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Abstract

We identify Ni-O phases as important intermediates in a model dry (CO,) reforming of
methane catalyzed by Ni(111), based on results from in operando near ambient X-ray
photoelectron spectroscopy (NAP-XPS), low energy electron diffraction (LEED) and scanning
tunneling microscopy (STM). We find that under a CO, or CO,-CH,4 atmosphere, the Ni-O phases
exist as p(2x2) structured chemisorbed oxygen (Chem-O), epitaxial NiO (111), or oxygen-rich
NixO, (x<y, typically Ni,O3), depending on the chemical potential. The growth rates of the Ni-O
phases have a negative correlation with temperature from 600 K to 900 K, proving that their
dynamic concentrations in the reaction are not limited by CO, activation, but by their thermal
stability. Between 300 K and 800 K (1:1 CH, and CO, mixture), oxidation by CO, is dominant,
resulting in a fully Ni-O covered surface. Between 800 K and 900 K, a partially oxidized Ni (111)
exists which could greatly facilitate the effective conversion of CH4. As CH, is activation-limited
and dissociates mainly on metallic nickel, the released carbon species can quickly react with the
adjacent oxygen (Ni-O phases) to form CO. After combining with carbon and releasing CO
molecules, the Ni-O phases can be further regenerated through oxidation by CO.. In this way,
the Ni-O phases participate in the catalytic process, acting as an intermediate in addition to the
previously reported Ni-C phases. We also reveal the carbon phobic property of the Ni-O phases,
which links to the intrinsic coking resistance of the catalysts. The low dynamic coverage of



surface oxygen at higher temperatures (>900 K) is inferred to be an underlying factor causing
carbon aggregation. Therefore solutions based on Ni-O stabilization are proposed in developing
coking resisting catalysts.

1 Introduction

Carbon dioxide reforming of methane is a promising process for converting two major
greenhouse gases to syngas (hydrogen and carbon monoxide) with a molar ratio of 1:1. Syngas
can be further utilized as feedstock in the Fischer-Tropsch Reaction (Hx:CO = 2:1)"2 or methanol
s.ynthesiss’4 by mixing with the products from the steam reforming of methane (H,:CO = 3:1).
Nickel has been reported as an efficient catalyst for this reaction and the rate-limiting step has
been widely attributed to the activation of CH, ° due to its high activation energy revealed both by
experimental and theoretical work: 0.52 eV on Ni(100),6'7 0.74 eV on Ni (111),8 or 0.70~0.85 eV
on Ni (111).9 It has also been reported that the observed sticking probability of CH, on nickel is
as low as 10 at room temperature.'®'? Whereas in the reaction, there is still a surplus of carbon
from pyrolysis of CH, which aggregates into carbon filaments on the catalysts, causing
deactivation through coking.'*'® This problem has been suggested to arise from the lack of
accessible active oxygen species during the reaction.'

The oxygen shortage has previously been attributed to the CO, activation step,17 and some
argue that unlike the activation of CH4 which occurs on nickel, the CO, can only be activated on
acidic/basic supports,16'18'19 such as Al,O3;, MgO, CaO and Ce0,.2"922 The first statement has
been debated since the calculated energy barrier for dissociative CO, adsorption on nickel is
0.40 eV lower than that of CH4.2® The second one has similarly been challenged by experimental
work. Ruckenstein et al investigated the NiO-MgO system using an isotopic pulse method,
identifying the oxygen in nickel as an intermediate during the reaction. They distinguished
“adsorbed oxygen” and “lattice oxygen” with different reactivity to carbon species through the gas
responding curve.?* Another study by Garcia-Diéguez et al determined that both CH, and CO,
could be activated on the catalytic surface when separately introduced, and that the presence of
CH, can promote CO, activation.?® However, direct evidence of CO,-Ni interplay, especially in

operando observations under reaction conditions, is still rare.

