensities are proportional
to the coverage and readily affected by the tunable reaction
conditions, we have previously used this new instrumental
capability to investigate CO hydrogenation on five different
catalyst materials (Rh, Co, Cu, Fe, and Ni), published
individually elsewhere.32−37

Here, we provide a comprehensive comparison of the XPS
data from these five systems under similar conditions to
directly connect our experimental surface chemistry perspec-
tive to theoretically predicted trends.13,17 This approach allows
us to corroborate the general applicability of the scaling
relations while pointing out relevant deviations. We observe
the stable reaction ������������	, defined as chemical states on
the pathway between the reactant and the products. The
dominantly present adsorbates are long-lived molecules,
corresponding to minima in the potential energy landscape.
We furthermore take advantage of the high flows and resulting
exchange rate, which needs to be employed to maintain the
pressure of the reaction volume. In such a situation, the
products desorbing from the surface are removed ∼1000 times
per second, meaning that readsorption of products and
“backwards” reactions play a minor role in the surface
chemistry.36 As a consequence, the observed species are
mainly intermediates appearing 
����� �
� ������������� 	��� ��
�
� �������� ���
���	�. Our X-ray photoelectron (XP) spectra
separately detect the intermediate species, and the trends
observed between spectra yield information about the relative
rates between elementary reactions, ultimately causing the
selectivity of the catalyst materials. As a basis for the upcoming
discussion, we illustrate the relevant reaction steps in Figure 1,
and how they relate to intermediate species. Caution is
required in the analysis, however, as 	�������� species may also
be observed in conjunction with the intermediates. Spectators
are defined as stable chemical states that do not make progress
toward the reaction product and instead correspond to “dead
ends” of the potential energy landscape.

This study specifically compares ������� 	������	�comprising
atomically flat facets of hexagonally arranged atoms in the
surface plane�to 	������ 	������	, which exhibit a dense and
periodic arrangement of undercoordinated atoms at the step
sites. While the close-packed terrace surfaces are more
abundant and more resistant to reconstructions due to lower
surface free energy, the undercoordinated sites on the stepped
surfaces affect the CO hydrogenation reaction mainly by
lowering the barriers for dissociation reactions.40−43 Several
studies have shown that exposure to reaction conditions can
cause surface reconstructions.44,45 Consequently, it should not
be expected that the surface orientation remains a pure terrace
surface or a homogeneously stepped facet throughout the
reaction. These reaction-induced changes do not diminish the
significance of the original facet, however, and as will be
discussed in this work, some character of the prereaction facet
seems to remain even under operating conditions.

■ MATERIALS AND METHODS
This study compares data from previously published studies of
CO hydrogenation. For a detailed methodological description
of these studies, including beam damage tests, we refer to refs
32−37. A summary detailing the most important experimental
variables (common for all data presented herein) is presented
here.

Summary of the X-ray and Beamline Settings. The XP
spectra were acquired using the POLARIS endstation at
beamline P22 of the PETRA III synchrotron facility in DESY,
Hamburg, Germany.30,46,47 The instrument comprises a R4000
hemispherical analyzer equipped with a HiPP-2 differentially
pumped prelens. The custom-made front cone was designed to
deliver the dosed gas stream directly onto the sample, forming
a virtual pressure cell between the front cone and the sample.30

All spectra were acquired at a photon energy of 4.6 keV, and
with similar focusing characteristics, where both the vertical
and horizontal foci were between 10 and 15 �m in full width
half-maximum. The high photon energy is required to produce
high-kinetic photoelectrons, which allows for a higher
transmission through the gas phase than if soft X-rays were
used. A grazing incidence angle (0.3−0.5° depending on the
system) allows for a total reflection geometry which limits the

Figure 1. Conceptual “side-view” illustration of the four main classes
of elementary reactions during the hydrogenation of CO hydro-
genation. Subplot (a) illustrates the chemisorption of CO and H2 to
the surface with CO chemisorbing upright (i), while H2 dissociates.38

Following chemisorption, the following steps compete: Subplot b
shows examples of CO dissociation mechanisms. Usually, the direct
dissociation (i) has a high energy barrier39 and requires a weakening
of the internal C−O bond, either (ii) through the attachment of a
hydrogen atom to the C or the O, or (iii) by binding the oxygen atom
to undercoordinated step sites of the catalyst.40−43 Hydrogenation,
shown in subplot c, describes the attachment of hydrogen atoms to
any reaction intermediate. Three mechanistic functions of hydro-
genation can be explored: it may (i) aid the CO dissociation by
weakening the internal C−O bond, (ii) saturate the products to
facilitate desorption, or (iii) reduce surface oxides or carbides formed
during the reaction. Subplot (d) shows how C−C coupling may occur
(i) by CO insertion into a CH� fragment, (ii) between two CH�
fragments, or (iii) by reaction of CH� with a C atom of a surface metal
carbide.
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probe depth to ∼20 Å.34,48 The measured Fermi edge was used
for binding energy calibration.

