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Abstract
The  sorption-enhanced  biomass  gasification  with  CaO-based  materials  exhibits  considerable  potential  for  simultaneous  CO2 mitigation  and  hydrogen

generation. However, activity attenuation of CaO-based materials over extended cyclic processes has limited their industrial applications. In this work, the

improvement in cyclic stability of the materials is enhanced by Ni/Ce doping, and the sintering kinetics and tar cracking mechanisms are elucidated using

combined density functional theory with experimental investigations. The results demonstrate that doping with Ni and Ce is found to reduce the band gap

and  introduce  new  states  neighboring  the  Fermi  level,  which  facilitate  electron  migration  to  stabilize  reaction  transition  states.  Therefore,  the  intrinsic

kinetic  barrier  is  reduced.  The  formation  energies  of  the  doped  surfaces  are  significantly  reduced,  indicating  enhanced  intrinsic  stability.  Ca4O4 cluster

adsorption is used to assess sintering resistance, which reveals that Ni aggravates sintering, while Ce stabilizes the lattice and suppresses Ni agglomeration.

Cyclic CO2 capture tests indicate that Ni doping enhances initial activity, while Ce doping effectively suppresses high-temperature sintering, and high CO2

capture performance is obtained during 20 cycles. Toluene is physically adsorbed on the surfaces, and its adsorption energy is nearly doubled by doping.

The ring-opening of toluene is calculated to be the rate-determining step on the CaO-based material surfaces, and the activation barrier is reduced by Ni and

Ce  doping.  The  synergistic  incorporation  of  Ni  and  Ce  balances  catalytic  reactivity  and  structural  stability;  thus,  Ni/Ce-doped  CaO  exhibits  promising

potential to obtain high sintering resistance and tar cracking performance.
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 Introduction
The greenhouse effect has been aggravated by the rising anthro-

pogenic  CO2 emissions,  and  the  consumption  of  fossil  fuels  has
been  widely  acknowledged  as  the  primary  contributor  to  the
emissions[1].  The  Intergovernmental  Panel  on  Climate  Change
suggested that annual CO2 emissions are expected to reach 48 Gt by
2050 in the absence of effective interventions[2].  Consequently, CO2

capture and storage is regarded as critical to relieve anthropogenic
CO2 emissions  and  achieve  carbon  neutrality.  Owing  to  the  advan-
tages of transportability and cleanliness,  hydrogen is recognized as
one  of  the  most  appropriate  candidates  among  the  energy
carriers[3]. Presently, the large-scale production of hydrogen remains
dependent on thermochemical conversion of fossil fuels[4].

Gasification  of  biomass  is  deemed  promising  because  of  the
biogas acquisition, low transportation costs, and carbon neutrality[5].
Due to the incorporation of CaO-based materials into the sorption-
enhanced  gasification  of  biomass,  CO2 absorption  can  be
accomplished,  as  expressed  by  Eq.  (1)[6].  Therefore,  the  gasification
system is driven towards improved H2 generation by the disruption
of the reaction equilibrium[7]. The formed calcium carbonate during
gasification  can  be  subsequently  shifted  to  the  calciner,  and
elevated temperatures are used to drive its decomposition into CaO
and  CO2

[8].  The  obtained  CaO  is  recirculated  back  towards  the
gasifier  to  continue  the  following  gasification  reaction.  In  this
manner,  CO2 absorption  via  calcium  looping  and  hydrogen

production  can  be  coupled  within  one  process;  thus,  elevated  H2

production is maintained[9].  Furthermore,  the  exothermic  nature  of
CO2 absorption of CaO-based materials can partially offset the heat
duty  of  the  gasifier,  which  reduces  the  net  energy  consumption of
biomass gasification. However, as the number of the cycle increases,
CO2 absorption capacities of CaO-based materials suffer from severe
decrease, resulting from the sintering and coke deposition from tar
generation[10,11].  The  improvement  in  H2 production  during  the
cycles is accordingly weakened because of the limited cyclic perfor-
mance of CaO-based materials[12]:

CnHmOp+ (2n− p)H2O+nCaO→ nCaCO3+ (
m
2
+2n− p)H2 (1)

