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ABSTRACT: Adsorbed CO is a key intermediate in CO, O o % 2 0% o0 .09
hydrogenation on Ni-based catalysts because its stability and 0©° - Yo ©
adsorption site influence the competition between the reverse

water—gas shift reaction and CO, methanation. Here we use in situ 4 b4
infrared spectroscopy and ambient-pressure X-ray photoelectron /\9/\ /\9/\ /\9/\

spectroscopy to follow the evolution of CO* intermediates and the
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. . 08 O 9%8 0% 08 .00y 9
chemical state of Ni(100) under CO, and H, between 25 and 300 00 A0 099 o 8 ©
°C. We show that the adsorption site of CO depends strongly on ¢® O v - [+] %0
coadsorbed atomic species (O*, H*, and C*). Under CO,, CO O ™ G -
adsorbs mainly on top sites, whereas H, removes surface oxygen m m m
and stabilizes bridge-bonded CO at low temperature. At higher (5 0O

temperature, H, promotes CO dissociation, leadmg to atomic 200-300 °C 25 °C

carbon and Ni carbide that create new adsorption sites for CO.

These findings show that H, plays a central role in enabling complete CO, dissociation on Ni(100) and in controlling the adsorption
site and stability of CO intermediates. These findings also demonstrate that the reaction pathway on Ni(100) differs from that on

Ni(111).

25-100 °C

51

B INTRODUCTION

CO, hydrogenation has attracted broad interest as a route for
carbon utilization and the production of fuels and value-added
chemicals."” Nickel-based catalysts are active for both the
reverse water—gas shift (RWGS) reaction™ and CO,
methanation,”> which determine whether CO or methane is
the dominant product. Selectivity between these pathways
depends strongly on reaction conditions and catalyst structure,
making a molecular-level understanding of facet-dependent
reactivity and surface dynamics essential.”*

In both RWGS and CO, methanation, CO is a key
intermediate that can either desorb or undergo further
dissociation and hydrogenation.”” Tts reactivity depends
strongly on its adsorption site, which in turn depends on
surface structure and coadsorbed species.””"® Under reaction
conditions, Ni surfaces are dynamic and are continuously
modified by species formed by CO, and H, dissociation.”"*""*
These species can occupy surface and subsurface sites, alter the
electronic structure of the catalyst, and change the availability
and nature of adsorption sites for CO.

In our previous works on Ni(111), we showed that atomic
oxygen determines the adsorption site of CO formed in the
first step of CO, dissociation.'”"* On Ni(100), however, CO
can also dissociate further to C* and O*,"> which makes the
surface chemistry more complex.'* Although the surface
chemistry of Ni(100) under different reaction conditions has

© 2026 The Authors. Published by
American Chemical Society

WACS Publications

been studied extensively,'*'® a direct correlation between the
evolving surface composition and the adsorption site of CO
intermediates is still missing.

Here we examine how reaction conditions control both the
adsorption site of CO* and the chemical state of Ni(100). By
combining in situ polarization-modulation infrared reflection—
absorption spectroscopy (PM-IRRAS) and ambient-pressure
X-ray photoelectron spectroscopy (AP-XPS), we follow the
evolution of adsorbed CO and coadsorbed atomic species
under CO, and H, between 25 and 300 °C. The results show
that the CO adsorption site is dynamically controlled by O%,
H*, and C*, whose relative stability depends strongly on
temperature and gas composition. We further show that
removal of surface oxygen by hydrogen is a key step that
enables CO* activation and C* formation on Ni(100). This
activation is a crucial step in the carbide reaction pathway for
CO, methanation.
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Figure 1. PM-IRRAS spectra of Ni(100) under (a) 1 mbar CO, and (b) 1 mbar CO, + 1 mbar H,. In both experiments, CO, and H, were dosed at
25 °C, and the surface was then heated and cooled according to the sequence shown in (c). Schematics of the surface intermediates and CO*
adsorption sites at steps (i) and (vii) are shown in (d) for CO, and in (e) for CO, + H,.

