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The high-temperature oxidation of Ni—Cr alloys leads to complex oxide scales comprising Ni(Cr)O solid
solutions, NiCr,O4 spinel, and Cr,Oz corundum within the NiO matrix. Understanding the atomic-scale
mechanisms of Cr segregation and precipitate formation is crucial for enhancing oxidation resistance.
Here, we employ density functional theory calculations to investigate Cr behavior on NiO(100), (110),
and (111) surfaces and in the bulk. Our results reveal that isolated Cr atoms preferentially segregate to
the surfaces, stabilizing Ni(Cr)O solid solutions via strong Cr—O bonding, whereas Cr pairs and clusters
favor subsurface migration and bulk aggregation, promoting nucleation of NiCr,O4 and Cr,Oz phases.
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1. Introduction

Ni-based alloys are metallic systems in which Ni serves as the
primary constituent, alloyed with other metals such as Fe, Cr,
and Al'™ to optimize performance. Owing to their exceptional
mechanical and chemical properties, these alloys are widely
used across a range of industrial applications. For instance,
Ni-based alloys possess excellent high-temperature strength,
fatigue resistance, and long-term durability, making them ideal
for aerospace applications such as turbine blades, combustion
chambers, and other critical jet engine components exposed to
intense thermal and mechanical stresses.>® Additionally, their
outstanding corrosion resistance also positions them well-
suited for use in chemical processing equipment, including
reactors, storage tanks, pipes, and pipelines, where resistance
to aggressive media like acids and alkalis is paramount.”®
Beyond aerospace and chemical sectors, Ni-based alloys also play
a pivotal role in advanced energy technologies. Their exceptional
ability to retain structural integrity under extreme temperatures,
intense radiation, and highly corrosive environments makes them
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indispensable in the energy sector, particularly for nuclear reac-
tors, where they are widely used in components such as fuel
cladding and nuclear fuel assemblies.”*°

Among various Ni-based alloys, Ni-Cr alloys stand out for
their exceptional oxidation and corrosion resistance, largely due to
the high oxygen affinity of Cr. During oxidation, Cr is preferentially
oxidized to form a protective Cr,O; layer, which acts as a barrier,
significantly slowing further degradation of the alloy.">'*> However,
the oxidation behavior of Ni-Cr alloys depends on the tempera-
ture, exposure duration, and alloy composition, often resulting in
complex, multilayered oxide structures.>™”

For example, Calvarin et al.'® examined the oxidation behav-
ior of the Ni-20 wt% Cr alloy in O, at 600 °C and 900 °C for
durations of 10 min and 48 h. At 600 °C, a 10 min exposure
produced a bilayer oxide scale: an outer NiO layer and an inner
layer containing both NiO and Cr,0O; particles. After 48 h, the
oxide scale evolved into three zones: an outer NiO layer, an
intermediate layer of NiO, Cr,03, and NiCr,0O,, and an internal
oxidation zone with rod-like Cr,O; structures extending
towards the substrate. At 900 °C, a 10 min exposure resulted
in an outer NiO layer and an inner layer dominated by NiCr,0,
with Cr,O; precipitates. After 48 h, the oxide structure com-
prised an outer NiO layer, a middle NiCr,O, layer and an
internal oxidation zone featuring a continuous Cr,O; layer.
The study attributed differences in the internal oxidation zone
to temperature-dependent Cr ion diffusion, which, when insuf-
ficient at lower temperatures, inhibited the formation of a
continuous Cr,0; layer and allowed deeper oxygen penetration.

Liu et al.™® investigated the effect of Cr content on long-term
oxidation at 900 °C for over 100 h, using Ni-Cr alloys with Cr
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contents ranging from 9 to 45 wt%. For the 9 wt% Cr alloy, the
oxide scale included a NiO outer layer, a porous inner layer
of NiO and NiCr,0,4, and an internal oxidation zone with
dispersed rod- or round-shaped Cr,O; particles. This porous
structure significantly impaired oxidation resistance. Alloys
with 18-36 wt% Cr primarily formed a continuous Cr,0; film,
effectively suppressing the growth of NiO and NiCr,0, and
exhibiting superior oxidation resistance. However, the 45 wt%
Cr alloy, despite forming a continuous Cr,0; layer, displayed a
dual-phase FCC/BCC microstructure prior to the formation of
the protective Cr,O; layer. This structure feature led to short-
circuit oxidation paths and compromised corrosion resistance.

Nguyen et al.’® further examined the long-term oxidation
behavior of NiCr alloys with varying Cr contents by exposing
Ni—(5, 10, 20, 25, and 30 wt%)Cr alloys to O, at 700 °C for 500 h.
Their findings revealed that alloys with lower Cr contents (5, 10,
and 20 wt%) developed a two-layer oxide structure: an outer
layer of NiO and an inner layer composed of mixed oxides,
(Ni, Cr),0. In contrast, alloys containing 25 and 30 wt% Cr
formed a single-layer oxide consisting predominantly of con-
tinuous Cr,0;. The authors attributed these differences to the
availability of Cr during oxidation, which plays a key role in
determining the oxide composition and structure.

Existing studies suggest that Ni-Cr alloys with Cr contents
up to ~20 wt% tend to form a two-layer oxide scale during
high-temperature oxidation, with the outer layer primarily
composed of NiO and the inner layer comprising complex oxide
phases such as Ni(Cr)O, NiCr,0,, and Cr,O;. However, the
atomic-scale mechanisms governing the nucleation and growth
of these precipitate phases during oxidation remain poorly
understood. Experimental analysis of these processes at the
atomic level is inherently difficult, but first-principles calcula-
tions based on density functional theory (DFT) offer a viable
approach to address this knowledge gap.

Several previous studies have utilized DFT to explore the
formation of oxide precipitates resulting from atomic segregation.
For example, Wang et al.”° conducted DFT calculations to inves-
tigate the formation of HfO, precipitates during high-temperature
oxidation of Hf-doped NiAl alloys. Their results indicated that at
the y-Al,O3/NiAl interface, the presence of Al vacancy clusters
attracted Hf atoms to the interface oxygen, leading to segregation
and subsequent HfO, formation. Conversely, at the 6-Al,05/NiAl
interface, a single Al vacancy within the 6-Al,O; lattice drove Hf
atoms into the oxide, similarly resulting in HfO, precipitation. Liu
et al** employed DFT calculations to identify the driving forces
behind Al,O; formation in NiCrAl alloys during oxidation. They
demonstrated that Al atoms diffused from the NiCrAl substrate
into Cr,Os, where they preferentially localized at the Ni(111)/
Cr,05(0001) interface. Once Al fully replaced Cr at the interface,
strong Al-O interactions promoted the formation of Al,O;. In
another study, Jiang et al.?* examined Pt segregation on various
v-NizAl surfaces ((100), (110), and (111)), showing that Pt atoms
preferentially segregate to the surface, enhancing the oxidation
resistance of y-NizAl

These findings highlight the strength of DFT in elucida-
ting atomistic mechanisms that are challenging to access
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experimentally. In the present work, we employ first-principles
DFT calculations to investigate the segregation behavior of Cr
atoms on the NiO surface and within the NiO bulk. Our approach
includes systematic comparisons of Cr doping sites, comprehen-
sive energetic analyses, nudged elastic band (NEB) calculations,
charge density and Bader charge analyses, and the Crystal Orbital
Hamilton Population (COHP) studies, along with the structural
characterization of oxide phases resulting from Cr segregation in
the NiO lattice. This study aims to provide a fundamental under-
standing of the behavior of Cr atoms during high-temperature
oxidation of Ni-Cr alloys with a Cr content below 20 wt%. The
insights gained are crucial for elucidating the mechanisms under-
lying the formation of complex oxide phases for guiding the design
of Ni-Cr alloys with improved oxidation resistance.