To  overcome  inherent  limitations  of  CaO-based  materials  for
steam  gasification  of  biomass,  particularly  severe  thermal  sintering
and lack of catalytic activity for tar degradation, the development of
CaO-based  materials  by  incorporating  transition  metals  and  inert
supports has been proposed in previous studies[13].  Among various
catalysts,  Ni  has  been  widely  recognized  as  highly  active  and  cost-
effective  for  C–C  and  C–H  bond  breaking;  thus,  it  is  considered  a
primary  choice  for in-situ tar  cracking  and  methane  reforming.
Quan  et  al.[14] fabricated  Ni-doped  CaO  material  with  the  sol-gel
technique,  which  achieved  high  H2 production  and  cyclic  stability
during steam reforming of  ethanol.  This  material  was conducive to
reduced carbon deposition, and the elongated CNTs were the domi-
nant  deposited  carbon.  The  effect  of  synthesis  methods  on  CO2

capture  characteristics  of  Ni-CaO  dual-functional  materials  was
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investigated by Wang et al.[15].  Pretreatment with organic acids like
propionic acid and complexation with citric acid enhanced both the
surface  features  and  dispersion  of  Ni  species  in  the  doped  CaO
material,  and superior  structural  characteristics  were obtained with
the citric acid-assisted approach. The favorable CO2 capture perfor-
mance  was  correlated  with  improved  textural  properties,  reduced
particle  dimensions,  and  homogeneous  distribution  of  Ni  species.
Sun  et  al.[16] found  that  the  morphology  of  CaO-based  material
could be significantly enhanced by the Ni loading. The contribution
of  Ni-Ca  interactions  was  found  to  be  limited,  which  could  be
ascribed to poor reducibility and accessibility. It was observed that a
higher  Ni  loading  led  to  increased  carbon  deposition,  while  stable
CO2 capture of approximately 10–13 mmol/g per cycle was achieved
at  a  Ni  loading  of  10  wt%  under  650  °C,  and  the  optimal  reaction
performance was obtained. However, under high-temperature calci-
nation  conditions,  rapid  deactivation  is  inevitably  induced  in
Ni-doped CaO materials, which is attributed to the severe agglome-
ration of both the active Ni particles and the CaO framework, as well
as  heavy  coke  deposition  by  which  the  active  sites  are  blocked[17].
Therefore, the introduction of a structural promoter is significant to
enhance sintering resistance and suppress coking. CeO2 is regarded
as an ideal promoter because of its elevated Tammann temperature
and the redox effects from the coexistence of Ce3+/Ce4+ pairs, which
are  known  to  boost  reaction  activity.  Consequently,  CeO2 is
regarded  as  a  suitable  promoter  for  CaO-based  materials[18−20].
Wang et al.[21] found that Ce-doped CaO delivered improved sinter-
ing  resistance,  which  was  ascribed  to  the  porous,  shell-intercon-
nected cross-linked microstructure and the high stability. The facile
interconversion  between  Ce3+ and  Ce4+ was  shown  to  generate  a
charge  imbalance,  which  therefore  created  oxygen  vacancies  and
unsaturated chemical bonds in the material. As a result, CO2 absorp-
tion  of  0.59  g/g  was  maintained  at  the  18th cycle  by  the  Ce-doped
CaO material, and an enhanced carbonation rate was also achieved.
Consequently,  through  strong  metal-support  interactions,  the
porous  structure  for  stable  CO2 capture  can  be  preserved,  and  the
electronic properties of Ni can be modulated in Ni/Ce co-doped CaO
materials,  thereby  improving  H2 production  and  tar  cracking
performance.

Density functional theory (DFT) calculations, as an effective tech-
nique to elucidate chemical reactions at the atomic scale, have been
applied  to  investigate  CO2 absorption[22],  water-gas  shift[23],  CO2

reduction[24],  and hydrogen storage[25].  Shi et al.[26] investigated the
sintering  resistance  of  Cr  and  Co-doped  CaO  materials  on  the
surfaces.  The  presence  of  Co  and  Cr  shortened  the  metal-oxygen
distance,  and  the  activation  barrier  for  oxygen  vacancy  generation
was  reduced.  Upon  Ca4O4 cluster  adsorption,  the  generation  of
stronger metal–oxygen bonds in the materials could inhibit particle
fusion. Wang et al.[27] reported that Ca4O4 cluster adsorption energy
on  the  pristine  CaO  surface  was  significantly  weakened  by  Ni
doping.  In  contrast,  the  adsorption  of  Ca4O4 clusters  on  the  sub-
strate is  strengthened by Al2O3,  as  reflected by the Ead of −7.34 eV;
thus,  cluster  deformation  is  restrained,  and  the  sintering  of  CaO
grains  is  further  suppressed.  Moreover,  DFT  calculations  on  sinter-
ing resistance in terms of Ca4O4 adsorption have been performed on
Ti/Ni  co-doped  CaO[28],  Al-doped  CaO[29],  and  Mn-doped  CaO[30]