According to the Brensted—Evans—Polany (BEP) relationship, ideal catalysts have low
activation barriers for dissociative adsorption and moderate barriers for desorption.26 If the nickel
oxides function as catalytic intermediates, they are likely to desorb from the substrate under
conditions employed by traditional surface science approaches (~700 °C under ultrahigh vacuum,
UHV). Therefore, most of these observations are limited to low substrate temperatures.”'29 The
emergence of “near ambient pressure” (NAP) techniques have addressed some of these

30,31

problems as they operate at millibar pressures, at least 6 orders of magnitude higher than
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UHV conditions. For thermally metastable species, when the total effective collisions
(proportional to pressure) exceed the desorbing molecules at elevated temperatures, the
products on the surface become observable using methods such as X-ray photoelectron
spectroscopy (XPS). The NAP techniques also make it possible to observe intermediates only
coexisting with other pressure-sensitive species.32'33 In this way, direct observation of the
competition and interaction between carbon species from CH, and oxygen species from CO, can
be realized. In addition, NAP conditions can induce compositional redistribution in the solid

phase, which can consequently affect the catalytic activity.32’33

Here we carry out studies employing near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS), low energy electron diffraction (LEED) and scanning tunneling
microscopy (STM) to understand the interactions of CO, and CO,-CH,4 mixtures with Ni (111) at
elevated pressures (millibar) and temperatures (300~900 K). It is found that nickel exhibits bi-
functional catalytic behavior in the CO,-CH, system by dissociating both reactants in a similar
manner as previously reported for the Ru-SiO,'® and Mo,C-MoO; systems.** We have observed
the structural evolution of clean Ni (111) under millibar CO, conditions, from chemisorbed p(2x2)-
O, epitaxial NiO (111), to an O-rich Ni,O3 top layer. The interactions between CO,-derived Ni-O
phases and CH, derived carbon species, as well as the regeneration of the Ni (111) have been
clarified. Evidence of coking resistance originating from the Ni-O phases is also presented.

2 Experimental Section

A clean Ni (111) surface was prepared through a series of sputtering-annealing cycles.
Before each experiment, both the carbon and the oxygen levels were reduced below the
detection limit of XPS, and a sharp (1x1) LEED pattern was obtained. At the beginning of each
experiment (high pressure cell still under UHV conditions), the valence band (VB) and the
Ni 2p 3 peak of the clean sample were measured to determine the Fermi Edge and the

normalization factor respectively.

STM experiments were carried out in a multi-chamber Unisoku USM-1200 low temperature
system with a base pressure below 1x10™'® mbar. Before each characterization, the sample was
cooled down to 77 K by liquid nitrogen and stabilized for a few hours. The electrochemically
etched tungsten tip was grounded, and the voltage bias was applied to the sample.

NAP-XPS experiments were performed in a multi-chamber Specs system equipped with a
Mg-Al twin anode X-ray source, as well as a preparation chamber with LEED and residual gas
analyzer (RGA) capabilities. The base pressure of the system was at 5x10™'° mbar. A second
RGA was installed in the NAP lens to probe the gas composition of the NAP cell through a 300
Mm nozzle. Two independent gas lines provided gas flow to the NAP cell, effectively filling the
NAP cell from UHV to millibar pressure within 1~2 minutes and therefore enabling time-resolved

(TR) cascade measurements. In the TR working mode, samples were first heated to a pre-set



temperature under UHV, and then dosed with reaction gas, instantly reaching the pre-set
pressure. Repeated XPS measurements were carried out to record the dynamic evolution of the
surface under non-equilibrium conditions. In the temperature programmed (TP) mode, the
reaction gas was introduced at room temperature. The temperature was then increased in steps
(typically consisting of 7 segments from 300 K to 900 K) each with a “heating” and a "dwelling”
period. NAP-XPS measurements were conducted at each temperature after sufficient dwelling
time, in order to reach surface conditions close to equilibrium.

3 Results and Discussion

3.1 Structural characterization of CO,-derived Ni-O phases by STM and

LEED: p(2x2) Chem-O and epitaxial NiO (111)

The structures of CO,-derived Ni-O phases were characterized by STM and/or LEED after
a separate treatment of 100 L (Langmuir) CO, exposure at 1.3x10® mbar, 300 K; and another
series of consecutive treatments of (1) 0.4 mbar CO, exposure at 600~700 K for 1 hour; (2) mild
sputtering (500 V instead of regular 1500 V, 5min) and flashing in UHV at 773 K (1 min) of the
sample in (1); and (3) further annealing the sample in (2) in UHV at 973 K. Similar to the O,-
derived Ni-O phases,*?” both the p(2x2) chemisorbed structure, and epitaxial NiO (111) were
observed.