2. Computational details

First-principles methods based on DFT are employed to calcu-
late the formation energies of Cr doping at various sites in the
NiO bulk and on the NiO(100), (110), and (111) surfaces. The
pristine NiO bulk is modeled as a 2 x 2 x 4 supercell, as
illustrated in Fig. 1(a). The surface models of NiO(100), (110),
and (111) are constructed with 2 x 4 supercells, with the
thicknesses of 6, 8, and 10 atomic layers, respectively. A vacuum
slab of 15 A is added perpendicular to the surface to eliminate
spurious interactions between periodic images. For geometry
optimizations, all atoms in the bulk model are allowed to
relax. For NiO(100), the bottom two layers are fixed, whereas
for NiO(110) and NiO(111), the bottom three layers remain
fixed.

All calculations are performed using the Vienna ab initio
simulation package (VASP),>*** with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional.”® >’ The plane-wave energy
cutoff is set to 500 eV. Convergence criteria are set to 10~* eV for
total energy and 0.05 eV A" for atomic forces. The Brillouin zone
is sampled using the Monkhorst-Pack k-point grids of 3 x 3 x 3
for the bulk and 3 x 3 x 1 for the surface models, following
rigorous convergence tests.

To accurately describe the localized nature of 3d electrons in
Ni and Cr atoms, the orbital-dependent Coulomb interaction
(Hubbard U) and exchange parameter J are included using the
DFT+U formalism. The effective U-J values used in the calcula-
tions are 5.3 eV for Ni 3d electrons and 5.0eV for Cr 3d
electrons.”®*® NiO crystallizes in the rock-salt structure with
the space group of Fm3m. The fully relaxed lattice parameter
obtained from DFT calculations is 4.16 A, in excellent agree-
ment with the experimental value of ~4.17 A.*° To simulate Cr
diffusion toward the surface, we construct an initial reaction
pathway comprising four intermediate images generated via
linear interpolation between the fully relaxed initial and final
states. The pathway is optimized using the Climbing Image
Nudged Elastic Band (CI-NEB) method,*’ and the highest-
energy image is identified as the transition state. In the nudged
elastic band (NEB) calculations, the diffusion of Cr is modeled
via a vacancy-assisted mechanism. All calculations, including
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Fig. 1 Structure models used for DFT calculations. (a)—(d): top (upper) and side (lower) views of the NiO bulk and the (100), (110), and (111) surface slabs,
respectively. These models form the basis for evaluating Cr doping and segregation in both bulk and surface environments.

the transition-state searches, are performed with spin polariza-
tion taken into account.

To provide a quantitative assessment of the Cr-O bonding,
the COHP between the Cr atom and its nearest-neighbor O
atoms is calculated using the LOBSTER program.** This analy-
sis allows a direct comparison of bond strengths across differ-
ent configurations. To evaluate the site preference of Cr in NiO,
the defect formation energy is introduced as a metric, calcu-
lated using the following equation:

Eform =Ev — Eperfect + Z nil; (1)
i

where Efomm is the formation energy of the Cr defect, Ey denotes
the total energy of the system with a Cr atom substituting a Ni
atom, Eperfect iS the total energy of the pristine NiO system,
u; represents the chemical potentials of the elements involved
(Ni, Cr and O atoms in their standard states), n; is the number
of atoms added (n; > 0) or removed (n; < 0). Specifically, under
O-poor conditions, the chemical potentials of Ni and Cr atoms
are referenced to their most stable bulk phases (FCC Ni:
—5.78 eV; BCC Cr: —9.63 eV),”® while the O chemical potential
is derived from the bulk NiO equilibrium conditions using the
following relationship:

1
Fo =3~ [ENio — NNl (2)
0

where Ey;o represents the standard-state chemical potential of
NiO, approximated by the DFT-calculated total energy of the
bulk NiO; Ny; and Ny denote the numbers of Ni and O atoms in
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the NiO bulk; and uy; is the chemical potential of metallic Ni it
its standard state, taken here as —5.78 eV.

Under O-rich conditions, the O chemical potential is refer-
enced to half of the total energy of an O, molecule at 0 K relative
to the vacuum level (—4.46 €V),>" and the Ni and Cr chemical
potentials are determined from equilibrium with their respec-
tive oxides (NiO and Cr,03) using the following relationship:

1
v = N—[EMO — Nopo] 3)
M

where E\;o represents the standard-state chemical potential of
the corresponding metal oxide, approximated by the DFT-
calculated total energy of its bulk crystal; Ny and N, denote
the numbers of metal and O atoms in the bulk oxide; 1 is the
O chemical potential, taken here as —4.46 eV. The surface
energy (you) is determined using the following equation:

[Etab — mEpui]
Vourt = dT (4)

where E,, and Epny, represent the total energies of the slab and
the bulk NiO, respectively; and m is the number of atoms in the
slab and A is the surface area.

3. Results

3.1 Cr segregation sites in bulk NiO and on its surfaces

To quantitatively assess the thermodynamic driving force for Cr
segregation and the nucleation of Crrich oxide phases, we
perform a chemical-potential-based formation energy analysis
under both O-poor and O-rich conditions. Formation energies

This journal is © the Owner Societies 2026
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Fig. 2 Formation energies of Cr in the NiO bulk and on NiO surfaces. The left panels show calculated formation energies for Cr occupying different
lattice sites, and the corresponding atomic models are shown on the right. Configurations include Cr substitution at Ni sites in the (a) NiO bulk,
(b) NiO(100), (c) NiO(110), and (d) NiO(111); Cr substitution at O sites in the (e) NiO bulk, (f) NiO(100), (g) NiO(110), and (h) NiO(111); and Cr incorporation at

interstitial sites in the (i) NiO bulk, (j) NiO(100), (k) NiO(110), and (1) NiO(111).

are calculated for Cr occupying crystallographically distinct
sites, including Ni substitutional sites, O substitutional sites,
and interstitial sites in the NiO bulk and on the NiO(100), (110),
and (111) surfaces (Fig. 2). The results show that, under both
O-poor and O-rich conditions, Cr substitution at Ni sites
consistently exhibits the lowest formation energies, ranging
from —0.92 to —4.42 eV, depending on surface orientation and
oxygen chemical potential. In contrast, Cr incorporation at O
sites or interstitial positions is energetically unfavorable, with
formation energies exceeding 1-9 eV. These results quantita-
tively establish substitutional Cr at Ni sites as the thermodyna-
mically preferred configuration; accordingly, all subsequent
calculations consider Cr only in this configuration.

