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Molecular-level insights into CO2 activation
on Ni(111) from in situ infrared spectroscopy

Roey Ben David,1 Ashley R. Head,2 Senpeng Lin,1,3 Adva Ben Yaacov,1 Miguel A. Andres,1

and Baran Eren1,4,*

SUMMARY

The activation of CO2 on nickel surfaces is the first step of various
CO2 conversion processes. Consequently, understanding the sur-
face intermediates formed during this step and their adsorption
sites is crucial for elucidating reaction mechanisms. In this study,
we employ in situ infrared spectroscopy to investigate the interac-
tion of 1 mbar CO2 with a model Ni(111) catalyst between 25�C
and 300�C. Under these conditions, CO2 is activated via a direct
dissociation into CO and atomic oxygen, while the oxidation state
of the Ni(111) surface is primarily determined by residual H2 and
O2. The high surface coverage of CO and oxygen at ambient CO2

pressure induces a competitive adsorption mechanism on the ener-
getically favored hollow sites. This mechanism leads to a tempera-
ture-dependent distribution of CO between top and hollow sites,
potentially explaining the effect of reaction conditions on the
adsorption site of CO intermediates in CO2 conversion reactions.

INTRODUCTION

The adsorption and activation of CO2 on metal surfaces are elementary steps to

consider for the rational design of catalytic systems for CO2 conversion and utilization

via heterogeneous catalysis.1–3 Themost important CO2 conversion reactions are CO2

reduction to CO,4 dry methane reforming (DMR),5–7 and, perhaps most essentially,

CO2 hydrogenation.
8–10 CO2 hydrogenation can proceed along three main pathways,

classified by the resulting product: methanol, methane (the Sabatier reaction), and hy-

drocarbons (via Fischer-Tropsch synthesis and a CO intermediate). These reactions

can occur by heterogeneous catalysis in the gas phase or liquid phase, sometimes as-

sisted by photochemical and electrochemical processes. In the case of catalytic con-

version of gas-phase CO2, the initial adsorption and interaction of CO2 molecules

with the catalyst surface are the pivotal steps that can affect subsequent reaction path-

ways and, thereby, the selectivity toward desired products.

Active metals commonly used for catalytic conversion of CO2 include platinum-

group metals (PGMs) such as Rh, Ru, Pt, Ir, and Pd as well as base metals like Ni,

Co, and Cu. From an economic standpoint, base metals are preferable for large-

scale industrial processes compared with PGMs. Ni-based catalysts are considered

efficient materials for several CO2 conversion reactions, such as DMR, CO2methana-

tion, and CO2 conversion to CO via the reverse water gas shift (RWGS) reaction.11–15

The commonly accepted mechanisms of these reactions involve the molecular

adsorption of CO2 followed by charge transfer from the metal to form anionic

bent CO2
d�, which serves as a short-lived precursor state for direct dissociation

into CO and atomic oxygen.16–19 However, in the presence of hydrogen on the
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surface, alternative H-assisted dissociation pathways through carboxyl (COOH*) or

formate (HCOO*) intermediates are also possible.16,20–23 These pathways, summa-

rized in the theoretical work ofMohan et al.,20 are presented in Figure 1A. The source

of hydrogen atoms on the surface is the dissociative adsorption of H2 gas for CO2

methanation and RWGS reactions and CH4 dehydrogenation for DMR. Both theoret-

ical and experimental studies generally agree that the direct dissociation of CO2 is

energetically favored over the H-assisted routes, particularly on the (111) facets of

Ni.20,23–25 After the formation of CO intermediates, further decomposition can pro-

ceed via a direct dissociation to C* and O* or H-assisted dissociation via HCO* or

COH* intermediates. For Ni(111), recent computational studies have shown that

the direct dissociation of CO (i.e., without hydrogen) is not plausible due to a rela-

tively high energy barrier (274–288 kJ/mol).20,23,25 Therefore, it is more likely that

CO would desorb from the surface rather than undergoing further dissociation.

The adsorption site of CO is one of the key parameters for reaction mechanisms

involving the formation of CO intermediates. For example, on Ni(111), there are

two potential adsorption sites: 3-fold hollow sites and top sites (Figure 1B). The

3-fold hollow sites can be further divided into face-centered cubic (fcc) and hexag-

onal close-packed (hcp) sites, but the difference in adsorption energy between

them is estimated to be negligible (�3 kJ/mol).17,26 On the other hand, the calcu-

lated adsorption energy of CO on hollow sites (�183 kJ/mol) is significantly larger

(in absolute value) than on top sites (�150 kJ/mol);17 hence, the hollow sites are

energetically favored over the top sites for CO adsorption on Ni(111). The adsorp-

tion site of CO has been claimed to play an important role in CO2 hydrogenation

on Ni nanoparticles, where the selectivity toward methane is correlated with the

adsorption site and, therefore, the adsorption energy.15,27 Vogt et al.15 discovered

that the optimal catalytic activity is achieved for a Ni particle size of 2–3 nm, which

allows a relatively high amount of CO to adsorb on top sites during the hydrogena-

tion process. The high activity of this type of adsorbed CO is attributed to its inter-

mediate adsorption strength, facilitating further decomposition and hydrogenation

toward methane. In contrast, CO adsorbed on hollow sites is more stable (due to a

stronger Ni-C bond) and therefore less active. Overall, the study by Vogt et al.15

highlights the close relationship between particle size effects and the presence of

active surface intermediates, such as top-site CO, under reaction conditions.15

Thus, understanding the mechanism of CO2 activation on Ni surfaces and the influ-

ence of reaction conditions on the adsorption site of CO intermediates is not only of

fundamental scientific interest but also provides valuable input for designing new

catalysts and optimizing reaction conditions.