Figure 1 (a) shows an STM image after exposing the clean Ni (111) to 100 L CO, at room
temperature. An ordered surface structure is observed with the unit cell marked by a white
diamond (0.51+£0.03 nm in length). Considering the distance of 0.249 nm between adjacent
atoms in Ni (111), this pattern is consistent with the p(2x2) structure. For comparison, Figure 1 (b)
shows the surface after 100 L dosing of O, at 300 K and subsequent annealing in UHV at 773 K.
The unit cell also has the p(2x2) structure with a measured length of 0.49+0.04 nm. In Figure 1
(c), the Ni (111) was first exposed to 0.4 mbar CO; for 1 hour at 700 K to form NiO (as evidenced
by LEED measurements), and then transferred to the STM chamber. To eliminate the effects of
air contamination during the transfer, the sample was cleaned by mild sputtering (500 V, 5min)
and UHV annealing (773 K, 1 min) before imaging. The same p(2x2) pattern can be seen, and
the defects (red dots) originating from thermal treatment are similarly distributed. Further heating
the sample at elevated temperature (973 K) in UHV for 10 min resulted in near complete
decomposition of the oxides, leaving a few oxide-phase islands, still maintaining the local

p(2x2)-0 structure on the bare Ni (111), as shown in Figure 1 (d).
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Figure 1. STM images of Ni-O(2x2) structures formed on Ni (111) after (a) exposing to 100 L CO; at room
temperature; (b) after exposing to 100 L O at RT followed by annealing at 773 K; (c) after exposing to 0.4 mbar
CO, for 1 hour at 700 K, transferred in air, and cleaned by sputtering and annealing; and (d) after further
annealing the sample corresponds to panel (c) at 973 K, leaving residual Chem-O islands dispersed on the flat
surface [insert illustrates the same surface showing the Ni (111) lattice]. The unit cells were marked by diamonds,
and measured as (a) 0.51£0.03 nm, (b) 0.49+0.04 nm, (c) 0.48+0.03 nm, (d) 0.494+0.04 nm for the residual
islands, and 0.25+0.02 nm for the insert. The bias voltages and tunneling currents were (a)-0.2V, 0.1 nA;
(b) -0.05V, 0.5 nA; (c) -0.2 V, 0.1 nA; (d) -0.1 V, 0.2 nA, and the insert -0.1 V, 10 nA.

Figure 2 (a) shows the LEED pattern of clean Ni (111) using a beam energy of 70 eV.
Sharp diffraction spots in six-fold symmetry can be seen. Figure 2 (b) shows the diffraction
pattern of the Ni (111) sample after exposure to 0.4 mbar CO, at 700 K for 30 min. The beam
energy and position were kept constant. Again the pattern shows the six-fold symmetry, epitaxial
to that of Ni (111) as noted by the red dashed hexagon. By carefully measuring the diffraction
lattices of the clean and the CO,-exposed samples, a ratio of 1.2 was obtained. This is consistent
with the ratio between the sodium chloride structured NiO (111) (a=0.418 nm) and the face-
centered cubic Ni (111) (a=0.3524 nm). This ratio was also obtained when exposing the clean
surface to 20~30 L O,, see Figure S1, further proving the similarity between CO,-derived NiO
and O,-derived NiO. It is noted that the NiO (111) diffraction patterns of both origins are blurred.
We attribute this to an amorphous Ni,O; top layer as revealed by XPS in Figure 3 (a), and the
small grain size of the formed oxides (less than 5 nm) as similarly observed by Butcher et al in



their Pt-O, system.38 Although the sodium chloride structured NiO is stable under an oxidizing
atmosphere, its oxygen can be released from the surface if heated in UHV or reducing
atmosphere. Figure 2 (c, d) show that after UHV annealing at 700 K, the sodium chloride
structured NiO (111) transformed into a p(2x2) structure. Using a beam energy of 70 eV, another
set of diffraction patterns with 30° rotation could be identified (yellow hexagon). But this pattern
became less significant when increasing the beam energy to 110 eV. As the beam of higher
energy has larger penetration depth, it is inferred that the rotated pattern originates from

decomposition of the topmost Ni,O3 layer. Compared with stoichiometric NiO, the p(2x2) Chem-

O structure has less dense oxygen concentration on the surface (4:1 nickel to oxygen atomic

ratio) in a reducing environment, in agreement with the results by STM.