The analysis further reveals that O-rich conditions substan-
tially reduce Cr formation energies by up to ~2 eV relative to
O-poor conditions, indicating that increasing oxygen chemical
potential strongly enhances Cr incorporation and stabilization
within NiO. This provides a clear thermodynamic basis for the
Cr enrichment and aggregation under oxidizing environments.
As Cr concentration increases, the combined effects of lowered
formation energies, strengthened Cr-O bonding, and higher
coordination environments favor Cr-Cr association and inward
migration, thereby reducing the free-energy cost of nucleating
NiCr,0, spinel and Cr,O; corundum phases within the NiO
matrix.

3.2 Surface properties

Lower surface energy corresponds to higher surface stability. As
shown in Table 1, the stability of the three surfaces follows the
order: NiO(100) > NiO(110) > NiO(111)-O > NiO(111)-Ni.

This journal is © the Owner Societies 2026

Table 1 Calculated surface energies of NiO(100), NiO(110), and NiO(111)
surfaces

Surface Yourr (J m™7)
(100) 0.592
(110) 1.794
0-(111) 3.584
Ni-(111) 3.859

To further substantiate the relative stability of the NiO(111)
surface terminations, we compare the partial density of states
(PDOS) for O-terminated and Ni-terminated surfaces (Fig. S1).
The O-terminated surface exhibits a reduced density of states
near the Fermi level and stronger hybridization between the
O 2p and Ni 3d states, indicative of enhanced Ni-O bonding and
improved electronic stability. In contrast, the Ni-terminated surface
shows pronounced Ni-derived states near the Fermi level, reflecting
undercoordinated surface Ni atoms that are energetically unfavor-
able under oxidizing conditions. These electronic-structure char-
acteristics provide direct evidence for the greater thermodynamic
stability of the O-terminated NiO(111) surface, consistent with
previous studies demonstrating that oxygen-terminated oxide sur-
faces are favored in oxidizing environments.**** Therefore, only
the O-terminated NiO(111) is considered in the following Cr
segregation analysis.

3.3 Cr segregation on NiO(100)

Fig. 3(a) presents the calculated formation energies for a single
Cr atom occupying different surface and subsurface sites of NiO
(100). The results show that the formation energies for Cr at the

Phys. Chem. Chem. Phys., 2026, 28, 4806-4821 | 4809
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Fig. 3 Structural and electronic characteristics of Cr segregation at various sites of NiO(100). (a) Structural models and the corresponding formation
energies of a single Cr atom segregated at the third, second, and surface layers, respectively; (b) structural models and formation energies for two Cr
atoms segregated at the second layer, one Cr atom at the surface and the other at the second layer, and both Cr atoms at the surface; (c) differential

charge density maps (top and front views) corresponding to the configurations in
neighboring O atoms; (d) differential charge density maps (top and front views

a), illustrating electron redistribution around segregated Cr atoms and

(
) corresponding to the configurations in (b). Yellow regions indicate

electron accumulation, while blue regions represent electron depletion. (e) and (f) Diffusion paths and energy profiles of a Cr atom on NiO(100).

third layer (approximating the NiO bulk lattice), second layer,
and surface are —1.47 eV, —1.55 eV, and —2.23 €V, respectively.
These values indicate that Cr can stably occur in all three sites,
with the surface site being the most energetically favorable for
segregation. To further analyze Cr segregation behavior,
Fig. 3(b) shows the system energies for configurations involving
two Cr atoms: both located in the subsurface, one in the
subsurface and one on the surface, and both on the surface.
The corresponding formation energies are —4.84 eV, —4.01 €V,
and —2.62 eV, respectively. These results suggest that while Cr
segregation to the surface is energetically favorable, configura-
tions where both Cr atoms occupy the subsurface or bulk-like
positions are more stable. This implies a thermodynamic
preference for Cr atoms to migrate from the surface into the
NiO bulk.

To investigate the microscopic mechanism underlying Cr
segregation on the NiO(100) surface, we performed charge
density difference analysis for Cr atoms and their neighboring
O atoms based on the configurations shown in Fig. 3(a) and (b).
The results are illustrated in Fig. 3(c) and (d), where the yellow
and blue regions represent electron accumulation and deple-
tion, respectively. By comparing the charge density difference

4810 | Phys. Chem. Chem. Phys., 2026, 28, 4806-4821

for a single Cr atom in the third layer [Fig. 3(c-I)] and the
second layer [Fig. 3(c-II)], it is evident that the in-plane Cr-O
interactions are similar in both cases. However, the Cr atom in
the second layer exhibits stronger interactions with O atoms in
the adjacent upper and lower layers, suggesting enhanced
bonding stability compared to the third-layer subsurface site.
When a single Cr atom segregates to the NiO(100) surface
[Fig. 3(c-II)], the strongest charge accumulation occurs
between the Cr atom and both the underlying O atom and in-
pane O atoms. This pronounced interaction indicates that
surface segregation is the most energetically favorable configu-
ration for a single Cr atom.

To visualize the spatial charge distribution variations
between Cr atoms and neighboring O atoms, the charge density
differences of these atoms are calculated. Fig. 3(c) and (d)
present the charge density difference analysis for three config-
urations involving two Cr atoms: (i) both Cr atoms segregating
to the NiO(100) subsurface (the second layer), (ii) one Cr atom
segregating to the second layer while the other to the surface
layer, and (iii) both Cr atoms segregating to the surface layer.
A comparison between Fig. 3(d-III) and (d-II) reveals that
the electron accumulation (yellow regions) around in-plane

This journal is © the Owner Societies 2026
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O atoms is nearly identical for both the surface and subsurface
Cr atoms, suggesting comparable Cr-O interactions with the
same atomic layer. However, the surface-segregated Cr atoms
exhibit minimal interaction with O atoms in adjacent layers,
whereas the subsurface Cr atoms display significant inter-
actions with O atoms located directly above and below. This
vertical bonding contributes to greater structural stability in the
configuration where one Cr atom occupies the surface and
the other the subsurface, relative to the case where both reside
at the surface. In Fig. 3(d-I), where both Cr atoms are segre-
gated to the NiO(100) subsurface, a prominent blue (electron-
deficient) region appears between the Cr atoms, while strong
yellow (electron-rich) regions emerge around the neighboring
O atoms in the same plan. Additionally, O atoms in the vertical
direction—especially those directly beneath the Cr atoms—also
show significant electron accumulation. These features indicate
stronger Cr-O interactions in multiple directions, enhancing
system stability. Thus, the configuration with both Cr atoms in
the subsurface is the most thermodynamically favorable among
the three scenarios.

NEB calculations are performed to examine the diffusion of
a Cr atom on the NiO(100) surface. As shown in Fig. 3(e),
diffusion from the sub-subsurface to the subsurface layer
through a Ni vacancy site yields an energy barrier of 1.79 eV.
In contrast, diffusion from the subsurface to the surface layer
through the same pathway has a substantially lower barrier
of 1.00 eV (Fig. 3(f)). These results reveal a clear trend: the
diffusion barrier decreases progressively as the Cr atom
migrates toward the surface, indicating an increasing thermo-
dynamic and kinetic driving force for surface segregation.