surfaces,  indicating  the  feasibility.  Wang  et  al.[31] performed  DFT
calculations  on  toluene  molecule  adsorption  and  ring  opening  on
the Fe/Ni  co-doped CaO surface.  The results  indicated that toluene
decomposition on this surface was more difficult than on Fe- and Ni-
solely doped CaO surfaces.  Zou et al.[32] studied the effects of an Si
co-doped CaO surface for toluene cracking by DFT calculations. The
presence  of  Si  elevated  the Ead on  the  Si  co-doped  CaO  surface  by
62.4%,  and  the  enhanced  toluene  decomposition  was  attributed

to  the  modification  of  the  adsorption  structure;  thus,  toluene
decomposition  on  the  Si  co-doped  CaO  material  surface  was
improved.  Further  analysis  identified  that -H  and -OH  radicals
formed  through  steam  decomposition  served  as  primary  reactive
intermediates responsible for tar  cracking,  and dehydrogenation at
the  ortho  position  acted  as  the  rate-determining  step.  Therefore,  a
powerful  approach  for  unraveling  these  surface  phenomena  and
electronic  interactions  at  the  atomic  scale  can  be  provided  by  DFT
calculations,  through  which  vital  theoretical  insights  into  the
structure–reactivity  relationships  of  CaO-based  materials  are
expected to be obtained.

In  this  work,  DFT  investigations  were  carried  out  to  clarify  the
fundamental  mechanisms  of  sintering  resistance  and  tar  cracking
over Ni/Ce co-doped CaO materials.  To evaluate the sintering resis-
tance  mechanism  at  the  atomic  scale,  the  adsorption  behavior  of
Ca4O4 clusters,  which  were  used  as  representative  structural  units
for CaO agglomeration, was systematically examined on the doped
surfaces.  Furthermore,  toluene  was  employed  as  a  typical  model
compound for primary tar during steam gasification of biomass, and
adsorption  geometries,  activation  energies,  and  detailed  bond
cleavage  pathways  on  the  material  surfaces  were  determined.  The
partial  density  of  states  (PDOS),  charge transfer,  activation barriers,
and the intrinsic synergistic role of Ni and Ce doping were revealed,
and  essential  theoretical  guidance  was  provided  for  the  rational
design  of  highly  robust  and  active  CaO-based  materials  for  H2

production from steam gasification of biomass.

 Computation

 Methods
All  DFT investigations  of  sintering resistance and tar  decomposi-

tion  on  Ni- and  Ce-doped  CaO  surfaces  were  carried  out  with  the
DMol3 code[33,34].  Geometry  optimizations  and  transition  state  (TS)
searches  were  conducted  using  the  spin-unrestricted  generalized
gradient  approximation  (GGA)  with  the  Perdew–Burke–Ernzerhof
(PBE)  functional  for  exchange-correlation  treatment.  A  2  ×  2  ×  1
Monkhorst-Pack  k-point  grid  was  generated  and  adopted  for  all
structural  models.  Convergence  criteria  for  energy,  force,  and
displacement were set to 10−5 Ha, 0.002 Ha/Å, and 0.005 Å, respec-
tively.  The  self-consistent  field  (SCF)  iteration  was  deemed
converged when the tolerance reached 10−6 Ha. The DFT semi-core
pseudopotential  approach  was  employed  for  core  electron  treat-
ment, and the double numerical plus polarization (DNP) basis set of
v4.4  was  adopted.  Multipolar  expansion  was  carried  out  using  the
hexadecapole  angular  momentum  function.  To  facilitate  SCF
convergence,  charge  and  spin  density  mixing  parameters  were
assigned  values  of  0.2  and  0.5,  respectively.  A  density  precondi-
tioner  with  q0 of  4.0  a0

−1 was  used.  The Fermi  thermal  smearing at
0.005 Ha was applied to enhance SCF convergence while balancing
computational  efficiency  and  accuracy.  The  complete  LST/QST
protocol was employed for TS search. To guarantee the reliability of
transition  state  configurations,  the  TS  search,  optimization,  and
confirmation calculations were conducted.

 Models and energies definitions
The  (0  0  1)  low  Miller  index  plane  of  CaO  was  selected  as  the

