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Abstract
Oxygen carrier (OC) design can effectively improve the performance of chemical

looping combustion (CLC) and realize fossil fuel combustion at low energy-cost CO,
capture. This study describes the adsorption principles of syngas (i.e. CO and H,) on a
clean Nickel Oxide (100) surface under single and multiple nearest neighbor effects.
The results show that the adsorption stability of CO and H, is mostly weakened by the
first neighbor compared to rest. With the same species as nearest neighbors (uniform
adsorption), syngas adsorption stability is reduced when the number of neighbors
increases. Similarly, when compared to uniform adsorption, the adsorption stability of
CO and H; is slightly stronger with neighboring sites occupied with different species
(hybrid adsorption). In addition, a lower degree of symmetry tends to strengthen CO
and H; adsorption. Results from this analysis show that the adsorption stability of CO
and H, with neighbors are highly related to steric, hybrid and symmetry effects. An
electronic property analysis was performed to further support the key role of hybrid
neighboring effects in the adsorption process of syngas on the Nickel Oxide (100)
surface.

Keywords: Oxygen carrier, syngas, neighboring hybrid adsorption effect, adsorption
stability.
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1. Introduction
Fossil fuel combustion is the primary resource for power generation in the world. [1]

Due to greenhouse gases effects, CO, emissions coming from fossil fuel combustion
have risen major environmental concerns such as global warming. [2, 3] Hence, the
development of highly efficient power generation systems that can mitigate CO;
emissions are in critical need. The current technologies that have been considered for
CO;, capture include pre-combustion, post-combustion and oxy-combustion. The
common factor in these technologies is the high energy consumption costs that are
required to operate the major units in those processes and therefore diminishes the
efficiency of the fossil-fired power systems. [4, 5] Chemical looping combustion
(CLC) is a reduction-oxidation (redox) process that has been recently considered as a
suitable CO, capture alternative due to its potential ability to avoid energy-intensive
gas-gas separation processes. [6] CLC has attracted much attention since it involves
an in-situ CO, separation property, i.e. direct contact of fuel and air is avoided thus
producing an almost pure CO, stream. [7] The inherent separation of CO; in CLC
minimizes the energy cost for CO, capture, which makes this process economically
attractive. For instance, compared to the traditional pulverized fuel-fired power plant,
CLC process only has an increment of 12-22% of energy; [8-10] most of this energy
is being used to dispose the CO, captured from this technology (not for the actual CO,
separation). One key player in CLC is the oxygen carrier (OC) material, which acts as
a chemical intermediate to transfer oxygen within the CLC process. Analyzing the
behavior of OC during operation is a key consideration for the process since they will
significantly impact CLC performance [11, 12] and the design and operation of CLC
reactors, e.g. the bed material and solid circulation rates. **[13] Current OC materials
often considered are metal oxides such as NiO, [14] Fe;O3 15 and CuO. [16] Due to
its favorable Kinetics and potential catalytic abilities to break C-C and C-H bonds,
NiO is one of the most widely used OC materials. Though Ni-based OCs are facing
key obstacles such as cost and toxicity, they still attract much attention due to its high
performance under harsh operating conditions. [17] The first step of the redox

reaction of NiO with fuel molecules is adsorption. This phenomenon will affect the
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electronic properties of both, the surface of OC materials and the nearby (neighbor)
adsorbed molecules. The effect of the neighboring adsorbed molecules is relevant,
particularly for adsorption studies on catalytic materials since they may change the
structural configuration of the catalytic surface. In the modification of semiconductor
surfaces, Ren et al. [18] have shown that the neighboring adsorbed H could induce the
production of the ferromagnetic order of Si dangling bonds, which provides a way to
promote magnetism on the Si (111) surface. It has been shown that neighboring
effects also play a key role in the decoration of polymers. The neighboring linkers
decorated on the adsorbents benefit the adsorption of specific molecules, [19] which
could significantly increase the saturated adsorption capacity. Hence, neighboring
effects impacts both the adsorbed molecules and the decorated surface. Furthermore,
the surface decorated functional groups, which can be seen as the neighboring
adsorbed molecules, also affect the surface adsorption as well as the elementary
reactions. [20, 21] The different adsorption Kinetics in consideration of the
neighboring adsorption effects will enhance or constrain the subsequent surface
reactions by determining the surface site occupation by the fuel molecules.