The above results demonstrate that the segregation behavior
and mechanisms of Cr atoms are highly consistent across
the three representative NiO surfaces. To further elucidate
the underlying bonding characteristics, COHP analysis is
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performed for these surfaces. Fig. 4(a—c) show the COHP
diagrams between Cr atoms and their nearest neighboring O
atoms when a single Cr atom segregates to the sub-subsurface,
subsurface, and surface sites of NiO(100), respectively. In the
energy range of 0 to —8 eV, the Cr-O anti-bonding states at the
surface are notably weaker (i.e., higher in energy and less
favorable for bonding). Conversely, within the —21 to —18 eV
range, the contribution of Cr-O bonding states (stabilizing
interactions) is substantially greater for surface sites compared
to subsurface and sub-subsurface positions. The integrated
COHP (—ICOHP) values, which quantify the overall bonding
strength, follow the order: Criseiager (—3.08) > Crandiayer
(—2.48) > Crzrdiayer (—2.41), indicating stronger Cr-O bonding
at the surface.

Fig. 4(d-f) present the COHP diagrams for configurations
involving two segregated Cr atoms on NiO(100): both in the
sub-surface sites, one in subsurface and one on the surface, and
both on the surface. In the 0 to —8 eV range, the Cr-O bonding
contributions are significantly enhanced when both the Cr
atoms occupy subsurface sites compared to the other config-
urations. Meanwhile, in the —21 to —18 eV range, surface Cr-O
bonds also contribute appreciably to structural stabilization.
The corresponding —ICOHP values indicate the following bond
strength hierarchy: Cryndiayer/Cland-ayer (—3.02) > Crygeiayer/
Cand-layer [_2-42) > Crlst-layer/crlst-layer (_2~02)-

Table 2 summarizes the Bader charges of Cr atoms segregat-
ing on the NiO(100) surface and their adjacent O atoms. In the
case of a single Cr atom, the Bader charge increases from
1.282¢ in the bulk to 1.331e at the surface, indicating enhanced
localization of the electron density around the Cr atoms.
Additionally, the average Bader charge of the surface O atoms
interacting with subsurface Cr is —1.224e, slightly less negative
than the —1.233e value for O atoms interacting with surface Cr.
This suggests that the single surface Cr atom experiences
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Fig. 4 COHP diagrams of Cr—O bonding interactions. (a)—(c) COHP diagrams for a single Cr atom segregated at the sub-subsurface, subsurface, and
surface sites of NiO(100), respectively. (d)—(f) COHP diagrams for two Cr atoms at different segregation configurations of NiO(100): (d) both in subsurface
sites, (e) one in the subsurface and one on the surface, and (f) both on the surface.
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Table 2 Bader charge analysis of Cr atoms and their neighboring O atoms
on the NiO(100) surface. Positive values indicate electron loss, while
negative values indicate electron gain. For each configuration, Bader
charges of O atoms in the same layer are averaged to represent overall
charge redistribution around the Cr segregation sites

Upper-  Lower-
Cr position Cr In-plane O layer O layer O
Clyseiayer 1.331 —1.233 —1.206
Cand-layer 1.290 —1.209 —1.224 —1.191
Clardutayer 1.282 —1.200 ~1.185 -1.182
Clistlayer/Cliselayer  1.332/1.330  —1.242 -1.170
Clistiayer/Clandlager  1.340/1.345  —1.224/—1.240 —1.209
Clondlayer/Clond-lager  1.453/1.454  —1.268 ~1.206 —1.214

stronger attraction to adjacent O atoms. In the case of two Cr
atoms, the highest Bader charges are observed when both Cr
atoms are located in the subsurface (1.454e and 1.453e), while
the corresponding in-plane O atoms exhibit the lowest average
Bader charge of —1.268e. The results reveal significantly
enhanced electron density localization at subsurface Cr sites,
correlating with strengthened orbital interactions with adja-
cent O atoms, reinforcing the conclusion that Cr segregation
into the subsurface is energetically and electronically more
favorable.

3.4 Cr segregation on NiO(110)

Fig. 5(a) shows the structural models and corresponding system
energies for a single Cr atom occupying various subsurface and
surface sites of NiO(110). The calculated defect formation
energies for Cr segregation to the third layer (considered part
of the bulk), second layer, and surface are —2.02 eV, —2.23 eV,
and —2.41 eV, respectively. These results indicate that Cr atoms
can stably exist at all three sites, with the surface site being
the most energetically favorable for single Cr atom segregation
on NiO(110). To explore the interaction between multiple Cr
atoms, we further compute the system energies for three
configurations: (i) both Cr atoms segregated to the second layer,
(ii) one Cr atom at the surface and the other in the second layer,
and both Cr atoms on the surface, as shown in Fig. 5(b). The
corresponding defect formation energies are —4.61 eV, —4.52 eV,
and —4.36 eV, respectively. These values indicate that two Cr
atoms are energetically favorable whether they reside on the
surface or within the bulk. However, the lowest energy configu-
ration occurs when both Cr atoms segregate into the subsurface,
implying a preference for Cr incorporation into the subsurface
and bulk rather than accumulation on the outermost surface.
To better understand the atomic-scale mechanism under-
lying this segregation behavior, we perform charge density
differential analysis for the Cr atoms and their neighboring
O atoms, as shown in Fig. 5(c) and (d). For a single Cr atom
located in the third layer [Fig. 5(c-I)], the charge redistribution
around neighboring O atoms is minimal, indicating weak
interaction and relatively low stabilization in this configuration.
In contrast, when Cr occupies the second layer [Fig. 5(c-II)], the
interaction between the Cr atom and the O atoms directly above
and below becomes significantly stronger—especially with the
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O atom directly above—suggesting improved stability com-
pared to the third layer case. When the Cr atom is located at
the NiO(110) surface [Fig. 5(c-III)], pronounced electron accu-
mulation is observed, especially in the form of ring-like yellow
regions on the in-plane O atoms closest to Cr. This indicates
stronger bonding interactions between Cr and surrounding O
atoms, making the surface site the most stable for single Cr
atom segregation on the NiO(110) facet. Overall, these energetic
and electronic structure analyses demonstrate that Cr atoms
exhibit a strong preference for the NiO(100) surface site due to
enhanced Cr-O interactions.