Sample Chemicals. The samples used in this study are
single crystals of 99.99% purity with a Ø 7 mm polished
surface, prepared before measurement by Ar+ sputtering,
annealing, and chemical cleaning. The CO (purity 99.997%)
and H2 (purity 99.999%) were further filtered using
commercial purifiers and mixed in a custom-made gas mixer.
The gases were typically flown with around 0.2 L/min for CO
and 0.4 L/min for H2. The pressurized volume (the virtual
pressure cell) is roughly a cylindrical shape spanning a radius
of 2.5 mm (determined by the gas inlet) and a height of 25−30
mm (the distance between the sample and the analyzer). The
temperatures are reported as measured by a K-type
thermocouple, attached to the back of the crystal, although
the actual temperatures on the crystal surface may be lower
than the reported temperature due to the cooling effect of the
gas flow, see ref 33. The pressure was calculated using a back
calibration procedure.30

Spectrum Processing. All spectra were normalized to
acquisition time, the photoionization cross section, and
thereafter by the area of a suitable metal peak in order to
achieve a comparable scaling of the spectra. The peaks used for
normalization were Rh 3d5/2, Cu 2p3/2, Co 2p3/2, Ni 2p3/2, and
Fe 2p3/2 for the respective metals. All of the C 1s spectra have a
linear background subtracted between 282 and 288 eV. An
overview of all spectra is available in Figure S1 of the
Supporting Information (SI). For the O 1s spectra, shown in
Figure S2 of the SI, a linear background subtraction was used
between 528 and 534.5 eV. Before the metal peak area
normalization, a Shirley background was subtracted,49 but the
metal spectra, shown in Figure S3 of the SI, are presented with
the background reapplied. The binding energy region of the
spectra excludes the gas phase peak, which appears around 292
eV. Examples of XP spectra which include the gas phase peaks
are given in the SI, Figure S4.

Spectrum Fitting. Some of the discussion in this article
concerns fitted components. These components are the result
of Voigt line shapes fitted to the spectrum. The point of the
fitting is not to conclusively determine the binding energy
position of every possible intermediate but rather to show
trends in how the spectra were affected by catalyst material,
surface orientation, and temperature. Thus, a lower amount of
spectrum components was used for the fit than the number of
separate species that can be inferred from the spectra. For a
more detailed discussion on the various components of the
spectra, we refer to the original publications of the various
spectra.32−37 The results of the fits are available in Figures S6−
S9.

■ RESULTS AND DISCUSSION
Spectrum Interpretation. Upon reaction of CO and H2

(� = 150 mbar, flow ratio 1:2) over the single crystal catalysts,
the XP spectra of the C 1s region show intensity from various
carbon species between 282 and 288 eV binding energy (BE).
The exact BE of a certain species may vary between different
materials, surface terminations, binding sites, and other
aspects.50−52 However, we can define BE ranges that generally
apply to all discussed catalyst surfaces. Figure 2 shows an
example spectrum acquired over Co (0001) with indicators of
the general BE ranges for the potential species. These
assignments are based on reference spectra and are occasion-
ally complemented by theoretical calculations.32−35 The

dashed line at 285 eV separates two classes of C-containing
reaction intermediates: species above generally correspond to
oxygenated adsorbates in which the C−O bond is still intact,
whereas binding energies below correspond to nonoxygenated
intermediates that form if the C−O bond is dissociated. The
oxygenated compounds include chemisorbed CO in different
binding geometries (on-top or multicoordinated) and partially
hydrogenated CO derivatives, such as alkoxy (R-CH2O−)
radicals. The nonoxygenated compounds comprise carbidic C
and hydrocarbons of various chain lengths and hydrogen
saturation. We will use the terms �−� 
����� and �−� ������
to differentiate the two classes. In Figure 3, we show C 1s
spectra acquired during syngas conversion at 275 °C. The
spectra are organized horizontally by increasing binding
strength of the surface toward atomic C based on published
values for the chemisorption energies (used as descriptors for
the catalytic activity).13,18 Further, the upper row shows
spectra acquired over atomically flat ������� 	������	� as opposed
to the 	������ 	������	 in the lower row.