Although several OC materials have been screened for the CLC process, most of
those studies have been conducted in experimental laboratories. [22, 23]
Computational research studies in this emerging CO, capture area are still quite
limited. To the authors’ knowledge, a study on the adsorption principles of the fuel
molecules on OC materials is not currently available in the open literature. Therefore,
the atomistic and molecular behavior of OCs is unclear even for the most studied OC
materials such as NiO. Density functional theory (DFT) can be an efficient means to
explore the behavior of elemental reaction systems and provide insight into the
expected events that are likely to occur in those systems. [24-26] Although there is a
limited amount of reports on OC behavior using DFT, no theoretical report of the
neighboring effects on OC surface has been established. The nearest neighbors can
dramatically affect the heterogeneous reactions since they can modify the adsorption

behavior, or even the surface electronic structure [27, 28], thus making the



neighboring effects non-negligible. Studies on this topic will be instrumental in
providing insights on the OC performance in the design and operation of the CLC
process.

This study presents an analysis of the neighboring effects on NiO with syngas, i.e.,
CO and Ha. In this work, the possible environments of the loading fuel syngas
molecules are considered to provide a systematic adsorption study for this process.
The adsorption energy as well as the electronic properties of the NiO surface have
been analyzed and reported in this work. Through this study, the neighboring effects
of the studied system are given to guide the expected subsequent reactions that may
occur in this system and provide a useful reference for the design of a micro-kinetic
model for this process.

This study is organized as follows: the computational model and theoretical methods
used in this study are described in section 2. The structural properties and adsorption
energy are listed and compared in section 3. Comparisons showing the neighboring
effects, especially those pertaining to hybrid adsorption effects (i.e. those involving
adsorbed molecules of different species) are discussed in this section. An electronic
property analysis on the adsorption properties of syngas on the NiO surface is
presented at the end of section 3. Concluding remarks are presented at the end of this
study.

2. Computational Model and Methodology

First-principles simulations have been conducted with the Vienna Ab Initio
Simulation Package (VASP). The Projector-augmented Wave (PAW)[29, 30] method
with the Generalized Gradient Approximation(GGA) of Perdew-Burke-Ernzerhof has
been used in this work to describe the wave-functions of the atomic cores system[31].
The energy cut-off of 400 eV was considered; moreover, a Gamma-centered mesh of
2x2x1 was established for the NiO surface calculations with a converge criteria of
1x10° eV by calculated energy, which provides sufficient accuracy in the
calculations[32].

The conventional Local Density Approximation (LDA) and GGA cannot be applied to



the treatment of the electronic structure of the elements studied in this work since
some of the ions contain partly filled d or f shells[33]. Therefore, the GGA with the
unrestricted Hartree-Fock (UHF) approach (GGA+U) was employed to conduct
accurate calculations of the surface properties. With the Hubbard U term, the electrons
can be properly localized in the states and the U term works as the onsite Coulombic
interactions between 3d electrons[34]. In this study, U =6.3 eV and J=1.0 eV were
used to predict the properties of the system[35]. The calculated lattice constants for

NiO are a=b=c=4.161 A and oa=B=y=90°, which are consistent with reported

experimental results (i.e., a=b=c=4.15 A and o=p=y=90°) [36]. The prediction of the

bulk NiO property using the selected modification parameters U and J has been
shown to be accurate when compared with experimental reports. In addition to the
simulated NiO lattice constants obtained in this report, the system description of NiO
surface such as adsorption behavior could be accurately predicted with the same
Hubbard-U correction parameters employed in this study according to previous
reports [35, 37, 38].

A 6-layer nickel oxide slab model has been constructed with the bottom four layers
fixed to simulate syngas on the NiO surface. This slab model configuration has been
shown to provide sufficiently accurate results.[39] The NiO bulk structure was
obtained from the Inorganic Crystal Structure Database (ICSD) provided by FIZ
Karlsruhe with the database code ICSD 182948 and proposed by Yang et al . The
crystal structure of NiO is the same as that of NaCl, which is a face-centered cubic
(fcc) lattice structure for Ni** and O Each nickel ion is surrounded by six oxygen
ions with an octahedral symmetry[40]. Since the nonpolar plane NiO (100) has been
proven to be the most stable surface, a cleaved surface of NiO (100) with a 15 A
vacuum gap is used in this study to perform the adsorption calculations[41, 42].
Carbon monoxide has only one carbon-oxygen bond which is about 1.14362 A long
while the H, molecule also has only one hydrogen-hydrogen bond of 0.75117 A. The
adsorption geometry of CO is at the top of the Ni atom with the C-O bond located