B EXPERIMENTAL SECTION

PM-IRRAS experiments were performed in a UHV system
consisting of a load-lock, a preparation chamber, and an IR
measurement chamber. A detailed description of operation in
UHV and ambient-pressure modes is available elsewhere.'”'®
The preparation chamber (base pressure 1—-3 X 107'° mbar)
was used to clean the Ni(100) single-crystal surface (214 mm,
thickness = 2 mm, MaTeck GmbH) by repeated Ar* sputtering
(1.5 kV, S mA, 20—30 min) and annealing (25 min at 650 °C).
After preparation, the crystal was transferred through a gate
valve into the PM-IRRAS chamber (base pressure <1 X 107"
mbar), which was equipped with a Nicolet iS50 FTIR
spectrophotometer. Before each gas-dosing experiment, a
reference PM-IRRAS spectrum was recorded at RT in UHV
to verify surface cleanliness and to subtract the Bessel-function
curvature from subsequent spectra. CO, and H, (Airgas USA,
99.999% and 99.9999%, respectively) were introduced through
manual leak valves in static-pressure mode at room temper-
ature (RT) ~25 °C, and PM-IRRAS spectra were collected as
a function of time and/or temperature according to the heating
profiles described in the main text (25 °C < T < 300 °C). The
sample was resistively heated from the back via Prevac’s
stainless steel PTS800 sample holders. Each spectrum shown
here represents an average of 1500 scans to improve the signal-
to-noise ratio. Between ambient-pressure experiments, the
analysis chamber was baked for at least 24 h at 120 °C to
restore the base pressure, and the Ni(100) crystal was
recleaned by 5—10 additional sputtering and annealing cycles.

Supplementary AP-XPS measurements were performed at
beamline 9.3.2 of the Advanced Light Source (ALS),"
equipped with a VG-Scienta R4000 HiPP hemispherical
electron analyzer (Scienta, now Scienta Omicron) operated
with a pass energy of 100 eV. This beamline provides a lower
flux density (5 X 10’—2 X 10® photons cm™ s™') than most
AP-XPS beamlines, which reduces beam-induced effects.”’
Photon energies of 430 eV for C 1s and 680 eV for O 1s were
chosen to give a photoelectron kinetic energy of about 150 eV.
Ni 3p region was also measured with 430 eV photons. Before
the measurements, the same Ni(100) sample used in the IR
experiments was cleaned by more than 10 cycles of
conventional Ar* sputtering (1.5 kV) followed by annealing
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at 650 °C. The base pressures in the preparation and
measurement chambers were approximately S X 107 and 3
X 107° mbar, respectively. The measurement chamber was
baked before the experiments and reached a base pressure of 2
x 107'° mbar; however, the pressure increased after initial test
exposures to CO, conducted before the measurements
reported here. Because the sample had previously been
exposed to CO, at elevated temperature during the IR
experiments, it contained a relatively high concentration of
dissolved oxygen. As in the IR experiments, CO, and H,
(PRAXAIR, now Linde; 99.999% and 99.9999%, respectively)
were dosed throuégh leak valves. Because of the tendency to
form carbonates,'®>' AP-XPS measurements were carried out
only above 100 °C, with H, dosed before CO,. The sample
was resistively heated from the back via a Pt wire. All binding
energies were calibrated to the Fermi level measured at the
same photon energy. Spectra were fitted with a combination of
symmetric and asymmetric Gaussian—Lorentzian line shapes
after background subtraction.

B RESULTS AND DISCUSSION

We first used in situ PM-IRRAS to examine how temperature
affects the adsorption site of the CO* intermediate under CO,
and CO, + H,. Figure la,b show spectra collected under 1
mbar CO, and 1 mbar CO, + 1 mbar H,, respectively, using
the heating sequence in Figure lc. For Ni(100) in CO, at 25
°C (Figure la(i)), the PM-IRRAS spectrum shows an intense
band at 2043 cm™! and a weaker, broader band at 1922 cm™},
assigned to CO adsorbed on top sites (COtOP) and bridge sites
(CObridge) E resp<ectiv<ely.22_24 These peaks appear because CO,
dissociatively adsorbs on Ni(100) to produce CO* and O*.
Although O* species (Ni—O vibrations below 650 cm™) are
not detected in the present PM-IRRAS setup, previous studies
showed that atomic oxygen g)referentially occupies 4-fold
hollow sites on Ni(100).>>*° When the temperature is
increased to 100 °C (step (ii) in Figure la), both COyp and
COlyigge shift slightly to lower wavenumber, consistent with
lower surface coverage. At 200 and 300 °C (steps (iv) and
(vi)), both bands disappear because CO* desorbs completely
from the surface. The short residence time of CO* formed by