Regimes of Rate Limitation. Fe is the strongest binding
catalyst, displayed in Figure 3. We note that most of the C 1s
spectrum intensity corresponds to nonoxygenated intermedi-
ates. This observation also holds in more hydrogen-rich
conditions.33 This species distribution indicates that the C−O
bond more easily dissociates compared to the hydrogenation
and desorption of the products (Figure 1c). While it has been
shown that several elementary reactions exhibit various degrees
of rate control in FTS,23 we can conclude that the CO
hydrogenation reaction over Fe (110) is rate-controlled by
elementary steps related to hydrogenation. We attribute this
rate control to the strong bond between C and Fe. The slightly
weaker binding terrace surfaces of Rh, Ni, and Co (upper row
of Figure 3) instead show most of the intensity above 285 eV.
This accumulation of ������ �−� adsorbates indicates low

Figure 2. Example XP spectrum of the C 1s adsorbate region during
CO hydrogenation over a Co(0001) model catalyst, with illustrations
and indicators of the binding energy region of common adsorbates.
Carbidic carbon, either as a bulk carbide or as chemisorbed carbon
adatoms, appears below 283.6 eV binding energy. Unsaturated CH�
fragments may span the binding energy range between 283.5 and
284.2 eV. Saturated hydrocarbons with bonds to the metal substrate
occupy the interval between 284.1 and 284.6 eV binding energy,
whereas the binding energy interval 284.5−284.8 eV can be associated
with carbon atoms without a direct bond to the metal. Carbon atoms
with a bond to oxygen are found in the higher binding energy region
above 285 eV. Doubly oxygenated carbon species such as carboxylates
have binding energies above 287 eV and are not observed in any
experiment reported herein.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c01914
J. Phys. Chem. C 2025, 129, 10107−10115

10109



barriers for hydrogenation once the C and O atoms are
separated, while the C−O dissociation now controls the rate
(Figure 1b). The weaker binding of C to the metals makes it
easier for C−H bonds to replace the C-metal bonds, and we
propose two regions of bond-strengths with different rate
limitations (red and blue highlights in Figure 3): terrace

crystals of Fe are limited by hydrogenation, while Rh, Ni, and
Co are limited by dissociation.

For stepped surfaces (Figure 3 bottom), the intensity on the
side of broken C−O bonds increases. The plot in Figure 4a,
quantifies the observed ratio (
����� �−� over ������ �−�).
We note that the green markers, corresponding to stepped
surfaces, are consistently higher than the violet markers

Figure 3. XP spectra of the C 1s adsorbate region acquired during syngas conversion over single crystal catalysts under similar reaction conditions.
The spectra on the upper row were acquired using terrace surfaces whereas the spectra on the lower row were acquired using over facets with a high
step density. The dashed black line indicates the binding energy of 285 eV separating intensity from species with intact C−O bond from species
with a broken C−O bond. The highlights indicate different rate limitation regimes inferred by the spectra. Red highlight corresponds to a rate
limitation by hydrogenation. Light blue corresponds to a rate limitation by C−O bond dissociation. The regime highlighted by violet indicates that
both CO dissociation and hydrogenation may contribute to the rate limitation. Green highlight indicates a rate limitation by chemisorption. All
spectra were acquired at 275 °C and 150 mbar, except for the stepped Co surface which was acquired at 200 mbar as data at 150 mbar is not
available.