vertically with respect to the NiO surface. This configuration is the most stable
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geometry with the minimum energy[43]. The further reaction of CO with NiO is that
the C atom in CO scavenges the O on NiO surface, which makes the vertical CO
(with C close to the surface) a more reasonable geometry for further reactions. As for
H, molecule, the selected geometry is also at the top of Ni due to the tendency of H;
breaking at the top of Ni[44] and the linear molecule H, also keeps vertical with the
surface from the aspect of stability and small steric effect. The optimized adsorption
configurations are provided as supporting information.
The adsorption energy of CO on NiO surface is calculated as follows:

AEagsorption = Esystem = Efreefuel — Esurface
where Egysiem 1S the overall energy of the system with the reacted CO or H, molecules,
Efreeruel refers to the energy of the free fuel molecule (i.e. CO or H;) whereas Esyrface
represents the energy of the OC surface (NiO).
3. Results and discussion
This section presents the results obtained from this study. The sites considered on the
NiO surface and the notation adopted for the adsorption geometries are presented first.
The structural properties from the adsorption of syngas (i.e. CO and H,) on the NiO
surface are presented next. The adsorption principles of CO and H, obtained
according to the adsorption energy analysis with uniform neighboring molecules, i.e.,
molecules of the same species, and the hybrid adsorption effects caused by the
geometry containing different molecules at the nearest neighboring sites are presented
thereafter. An analysis of the projected density of states, which supports the primary
outcomes of this study at the electronic scale, are provided at the end of this section.
3.1 Structure characterization
Figure 1 presents the NiO structure model used in the present study. As shown in this
figure, four closest neighboring sites are considered in this study to reveal the
tendencies of the neighboring effects on which the oxidation of CO and breaking of
H, to form H,O are expected to occur. The four sites selected have the closest
distances with the adsorption site labeled as 0 in the figure and which is expected to

have the strongest interactions with the adsorbed CO or H, neighbors located in



positions 1, 2, 3 and 4 in the figure. To distinguish between the different adsorption
geometries, the following notation is established from heretofore: C and H stand for
CO and H; occupied sites on the NiO surface, respectively; * stands for an empty site.
When naming a particular geometry, the order follows the site numbering indicated in
Figure 1; the 5™ position in the name suggests the 0" site. For example, the geometry
HHHHH indicates the study of H, adsorption at the 0™ site with 4 H, nearest
neighboring sites. If site 1 and 3 are empty and site 2 and 4 are occupied by CO and
H,, respectively, then that geometry will be referred to as *C*HC or *C*HH
depending on whether CO or H, adsorption is considered at the 0" site.

3.2 Structural property analysis

Three types of symmetries have been considered in the present system. As shown in
Figure 2(a), symmetry 1 represents a line symmetry with only one axis of symmetry.
As for symmetry 2, (Figure 2(b)), there are two axes of symmetry, which is also a
point symmetry structure. Moreover, symmetry 3 has the highest degree of symmetry
which has four axes of symmetry (Figure 2(c)).

Tables 1 and 2 present the distances between the CO and H; molecules and the
adsorbed Ni site on the NiO surface, respectively. As mentioned above, uniform
adsorption is used here to refer to the adsorption of CO (H,) with the same molecules
of CO (H,) already adsorbed at the neighboring sites while hybrid adsorption
indicates CO or H, adsorption with the different molecules of H, or CO captured at
the closest neighboring sites.