Figure 1. CO2 activation pathways on Ni

(A) Schematic of CO2 adsorption and dissociation on Ni via either direct dissociation or H-assisted

dissociation through carboxyl (COOH*) and/or formate (HCOO*) intermediates.20

(B) Schematic of the possible adsorption sites of CO on Ni(111).
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Experimental surface-sensitive techniques operating at ambient pressures can pro-

vide fundamental insights into the CO2 activation mechanism on Ni surfaces. For

instance, such information obtained in the millibar pressure range might give a

hint about the behavior of CO2 under realistic reaction pressures (1–100 bar), as suf-

ficiently high coverage of surface intermediates can be reached under reaction tem-

peratures, where various surface processes might be activated. So far, the interac-

tion of CO2 with model Ni catalysts under ambient conditions has been mostly

studied with ambient pressure X-ray photoelectron spectroscopy (AP-XPS). Yet,

the exact nature of the surface species and the chemical state of the surface are high-

ly controversial. Yuan et al.28 observed that, when Ni(111) was exposed to 0.4 mbar

CO2 at 25�C, the surface became highly oxidized and covered with NiO and Ni2O3.

The only adsorbed species they detected on top of the oxide layer was chemisorbed

CO2 (CO2
d�), based on their peak assignment in the C 1s region of the AP-XPS

spectra. They proposed that the surface oxidation originates from the dissociative

adsorption of CO2, but they did not observe adsorbed CO due to its weak binding

to the oxide. In contrast, Heine et al.29 found that, under�0.3 mbar CO2 in the range

of 25�C–200�C, NiO is formed on the Ni(111) surface, followed by the formation of

carbonate (CO3
2�) species via reaction of CO2 with NiO.29 They also attributed the

oxidation of Ni(111) to dissociative adsorption of CO2, and they did not observe ad-

sorbed CO species for the same reason as the previous study. More recently, Cai

et al.30 compared the interaction of CO2 (�0.3 mbar) at 25�C with two different sur-

face orientations of Ni: Ni(111) and Ni(100). They observed the formation of carbon-

ate, adsorbed CO, and graphitic carbon on both surfaces, along with some NiO.

Furthermore, they demonstrated that the surface orientation strongly affects the dis-

tribution of surface intermediates; carbonate was the dominant intermediate on

Ni(111), while adsorbed CO and graphitic carbon were the major species on

Ni(100). The inconsistencies in the literature regarding the observed surface species

could be attributed to residual gases and issues related to the effects of ionizing ra-

diation.31,32 Such effects can be particularly significant for an active metal like Ni, as

even small amounts of oxidizing or reducing residual gases can influence the chem-

ical state of Ni surfaces.

Compared with AP-XPS, infrared (IR) spectroscopy is a less invasive technique with

higher sensitivity to the molecular species and their adsorption sites. In this work,

we employed polarization-modulated IR spectroscopy as the primary technique to

investigate the interaction of CO2 with metallic and oxidized Ni(111) model catalysts

under ambient pressure and temperature conditions. Our findings offer valuable in-

sights into the surface intermediates, adsorption sites, and chemical state of the sur-

face. Primarily, we reveal that CO2 interacts with a clean Ni(111) surface through

dissociative adsorption, resulting in the formation of CO and atomic oxygen, even

at 25�C. Furthermore, we found that the preferred adsorption site of CO, which is

an important parameter in CO2 conversion reactions, can be controlled by adjusting

the sample temperature. Finally, we highlight the significant impact of residual gases

on the chemical state of the Ni(111) surface under ambient CO2 pressure, which

might explain the discrepancies with respect to previous studies with seemingly

the same Ni-CO2 system.

RESULTS AND DISCUSSION

CO2 interaction with Ni(111)

The surface intermediates that form on the Ni(111) surface in the presence of 1 mbar

CO2 were characterized by in situ polarization modulation-IR reflection absorption

spectroscopy (PM-IRRAS) measurements. In each experiment, CO2 was dosed at
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25�C, followed by heating the sample to different temperatures between 100�C and

250�C and cooling it back to 25�C. This heating profile is illustrated in Figure 2A,

whereas Figure 2B shows the baseline-subtracted PM-IRRAS spectra collected at

different stages (stages (i)–(iii)) of the heating profile. Comparison of the spectra at

25�C before and after the annealing step (stages (i) and (iii)) allow us to isolate

changes related to the coverage and distribution of adsorbed species from the tem-

perature effects on the PM-IRRAS spectra. The only discernible peaks in the spectra

were in the range of 1,700–2,200 cm�1. Right after CO2 exposure at 25�C (stage (i) in