Figure 4. Trends discerned from the evaluation of XP spectra under reactive CO hydrogenation conditions. Subplot (a) describes how the
coverage ratio between adsorbates with broken and intact C−O bonds changes with the chemisorption energy of C. Subplot (b) shows how the
relative coverage of only intact C−O species is affected by the chemisorption energy of C. The corresponding spectra for subplots (a) and (b) are
available in Figure 3. Subplot (c) describes how the species with broken and intact C−O bonds evolve with temperature for Rh, Ni, and Co. The
spectra are available in Figure S1 of the SI. Subplot d compares the evolution of selected fitted components with temperature. The fitted spectra are
available in Figures S6 and S7 of the SI.
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corresponding to flat surfaces. Since the step sites lower
barriers for dissociation of the C−O bond,40−43 the rate
limitation is shifted toward hydrogenation. This observation
implies that prereaction facets remain influential even if surface
reconstructions occur. We note, however, that this shift is not
enough to consistently flip the coverage ratio of the broken C−
O bond versus the intact C−O bond species. The coverage
ratios additionally do not follow a monotonic trend with
adsorbate binding strength, as would be expected from scaling
relations: Ni, placed between Rh and Co in terms of binding
strength, both with respect to O and C, shows highest intensity
for ������ �−� species on the stepped surface, as opposed to
both Co and Rh. Figure 4b shows that the coverage of ������
�−� species on Co, Ni, and Rh during reaction conditions
follows an expected trend on terrace surfaces: it increases with
increasing C-binding strength to the metal. The stepped
surfaces, on the other hand, show a nonmonotonic behavior in
the coverage of ������ �−� species. The O binding strength is
also expected to affect the coverage of ������ �−� species, as
the transition state geometry for C−O dissociation involves
stabilization by the O binding toward a metal atom.40,53 The
formation of the O-metal bond occurs more efficiently for a
stronger binding to O. Ordering the catalyst materials by their
chemisorption energy toward O reproduces both the expected
monotonic trends and the unexpected nonmonotonic trends
that was observed in Figure 4a,b, as seen in Figure S5 of the SI.
As will be discussed later, the unexpected deviation is caused
by the ability of C to dissolve into the Ni lattice.

The observed coverage of C-containing adsorbates is low on
Cu (211) (Figure 3), consistent with the scaling relations. Cu
has a weaker binding to O and C than the other examined
metals, and the CO chemisorption rate scales with the binding
energy of C to the metal.54 The low coverage can be explained
if the CO chemisorption is rate-limiting over the Cu (211)
crystal under these reaction conditions. We have thus
identified three regions of rate limitation along the C-binding
strength axis: too strong binding will put the rate limit to the
hydrogenation step (Fe), while too weak binding will cause
chemisorption to be limiting (Cu). In an intermediate range
(Co, Ni, Rh), the rate limitation between hydrogenation and
C−O dissociation can be tuned by the surface structure, and as
was observed over Ni (111), also by the CO:H2 ratio.34

Stepped surfaces and in particular Ni, although, behave in a
way that is insufficiently predicted by the chemisorption energy
descriptor and the scaling relations. We note that the working
pressure may affect the kinetics of chemisorption, which, in
turn, can affect the relative coverage of CO and active
hydrogen. We speculate that increased pressure may
strengthen the observed divide in spectrum characteristics
between dissociation-limited and hydrogenation-limited bond
strength regimes.

Temperature Dependence on the Rates of C−O
Dissociation and Hydrogenation. In Figure 4c, we display
temperature effects on the distribution of 
����� �−� and
������ �−� adsorbates (spectra are available in Figure S1 of the
SI). The coverage of 
����� �−� species trends downward
with increasing temperature, whereas the coverage of ������ �−
� species is more constant in this temperature range. The
different slopes imply that the hydrogenation rate is more
strongly coupled with the temperature than for C−O bond
dissociation. A similar effect was observed in N2 dissociation
versus N-hydrogenation in the Haber−Bosch process.55 CO
dissociation transitions through a highly coordinated

state,8,23,40 while the ������ �−� spectrum intensity corre-
sponds mostly to on-top CO, which is not active for
dissociation.39,40,56 We previously introduced definitions for
spectators and intermediates based on whether or not the
species is part of the sequence that makes progress toward the
products. Since CO chemisorbs in the on-top position54 and
the chemisorption is considered a part of the reaction, the CO
on-top is by definition an intermediate, even if further
activation is necessary for the reaction to continue.

Influence of Carbidic Phases on Selectivity. The
temperature dependence on Fe is different from Co, Ni, and
Rh: the increased temperature does not deplete the intensity of