Figure 2. LEED patterns of (a) clean Ni (111), beam energy 70 eV ; (b) after exposure to 0.4 mbar CO; at 600 K
for 30 min, beam energy 70 eV, showing a shrinkage of the diffraction lattice consistent with epitaxial NiO (111)
on Ni (111); and (c, d) the condition of (b) after UHV annealing, using 70 eV and 110 eV beams, showing the
transition from NiO (111) to the p(2x2) Chem-O structure. The hexagons in red dashed lines denote the unit
diffraction lattice of clean Ni (111), and that in yellow dashed lines denotes a rotated pattern.

Both the STM and LEED results demonstrate that the p(2x2) structured Chem-O on
Ni (111) can be obtained either after the initial exposure of a clean sample, or after moderate
annealing of NiO/Ni,O3 in UHV. As CO, is less reactive than O, at room temperature, 100 L CO,
dosing resulted in only partially covered Chem-O while less than 50 L O, dosage achieved full
coverage.:’g'43 It was also observed that when the dosing was carried out at 973 K (at 1.3x10°
mbar), oxygen could rarely be found even after 1000 L CO, exposure, as shown in Figure S2.
This illustrates the thermally unstable nature of the Chem-O phase. The dissociative adsorption
of CO, results in *CO and *O on the clean Ni surface, with 0.72 eV energy released.** Although
the desorption of *CO is believed to be a strongly endothermic process on clean metal

surfaces,'®

in oxygen saturated nickel however, the desorption energy is reduced by about
0.17 eV due to repulsive interactions between the surface oxygen and *CO. As such, release of
CO is possible at room temperature.45 This explains why the dominantly observed structure is

the oxide phase rather than the *CO in Figure 1.
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3.2 Temperature-programmed NAP-XPS characterization of CO,-Ni (111)

interactions: identification of NiO and Ni,O; phases

The interaction between CO, and Ni (111) was studied by temperature-programmed NAP-
XPS under 4.0x10™" mbar CO, from 300 K to 900 K. At each temperature, the system was
allowed at least 2 hours to ensure equilibrium conditions. In Figure 3 (a), three O 1s peaks are
clearly identified with binding energies of 536.8 eV for gas phase CO,, 531.5 eV for Ni,O3,*¢ and
529.5 eV for NiO.*”*® The latter two peaks are fitted by the red and green curves respectively,
and their areas are illustrated in Figure 3 (d). The Ni,O3; content remains stable below 600 K but
slowly decreases at higher temperatures, while the NiO keeps increasing until 900 K. This is in
agreement with previous reports showing that the NiO (111)/Ni(111) interface is more
stable.?”*9%° |n Figure 3 (b), the C 1s peak at 289.2 eV is attributed to the adsorbed *CO,>,*'
and that at around 293 eV to gas phase CO, affected by the surface work function.’>*® The peak
area ratio of *COgé‘/COQ,gas is summarized in Figure 3 (e). Similarly to the O 1s case, there is
also a gap present between 600 K and 700 K. Figure 3 (c) shows the evolution of Ni 2p 3, peak.
More metallic nickel was converted to nickel oxides with increasing temperature, as shown by the
disappearance of the metallic peak at 852.4 eV*’ and the emerging of the Ni** peak at
854.4 eV.*® The Ni** peak (~856.0 eV) was weak compared to the Ni° and Ni?*, implying that the
Ni,O3 existed as a single layered interface between the solid and gas phases. The relationship
between the thickness of the NiO and the remaining Ni° peak area (normalized by the area of
clean nickel) was estimated using “oxides (NiO, CuO, and CoO) on Ni” models, and the SESSA
2.0 software. The result was plotted in Figure 3 (f). According to an exponential decay estimation,
under a 1486.6 eV incident beam, the inelastic mean free path (IMFP) for Ni° 2p (Ay) is 1 nm (the
Ni peak area decays by 1/e with 1.0 nm NiO on top), and that for O 1s (Ao) is 2 nm.
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Figure 3. Temperature-programmed NAP-XPS under 0.4 mbar CO; from 300 K to 900 K. (a-c) O 1s, C 1s and
Ni 2p 32 peaks. (d) Fitted O 1s areas by NiO (green) and Ni2Os (red). (e) C 1s area ratio of *COzé’/COZ,gas.
(f) SESSA 2.0 simulated Ni° 2p intensity (normalized) from nickel substrates covered by CuO, CoO, and NiO with
varying thicknesses.