https://doi.org/10.1021/acs.jpcc.6c04216
J. Phys. Chem. C 2026, 130, 10952—10957
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Figure 2. (a) PM-IRRAS spectra of Ni(100) after heating—cooling cycles under 1 mbar CO, + 1 mbar H, at 200, 250, and 300 °C. In each cycle,
the sample was heated to the selected temperature for 5 min and then cooled to RT. All spectra were recorded at RT and are plotted against the
total annealing time. (b) Intensity of the COy;—c peak (~2073 cm™) as a function of accumulated annealing time at each temperature. The 2073
cm™ peak borrows intensity from the 2060 cm™ peak, a purely physical (nonchemical) effect; therefore, the trend is a nonlinear measure of

COyj—c coverage.

CO, dissociation at these temperatures (T > 200 °C) agrees
with previous thermal desorption studies.”*’

The spectra recorded after cooling the sample back to RT
(steps (iii), (v), and (vii) in Figure la) provide information on
changes in surface chemistry during heating, especially on the
distribution of CO* over different adsorption sites after
cooling."”"* In CO, (Figure 1a), the CO,,, and COyigge bands
measured at RT are essentially unchanged after heating to
different temperatures and cooling back, as illustrated in Figure
1d. This behavior contrasts with that of Ni(111), where CO*
and O* compete for the same energetically preferred
adsorption sites, namely the 3-fold hollow sites. As a result,
the accumulation of O* during annealing at elevated
temperatures significantly affects the site distribution of
CO*.” On Ni(100), however, O* and CO* preferentially
occupy different adsorption sites. Consequently, the accumu-
lation of O* upon annealing has little effect on either the
distribution or the coverage of adsorbed CO. Nevertheless, the
slight red shift of the COyqq. band from 1922 cm™! before
heating (Figure 1a(i)) to 1912 cm™" after annealing at 300 °C
and cooling back to RT (Figure la(vii)) may indicate a modest
influence of accumulated O* on the adsorption environment
of CO. In contrast to pure CO,, clear temperature-dependent
changes are observed under CO, + H, (Figure 1b). Already at
RT (step (i)), adding 1 mbar H, to 1 mbar CO, shifts the
preferred adsorption site of CO* from top (2038 cm™') to
bridge (1944 cm™'). We attribute this site shift to two
consecutive processes: (1) removal of oxygen from 4-fold
hollow sites through reaction with H*, a product of
dissociative H, adsorption, to form OH and H,O, and (2)
further dissociative adsorption of H,, which places H* in 4-fold
hollow sites.”® As shown previously for Ni(100) under CO and
H,*, coadsorbed H* stabilizes CO on bridge sites through
electronic effects.””*° This H-stabilized COpyigge configuration
is illustrated in Figure le(i). By contrast, at high coverage and
in the absence of coadsorbates, CO on Ni(100) preferentially
occupies top sites at RT.”

After heating the sample to 100 °C under 1 mbar CO, + 1
mbar H, (step (ii) in Figure 1b), the COlrigge peak red-shifts
from 1944 to 1919 cm™' as the CO* coverage decreases. At
200 and 300 °C (steps (iv) and (vi)), only very weak, broad
features remain because the CO™* coverage is low and thermal
broadening is significant.”’ No major change is observed after
cooling from 100 °C to RT (step (iii)). In contrast, annealing
at 200 and 300 °C leads to pronounced changes in the RT
spectra (steps (v) and (vii)). After annealing at 200 °C, the
COpyrigge peak near 1947 cm™! decreases in intensity and the
COy,, peak at 2036 cm™ reappears. This reappearance
indicates that H*, which stabilizes bridge-bound CO, is no
longer the dominant species in the 4-fold hollow sites of
Ni(100). One possible adsorbate on these sites after heating is
atomic oxygen. As we showed previously for CO, + H, on
Ni(111),"” oxygen that penetrates into subsurface layers at 200
°C can act as a reservoir that affects the CO adsorption site
after cooling. Here, however, the combined PM-IRRAS and
AP-XPS data point instead to site occupation by atomic
carbon. Atomic carbon on Ni(100) at elevated temperature
may form through CO* dissociation (CO* — C* + O*) or
CO* disproportionation (2CO* — C* + CO,)." Like oxygen,
carbon preferentially occupies the 4-fold hollow sites of
Ni(100), but its adsorption energy is substantially higher
than that of oxygen or hydrogen, making it the more stable
surface species.”” A previous IR study also showed that atomic
carbon on Ni(100) favors the coadsorption of CO at top
sites.”*