Figures 2A and 2B), two peaks at 1,911 and 2,045 cm�1 emerge in the spectrum,

which we assign to the stretching frequencies of adsorbed CO on 3-fold hollow sites

n(COhollow) and top sites n(COtop), respectively.
33,34 These frequencies indicate a

relatively high CO coverage of q > 1/3 monolayers (MLs) based on our calibration

measurements of CO adsorption on Ni(111) (Note S1). This result demonstrates

that a clean Ni(111) surface readily catalyzes the dissociation of CO2 into CO and

atomic oxygen at 25�C without requiring any additional thermal activation at

ambient pressure. The dissociative adsorption of CO2 on Ni(111) at 25�C was also

observed at a much lower pressure of 10�6 mbar CO2 (Note S2). However, in this

case, a considerably smaller n(COhollow) peak at lower frequency was observed

due to low coverage (the equilibrium coverage depends on the CO2 pressure) and

slower kinetics. Moreover, we verified that the observed CO in our ambient pressure

experiments is indeed a product of CO2 dissociation rather than a surface contam-

inant by performing PM-IRRASmeasurements with 13C-labeled CO2 (
13CO2). The re-

sults of these measurements are discussed in Note S3.

Figure 2. PM-IRRAS characterization of CO2 interaction with Ni(111)

(A) The three-stage heating profile used during the PM-IRRAS measurements.

(B) PM-IRRAS spectra measured under a static CO2 pressure of 1 mbar (dosed at 25�C).
Temperature at stage (ii) is indicated on the plots. Dashed lines label the peak positions of

adsorbed CO on top and hollow sites.

(C) The initial (stage (i), before heating) and final (stage (iii), after cooling) intensity ratios of the PM-

IRRAS peaks of COtop/COhollow versus temperature.

ll
OPEN ACCESS

4 Cell Reports Physical Science 5, 101890, April 17, 2024

Article



Upon heating the surface to different temperatures (stage (ii) in Figures 2A and 2B),

notable changes are observed in the vibrational bands of CO: the bands shift

to lower wave numbers, decrease in intensity, and broaden as the temperature

increases. At 100�C, the n(COhollow) and n(COtop) bands redshift to 1900 and

2032 cm�1, respectively, while at 150�C, they further redshift to 1,883 and

2,029 cm�1. At 200�C and 250�C, these CO-induced peaks become very broad

and low in intensity, close to the detection limit. These frequency shifts and intensity

changes are due to both a temperature effect on the vibrational bands of CO via

vibrational phase relaxation33,35 and a decrease in CO coverage with temperature.

The latter aligns with the desorption temperature range (�125�C–225�C) reported in

previous temperature-programmed desorption (TPD) studies for CO on Ni(111),

with a maximum desorption rate around 180�C.36,37 The desorption temperature

of CO from Ni(111) is associated with a relatively high activation energy for

desorption in the range of �85–130 kJ/mol, depending on the initial CO coverage

(0 < q % 0.5 ML).37 Overall, the PM-IRRAS results indicate that the thermal desorp-

tion of CO, which is produced by dissociative adsorption of CO2, is significant at

200�C and above.

Interestingly, after cooling the sample back to 25�C (stage (iii) in Figures 2A and 2B),

the relative intensities of the CO peaks depend on the annealing temperature used

in stage (ii). The intensity of the COhollow peak decreases with increasing annealing

temperature compared with its initial intensity before heating (stage (i) in

Figures 2A and 2B), while the COtop peak intensity increases. The trend of the

COtop/COhollow intensity ratio at stage (iii) versus the annealing temperature is

shown in Figure 2C. As a point of reference, the initial COtop/COhollow intensity ratio

before heating (stage (i)) is plotted on the same graph for each case. A similar COtop/

COhollow ratio of 0.39 G 0.02 is obtained in all measurements prior to heating, indi-

cating nearly identical starting conditions, in which the preferred adsorption sites of

the initially produced CO are the 3-fold hollow sites. This behavior is in line with the

higher adsorption energy (in absolute values) of CO on hollow sites compared with

top sites based on previous density functional theory (DFT) calculations.17 Experi-

mentally, it was also found by IR spectroscopy and XPS that CO molecules preferen-

tially occupy hollow sites at low coverage, whereas co-adsorption on top sites takes

place only at high coverage (0.2 < qCO < 0.5 ML).33,38,39

To better understand the mechanism behind the change in the preferred adsorption

site of CO due to thermal annealing, we should consider the co-product of dissocia-

tive CO2 adsorption; that is, chemisorbed oxygen. We cannot monitor chemisorbed

oxygen in situ by PM-IRRAS since the Ni-O vibration (�560–570 cm�1 40) is below the

cutoff of our detector (�650 cm�1), but we can account for it via ex situ Auger elec-

tron spectroscopy (AES) measurements in ultra-high vacuum (UHV) after evacuating

the CO2. Figure 3A shows the AES spectra measured after the PM-IRRAS experi-

ments of CO2 adsorption at different temperatures (Figure 2) compared with a

freshly prepared surface. The AES spectra obtained after CO2 adsorption at different