As shown in Table 1, the distance between the adsorbed species and the adsorbed site
increases from ****C to C***C which suggests that the adsorbed CO molecule would
be repelled by the neighboring attached CO molecule. However, when the neighboring
site is occupied by H; (i.e., H***C), the repulsion effect is much smaller than that
obtained from the neighboring effect of CO. This change in behavior is due to the steric
effects, which are more significant for CO than for H,. Note that the distance between
the carbon atom of adsorbed CO and its connected Ni on NiO (100) is reported to be
2.07 A [45]. The calculated distance between the carbon of CO and its connected Ni in



this manuscript is 2.076 A at low coverage. Thus, there is consistency between the
experimental data and the present DFT calculations, which further validates the
results obtained in this work. Both carbon and oxygen atoms in the CO molecule have
relatively larger van der Waal radius (1.885 A and 1.514 A) compared to that of H atom
(1.394 A) in Hy; hence, higher steric repulsions are expected by the former species. [46]
The results shown in Table 1 for CC**C and CCC*C indicate that, when the structures
belong to the same symmetry (symmetry 1), the repelling effects are more notable as
the number of nearest neighbors increases. This behavior was also observed for the
hybrid adsorption of CO (i.e., between HH**C and HHH*C). As for symmetry 2, the
distance from C*C*C (2.043 A) increases when the empty sites are replaced with two
H, neighbors (CHCHC, 2.058 A). As shown in Table 1, the distance in the highest
degree of symmetry (i.e. CCCCC) is smaller than that observed for ****C. This
observation may be expected since the linear CO molecule tends to tilt to weaken the
steric effect between the neighbors and the adsorbed molecule while the tilting in a
highly symmetric geometry is very unlikely to happen. Also, a comparison between
the distances obtained for CC**C (symmetry 1), C*C*C (symmetry 2) and CCCCC
(symmetry 3) tend to suggest that a high degree of symmetry of a uniform CO
adsorption may lead to shorter distances even when the number of nearest neighbors is
higher. On the other hand, the hybrid adsorption geometries of CO with H, occupied
sites did not present the same behavior, i.e., the distance predicted for HH**C
(symmetry 1) is smaller than that obtained for H*H*C (symmetry 2); similarly, the
distance of HHHHC (symmetry 3) is larger than that of ****C (i.e., no neighboring
sites), as shown in Table 1. Consequently, the neighboring effects of hybrid CO
adsorption with H, as neighboring sites would not be affected by the degree of
symmetry as much as that observed from the uniform CO occupied sites. Nevertheless,
H, nearest neighbors present shorter distances compared to CO nearest neighbors with
the same number of neighboring molecules; except for the case of four (full) nearest
neighbors HHHHC and H*H*C at symmetry 2, which present larger distances than that
of CCCCC and C*C*C. As mentioned above, this is caused by the stronger symmetry



effects of the neighboring CO molecule. These results suggest that a high coverage
NiO surface will not enhance CO adsorption due to low availability of active NiO
sites and the high degree of symmetry. The neighboring attached CO molecules lead
to the more substantial repelling effect rather than the neighboring attached H,. These
observations have been corroborated by an adsorption energy analysis that is
presented in the next section.

Table 2 presents the structural properties of H, adsorption as a function of both the
number and type of nearest neighbors. As shown in Table 2, a similar trend to that
observed for CO adsorption is also observed for H, adsorption. An increase in the
number of H, nearest neighbors results in stronger repelling effects with the same
degree of symmetry (symmetry 1) whereas a high degree of symmetry for H,
adsorption with H, neighboring sites makes the tilting of the linear H, molecule very
unlikely thus producing a structure with shorter distances between the adsorbed H,
molecule and the surface. Regarding symmetry 2 configurations for Hy, the distance in
CHCHH (2.498 A) is larger than that in C*C*H (2.492 A) due to the increasing number
of the neighbors. As shown in Table 2, the same number of CO occupied neighboring
sites often results in more significant repelling effects than those observed for H,
occupied neighboring sites, except for the case of CCCCH. The distance of CCCCH is
smaller than that of HHHHH which is mostly due to the stronger symmetry effect
observed for CO neighboring molecules than that of H,. A higher-coverage NiO surface
tends to repel the H, from the surface due to the steric effects and the higher degree of
symmetry. The attached CO neighbors will lead to a more significant repelling effect
rather than having H; as nearest neighbors.