Two activation mechanisms for CO, on Ni(111) have been reported: dissociative

18,58

adsorption (Eq. 1), and non-dissociative adsorption through charge transfer and molecular

bending (Eq. 2.):
CO, 2> *CO +*0O (Equation 1)

CO,+de > *CO,”. (Equation 2)
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In the dissociative mechanism, the dissociated products form Chem-O and *CO adsorbate
with the C 1s peak located around 286 eV.***° In the non-dissociative mechanism, partial
electron transfers from Ni(111) to CO, to form the negatively charged *CO,% adsorbate with the
characteristic C 1s peak at ~288.5 eV.**®° |n Figure 3, although the existence of the Ni-O phase
confirms the dissociation of CO, at even room temperature, the dominant carbon adsorbate is
the *CO,> rather than *CO. This could be explained by the adsorption-desorption equilibrium. It
is noted that the rate of dissociative adsorption is much lower than the collision of CO, molecules
(>10° collisions per second at mbar pressure); whereas, the low *CO yielding rate cannot exceed
the desorption of *CO in the circumstance of low CO base pressure (< 1x10° mbar) and
weakened bond between *CO and Ni-O phase;*® as a result, the major carbon species on the
surface is *CO,%". A similar effect was also reported in the case of a CO/H,0O mixture.> Here, the
adsorbate on Cu (111) was mainly in the form of *CO, while on CeOy/ Cu (111) the *CO,> was

found to dominate on the surface.

3.3 Temperature-programmed NAP-XPS characterization under a CH,
and CO, atmosphere: from fully carbon-covered Ni, fully oxide-

covered Ni, to partially (C, O)-covered Ni

To study the gas-nickel interface under conditions resembling the actual dry reforming
reaction, a series of temperature-programmed NAP-XPS experiments were carried out in a gas
mixture (0.4 mbar CH4 and 0.4 mbar CO;) from 300 K to 900 K. In Figure 4 (a), the O 1s peaks
belonging to gas phase CO, locate near 537.0 eV. The peak positions have been affected by the
change of the surface work function due to oxidation and reduction. The peaks at 531.5 eV for
Ni,O3 and 529.7 eV for NiO are not observed at 300 K. This is due to the passivation by carbon
from pyrolysis of CH4 on Ni (111) and will be explained later. The Ni-O phase first appears at
400 K, and increases until 700 K. At 800 K, the intensity decreases and the peak center shifts to
higher binding energy by ~0.3 eV compared to the initial value. At 900 K, neither of the two
peaks (NiO and Ni,O3) remains, as highlighted in green. In Figure 4 (b), the C 1s gas phase
peaks for both CO, and CH,4 exhibit similar trends as the O 1s region: positive shifts between
400 K and 800 K and recovery at 900 K. In the operation, CH, was introduced before CO, and
the red spectrum for “CH, only” has a characteristic peak at 283.7 eV. This peak can be
attributed to the partially dissociated *CH with one remaining hydrogen27. It remains after the
introduction of CO, at 300 K, but disappears at higher temperatures. In Figure 4 (c), the Ni° peak
turns weak between 400 K and 800 K due to surface oxidation, but recovers to the original

intensity at 900 K, indicating that the surface oxides have been completely reduced.
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Figure 4. Temperature-programmed XP spectra of (a) O 1s, (b) C 1s and (c) Ni 2p 32 under 0.4 mbar CH4 and 0.4
mbar COa.