temperatures show a small peak at �507 eV corresponding to the KLL transition of

oxygen that is absent in the spectrum of a clean Ni(111) surface (Figure 3A). This

peak arises due to all O-containing species on the surface, including both chemi-

sorbed oxygen and CO, which are both formed by CO2 decomposition on the sur-

face. Figure 3B (pink circles, left y axis) presents the trend of the total oxygen

coverage versus annealing temperature. The oxygen coverage was evaluated

from the intensity ratio of the O-KLL peak and the Ni-LMM peak (�837 eV) using a

calibration measurement with a known oxygen coverage (Note S4). On the same

graph, the COtop/(COhollow+COtop) integrated intensity ratio obtained from
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PM-IRRAS measurements (Figure 2) is also plotted (Figure 3B, light blue squares,

right y axis). A correlation between the total oxygen coverage and the PM-IRRAS

COtop/(COhollow+COtop) ratio is apparent, with both exhibiting a sharp rise between

150�C and 200�C. The increase of the total oxygen coverage, assuming a similar

coverage of CO (note that CO partially desorbs during pumping), can only be ex-

plained by increasing coverage of atomic oxygen with annealing temperature. The

correlation between the increasing coverage of oxygen, and the site occupancy dis-

tribution of CO can be explained by competitive adsorption between CO and

atomic oxygen on their most stable adsorption sites, which are the 3-fold hollow

sites. This mechanism is schematically illustrated in Figure 3C. The adsorption en-

ergy of atomic oxygen (�434 to �556 kJ/mol) is significantly higher than that of

CO (�145 to �202 kJ/mol).25,41–45 Consequently, when CO and atomic oxygen

are formed simultaneously on the surface, atomic oxygen is expected to occupy

and block some of the hollow sites, forcing more of the CO molecules to adsorb

on the energetically less-favored top sites. The driving force for this unique mecha-

nism of a competitive dissociative adsorption is the relatively high coverage of CO

and oxygen produced on the Ni(111) surface at ambient pressure.

The competition between CO and atomic oxygen for occupation of the hollow sites

and the effect of oxygen co-adsorption on the site distribution of CO have been

investigated by previous studies, where CO and O2 were dosed separately in UHV

Figure 3. Correlation between the oxygen coverage and the site distribution of CO

(A) AES spectra of an as-prepared Ni(111) surface measured at 25�C in UHV and right after the PM-

IRRAS measurements presented in Figure 2 at different temperatures (100�C–250�C).
(B) The total oxygen coverage versus annealing temperature. The coverage was estimated from the

O-KLL/Ni-LMM intensity ratio based on the calibration procedure described in Note S4. For

comparison, the COtop/(COhollow+COtop) intensity ratio measured by PM-IRRAS (Figure 2) is

plotted on the same graph versus temperature.

(C) Schematic of the interplay between CO and atomic oxygen produced by dissociative

adsorption of CO2 on Ni(111). The solid arrows indicate that hollow sites are energetically preferred

both for atomic oxygen and CO; however, CO might also adsorb on top sites (dashed arrows).
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at low surface temperatures (%25�C).46–50 In line with our interpretation of the re-

sults with CO2, it was demonstrated that increasing the coverage of pre-adsorbed

oxygen on Ni(111) shifts the site occupancy of CO toward top sites. Despite similar

mechanism, the case of CO2 dissociation on Ni(111) at ambient conditions is sub-

stantially different from CO and oxygen co-adsorption at low temperatures in

UHV. For CO2 dissociation, CO and atomic oxygen are reaction products that

form simultaneously at a 1:1 ratio and within close proximity of a few angstroms

from each other on the surface (�4 Å based on DFT calculations41). These adsorption

characteristics influence the CO:O ratio, the site distribution of CO, and the limiting

coverage. For example, the limiting coverage is achieved once the hollow sites are

fully occupied, by either oxygen or CO, so further dissociation of CO2 is hindered.

To understand the increase in oxygen coverage with increasing annealing tempera-

ture, after an initial dense layer of co-adsorbed CO and atomic oxygen has been

formed at 25�C (stage (i) in Figure 2), the limiting step for further dissociative adsorp-

tion of CO2 on the surface has to be considered. Since CO readily forms on the

Ni(111) surface at 25�C upon CO2 exposure, the scission of the CO2 molecule into

adsorbed CO and atomic oxygen cannot be the rate-limiting step. The adsorption

layer at 25�C should be composed of equal coverage of co-adsorbed CO and atomic

oxygen, assuming that both species stay on the surface. Atomic oxygen is strongly

chemisorbed exclusively on hollow sites, whereas CO is adsorbed mostly on hollow

sites but also on top sites. Therefore, the hollow sites are likely to be fully occupied

by either atomic oxygen or CO, preventing further CO2 dissociation. Heating the

surface, especially above 200�C (Figure 2B), leads to desorption of CO from both

top and hollow sites into the gas phase. The vacant hollow sites promote further

CO2 dissociation into CO and atomic oxygen, increasing the coverage of atomic ox-

ygen. During the cooling process (below the desorption temperature of CO), the

produced CO remains on the surface; however, it is produced on an oxygen-rich sur-

face where the predominantly available sites are the top sites. As a result, the occu-

pancy of CO on top sites increases with annealing temperature.