����� �−� carbon adsorbates; the coverage rather increases.
As reported previously33,37 Fe starts out oxidized at 200 °C
(see O 1s and Fe 2p spectra in the SI, Figures S2 and S3,
respectively), but various Fe carbides replace the oxide with
increasing temperature. The spectral contributions of carbidic
carbon and hydrocarbons are listed in Figure 4d. Above 300
°C, carbide contributions on Fe seem to plateau, and we
instead observe a buildup of long-chain hydrocarbons. A
mechanism has been suggested where a carbon-terminated
carbide is repeatedly hydrogenated and regenerated in a cyclic
manner.57,58 This picture is consistent with our observation
that hydrocarbon production does not deplete the carbide. The
buildup of these hydrocarbons is driven by the strong binding
of Fe toward C, where the hydrogenation is sufficiently slower
than C−C coupling. While Ni also forms carbides during the
reaction conditions, the carbidic contribution is prominently
found at lower temperatures between 200 and 250 °C (Figure
4d). Furthermore, Ni carburization is rather a dissolution of C
atoms into bulk Ni than the long-range structured carbide
growth on Fe.33,34 This picture is supported by consistently
higher carbidic than hydrocarbon intensity on Ni between 200
and 250 °C, pointing also to short residence times of
undersaturated hydrocarbons. C dissolved into the bulk is by
definition a spectator state, as dissolution into the Ni lattice
cannot be considered progress toward methane, but once the
C resurfaces, it rapidly gets hydrogenated without residence
time for C−C coupling to occur. These different carbide
behaviors explain the selectivity of Ni toward methane under
CO hydrogenation conditions and for the FTS activity of Fe.
The carburization of Ni may also explain the deviations of Ni
in Figure 4a,b, where it showed unexpectedly low coverages for
the given adsorption energy: carbide-induced reconstructions
could alter the character of the Ni (111) and (211) surfaces
during the operating conditions.59,60 In contrast, Co, Rh, and
Cu do not form carbides during our reaction conditions (see
the metal spectra in Figure S3 of the SI). The high cohesive
energy of Rh compared to the 3D-metals explains why Rh
remains metallic, and for Cu, the considerably weaker net
interaction with C compared to Ni and Fe explains why no
carbide is observed.61 The fact that no carbides are observed
over the Co catalysts, however, may seem surprising. Placed
between Ni and Fe in the periodic table, it is unintuitive why
Co should behave differently, and in terms of cohesive energy,
Ni, Co, and Fe are similar. Both the chemisorption energy of C
to the metals and the bond properties of metal-rich carbides
indicate a stronger interaction of C with Fe and Ni than
Co.62,63 Other in situ studies of Co and Ni-based catalysts
during CO hydrogenation conditions are consistent with our
observation of carburized Ni, and metallic Co up to 4 bar of
total pressure.36,64−67 Note, however, that in situ studies of Co-
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catalyzed FTS at even higher pressure (18 bar or higher) have
shown slightly carburized catalysts.64,65

Adsorbate-Mediated Mechanisms. Hydrocarbons grow
on Co and Rh through undersaturated C atoms confined on
the surface, which does not occur if the C permeates into the
bulk state. On stepped Rh and Ni, we also observe decreasing
coverage of 
����� �−� species with increasing temperature,
similar to terrace Co, Ni, and Rh (see Figure S1 of the SI). On
stepped Co, however, we note that the hydrocarbon
contribution of the spectrum does not decrease between 200
and 325 °C, but rather increases (Figure 5a). The increase is
accompanied by a shift to higher BE of the hydrocarbon-
related species. This shift is attributed to a loss of contact
between some carbon atoms and the surface, due to increased
hydrocarbon length and hydrogen saturation.36,52 Although
saturation normally correlates with desorption, the increased
chain length indicates that C−C coupling is more favorable
than hydrogenation on stepped Co. Desorption from Co seems
to be surprisingly disfavored, although the binding strength of
C and O suggests otherwise (in contrast to Fe). Navarro and
co-workers suggested that hydrocarbons lie on the terrace
surfaces of Co(0001), and every alkyl group in the chain
contributes to the bonding toward the surface.66 Our
observations that stepped surfaces host longer-chain hydro-
carbons than terrace surfaces are inconsistent with this
anchoring of hydrocarbon chains through collective alkyl
groups: The presence of step sites infers that fewer of the alkyl
groups are in contact with the surface, which should lead to
more rapid desorption from stepped surfaces than from terrace
surfaces. Our results are more consistent with a scheme where
a nonsaturated C atom anchors the chain of growing

hydrocarbons, as proposed by Weststrate et al.68 Inhibited
desorption is essential for Co as an FTS catalyst, and it is
possibly enabled through special sites that strongly coordinate
the anchor-carbon. It should be noted that real catalysts for
FTS operate at pressures above ten bar to increase the
conversion through entropic contributions to the reactant-
product equilibria. The pressure gap between 0.1 and 10+ bar
may further affect the distribution of hydrocarbons, and we
expect our results to be most applicable to the entrance of the
reactor and the initial stages of chain growth. At later stages, a
more equilibrated reactant-product distribution is expected,
which implies that readsorption of products may occur,
allowing for continued growth after product formation.