However, when multiple Cr atoms are involved, subsurface
and bulk segregation become more favorable, due to collective
stabilization effects. Fig. 5(d) shows the differential charge
density distributions for three configurations: both Cr atoms
are in the subsurface layer [Fig. 5(d-I)], one Cr atom is located
at the surface and the other in the subsurface [Fig. 5(d-II)],
and both Cr atoms are segregated to the NiO(110) surface
[Fig. 5(d-IIT)]. The charge density distribution for the configu-
ration where both Cr atoms are segregated to the subsurface
[Fig. 5(d-I)] shows a significant blue electron depletion zone
between the Cr atoms, indicating a region of electron redis-
tribution. Surrounding this region, pronounced yellow electron
accumulation is observed on neighboring O atoms. Notably, the
O atoms above and below the Cr atoms—particularly those in
the lower atomic plane—exhibit strong electron enrichment.
This redistribution pattern implies intensified Cr-O bonding
and more efficient charge transfer in this configuration.
In Fig. 5(d-III), the in-plane O atoms around the Cr atoms
display ring-shaped yellow regions, indicating localized elec-
tron accumulation. Additionally, the O atoms located in the
second layer also show electron enrichment, suggesting mod-
erate Cr-O interactions. Fig. 5(d-II) reveals a similar pattern of
electron accumulation around the O atoms adjacent to the
surface Cr atom. However, the electron density near the subsur-
face Cr atom exhibits more pronounced electron accumulation,
especially between the two Cr atoms, where the O atoms
enhanced electron gains. This suggests stronger Cr-O interac-
tions in the subsurface region compared to the surface.
Together, these observations indicate that while Cr atoms can
stably segregate to both the surface and subsurface of NiO(110),
the dual subsurface configuration promotes stronger Cr-O
interactions and offers greater energetic stabilization due to
enhanced charge localization and bonding strength.

Fig. 5(e) and (f) present NEB-calculated diffusion pathways
for a single Cr atom on the NiO(110) surface. Diffusion from the
sub-subsurface to the subsurface via a Ni vacancy site yields an
energy barrier of 1.59 eV (Fig. 5(e)), whereas further diffusion
from the subsurface to the surface layer proceeds with a lower
barrier of 1.24 eV (Fig. 5(f)). These results clearly indicate a
systematic reduction in the diffusion barrier as the Cr atom
approaches the surface, highlighting an increasing kinetic
driving force for surface-directed migration.

Fig. 6(a—c) show the COHP diagrams between a single Cr
atom and its nearest-neighbor O atoms as the Cr atom segre-
gates to the sub-subsurface, subsurface, and surface sites of

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04239a

Open Access Article. Published on 21 January 2026. Downloaded on 6/17/2026 6:47:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

-1.8

Eform (CV)
®
1 I T
- . W
®
Dl B
- - 'é

-4.75

2.0 (e) 1.59 ¢V 2.0
i i % 1.24 eV O N
1.0F // q"\ \ Lok - \ o Cr
o | ) © \\ \\
< / \-0.07 eV i \
0eV -0.07 e
g == \ o \__-023 eV
g TS >
= = -
8 q E, ‘
-1.0f 1ok @
, 1.0 t
2.0 i ES 20l FSE

Fig. 5 Structural and electronic characteristics of Cr segregation at various sites of NiO(110). (a) Structural models and the corresponding defect
formation energies for a single Cr atom located in the third, second, and surface layers. (b) Formation energies for configurations involving two Cr atoms:
both in the second layer, one in the second layer and one at the surface, and both at the surface. (c) Differential charge density maps (top and front views)
for the single Cr configurations in (a). (d) Differential charge density maps (top and side views) for dual Cr configurations in (b). Yellow and blue regions
indicate electron accumulation and depletion, respectively. (e) and (f) Diffusion paths and energy profiles of a Cr atom on NiO(110).

NiO(110), respectively. The analysis reveals that in the energy
range from 0 to —8 eV, the Cr-O antibonding states at the
surface are weaker (i.e., higher in energy and thus less favorable
for bonding). In contrast, within the -21 and -18 eV range, the
contribution of Cr-O bonding states—which stabilize the struc-
ture by lowering the total energy—is markedly enhanced at
the surface compared to the subsurface and sub-subsurface
sites. Correspondingly, the calculated —ICOHP values become
progressively more negative from the bulk toward the surface:
Crlst—layer (_3~89) > Cr2nd—layer (_3'42) > CrSrdflayer (_329)1
confirming that the Cr-O bond strength increases as the Cr
atom moves closer to the surface.

Fig. 6(d-f) present the COHP diagrams for configurations
involving two Cr atoms segregating to the NiO(110) surface:
(d) both in subsurface sites, (e) one in the subsurface and one
on the surface, and (f) both on the surface. In the 0 to —8 eV
range, the strongest Cr-O bonding contributions are observed
when both Cr atoms occupy subsurface sites, while additional
surface-related bonding contributions appear between —21
and —18 eV. The overall bond strength, as reflected by the
—ICOHP values, follows the trend of Cryng-ayer/Crand-layer
(73-84) > Crlst-layer/chnd-layer (73~52) > Crlst—layer/crlst-layer
(—3.40), indicating enhanced stability for subsurface-segre-
gated Cr configurations.

This journal is © the Owner Societies 2026

Table 3 summarizes the Bader charges of Cr atoms and their
adjacent O atoms of the NiO(110). For single Cr atom segrega-
tion: as the Cr atom moves from the bulk (the third layer) to the
surface, its Bader charge increases from 1.322e to 1.625e,
indicating enhanced localization of the electron density around
the Cr atoms. Notably, the average Bader charge of O atoms
interacting with the second-layer Cr atom is —1.233e, slightly
lower than that (—1.245¢) of O atoms interacting with the surface
Cr atoms. This trend suggests that the surface O atoms more
strongly attract Cr, promoting Cr segregation toward the surface.
For dual Cr atom segregation: the highest Bader charges are
observed for Cr atoms located in the third layer (1.647e and
1.637e), while the average Bader charge of the surrounding
in-plane O atoms is the lowest (—1.250e). This indicates that
when both Cr atoms occupy third-layer positions, the enhanced
Cr-O interactions contribute to improved energy stability.

3.5 Cr segregation on NiO(111)

Fig. 7(a) presents the calculated formation energies for a single
Cr atom occupying various surface and subsurface sites of
NiO(111). The results show that the formation energies for Cr
located at the third Ni layer (approximating the NiO bulk
lattice), the second Ni layer, and the surface Ni layer are
—1.38 eV, —1.44 eV, and —2.15 eV, respectively. These values
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Fig. 6 COHP diagrams of Cr-O bonding interactions. (a)—(c) COHP diagrams for a single Cr atom segregated at different sites (sub-subsurface,
subsurface, and surface) of NiO(110). (d)—(f) COHP diagrams for two Cr atoms at different segregation configurations of NiO(110): (d) both in subsurface
sites, (e) one in the subsurface and one on the surface, and (f) both on the surface.

Table 3 Bader charge analysis of Cr atoms and their neighboring O atoms
on the NiO(110) surface. Positive values indicate electron loss, while
negative values indicate electron gain. For each configuration, Bader
charges of O atoms in the same layer are averaged to represent overall
charge redistribution around the Cr segregation sites

Upper- Lower-
Cr position Cr In-plane O layer O layer O
Crigelayer 1.625 —1.245 —1.215
Cland-tayer 1.467 —1.233 —1.188 —1.170
Clsrd-layer 1.322 —1.084 —1.190 —1.188
Cliselayer/Clisetayer  1.299/1.299  —1.190 —1.156
Cristlayere/Clandlager  1.266/1.616  —1.121/—1.176 —1.187
Clondlayer/Clonddager  1.647/1.637  —1.212 —1.102 —1.250

indicate that Cr can be stably accommodated at all three sites,
with segregation to the surface Ni layer being the most energe-
tically favorable. To further explore Cr segregation behavior,
Fig. 7(b) shows the system energies for three configurations
involving two Cr atoms: (i) both Cr atoms segregating to the
second Ni layer, (ii) one Cr atom segregating to the second Ni
layer while the other at the surface, and (iii) both Cr atoms
segregating to the surface. The corresponding formation ener-
gies are —6.05 eV, —4.93 eV, and —4.53 eV, respectively. These
results indicate that, although surface segregation is energeti-
cally favorable for a single Cr atom, the configurations with
both Cr atoms in the subsurface (or bulk-like) positions is more
stable overall. This suggests a thermodynamic tendency for Cr
atoms to accumulate in the NiO bulk.