The effect of annealing duration on the site occupancy of CO was examined by per-

forming incremental heating-cooling cycles under 1 mbar CO2 at two selected tem-

peratures: 150�C and 300�C. These temperatures were chosen because they pro-

duce a considerably different CO coverage during annealing, which markedly

affects the site distribution of CO after cooling. The heating profiles and the result-

ing PM-IRRAS spectra at different stages are shown in Figures 4A–4C, respectively.

As before, the first step of each experiment is dosing 1 mbar CO2 at 25�C. The
COtop/COhollow intensity ratio at this step (step (i), before heating) is �0.39, similar

to the value obtained in Figure 2. During heating cycles to 150�C (stages (ii), (iv),

and (vi) in Figure 4B), there is still some adsorbed COon the surface, but due to lower

coverage, the COhollow and COtop peak positions are redshifted to 1,883 cm�1 and

2,030 cm�1, respectively. After each cooling cycle (stages (iii), (v), and (vii) in Fig-

ure 4B), the peak positions return back to their initial positions at n(COhollow)

�1,913 cm�1 and n(COtop) �2,046 cm�1, with a COtop/COhollow intensity ratio of

0.48 G 0.04, indicating that the total CO coverage remains rather unchanged, but

the COtop/COhollow ratio is slightly higher compared with the initial value. During

the heating cycles to 300�C (stages (ii), (iv), and (vi) in Figure 4C), the CO peaks

completely disappear from the spectra due to complete desorption. The spectra af-

ter each cooling cycle (stages (iii), (v), and (vii) in Figure 4C) are nearly identical and

contain the two peaks of COhollow and COtop at 1,908 cm�1 and 2,052 cm�1, respec-

tively, together with an additional small peak at 2,105 cm�1. This high-frequency

peak has not been detected in any of our previous measurements following
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annealing at lower temperatures (Figure 2). The obtained COtop/COhollow intensity

ratio is 1.5 G 0.1, in agreement with the correlation between COtop/COhollow

ratio and the annealing temperature presented in Figure 2C. The slight redshift of

n(COhollow) frequency (from 1,913 cm�1 to 1,908 cm�1) and the slight blueshift of

n(COtop) frequency (from 2,046 cm�1 to 2,052 cm�1) further support the depletion

of CO from hollow sites and the increase of the CO population on top sites. The

new CO stretching peak at 2,105 cm�1 might be assigned to CO adsorbed on

oxidized Ni sites (Nid+). The frequency of CO on NiO(111) film grown on an

Ni(111) surface is reported as �2,150 cm�1 in the literature,51,52 which is 45 cm�1

higher than the value obtained here. However, it has also been mentioned that a

lower stretching frequency might be obtained due to CO adsorbed on partially

oxidized sites.51 In addition, the exact CO stretching frequency depends on its

actual coverage, which varies in different studies. It is worth noting that, despite

the very low intensity of the 2,105 cm�1 peak, due to the small amount of CO at these

Figure 4. CO2 activation on Ni(111) under heating-cooling cycles

(A) The heating profiles used in the PM-IRRAS experiments.

(B) PM-IRRAS spectra of Ni(111) exposed to 1 mbar CO2 (dosed at 25�C) during heating-cooling

cycles at 150�C.
(C) Same as (B) but for an annealing temperature of 300�C during the heating cycles. The dashed

lines mark the peak positions of adsorbed CO on different surface sites.
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sites, it is not an artifact, as its position is redshifted in test experiments with 13C

isotope labeling (Note S3). The appearance of CO on oxidized surface sites after an-

nealing at 300�C supports the mechanism of increasing oxygen coverage with an-

nealing temperature. Therefore, we believe that this peak arises due to oxidation

of some of the low-coordinated Ni sites (e.g., step edges) and CO adsorption

on them.

The most striking outcome of the PM-IRRAS measurements under heating-cooling

cycles (Figure 4) is that the COtop/COhollow intensity ratio after each cooling step

(stages (iii), (v), and (vii) in Figures 4B and 4C) remains nearly unchanged, which

means that this ratio is independent of the accumulated time at the annealing tem-

perature. This implies that the coverage of atomic oxygen that accumulates after

each annealing cycle is similar. If the opposite were true, and the oxygen coverage

were to increase with every cycle, it would result in a decreasing total CO coverage

and an increasing COtop/COhollow ratio. Moreover, in this scenario, an increasing ox-

ygen concentration in the surface/sub-surface region would lead to surface oxida-

tion, which is not observed in the CO peak positions, indicating adsorption on a

metallic Ni(111) surface. Hence, there must be a secondary process during thermal

annealing that consumes atomic oxygen in parallel with its production through CO2

dissociation. We propose that this process is the reduction of atomic oxygen by re-

sidual H2, which is the main background component in conventional UHV chambers

andmay also be present as an impurity (at the parts-per-million (ppm) level) in dosed

CO2 (discussed further in Note S7). This suggests that, at each annealing tempera-

ture, a steady-state coverage of atomic oxygen is achieved through a balance be-

tween three simultaneous surface reactions: dissociative adsorption of CO2,

RWGS with residual H2, and thermal desorption of CO. A schematic of these reac-

tions on Ni(111) under CO2 atmosphere is presented in Figure 5. The rate constant

for each reaction is determined by the surface temperature, which consequently de-

termines the oxygen coverage in the steady state. Although, at first glance, the ther-

mal desorption of CO may seem like a secondary process, as we mentioned before,

it is most probably the bottleneck for further CO2 dissociation as the presence of CO

on the hollow sites blocks further CO2 adsorption.