Compared to the pure CO, case (Figure 3), apart from the obvious difference in the high
temperature (800-900 K) region, two additional features at 300 K can be observed under the
mixed gas atmosphere. The first feature is due to the *CH-induced surface passivation. Since
CH,4 was dosed first, the Ni (111) surface was covered by *CH species from CH, pyrolysis. This
carbon layer blocked the Ni-O formation, as indicated by the absence of the characteristic O 1s
peak at 529.5 eV. Such passivation on nickel has been widely reported, with the carbon clusters
varied from CH,, graphite carbon to graphene.®"®* The second feature lies in the difference
between C 1s spectra labeled “CH,4” (only CH,4 at 300 K) and “300 K” (CO,+CH, at 300 K). After
introducing the CO,, although the *CH species were not removed, a new C 1s peak appeared at
285.7 eV as pointed out by the arrow in Figure 4 (b), indicating the interaction between
CO,-derived and CHy-derived intermediates. The peak is attributed to an oxidized form of the
*CH species, which were completely consumed from 400 K onward, owing to the highly active
COs-nickel interface.

3.4 Time-resolved NAP-XPS characterization of the Gas-Ni interface:
revealing the metastable nature of the Ni-O phases under CO, and

CO,/CH,4 atmospheres

In order to study the dynamic evolution of the Ni-O phases affected by temperature and
pressure, time-resolved (TR) NAP-XPS experiments were carried out by monitoring the O 1s
peaks in intervals of several minutes. Normalized peak areas were plotted against time.
Figure S3 demonstrates a continuous TR experiment with three independent variables: substrate
temperature as well as the partial pressures of CO, and CH,4. Segments labelled from “A” to “R”
represent specific combinations of parameters. For clarity, two typical data sets were selected

and shown in the main text.

Figure 5 (a) shows the time-resolved oxidation of Ni (111) under pure CO, from 600 K to
900 K. It is discovered that the oxidation rate is temperature-sensitive with a strong negative
correlation. At 900 K, the oxygen level remains close to zero with respect to time. Upon slightly
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reducing the temperature to 880 K, however, the increase of oxygen emerges. Further reducing
the temperature from 850 K to 750 K results in an even higher growth rate. At temperatures
between 750 K and 600 K, the curves exhibit an almost instant step-up in the initial stage,
followed by a near-saturation stage. Figure 5 (b) illustrates the reduction of the Ni-O phase under
0.3 mbar CH,4. The sample was from the TR-CO, treatment at 600 K in Figure 5 (a). During the
initial 3 hours, the system was kept at 600 K, but only a slight decrease in the oxygen was
observed, showing that the Ni-O phases remained stable at this temperature even in a reducing
atmosphere. By increasing the temperature to ~800 K, the oxygen level quickly fell below the
detection limit of XPS.
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Figure 5. Time-resolved NAP-XPS showing the O 1s peak evolution. (a) Accumulation of oxygen under 0.4 mbar
CO, at varying temperatures; (b) the reduction of the Ni-O phase under 0.3 mbar CHs4, prepared from the
oxidation in (a) at 600 K.

The combination of TP and TR measurements provides a deeper understanding of the
model catalysis system. The “instant” step-up of oxygen in pure CO, below 750 K [Figure 5 (a)],
the prevailing oxidation in the CO,-CH, mixture below 700 K (Figure 4), and the poor reducing
ability of pure CH,; below 700 K [Figure 5 (b)] demonstrate that the activation of CO, is not a
limiting factor compared with CH, activation. The energy barrier for CO, dissociation to CO* and
O* is not only lower than that of CH,4 dissociation, but also the release/diffuse of O* on the Ni
surface. Unlike aluminum and magnesium that being oxidized in a nearly irreversible manner, the
reversibility of the Ni-NiO transition is a fundamental property of a catalyst operating in an
atmosphere consisting of oxidizing and reducing gases. In vacuum decomposition has been
reported by Maglia et al for single crystal NiO at temperatures around 773 K.,°®> and by Jang et al
for thin film NiO at 673 K.%® In the dry reforming reaction, high temperatures (2800 K) are mainly
used to mobilize the O*, as well as to activate the dissociation of CH, molecules. The released
O* from the Ni-O reacts with carbon radicals from CH,4, acting as a catalytic intermediate
because the adsorbed thermal energy here is much lower than that required for directly breaking
the C=0 bond in CO..