To investigate the microscopic mechanism underlying Cr
segregation, we performed charge density difference analysis
for Cr atoms and their neighboring O atoms, based on the
configurations shown in Fig. 7(a) and (b). On the NiO(111)

4814 | Phys. Chem. Chem. Phys., 2026, 28, 4806-4821

surface, there are no O atoms in the same atomic layer as Cr;
thus, charge transfer occurs between Cr and the adjacent O
atoms located above and below, as shown in Fig. 7(c) and (d).
Comparative analysis of the charge density differences for a
single Cr atom located in the third Ni layer (bulk-like), second
Ni layer (subsurface), and surface Ni layer (shown in Fig. 7(c-I),
(c-1I), and (c-III), respectively) reveals distinct electron accumu-
lation (yellow regions) around neighboring O atoms. In all
cases, Cr atoms show charge transfer toward adjacent O atoms,
with more significant electron accumulation on the upper
O atoms—particularly for Cr in the surface Ni layer. Notably,
the Cr atom at the surface exhibits the most pronounced charge
transfer to nearby O atoms, as indicated by the expanded yellow
regions. This stronger Cr-O interaction suggests that segrega-
tion of a single Cr atom to the surface Ni layer is energetically
more favorable, consistent with the formation energy trends.
In the configuration where both Cr atoms are located in the
second Ni layer [Fig. 7(d-I)], a cloud-like blue region appears
between the two Cr atoms, indicating electron depletion.
Simultaneously, more pronounced yellow electron accumula-
tion is observed in adjacent O layers, highlighting stronger
Cr-O interactions deeper within the NiO lattice. In Fig. 7(d-II),
one Cr atom resides in the second Ni layer and the other in the
surface Ni layer. Here, prominent electron accumulation is seen
particularly around the O atoms in the second layer, suggesting
enhanced Cr-O interactions extending from the surface
through to the third O layer. Fig. 7(d-III) illustrates the case
where both Cr atoms occupy the surface Ni layer of NiO(111).
Yellow regions of electron density accumulation are observed
around the adjacent O atoms, indicating attractive interactions
between the Cr atoms and O atoms in the surface and second

This journal is © the Owner Societies 2026
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Fig. 7 Structural and electronic characteristics of Cr segregation at various sites of NiO(111). (a) Structural models and the corresponding defect
formation energies for a single Cr atom located in the third, second, and surface Ni layers. (b) Formation energies for configurations involving two Cr
atoms: both in the second Ni layer, one in the second Ni layer and one at the surface, and both at the surface. (c) Differential charge density maps (top
and front views) for the single Cr configurations in (a). (d) Differential charge density maps (top and front views) for dual Cr configurations in (b). Yellow
and blue regions indicate electron accumulation and depletion, respectively. (e) and (f) Diffusion paths and energy profiles of a Cr atom on NiO(111).

O layers. These charge redistribution patterns suggest that the
configuration with both Cr atoms in the second Ni layer is the
most energetically stable.

Fig. 7(e) and (f) show NEB-calculated diffusion pathways for
a single Cr atom on the NiO(111) surface. Diffusion from the
third Ni layer to the second Ni layer via a Ni vacancy site
exhibits an energy barrier of 0.88 eV (Fig. 7(e)). Subsequent
migration from the second Ni layer to the surface Ni layer
proceeds with a much lower barrier of 0.26 eV (Fig. 7(f)). These
results demonstrate a progressive decrease in the diffusion
barrier as the Cr atom moves closer to the surface.

Fig. 8(a—c) present COHP diagrams between the Cr atom and
its nearest-neighbor O atoms as single Cr atom segregates to
the sub-subsurface, subsurface, and surface sites of NiO(111),
respectively. The analysis shows that within the energy range
from 0 to —8 eV, the Cr-O antibonding states at the surface are
weaker. In contrast, in the range of -21 to -18 eV, the contribu-
tion from Cr-O bonding states—which lower the system energy
and stabilize the structure—is significantly greater at the sur-
face than at the subsurface or sub-subsurface sites. Consistent
with these observations, the —ICOHP values become more
negative in the order Crigeiiayer (—3.75) > Crand-Nidayer

This journal is © the Owner Societies 2026

(—3.49) > Crjrd-nidayer (—3.06), confirming that the Cr-O bond
strength increases as the Cr atom moves toward the surface.

Fig. 8(d-f) display the corresponding COHP diagrams for
two Cr atoms segregating to the NiO(111) surface in different
configurations: both in subsurface sites, one in the subsurface
and one on the surface, and both on the surface. The results
indicate that within the 0 to —8 eV range, the Cr-O bonding
states contribute most significantly when both Cr atoms reside
in subsurface sites. Additional bonding contributions are also
observed in the —21 and —18 eV range for surface Cr-O
interactions. The overall bond strength, as quantified by the
—ICOHP values, follows the order Cryng.nilayer/Cl2nd-Ni-layer
(_3'99) > Crlsthi—layer/Cr2nd7Niflayer (_3~08) > Crlsthi—layer/
Crigenidayer (—2.66), indicating that subsurface configurations
are the most energetically favorable for Cr-O bonding.

Table 4 summarizes the Bader charges of Cr atoms and their
neighboring O atoms of NiO(111). For single Cr atom segrega-
tion, the Bader charge increases from 1.661e in the third Ni
layer (bulk-like) to 1.680e in the surface Ni layer, indicating
enhanced localization of the electron density around the Cr
atoms. Notably, the average Bader charge of the O atoms
interacting with Cr in the second-Ni layer is —1.196e, slightly

Phys. Chem. Chem. Phys., 2026, 28, 4806-4821 | 4815
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Fig. 8 COHP diagrams of Cr—O bonds. (a)-(c) COHP diagrams for a single Cr atom segregated at different sites (sub-subsurface, subsurface, and
surface) of NiO(111). (d)—-(f) COHP diagrams for two Cr atoms at different segregation configurations of NiO(111): (d) both in subsurface sites, (e) one in the
subsurface and one on the surface, and (f) both on the surface.