CO2 interaction with oxidized Ni(111)

Ni surfaces readily oxidize at 25�C, even at very low partial pressure of O2;
40,53,54

therefore, the interaction of CO2 with an oxidized Ni(111) model catalyst is of partic-

ular interest. To address this, we investigated the interaction of 1 mbar CO2 with

Figure 5. Schematic of the surface processes on Ni(111) during the interaction with CO2 under

ambient conditions

(A–C) (A) Dissociative adsorption of CO2, (B) RWGS, and (C) CO desorption.
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pre-oxidized Ni(111) as a function of temperature by PM-IRRAS. The Ni(111) surface

was oxidized prior to the PM-IRRAS measurements by dosing 2.67 3 10�8 mbar O2

for 1,000 s (equivalent to 20 Langmuir (L), 1 L = 1.34 3 10�6 mbar s) at 25�C. In line

with the previous work of Yuan et al.,28 this treatment grows a thin nanocrystalline

layer of NiO(111), characterized by a low-energy electron diffraction (LEED) pattern

with 6-fold rotational symmetry (Figure 6D), which has broader spots and a larger lat-

tice parameter compared with those of the Ni(111) substrate. The distance ratio be-

tween the diffraction points dNi(111)/dNiO(111)� 1.2 (in the reciprocal space) is in good

agreement with the inverse ratio of the real-space lattice parameters.28

Figure 6A shows the PM-IRRAS spectra of NiO(111)/Ni(111) under 1 mbar CO2 at

various temperatures, annealed and cooled according to the heating profile shown

in Figure 6B. Exposing the NiO(111)/Ni(111) surface to 1 mbar CO2 at 25�C did not

yield any detectible peaks in the ChO stretching region of the PM-IRRAS spectrum

(Figure 6A(i)). In addition, carbonate-related peaks (�1,500 cm�1) were also not de-

tected in the lower-frequency region of the spectrum (Figure S5). These results indi-

cate that CO2 only very weakly interacts with the oxide surface under these condi-

tions. However, an alternative explanation might be that CO2 does dissociate on

the oxide but that CO, the decomposition product, is weakly bound and has a short

lifetime on the surface. Heating the surface to 100�C and cooling back to 25�C did

not induce any noticeable changes in the PM-IRRAS spectra (Figure 6A(ii) and (iii));

however, after heating to higher temperatures (200�C and 300�C), the peaks of ad-

sorbed CO on top and hollow sites of Ni(111) emerged. The appearance of these

Figure 6. CO2 interaction with oxidized Ni(111) versus temperature

(A–E) PM-IRRAS spectra of oxidized Ni(111) exposed to 1 mbar of CO2 at 25
�C and subsequent sequential heating to 300�C (A). The heating profile is

given in (B). The Auger spectra and the LEED patterns of the oxidized Ni(111) surface before and after the PM-IRRAS measurement are presented in (C)

(green) and (D) and (C) (pink) and (E), respectively.
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peaks implies that the thin NiO layer was reduced to metallic Ni. The AES and LEED

results before and after the PM-IRRAS experiment (Figures 6C–6E) further support

the reduction of the oxide layer. Before the experiment, an intense O-KLL peak (Fig-

ure 6C, green) and diffraction patterns corresponding to NiO(111) (Figure 6D) were

obtained by AES and LEED, respectively. After the PM-IRRAS experiment, the O-KLL

peak diminished into a much smaller peak (Figure 6C, pink), which we assign to

chemisorbed oxygen, accompanied by the appearance of the diffraction spots of

Ni(111) in LEED (Figure 6E). The reduction of the oxide layer under a CO2 atmo-

sphere at T R 200�C can be attributed to the reducing effect of residual H2 in the

background, as we demonstrate in Note S7. The sensitivity of the Ni(111) surface

to oxidation or reduction by low partial pressure of residual gases is further dis-

cussed in the next section.

Effect of residual gases on the surface chemistry of Ni(111)