Oxygenate Selectivity. Selectivity toward oxygenates
requires a low binding strength toward oxygen, since a strong
oxygen binding correlates with increased CO dissociation
rate.53 In our series, Cu has the weakest O binding,
rationalizing its use in methanol synthesis, where the CO
bond must remain intact. However, from a single crystal under
a pure CO hydrogenation gas feed, we consistently obtain
temperature-independent low-coverage spectra as discussed in
Figure 3 (see also Figure S1 of the SI). In methanol
production, Cu is often alloyed with Zn to enhance C-binding.
With CO2 mixed into the syngas feed, the methanol
production rate is drastically increased.35,69,70 Rh is the second
weakest catalyst for the o-bonding in our discussion. The weak
O bond causes an array of ������ �−� species compared to the
hydrocarbon-selective catalysts Ni and Co.53 In Figure 5b, we
show the C 1s spectrum with an additional ������ �−�
component on terrace Rh as compared to Co, assigned to
alkoxy groups (R-CH2O).32 As opposed to Cu-based catalysts,

Figure 5. Selected XP spectra of the C 1s adsorbate region acquired during CO hydrogenation, � = 150 mbar and CO:H2 ratio = 1:2. Selected
fitted components are included to illustrate certain points. The full fits, including components not shown here, are available in the SI Figures S6−
S9. Subplot a compares the hydrocarbon peaks on stepped Co at a high and a low temperature. Subplot (b) compares the “intact C−O” part of the
C 1s spectrum acquired over Rh and Co, both at 250 °C. Subplot (c) indicates the most dominant contribution for each of the terrace surfaces at
high (325 °C) and low (200 °C) temperature.
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Rh may produce multicarbon oxygenates such as higher
alcohols. This selectivity can proceed by enabling C−C
coupling via the CO insertion reaction. A bond is created
between a CO molecule and an undersaturated hydrocarbon
fragment (CH� in Figure 1d(i)). Between 200 and 250 °C,
undersaturated CH� species appear more intense on Rh than
on the other systems. Figure 5c shows spectra acquired at high
and low temperatures for the terrace surfaces, with the most
intense fit component (for full fits, see Figures S8 and S9 of the
SI). The most prominent features are commonly carbidic
carbon (for Fe, a combination of two kinds of carbides),
atomic carbon, or CO. Rh is uniquely set up for CO insertion
to occur, with the highest coverage of intact CO and the
highest coverage of CH� . Notably, as can be further inferred
from the comparison in Figure S9 of the SI, terrace Rh, should
enhance CO insertion over stepped Rh since CO coverage is
higher and hydrocarbons are less saturated. These observations
support predictions based on microkinetic modeling, compar-
ing flat and stepped surfaces.11,71

■ CONCLUSIONS
In summary, we can extract rich information about the reaction
mechanisms and selectivity for the CO hydrogenation
reactions by comparing XPS intensities in the C 1s BE region.
Three classes of rate limitations are discerned: CO
chemisorption, C−O bond dissociation, and hydrogenation.
Most results agree in terms of rate limitations and general
trends between stepped and terrace surfaces, with scaling
relation predictions using the C and O binding strengths.
However, stepped Ni and stepped Co show unexpected
coverage of intermediates. Carburization of Ni and interactions
with the formed carbide can explain the deviating behavior of
Ni, as well as its known selectivity toward methanation.
Carbide build-up on Fe instead enables the generation of
longer chain hydrocarbons due to the strong binding toward
both C and O. Co also produces longer hydrocarbons, but
chain growth occurs through adsorbed hydrocarbon fragments.
Surprisingly, long hydrocarbons on stepped Co elude
desorption despite adequate hydrogenation and despite
significantly weaker C binding strength on Co than on Fe.
Pure Cu is mostly inactive: the weak binding to CO precludes
chemisorption, and alloying is necessary to become a methanol
synthesis catalyst. On terrace Rh, however, the strong carbon
binding and weak oxygen binding have just the right balance to
produce multicarbon oxygenates: we observe evidence of slow
dissociation of CO combined with a coverage of under-
saturated hydrocarbons, which allows for CO insertion steps.
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