3.3 Adsorption energy analysis

To assess the energetic adsorption effects of syngas (CO and H,) on the NiO (100)
surface, the adsorption of CO and H, with the same (uniform) neighboring molecules
was analyzed first. The adsorption energy can be regarded as the isothermal enthalpy
change of adsorption in the system; this energy is often found to be negative, which

indicates that the adsorption process is both exothermic and spontaneous. A large



absolute value of the negative adsorption energy is an indication of large amounts of
heat generated from the adsorption process. Thus, a release of heat (energy) is often
observed during the adsorption process. Figure 3 shows the adsorption energy of CO
with and without CO nearest neighbors (uniform adsorption). According to DFT
analysis of CO adsorption on NiO, CO adsorbed on a clean NiO surface releases
about 1.5618 eV of heat. With one nearest neighboring molecule of CO (3.194 A), the
adsorption energy of CO changes into -0.2803 eV, which represents 18% of the total
heat generated on the clean surface without CO neighboring molecules. Note that the
estimated adsorption energy (0.28 eV) agrees with the experimental result in the
low-coverage regime (0.3 eV) [47]. With two or three neighboring molecules of CO,
the changes in the adsorption energy are less than 10% respecting that with no
neighbors. These results indicate that the first adsorbate molecule on the NiO surface
significantly weakens the adsorption of the same molecule on a nearby site. As for the
geometry with four nearest neighbors, the adsorption energy changes to +0.0622 eV.
Hence, the CO adsorption with four nearest neighbors can hardly happen due to the
endothermic process as indicated from the positive enthalpy change. To further
support this analysis, the CO adsorption with five neighboring occupied molecules
was conducted and resulted in adsorption energy of + 0.0339 eV. The 5" neighboring
site is the 2" closest Ni to the adsorption site which has a distance of 4.1696 A from
the adsorption site. The similar behavior was observed for the H, adsorption on NiO
with H, neighboring molecules (uniform adsorption), as shown in Figure 3. The
difference in adsorption energies decreases and flattens out with the 3™ and 4"
loading molecules, respectively. Particularly for the H, loading with four nearest
neighbors, the adsorption energy is the lowest due to its fully occupied neighboring
sites, which is still negative and indicates greater stability of the H, adsorption
compared to that of the CO adsorption with 4 CO neighbors. The adsorption energy
analysis of uniform adsorption suggests that the NiO surface with high coverage of
uniform neighbors tends to be unreactive to adsorb CO and Hs.

Figure 4(a) presents a comparison between CO uniform adsorption and CO hybrid
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adsorption as a function of the number of nearest neighbors. Uniform adsorption
energy with the same number of neighbors are also presented in this figure for
comparison purposes.. The neighboring occupied geometry sharing the same x value
means that they have the same number of occupied neighboring molecules as well as
the same degree of symmetry. Hybrid adsorption distinguishes from the uniform
adsorption by the different neighboring occupied molecules with the studied
adsorption molecule. For example, the CO hybrid adsorption considers the
neighboring sites occupied by H, while the H, hybrid adsorption estimates the
neighboring sites employed by CO. As shown in Figure 4(a), the difference in
adsorption energies between the uniform adsorption and hybrid adsorption increases
as the number of nearest neighbors increases. The degree of symmetry increases from
none symmetry (C***C and H***C) to symmetry 3 (CCCCC and HHHHC) with the
increasing number of neighbors. As discussed in the previous section, a higher degree
of symmetry will lead to weaker adsorption stability for both CO and H, adsorption,
which is shown in figure 5 and discussed at the end of this section. The results from
Figure 4(a) shows that this effect is more significant on CO occupied neighboring
geometry since it contributes to more considerable differences in adsorption energy
between CO adsorption with CO neighbors than on CO adsorption with H, neighbors.
As a result, it is expected that the stability of CO adsorption with H, neighboring
molecules is relatively higher when compared to uniform CO adsorption. Figure 4(a)
also shows that the difference in energy between CCCCC and HHHHC (symmetry 3)
is much more significant than that between C***C and H***C (no symmetry). The
less reduced stability observed with hybrid nearest neighbors species compared to that
with uniform adsorption may be due to the different electronic structures of the
adsorbed molecule (CO) and the Ni on the surface (see section 3.4).