The PM-IRRAS results discussed so far have demonstrated the potential role of re-

sidual gases, specifically H2, on the chemical state of Ni(111) under CO2. The pres-

ence of residual gases in vacuum systems used for surface science techniques is

inevitable, and their composition and partial pressure depend on the base pres-

sure and the condition of the measurement chamber. Under typical UHV condi-

tions, the main residual gases are H2, H2O, CO, and some CO2, with H2 being

the most abundant and CO2 being the least abundant. Figure S6 shows an

example of a mass spectrum measured in the vacuum chambers of the PM-

IRRAS setup under a base pressure of �10�10 mbar. When performing experi-

ments under ambient pressure conditions, after isolating the measurement cham-

ber from high-vacuum pumps, the partial pressure of these residual gases, as well

as major air components such as N2 and O2 in case of small leaks, is expected to

increase.55 It is important to consider the effect of these residual gases in ambient

pressure experiments, especially when studying reactive surfaces like Ni. In addi-

tion to H2, H2O, and CO, which principally cannot be avoided, there may be addi-

tional impurities introduced from the dosed gases (depending on the purity level)

or the chamber walls due to previous experiments, further affecting the experi-

mental results.32 Based on our test experiments and previous literature, it is neces-

sary to discuss the effects of H2, O2, H2O, and CO on the chemical state of the

Ni(111) surface. These effects are likely to be the source of discrepancies observed

between our PM-IRRAS results and the results of previous ambient pressure

studies of the Ni-CO2 system.28–30

The most critical residual gas is H2 because of its abundance even in an ideal UHV

chamber (Figure S6). Test experiments using AES (Note S7) demonstrate that low

partial pressure of �10�6 mbar H2 (equivalent to 1 ppm from a total CO2 pressure

of 1 mbar) can effectively reduce thin NiO films and deplete surface oxygen. Practi-

cally,�10�6 mbar H2 and even higher cannot be avoided in ambient pressure exper-

iments. The reduction of the NiO(111)/Ni(111) layer under a CO2 atmosphere in the

PM-IRRAS experiments at temperatures above 200�C (Figure 6) is attributed to re-

sidual H2, as exactly the same reduction temperature is obtained in our test exper-

iment at 10�6 mbar H2 (Note S7). Even in excellent UHV conditions, under a base

pressure of �10�10 mbar, NiO layers can be reduced at higher temperatures; that

is, with slower kinetics.

Similar to H2, CO can also act as a reducing agent or oxygen scavenger but at rela-

tively higher pressures and temperatures.56 At low partial pressure, the main impact

of residual CO on Ni surfaces is strong adsorption as a contaminant. In our experi-

ments, adsorbed CO is also the reaction product of the dissociative adsorption of
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CO2 on Ni(111). We verified that the observed CO in the PM-IRRAS experiments

(Figure 2) is indeed a reaction product of CO2 dissociation, rather than a contami-

nant from the background, by PM-IRRAS experiments with 13C-labeled CO2

(Note S3).

As low H2 pressure easily reduces thin oxide films on Ni surfaces, O2 can produce or-

dered structures of chemisorbed oxygen for very low exposure and oxide films for

slightly higher exposure.40,53,54 The sensitivity of a Ni(111) surface to oxidation by

very low pressure of O2 is demonstrated here, as exposure of 20 L O2 at 25�C leads

to the formation of a thin NiO(111) layer (Figure 6). Under a CO2 atmosphere

(1 mbar), 1 ppm of O2 in the gas mixture produces an oxide layer that can be reduced

by heating the surface to 200�C, while �1,000 ppm of O2 maintains the surface

oxidized even at this temperature (Note S8). In agreement with the work of Mutz

et al.,57 we demonstrate that low levels of O2 might be the reason behind Ni oxida-

tion under ambient pressure of CO2. In the case of H2O vapor, it was found that elec-

tron beam damage may induce Ni oxidation even at an H2O pressure of 10�8 mbar

after a fewminutes.58 Here (Note S9), we tested the oxidation of Ni(111) by low pres-

sure of H2O vapor without the external effect of an electron beam and did not

observe any oxidation.

In summary, the chemical state of Ni surfaces under ambient pressure conditions is

strongly influenced by the presence of residual oxidizing and reducing gases. This

delicate balance between oxidizing and reducing species plays a crucial role in

determining the chemical state of Ni surfaces during experiments involving CO2.

In PM-IRRAS experiments, the reducing effect of background H2 is the most signifi-

cant factor. Even at low partial pressure (�10�6 mbar), H2 can effectively reduce NiO

films and deplete surface oxygen, leading to a metallic Ni(111) surface.

On a final note, this study provides mechanistic insights into the activation process

of CO2 on Ni(111) surface under ambient conditions (1 mbar CO2, 25�C–300�C),
which is an important step toward a fundamental understanding of the mechanism

of CO2 conversion reactions on Ni-based catalysts. However, even for the basic

process of CO2 activation without additional reactants, further work is required

to bridge the so-called pressure and materials (structure complexity) gaps between

fundamental research of model catalysts and applied catalysis.59,60 For instance,

here we used CO2 pressure of 1 mbar, whereas CO2 conversion reactions are per-

formed at much higher pressure on the order of 10 bar, which might affect the re-

action mechanism as well as the chemical state and the surface morphology.

Regarding the structure complexity, here we focused on Ni(111), which is the

lowest surface energy facet of Ni, but the actual surface of nanoparticle Ni catalysts

is composed of different facets, such as (100), (110), and (211), and various under-

coordinated surface sites depending on the size of the nanoparticle.23 Hence, to

elucidate the structure sensitivity of CO2 activation, the interaction of CO2 with

different Ni surfaces has to be compared under similar conditions. On other low-

index surfaces, such as Ni(100) and Ni(110), dissociative adsorption of CO2 to

CO and oxygen is expected to be the dominant surface process similar to

Ni(111).17 However, the different adsorption sites of CO and atomic oxygen on

each surface might play a different role in the competitive adsorption mechanism

discussed here.