3.5 Carbon-phobic properties of the Ni-O phases and their role in

coking resistance

Coking is a major problem in catalysis caused by carbon aggregation on the surface. The
carbon originates from either cracked CH,4 species,®? or CO disproportionation through the
Boudouard Reaction.'®%%” As the chemical inertness of the carbon species is related to the
bonding nature and size of the clusters, prevention of the spillover of carbon to form sp2 and sp3
networks is paramount. The intrinsic coking resistance of the partially oxidized nickel is based on
three major mechanisms: the low CH, cracking rate on Ni-O phases controls carbon (C+) supply,
the released oxygen consumes the formed C4, and the surface oxygen blocks the diffusion of C4
and therefore reduces opportunity for C, (and C,) formation. In macroscopy, such surface will
behave as carbon phobic.

To compare the carbon philic/phobic properties of the Ni and Ni-O phases, a pair of
titration experiments were carried out at 700 K at which the activated CH, is significant while the
NiO could remain for hours. In Figure 6 (a), the clean Ni (111) was first dosed with 0.12 mbar
CH,. In the C 1s spectrum, the gas phase peak and the peak for Ni,C (BE = 283.6 eV, attributed
to a mixture of Ni,C and Ni;C®*®°) can be clearly identified, showing carbon philic property of the
metal surface. After finishing the XPS scan, the cell was filled by another 0.05 mbar CO,.
Although the mixture was CH, dominant (70% v/v), the CH,-derived Ni,C phase still disappeared.
In a parallel experiment (Figure 6 (b)), the Ni (111) was first exposed to 0.4 mbar CO, to form a
Ni-O layer on the surface. The cell was then evacuated to UHV to avoid possible Eley-Rideal
type reaction between CO, and Ni,C. Subsequently, pure CH; at 0.12 mbar was introduced to
the cell. In contrast to the metallic surface, carbon adsorbates can rarely be found in the
spectrum (except for the gas phase peak of CH, which disappeared after CH, evacuation),
indicating that the oxygen covered surface is carbon phobic.

(@) C1s (b)

C1s

CO+CH, |
P P o S T Y v MAMWWM
0.12 mbar CH | 283.6 eV, Ni C Evacuating CH,
v 0.05 mbar €O, CH, gas
:é\ ' 2 [ CD2 gas T
2 CH, ... |
-]
c
e "'\r'*‘“**‘"’”h- 0.12 mbar CH,|
0.12 mbar CH, [
NWW\,.JWMNMWWN b
Clean =
I 1 1 1 1 1 i 1 L | L il L L 1 L L 1
292 290 288 286 284 282 280 208 206 294 202 290 288 286 284 282 280 278
BE (eV) BE(eV)

Figure 6. Titration experiments at 700 K with varying gas dosing sequences. In (a), the Ni (111) was first exposed
to 0.12 mbar CH4 at 700 K and NixC clusters were formed; after adding another 0.05 mbar CO., the NixC phase
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disappeared. In (b), the Ni(111) was first exposed to 0.4 mbar CO, at 700 K to form a NiO surface; after
evacuating the CO; and adding 0.12 mbar CH4, no carbon deposition was observed on the oxidized surface
except for the gas phase CH4 peak, which disappeared after evacuating CHa.

Due to the metastable and carbon phobic nature of the Ni-O phase, by tuning its dynamic
concentration using temperature and partial pressure, the amount of surface carbon is able to be
controlled. Ideally, a Ni surface partially covered by surface oxides could maximize the relative

collision rate of CH,,>™°

and partition catalysts into smaller ensembles similar to bi-metallic
alloying and potassium doping71 which show higher resistance to coking. In this way, a
correlation between surface oxygen and coking resistance can be established. A similar link can
also be found in some noble metals like Ru,’?" Pd,”®™ Ir"® and Pt**"® that show high coking
resistance in the dry reforming reaction®'®*""1%77 However, the authors had not yet related the

coking performance to the known surface oxides of these metals in the reaction ambient.