Figure 4(b) compares the energetic results for hybrid and uniform H, adsorption. As
shown in this figure, H, adsorption is more stable with one H, nearest neighbor rather
than with one CO nearest neighbor. This may be due to the much smaller effect of one

H, molecule on the surface compared to that of CO as a neighbor (see section 3.4).
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When the number of the neighboring occupied sites increases (HH**H and HHH*H ),
the H, uniform adsorption is weaker than the hybrid adsorption due to the magnified
neighboring H, effects, as shown in Figure 4(b). As mentioned in section 3.2, CO as
neighbor leads to a more significant steric effect than H, does. Thus, the stability of
H, adsorption is more negatively affected by the steric repulsions with hybrid CO
neighbors rather than that with uniform H, neighbors. As mentioned above, a high
degree of symmetry has a more profound effect on the CO occupied geometry. As
shown in Figure 4(b), the stronger steric and symmetry effects caused by the presence
of four CO neighbors in H, adsorption lead to a significant decrease in adsorption
energy. From Figure 4, the hybrid effect weakens the negative impact of the neighbors
on both CO and H; adsorption. Particularly, the adsorption energy of H, on a perfect
NiO (100) surface obtained from experimental data tends to be low, i.e., smaller than
0.22 eV as reported in a previous study [48]. The computed adsorption energy of H,
in this study with low coverage is about 0.1 eV, which tends to agree with that
experimental observation.

Figure 5 shows the CO and H, adsorption with four nearest neighbors using
molecules of different species whereas their location is given by the notation
described in section 3.1. CO adsorption is an exothermic process, thus generating a
negative value of adsorption energy. A higher absolute value of adsorption energy
indicates higher adsorption stability. According to Figure 5(a), an increase in the
number of H, nearest neighbors leads to stronger CO adsorption (i.e. higher absolute
value of adsorption energy). As shown in Figure 5(a), a higher degree of symmetry
(symmetry 2 higher than symmetry 1) weakens the CO adsorption. As for H,
adsorption (Figure 5(b)), this is affected by both hybrid and steric effects. Therefore,
the heat generated from H, adsorption first increases caused by the attached CO
included in the nearest neighbors(shown as CHHHH), which highlights the hybrid
effect on H, capture, and then it tends to decrease since the CO steric effect dominates
the process. Furthermore, Figure 5(b) also shows that adsorption stability is

negatively affected when there exists higher degrees of symmetry. By comparing the
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adsorption energy between CHCHH (symmetry 2) and CCHHH (symmetry 1), it can
be concluded that a higher degree of symmetry will reduce the heat generated from H,
adsorption, which indicates weaker adsorption stability. This same behaviour was also

observed for CO adsorption.
3.4 Electron property analysis
The electronic properties of CO and H, uniform and hybrid adsorption have been

analyzed to provide further insight into the neighboring effects of these species on the
NiO surface. Figure 6 presents the molecular orbitals of CO and Ni 3d orbitals, which
provides a comparison between the free gas with NiO surface system and the
adsorbed system. According to Figure 6(a), 2n* and 5o orbitals of CO and 3d orbitals
of Ni have similar energy levels. Note that 17 orbital of CO mainly contributes to the
bonding between C and O in CO molecule[49]. Therefore, CO as an adsorbate
primarily interacts with Ni by hybridization between 5¢ and 2n* orbitals of CO and
3d orbitals of Ni on the surface. This conclusion agrees with previous reports of CO
adsorption [50, 51]. Figure 6(b) shows that CO adsorption leads to the spreading of
the d orbitals of Ni. A small peak of Ni 3d orbital appears at the same energy level as
the 2n* orbital of CO. The electron occupation at 5c orbital of CO dramatically
decreases and shifts to a lower energy level due to the 50-d forward donation
effect[52]. According to the comparison between the non-adsorbed system and the
adsorbed system, as shown in figure 6(c) and 6(d), the 3d orbitals of Ni shift to a
lower energy level and the molecular orbitals of CO shift in the same direction, which
indicate a more stable system upon adsorption. The changes of 5¢ and 2n* orbitals
shown in Figure 6(d) result from the 5¢-d forward donation and d-2z* back-donation
[49, 52, 53].

Figure 7 provides a comparison between the free H, on NiO surface system and the
adsorbed system to study the interactions between the H, molecular orbitals and the
3d orbitals of the transition metal Ni. Figure 7(a) shows that 3d orbitals of Ni have
energy level overlapped with bonding ¢ orbital and antibonding 6* orbital of H,. The
interaction between the H, and surface Ni mainly results from the interactions

between 3d orbitals and ¢ molecular orbital. H, adsorption leads to the spreading of

13



o* orbital. According to Figure 7(c), no apparent change appears for 3d Ni orbitals
except for the slightly spreading at the energy level of o* orbital. The H, adsorption
barely affects the surface electronic structure. Compared to CO adsorption, H; has a
weaker effect on the surface as an adsorbate. Therefore, stronger adsorption of CO
compared to that of H; is expected. This also explains why the absolute value of the
CO adsorption energy is much larger than that of H, adsorption, as shown in Figure 3.
As for the molecular orbitals of Hy, the peak of o orbital shifts to a lower energy level
due to the interaction between the surface Ni and Hy, thus increasing the stability of
the system.