In conclusion, it is demonstrated that the main reaction of CO2 on Ni(111) is disso-

ciative adsorption to CO and atomic oxygen, which takes place even at 25�C. The
produced CO intermediates are distributed between hollow and top sites, and
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this distribution depends on the sample temperature due to competitive adsorption

between CO and atomic oxygen on the energetically preferred hollow sites. This

exceptional competitive adsorption mechanism originates from the high coverage

of surface intermediates obtained at ambient pressure of CO2.

A critical factor in the interaction between CO2 and Ni(111) is the role of residual

gases. Since CO2 is a weak oxidizer, the oxidation state of Ni(111) under ambient

pressure of CO2 is practically determined by low concentrations of residual gases,

and particularly O2 and H2. The effect of residual gases is essentially important

because the oxidized Ni(111) surface is inactive for CO2 dissociation. We suggest

that the high sensitivity of Ni surfaces to very low partial pressure of residual gases

is the origin for the observed discrepancies between different ambient pressure

studies of the Ni-CO2 system.

The results provided in this work are significant for a basic understanding of the

mechanism of CO2 conversion reactions on Ni-based catalysts. Direct dissociation

of CO2 on Ni(111) without thermal activation or hydrogen assistance suggests that

this is potentially the first step in the reaction mechanisms on industrial type Ni-

based catalysts. The rapid formation of CO intermediates by CO2 dissociation can

affect the subsequent reaction pathway; for instance, under CO2 hydrogenation

conditions, this could be the first step of CO2 methanation via the carbide reaction

pathway or, alternatively, the first step of RWGS. Another outcome of this work is

rationalizing the effect of temperature and oxygen coverage on the site distribution

of CO intermediates. The adsorption site of CO correlates to its stability or reactivity;

COtop is less stable than COhollow and is considered by some researchers to be the

active intermediate toward methane in CO2 hydrogenation.15 Therefore, manipu-

lating the preferred adsorption site of CO by changing the reaction conditions can

improve the selectivity for methane formation.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-

filled by the lead contact, Dr. Baran Eren (baran.eren@weizmann.ac.il).

Materials availability

This study did not generate new materials.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

Materials and experimental techniques

The interaction of CO2 with Ni(111) was measured in situ by PM-IRRAS in a dedi-

cated UHV setup described elsewhere.61,62 Briefly, the setup consists of three

chambers separated by gate valves, designated for sample introduction, prepara-

tion, and IR spectroscopy measurements (with a Nicolet iS50 Fourier transform IR

[FTIR] spectrometer and mercury-cadmium-telluride detector). The exposure to

CO2 (Airgas USA, 99.999%) was performed in the measurement chamber, where

the conditions can be switched from UHV to ambient pressure (up to 1 bar) in a

static mode. For this work, a Ni single crystal with (111) orientation (99.999% pu-

rity, disk shaped with 14 mm diameter and 2 mm thickness) was obtained from Ma-

Teck. Prior to the measurements, the crystal was cleaned in the preparation
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chamber under a base pressure of 2–5 3 10�10 mbar. The cleaning procedure

involved 20–30 cycles of Ar+ sputtering (p = 5 3 10�6 mbar, 1.5 kV, 20–30 min),

followed by annealing at 650�C for 10 min. The cleanliness of the surface was

confirmed by obtaining sharp diffraction patterns with 3-fold rotation (quasi-hex-

agonal) symmetry using LEED (Figure S1). Between consecutive sets of

measurements, the surface was cleaned by 2–3 cycles of sputtering and annealing.

For the PM-IRRAS measurements, the cleaned Ni(111) sample was transferred in

UHV to the measurement chamber, which was baked before each set of measure-

ments to achieve a base pressure below 1 3 10�10 mbar. Prior to dosing CO2, a

baseline PM-IRRAS spectrum was acquired in UHV to obtain the shape of the

Bessel function and ensure that the surface was free from any IR-active contami-

nants. Subsequently, the pumping was stopped, and the chamber was filled with

CO2 at a constant pressure of 1 mbar. PM-IRRAS spectra were acquired immedi-

ately after dosing at 25�C and following different heating profiles with a maximum

temperature of 300�C. A maximum dephasing (40) of 1,500 cm�1 was chosen to

cover the relevant frequency range for potential surface intermediates of CO2

adsorption, such as chemisorbed CO2, CO, and carbonate species. Each

measurement consisted of 1,500 scans, taking �20 min, to ensure a high-quality

spectrum. To remove the shape of the second-order Bessel function, the baseline

spectrum measured in UHV was subtracted from the PM-IRRAS spectra measured

under CO2 conditions. An example of this baseline correction can be found in

Note S10.

AES and LEEDmeasurements (with an OCI Vacuum BDL800IR device) were conduct-

ed ex situ in the preparation chamber before and/or after selected sets of PM-IRRAS

measurements to characterize the composition and the structure of the surface. We

used electron beam energies of 2,000 eV and 80–100 eV for AES and LEED,

respectively.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2024.101890.
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