At current dry reforming temperatures (1000 ~ 1274 K),'® the role of intrinsic coking
resistance from the Ni-O phase on single crystal Ni(111) is suppressed. On one hand, the
lifetime of the surface oxygen decreases; on the other hand, a larger portion of CH, molecules
are thermally dissociated; both contributing to the spillover of carbon species. Therefore the
stabilization of the Ni-O phase under operating temperatures becomes an open question. One
possible method is to reduce the catalyst into nanoparticles and confine them to mesoporous
structures, as the oxides become more stable due to the size effect.”®’® In addition, diffusion of
oxygen through the bulk is more significant on the nano-scale, enhancing another oxygen supply
channel, i.e. the migration from support to surface. Therefore the oxygen activated in the support
can also make a positive contribution to the metal surface.

Conclusion

Dissociation of CO, on the Ni (111) surface at temperatures between 300 and 900 K has
been observed in operando by NAP-XPS. CO, quickly reacts with clean nickel and forms various
Ni-O phases even at room temperature: initially the p(2x2) structured Chem-O, followed by
epitaxial NiO (111) with a sodium chloride structure and finally an oxygen enriched surface layer
of Ni,O3 under oxidative potential. For the Ni-O phases, we discover that their accumulation rate
under CO, has a negative correlation with temperature, revealing that the dynamic oxygen
concentration is not limited by CO, activation, but the thermal decomposition of the Ni-O phases.
The Ni-O phases exhibit carbon phobic properties due to repulsive force to *CO adsorbate and
lower C-H bond scission rate than metallic Ni, showing intrinsic coking resistance. The releasing
of oxygen from both NiO and Chem-O is verified upon heating, acting as an intermediate to react
with the carbon species from dissociated CH,4. Therefore it is inferred that maintaining a certain
level of surface oxygen can optimize the utilization of CH4 and improve the coking resistance.

There are already reports on the catalytic improvement from partially oxidized transition metals



(Fe,®® Co,%" Ni,* Pd,2*® and Pt’®), with oxygen originating from either atmosphere or reactive
supports. From the perspective of surface oxygen, it is interestingly found that many of current
coking prevention methods such as size reduction,® alkaline ion doping,”" use of reducing
supports (CeOy and TiO,)® and noble metals alloying, are increasing the surface oxygen

concentration of the active metal in essence.
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Figure 1. STM images of Ni-O(2x2) structures formed on Ni (111) after (a) exposing to 100 L CO, at room
temperature; (b) after exposing to 100 L O at RT followed by annealing at 773 K; (c) after exposing to 0.4
mbar CO; for 1 hour at 700 K, transferred in air, and cleaned by sputtering and annealing; and (d) after
further annealing the sample corresponds to panel (c) at 973 K, leaving residual Chem-O islands dispersed
on the flat surface [insert illustrates the same surface showing the Ni (111) lattice]. The unit cells were
marked by diamonds, and measured as (a) 0.51+0.03 nm, (b) 0.49+£0.04 nm, (c) 0.48+0.03 nm, (d)
0.49£0.04 nm for the residual islands, and 0.25+0.02 nm for the insert. The bias voltages and tunneling
currents were (a) 0.2V, 0.1 nA; (b) 0.05V, 0.5nA; (c) 0.2V, 0.1 nA; (d) 0.1V, 0.2 nA, and the
insert 0.1V, 10 nA.
119x119mm (300 x 300 DPI)
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Figure 2. LEED patterns of (a) clean Ni (111), beam energy 70 eV; (b) after exposure to 0.4 mbar CO; at
600 K for 30 min, beam energy 70 eV, showing a shrinkage of the diffraction lattice consistent with epitaxial
NiO (111) on Ni (111); and (c, d) the condition of (b) after UHV annealing, using 70 eV and 110 eV beams,

showing the transition from NiO (111) to the p(2x2) Chem-O structure. The hexagons in red dashed lines

denote the unit diffraction lattice of clean Ni (111), and that in yellow dashed lines denotes a rotated
pattern.
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Figure 6. Titration experiments at 700 K with varying gas dosing sequences. In (a), the Ni (111) was first
exposed to 0.12 mbar CH,4 at 700 K and NixC clusters were formed; after adding another 0.05 mbar CO,, the
NixC phase disappeared. In (b), the Ni (111) was first exposed to 0.4 mbar CO, at 700 K to form a NiO
surface; after evacuating the CO; and adding 0.12 mbar CH4, no carbon deposition was observed on the
oxidized surface except for the gas phase CH4 peak, which disappeared after evacuating CHas.
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