By comparing Figure 6(c) and Figure 7(c), the 3d orbitals of Ni are apparently
affected to a larger extent by CO adsorbate compared to H,. A weaker interaction
between H, and surface Ni suggests that it may be more favorable for H, to migrate
from the Ni site to its neighbor for further reactions. The weaker interaction is also
corroborated by the lower adsorption energy of H, compared to that of CO, as
discussed in section 3.3. Furthermore, Figure 6(d) presents a slight decrease of the
2n* orbital (antibonding orbital) resulted from CO adsorption while Figure 7(d)
shows a modest increase of the o* orbital (antibonding orbital) caused by H;
adsorption. More packed antibonding orbital of H, suggests a weaker H, inner bond.
Therefore, a higher reaction activity towards breaking the inner band of H, compared
to CO can be anticipated.

Figures 6 and 7 provide the interactions between the adsorbates and studied surface.
Based on a previous analysis, the neighboring effect of CO and H;, on the studied
surface and adsorbates are shown in figure 8. To emphasize the neighboring effect, the
extreme conditions are considered for both CO and H, adsorption as where the four
nearest neighbor sites are fully occupied. With four nearest CO neighbors, the d
orbitals of Ni at HOMO orbital broadens and its left edge shifts to a lower energy
level in Figure 8(a) while no significant change appears for the d orbitals of Ni with 4
H, neighbors. Accordingly, the closest active site of Ni is more significantly affected

by the neighboring CO than by the neighboring H,. The change in the molecular
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orbital shown in figure 8(b) gives the same trend as mentioned above. The CO
neighbors significantly influence the molecular orbitals of the adsorbed CO while H,
neighbors only lead to a slight shift to a higher energy level. This explains the more
significant repelling effect on the adsorbed species coming from the CO neighbors to
H, neighbors. This result agrees with the conclusions obtained from the adsorption
energy in Figure 4(a). Hence, a clean NiO surface is more likely to attract CO
molecules rather than a surface with high coverage. The peak at 2x* antibonding
orbital splits into two new peaks. The bonding between C and O in CO molecule
appears to change by the CO neighboring effect. As shown in Figure 8(c), the electron
density occupancy of 3d orbitals of Ni with 4 CO neighbors spreads to a lower energy
level while it almost remains constant with 4 H, neighbors. The fully occupied CO
neighboring configuration leads to an apparent broadening of the o orbital of adsorbed
H, compared to that resulted from a fully occupied H, neighbor configuration. The
mentioned change also comes from the more substantial repelling effect caused by the
CO neighbors. The aforementioned results corroborate the conclusions obtained from
Figure 4(b). Comparing Figure 8(a) and Figure 8(c), the change in the electronic
structure of H, adsorbed surface stemming from neighboring effect is not as apparent
as that of H, adsorbed surface. This is due to the smaller difference in H, adsorption
energy compared to that in CO, which is also reflected by the results presented in
Figure 3.

Figure 9 compares the CO adsorption in CCHH and CHCH (symmetry2 compared to
symmetryl) neighboring configurations to emphasize the symmetry effect shown
from the electron distribution. For CO adsorption in Figure 9(a), the 3d orbitals of Ni
at low energy levels are slightly more packed and tend to spread in CCHHC compared
to that in CCHHC. As shown in Figure 9(b), bonding orbitals of CO in CHCHC
(symmetry 2) broaden and experience a small shift compared to that in CCHHC
(symmetry 1). Therefore, a higher energy level of CHCHC system is expected as well
as lower system stability. In particular, the antibonding orbital 2z* in CHCHC

(symmetry 2) is more packed, thus weakening the bond of C and O in CO molecules.
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According to Figure 9(c) and Figure 9(d), H, adsorption in a system with a higher
symmetry degree (CHCHH, symmetry?2) leads to similar spreading on 3d orbital of Ni,
o and o* orbitals of H,. More packed antibonding o* orbital of H, demonstrates the
weakened inner bond of H,. The geometry with a higher degree of symmetry (i.e.,
CHCHC and CHCHH) lowers the stability of the adsorption while structures that
present a lower degree of symmetry (i.e., CCHHC and CCHHH) for both CO and H,
adsorbed molecules do not show that effect. This result agrees with the findings
presented in Figure 5, i.e., a higher degree of symmetry (symmetry 2 compared to
symmetry 1) generates less adsorption heat.