Table 4 Bader charge analysis of Cr atoms and their neighboring O atoms
in NiO(111). Positive values indicate electron loss, while negative values
indicate electron gain. For each configuration, the Bader charges of O
atoms within the same layer are averaged to represent the overall charge

redistribution around the Cr segregation sites

Upper- Lower-
Cr position Cr In-plane O layer O layer O
Criseni layer 1.680 —1.250 —1.150
Crand-Ni layer 1.674 -1.196  —1.189
Cr3rd-Ni layer 1.661 —1.198 —1.154

O1sto layer Oznd-o layer Osrd-0 layer

Criseni layer/ClistNi layer  1.652/1.659 —0.854 —-1.172
Criseni layer/Cl2ndNi layer 1.674/1.772 —0.833 —1.203 —1.161
Crond-ni layer/CIan-Ni layer 1.775/1.754 —1.235 —1.202

lower than that for O atoms (—1.250¢) adjacent to surface-
segregated Cr, reflecting stronger electrostatic attraction
between Cr and surface O atoms. This supports the trend of
Cr segregation toward the surface. For configurations with two
Cr atoms, the case where both occupy the second Ni layer
shows the highest Bader charges (1.775e and 1.754e) for Cr and
the lowest average Bader charge for surrounding O atoms
(—1.235¢). These results confirm that Cr atoms in the second
Ni layer exhibit strong electron localization and form stronger
interactions with neighboring O atoms, contributing to the
energetic stability of this configuration.

3.6 Cr segregation in the NiO bulk

The computational results above indicate that in the presence
of multiple Cr atoms, segregation into the NiO bulk is

4816 | Phys. Chem. Chem. Phys., 2026, 28, 4806-482]

energetically favorable. To further explore this behavior, we
investigate Cr segregation within a NiO bulk model. Fig. 9(a)
and (b) present the total formation energies of systems contain-
ing two and three Cr atoms, respectively, in both dispersed and
aggregated configurations within the bulk lattice. For two Cr
atoms, the formation energies are calculated as —0.90 eV for
the dispersed configuration and —1.14 eV for the aggregated
configuration. Similarly, for three Cr atoms, the formation
energies are —1.70 eV (dispersed) and —2.23 eV (aggregated).
In both cases, Cr aggregation is energetically preferred, with
aggregation energies being lower by 0.24 eV and 0.53 eV,
respectively, compared to the dispersed counterparts. These
results suggest a clear thermodynamic tendency for Cr atoms to
cluster within the NiO bulk. Moreover, the comparison between
the aggregation energies of two and three Cr atoms shows that
the formation energy becomes significantly more favorable (by
1.09 eV) when a third Cr atom is introduced. This trend
indicates that higher Cr concentrations promote aggregation,
which likely drives the formation of complex oxide phases
during high-temperature oxidation.

To further elucidate the driving forces behind Cr atom
aggregation and dispersion in the NiO bulk, differential charge
density analyses were performed on the configurations shown
in Fig. 9(a) and (b), with the results presented in Fig. 9(c) and (d).
In the case of two Cr atoms dispersed within the NiO bulk
[Fig. 9(c-T)], small blue regions representing electron depletion
are observed on the Cr atoms, while only minor yellow regions—
indicative of electron accumulation—appear on the neighboring
O atoms. This suggests weak interactions between Cr and sur-
rounding O atoms in the dispersed state. In contrast, when the
two Cr atoms aggregate [Fig. 9(c-I)], a large, continuous blue

This journal is © the Owner Societies 2026
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Fig. 9 Cr segregation behavior charge redistribution in the NiO(100) bulk. (a) Structural models and the corresponding formation energies for two Cr
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redistribution around segregated Cr atoms and neighboring O atoms; (d) differential charge density maps (front view) corresponding to the
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electron depletion region emerges between them, accompanied
by more prominent yellow electron accumulation regions on
adjacent O atoms. This pattern reflects significantly enhanced
Cr-O interactions, which energetically favor aggregation.
A similar trend is observed for systems with three Cr atoms.
In the dispersed configuration [Fig. 9(d-I)], weak Cr-O interac-
tions are indicated by limited charge redistribution—small
blue regions on Cr atoms and minor yellow regions on neigh-
boring O atoms. However, when the three Cr atoms aggregate
[Fig. 9(d-II)], a more extensive blue electron depletion region
forms among the Cr atoms, along with intensified yellow
electron accumulation around surrounding O atoms. Notably,
the depletion region among three Cr atoms is even more
pronounced than that observed for two Cr atoms, highlighting
that Cr-O interactions strengthen with increasing Cr concen-
tration. These findings confirm that Cr aggregation in the NiO
bulk is driven by enhanced charge transfer and stronger Cr-O
bonding interactions, especially at higher Cr concentrations.
Table 5 summarizes the Bader charges of Cr atoms and their
neighboring O atoms of NiO bulk. For two Cr atoms in NiO,
the Bader charges of Cr are 1.338e (aggregated) and 1.292e
(dispersed), while the corresponding O atoms exhibit charges
of —1.121e and —1.109e¢, respectively. In the case of three Cr
atoms, the aggregated configuration yields average Cr charges
of 1.422e, compared to 1.282¢ for the dispersed case, with

This journal is © the Owner Societies 2026

Table 5 Bader charge analysis of Cr atoms and their neighboring O atoms
in the NiO bulk. Positive values indicate electron loss, while negative values
indicate electron gain

Cr position Cr (¢]

Two aggregated Cr atoms 1.338 —-1.121
Two dispersed Cr atoms 1.292 -1.109
Three aggregated Cr atoms 1.422 —1.157
Three dispersed Cr atoms 1.282 —1.089

O atoms averaging —1.157e and —1.089e, respectively. Notably,
Cr aggregation increases the average Bader charges of Cr by
0.046¢ (two Cr) and 0.140e (three Cr), while the neighboring O
atoms show increases of 0.012¢ and 0.068e, respectively. This
demonstrates enhanced charge transfer between Cr and O
atoms when Cr clusters form in the NiO bulk. Furthermore,
comparing the aggregated configurations, the average Bader
charges of Cr and O atoms increase by 0.084e and 0.036e,
respectively, when the Cr count rises from two to three. Cr
atoms in the aggregated state show enhanced electron localiza-
tion and stronger interactions with adjacent O atoms, demon-
strating that increasing Cr concentration intensifies charge
redistribution and strengthens Cr-O electronic interactions.
Fig. 10(a and b) present COHP diagrams for two Cr atoms in
dispersed and aggregated configurations within the NiO bulk.
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Fig. 10 COHP diagrams for Cr—O bonds in bulk NiO: (a) and (c) dispersed Cr atoms; (b) and (d) aggregated Cr atoms.

The analysis reveals that in the aggregated state, Cr-O bonding
states dominate across both the 0 to —8 eV and —21 to —18 eV
energy ranges, indicating stronger Cr-O interactions. The corre-
sponding —ICOHP values confirm this trend: Cr-aggregated
(—2.80) > Cr-dispersed (—2.14), signifying enhanced bond
stability in the aggregated configuration. Similarly, Fig. 10(c
and d) show the COHP results for another set of dispersed and
aggregated Cr configurations within the NiO bulk, which
exhibit a consistent trend with Cr-aggregated (—2.85) >
Cr-dispersed (—2.24). These results collectively demonstrate
that Cr aggregation strengthens Cr-O bonding and stabilizes
the local oxide structure.