Heating the surface to 300 °C leads to additional changes in
the PM-IRRAS spectrum measured after cooling to RT (step
(vii) in Figure 1b). The COyyigge peak decreases further relative
to step (v), and a new CO stretching band appears at 2073
cm™! with a shoulder near 2060 cm™'. The band near 2060
cm™ can be assigned to COyyp blue-shifted by dissolved
subsurface carbon, whereas the higher-frequency band is
assigned to CO adsorbed on a carbidic Ni site (COy—c).””
The formation of dissolved carbon and a Ni carbide layer can
be explained by atomic carbon generated by CO* decom-

10954 https://doi.org/10.1021/acs.jpcc.6c04216
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position or disproportionation and its subsequent accumu-
lation in the subsurface region. The adsorption of CO on
carbidic Ni sites after heating to 300 °C is illustrated in Figure
Le(vii).

The kinetics of Ni carbide formation under CO, + H, were
examined by temperature-cycling experiments between RT and
temperatures in the 200—300 °C range (Figure 2). In each
experiment, the sample was heated to the selected temperature
for S min, then cooled to RT, and PM-IRRAS spectra were
recorded as a function of total annealing time (Figure 2a). The
intensity of the COy—¢ peak at ~2073 cm™' was used to
monitor the growth of the Ni carbide layer (Figure 2b). After
annealing cycles at 200 °C, the COy;—c peak was not detected
for annealing times up to 25 min, and the COy,, and COy;gq.
bands remained unchanged. At this temperature, the surface is
therefore consistent with adsorbed atomic carbon and oxygen
but not with a continuous carbide layer. After annealing cycles
at 250 °C, the COy—c peak increases clearly with time,
together with a blue shift and loss of intensity of the CO,
peak; the process is even faster at 300 °C. These results
indicate rapid growth of a Ni carbide layer on Ni(100) under
CO, + H, above 250 °C. In stark contrast to Ni(100), no such
changes take place on Ni(111), on which no significant
COyi—c band is detected after annealing at 300 °C. * Thus,
the reaction pathway of CO, hydrogenation on Ni is highly
structure sensitive.

To verify the assignment of the 2073 cm™ band to COy—,
we performed complementary AP-XPS measurements, which
can directly probe carbide formation. No prominent C 1s
features are observed in UHV or in H,, but peaks associated
with CO, dissociation appear when both gases are present, as
shown in Figure 3. At 100 °C, the main feature is a peak at
about 285.6 eV, assigned to CO*.'* Its slight asymmetry is
partially due to vibrational losses and partially due to a small
amount of carbonate contamination. Less intense features are
also present: a peak at 283.0 eV due to sp-hybridized carbon
and a peak at 284.2 eV assigned to sp’-hybridized carbon

cloz, gas C
/}\ Msoo °c)
250 °C *>\ in Hz
-----“‘~—-—-—-—--—JCH :L- J‘HCOZ
ol A co "JA °
] i id’ 1/I\ 200 CU

Intensity [a.u.]

R inH,
100°C ;o)
e USRS, RPN in Hz
T = in UHV

295 260 285 280
Binding Energy [eV]

Figure 3. C 1s region of the AP-XPS spectra obtained in UHV at RT,
in 0.075 mbar H, at RT, and in 0.075 mbar H, + 0.075 mbar CO, at
100, 200, 250, and 300 °C. Black dots are the experimental data, the
solid black line is the fit, and the red lines mark the peaks discussed in
the main text. The spectra are shown after background subtraction.