Figure 10 presents the electronic property analysis for the hybrid adsorption effects.
Figure 10(a) and Figure 10(b) show a larger spreading in both Ni 3d orbital and CO
molecular orbitals in CCHHC (with hybrid neighbors) system compared to that in
CCCCC (without hybrid neighbors) system. Stronger interaction between CO and the
surface is predicted. Figure 10(c) and Figure 10(d) reveal the similar broadening trend
of Ni 3d orbital and H, molecular orbitals via the comparison between CCHHH (with
hybrid neighbors) and HHHHH (without hybrid neighbors). This result indicates that
hybrid effects will reduce the negative effect on both CO adsorption and H;
adsorption caused by neighbors, which agrees with the adsorption energy analysis

presented in Figures 4 and 5.

Conclusions

This study provided new insights into the adsorption of syngas (i.e., CO and Hy) in the
NiO surface affected by the surrounding surface environment. According to the
structural property analysis, the adsorption sites tend to repel the attached CO or H,
away with an increasing number of neighbors. This is an indication of the steric
effects on the surface, which may become more significant for nonlinear molecules
like methane. A CO neighbor leads to a larger distance between the adsorption site
and the attached molecule compared to the neighbor of H,. For both CO and H,

adsorption, the most significant decrease of the adsorption energy is observed with
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one nearest neighbor. This suggests that after the first neighboring molecule has been
attached on the surface, the adsorption stability does not tend to change significantly
as the number of the neighboring adsorbed molecules increases. The energetic
analysis shows that the hybrid adsorbed sites lead to less negative effects on CO and
H, adsorption caused by neighbors while the steric effects should be considered when
CO is the neighboring molecule. A higher degree of symmetry leaves the adsorption
molecule no tilting space which leads to weakening adsorption stability. This study
indicates that the adsorption strength is a combination of the hybrid effect, the space
limit and the symmetry effects. Electronic property analysis on the different
configurations was performed to validate the insights gained through this study.
Insights from this work will be essential to develop highly predictive microkinetic
models for syngas on OC materials thus promoting the development of CLC

technology.
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Table 1 Structural properties of CO adsorption on NiO

Uniform Adsorption

Hybrid Adsorption

Symmetry  Geometry name

none

none

symmetry 1
symmetry 2
symmetry 1
symmetry 3

****C

C***C
CC**C
C*C*C
CCC*C
CCCCC

Distance ¥A

2.058

2.076
2.071
2.043
2.091
2.05

Geometry name

H***C

HH**C
H*H*C
HHH*C
HHHHC

Distance/A

2.059
2.056
2.068
2.076
2.067

a distance between the H closer to the surface in H, and the closest Ni to the mentioned H on the surface.
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Table 2 Structural properties of H, adsorption on NiO

Uniform Adsorption Hybrid Adsorption
Symmetry Geometry Distance /A Geometry Distance/A
name name
none falaialal o 2.543
none H***H 2.759 C***H 2.959
symmetry 1 HH**H 2.519 CC**H 3.132
symmetry 2 H*H*H 2.491 C*C*H 2.492
symmetry 1 HHH*H 2.542 CCC*H 3.018
symmetry 3 HHHHH 2.501 CCCCH 2.499

a distance between the H closer to the surface in H, and the closest Ni to the mentioned H on the surface.
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Fig. 1 Studied sites from 1 to 4, adsorption site labeled as 0
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Fig. 2 Symmetry categories of the adsorption system, (a) symmetry 1, (b) symmetry 2 (¢) symmetry 3

The yellow circles in the figure are the occupied sites on the surface.
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Highlights

e This study provides insights into syngas adsorption on NiO surface
e First neighbor impacts the most adsorption stability
e Hybrid effects are emphasized for the first time to predict adsorption stability

e A highly symmetric occupied neighbor geometry reduces the adsorption of
syngas
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