4. Discussion

The combined NEB and COHP analyses reveal a size- and
environment-dependent mechanism governing Cr segregation,
migration, and oxide phase evolution during Ni-Cr oxidation.
COHP calculations were performed for a comprehensive set
of configurations involving isolated Cr atoms and Cr pairs
located at the surface, subsurface, and sub-subsurface sites
on NiO(100), (110), and (111) surfaces, as well as in the bulk
(Figs. S2-S8). Orbital-resolved COHP analysis shows that the
site-dependent electronic structure is primarily controlled by
Cr-O hybridization. In the upper valence-band region (0 to
—8 eV), the dominant contributions arise from Cr 3d-O 2p
interactions. For surface- and near-surface-segregated isolated
Cr atoms, the Cr-O antibonding states in this energy range are
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significantly weakened (shifted to higher energies), indicating
reduced antibonding character and enhanced local stability of
the Ni(Cr)O solid solution. This redistribution of valence states
provides a direct electronic-structure origin for the thermo-
dynamic preference of isolated Cr for surface segregation.

In contrast, when Cr atoms aggregate into pairs or small
clusters, cooperative Cr-O bonding effects emerge. In addition
to enhanced Cr 3d-O 2p bonding near the valence band,
pronounced bonding features appear in deeper energy windows
(—21 to —18 eV), dominated by Cr 4p/4s-O 2s hybridization.
These deeper bonding states significantly lower the total energy
and stabilize higher-coordination Cr-O environments, thermo-
dynamically favoring subsurface migration and bulk aggregation.
Such electronic-structure evolution promotes the nucleation of
NiCr,0, spinel and Cr,0; corundum phases within the NiO
matrix. Consistent with this picture, NEB calculations show a
systematic decrease in diffusion barriers as an isolated Cr atom
approaches the surface, reflecting the same electronic driving
force that stabilizes surface-segregated Ni(Cr)O. Together, these
results establish an atomic-scale framework linking Cr coordi-
nation, orbital-resolved electronic structure, transport kinetics,
and oxide phase evolution, providing mechanistic insight into
the formation of complex Cr-rich oxide scales in Ni-Cr alloys.

Analysis of the Cr-O bond lengths and bond angles (Fig. 11)
shows that aggregated Cr atoms in NiO exhibit bond lengths of
2.07-2.21 A and bond angles of 87.53°~92.64°. These values are
comparable to those reported for NiCr,0, (Cr-O: 1.98-2.03 A;
angles: 83.66°-95.78°)*° and Cr,0; (Cr-0: 1.97-2.04 A; angles:
79.86°-100.70°),>® indicating that Cr aggregation within the
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Fig. 11 Comparison of Cr-O local bonding environments. (a) Cr—O bond lengths and bond angles for aggregated Cr atoms embedded in the NiO
lattice; (b) Cr—O bond lengths and bond angles in bulk NiCr,Oy; (c) Cr—0O bond lengths and bond angles in bulk Cr,Os; (d)—(f) Enlarged views of the local
Cr-0O configuration environments highlighted by the dashed boxes in (a)—-(c), respectively, illustrating the structural similarities between aggregated Cr in

NiO and the corresponding Cr-rich oxide phases.

NiO bulk locally reproduces coordination environments char-
acteristic of spinel and corundum phases. This structural simi-
larity provides an atomistic link between Cr aggregation and
the nucleation of Cr-rich oxide precipitates.

DFT calculations across NiO(100), (110), and (111) surfaces
and the bulk reveal a concentration-dependent segregation
mechanism. At low Cr concentrations, isolated Cr atoms pre-
ferentially segregate to surfaces or interfaces, where they are
stabilized by favorable Cr-O bonding and promote the for-
mation of Ni(Cr)O solid solutions. This behavior supports the
development of continuous, protective oxide layers during early
oxidation. In contrast, increasing Cr concentration shifts the
thermodynamic preference toward subsurface and bulk incor-
poration, where Cr atoms tend to aggregate rather than remain
isolated. These aggregated configurations are energetically
stabilized by cooperative Cr-O bonding and higher local coor-
dination, driving the emergence of NiCr,0, spinel and Cr,0;-
like structural motifs.

These computational results are consistent with experimental
observations showing Ni(Cr)O solid solutions at low Cr contents
and the formation of Cr,0; and NiCr,O, precipitates at higher
Cr loadings during high-temperature oxidation of Ni-Cr alloys.®”
By directly linking atomic-scale Cr segregation and aggregation

This journal is © the Owner Societies 2026

to macroscopic oxide phase evolution, the simulations establish a
unified mechanistic framework for understanding Cr-driven oxide
scale development.

The atomistic insights obtained here further suggest
clear guidelines for alloy design aimed at enhancing high-
temperature oxidation resistance. Oxidation behavior is gov-
erned by a balance between isolated Cr stabilization at the NiO
surface—which favors continuous Ni(Cr)O solid solutions—
and Cr aggregation in subsurface or bulk regions, which promotes
the formation of spinel and sesquioxide precipitates. Alloying
strategies that suppress Cr—Cr association or reduce Cr mobility
can therefore help maintain a high population of surface-
segregated Cr, enhancing the stability and integrity of protec-
tive oxide scales. For example, elements with strong oxygen
affinity, such as Al or Si,*®*° may compete with Cr for O
coordination, weakening cooperative Cr-O bonding and sup-
pressing Cr clustering. Alternatively, refractory elements with
low diffusivity (e.g., W, Mo, or Ta**"**) may kinetically hinder Cr
aggregation by increasing the migration barriers through lattice
strain or defect trapping. More broadly, these results indicate
that deliberate tuning of Cr-O hybridization and Cr transport
kinetics through targeted alloying provides a viable pathway to
engineer oxide microstructures that favor stable solid-solution
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oxides over Cr-rich precipitates, thereby improving oxidation
resistance under aggressive service conditions.

5. Conclusions

This study employed density functional theory calculations to
systematically investigate the segregation behavior of Cr atoms
on NiO (100), (110), and (111) surfaces, as well as their role in
oxide phase formation within the NiO bulk. Formation energy
calculations reveal that at low concentrations, Cr atoms pre-
ferentially segregate to the NiO surfaces across all three orien-
tations. In contrast, at higher concentrations, Cr tends to
accumulate in the subsurface and bulk regions. Within the
NiO bulk, Cr atoms show a pronounced tendency to aggregate,
forming configurations with structural characteristics similar
to those of NiCr,0, or Cr,0;. Differential charge density and
Bader charge analyses further elucidate the driving forces
behind these behaviors. At low concentrations, strong electro-
static interactions between Cr atoms and surface O atoms favor
surface segregation. At higher concentrations, Cr-Cr inter-
actions become more significant, enhancing Cr-O bonding in
the bulk and promoting aggregation. As Cr atoms cluster, their
interactions with surrounding O atoms intensify, leading to
local structures with characteristics similar to those of complex
oxide phases. These results provide an atomistic-level under-
standing of Cr segregation and precipitation during the high-
temperature oxidation of Ni-Cr alloys. The findings are
consistent with experimental observations of Ni(Cr)O, NiCr,0y,,
and Cr,0; formation, and offer valuable insights for optimizing
alloy composition and oxidation conditions to enhance the
oxidation resistance of Ni-Cr-based materials.
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