(CH,), which is associated with either alizphatic hydrocarbon
contamination or graphitized carbon.’>”* Because of the
sample history, the sample initially contains a relatively high
concentration of dissolved oxygen, as seen in the O 1s spectra
in Figure S1. At 100 °C, however, the intensity of the
dissolved-oxygen signal near 530.0 eV does not change
significantly, apart from a small decrease caused by gas-phase
attenuation. The O 1s counterpart of the 285.6 eV CO* peak
is not used in the analysis because it overlaps with the OH*
contribution at 531.5 eV. The OH* feature itself arises from
hydroxylation during the initial H, dosing, both because H,
introduces residual water vapor to the surface and because it
reacts with surface and dissolved oxygen to form hydroxyl
species.

At 200 °C and above, the C 1s region changes substantially.
At 200 °C, both the CO* and CH,, peaks decrease strongly in
intensity, and at 250 and 300 °C they fall below the detection
limit. In parallel, the sp-hybridized carbon peak increases at
200 °C and continues to grow as the temperature is raised. Its
position also shifts slightly, from 283.0 eV at 200 °C to 282.8
eV at 250 and 300 °C, which is consistent with conversion of
atomic surface carbon into a carbide layer, in agreement with
the PM-IRRAS analysis. A similar negative shift of the sp-
hybridized C 1s peak was reported for Ni(111) under related
reaction conditions, although its origin was not discussed.”!
When the C 1s region is measured with 680 eV photons
instead of 490 eV photons, giving lower surface sensitivity
(Figure S2), the peak remains close to 283.0 €V even at 250
and 300 °C. This result suggests that the carbide layer is
mainly confined to the surface, possibly in a reconstructed
form, whereas the subsurface contains primarily dissolved
atomic carbon. The dissolved-oxygen peak in the O 1s region
(Figure S1) also decreases above 250 °C, consistent with
partial replacement of dissolved oxygen by dissolved carbon.
The atomic-carbon peak is slightly asymmetric because it is
hybridized with metallic Ni. No clear change is observed in the
Ni 3p spectra (Figure S1), which remain about 97% metallic
(including carbidic Ni) and 3% oxidic under all conditions
studied. This is expected because carbidic and metallic Ni have
been reported to appear very similar in the Ni 3p region.*

Taken together, the PM-IRRAS and AP-XPS results support
the formation of C* and Ni carbide during reaction of CO,
and H, on Ni(100) at elevated temperature (T > 200 °C).
The data indicate that H, promotes complete CO, activation
not only by removing O* through H,O formation, but also by
enabling subsequent CO* dissociation and carbon accumu-
lation. This carbon modifies both the chemical state of the
surface and the adsorption site of CO*. The interpretation is
consistent with the additional PM-IRRAS experiments in
Figures S3 and S4, which show that reversing the dosing order
or increasing the H, partial pressure (1:10 partial pressure
ratio) still leads to COy;—c formation after reaction at elevated
temperatures. Figures S3 and S4 also discuss respectively the
further effects of reversing the dosing order and increasing the
H, partial pressure. In both cases, the differences in spectral
features compared to those presented here arise from a higher
H* coverage (either due to H, predosing or due to higher H,
partial pressure) which favors CO adsorption at bridge sites.

Bl CONCLUSIONS

Using in situ PM-IRRAS and AP-XPS under mbar pressures of
CO, and H,, we show that the adsorption site of CO on
Ni(100) is controlled by the relative stability of coadsorbed

https://doi.org/10.1021/acs.jpcc.6c04216
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O*, H*, and C*. Under CO,, oxygen causes CO adsorption
mainly at top sites. Adding H, removes oxygen through H,O
formation and stabilizes bridge-bound CO at low temperature
through coadsorbed H*. At higher temperature (T > 200 °C),
H, also enables CO* dissociation, leading to atomic carbon
and eventually Ni carbide, which shift CO adsorption toward
top and carbidic Ni sites. These results identify oxygen removal
from the 4-fold hollow sites as the key step that enables H,-
assisted CO activation on Ni(100) and provide a mechanistic
basis for controlling CO, hydrogenation pathways on Ni-based
catalysts through reaction conditions. These results also show
that CO, hydrogenation reaction pathways on Ni(100) and
Ni(111) are fundamentally different, as the former both
involves CO activation and change of CO intermediate sites.
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O 1s and Ni 3p regions, and the C 1s region measured at
a higher photon energy. Fitting parameters of the XPS.
PM-IRRAS spectra with H, + CO, dosing (reversed
dosing order) and with H,-rich conditions (1:10 CO, to
H, ratio) (PDF)
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