representative surface because this facet has been proven to exhibit
low  surface  energy[35,36].  The  2  ×  2  periodic  supercell  was  deemed
adequate  to  the  essential  characteristics  of  CaO-based  surfaces  for
H2S  adsorption[37],  water-gas-shift[38],  and  H2O  adsorption[39].
Accordingly,  a  slab  model  of  CaO  (0  0  1)  surface  consisting  of  four
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atomic  layers  within  a  2  ×  2  periodic  supercell  was  constructed,  as
illustrated  in Supplementary  Fig.  S1a.  A  vacuum  layer  of  20  Å  was
inserted  perpendicular  to  the  CaO  (0  0  1)  surface  to  avoid  interac-
tions between periodic images. After one Ca atom in the top layer is
substituted by a Ni or Ce atom, the Ni- or Ce-doped CaO surfaces are
obtained,  as  exhibited  in Supplementary  Fig.  S1b, S1c,  which  are
denoted  as  Ni-CaO  and  Ce-CaO,  respectively.  Besides,  the  Ni  and
Ce-co-doped CaO surface is built with two Ca atoms substituted by
Ni  and  Ce  atoms,  respectively,  denoted  as  Ni-Ce-CaO.  The  two
lowermost  atomic  layers  of  the  periodic  slab  were  fixed  in  both
Cartesian  and  fractional  coordinates,  while  the  rest  of  the  slab
model, including the top two layers and all adsorbates, was treated
as  relaxed.  Prior  to  being  placed  on  the  CaO  surface,  the  isolated
molecules  and  clusters,  including  the  Ca4O4,  toluene,  and  reaction
intermediates, were optimized individually within a 20 Å × 20 Å × 20
Å  cubic  cell  to  eliminate  spurious  periodic  effects.  Partial  Hessian
vibrational  frequency computations were performed for all  adsorp-
tion  and  TS  configurations[40].  To  ensure  the  robustness  of  the
optimized  structures,  the  absence  of  imaginary  frequencies  was
verified  for  all  relaxed  adsorption  configurations,  whereas  each  TS
configuration  was  confirmed  to  possess  only  one  imaginary
frequency,  and the vibrational  mode was aligned with the reaction
coordinate.

The adsorption energy (Ead) served as a quantitative indication of
the thermodynamic favorability of each adsorption configuration. A
more  negative Ead value  corresponds  to  greater  thermodynamic
stability  and a  higher  tendency to  form. Ead was  calculated accord-
ing to Eq. (2):

Ead = Esys−Eadsorbate−Esurface (2)

where Esys denotes  the  total  energy  of  the  adsorption  system,  eV;
Eadsorbate refers to the energy of the isolated adsorbate,  eV; and Esurface

represents  the  energy  of  the  clean  surface,  eV.  The  activation  barrier
(Ea) for every elementary step was evaluated via Eq. (3)[41]:

Ea = ETS−ER (3)
where ETS and ER denote  the  energies  of  the  transition  state  and  the
reactant, respectively, in eV. The larger Ea corresponds to the kinetically
less  favorable  elementary  step.  The  formation  energy  (Eform)  was
applied  to  evaluate  the  thermodynamic  feasibility  of  generating  the
doped surface configurations.  The chemical potentials of the relevant
elements (μe) were first derived from Eq. (4):

µ = Esim/n (4)
where μ represents the chemical potential of a given element, eV; Esim

is  the  total  energy  of  the  most  stable  elemental  substance,  eV. n
denotes the number of atoms in the simple substance or conventional
cell.  The  formation  energies  of  the  doped  configurations  were
determined from Eq. (5):

Eform = Esys−EOv-CaO+µO−µe (5)

where EOv-CaO corresponds  to  the  energy  of  the  surface  bearing  one
oxygen  vacancy  in  the  top  layer,  eV; μO and μe are  the  chemical
potentials of oxygen and the dopant element, respectively, eV.

 Results and discussion

 Energy and electronic characteristics of Ni- and
Ce-doped CaO surfaces

Supplementary Fig. S1a–S1d shows that the Ni- or Ce-doped CaO
surfaces appear similar in structure to those of the CaO surface, and

the positions of the Ca and O atoms remain stable after doping. Eform

of the three doped CaO surfaces were calculated according to Eq. (5)
and  are  found  to  be  2.99, −1.90,  and  0.54  eV,  respectively.  The
positive Eform of  Ni-CaO  indicates  its  instability,  and  the  Ni  atom
exhibits  obvious inward relaxation toward the sublayers.  In view of
Ce-CaO and Ni-Ce-CaO, the negative Eform suggests facile formation
and  enhanced  stability  of  these  surfaces.  Therefore,  Ce  doping
improves  the  stability  of  the  corresponding  surfaces. Fig.  1a−d
depict band structure patterns of the four surfaces. The band gap of
CaO  is  calculated  to  be  3.49  eV,  which  is  lower  than  the
experimental  value.  This  deviation  results  from  the  well-known
tendency  of  the  GGA  functional  to  underestimate  band  gaps  in
crystalline  materials.  In  the  presence  of  Ni,  the  band  gap  is
decreased to 3.05 eV, owing to the slight upward shift of the valence
band, whereas the conduction band of the Ni-CaO surface changes
little.  The  Ce-CaO  surface  possesses  an  ultra-narrow  band  gap  of
0.02 eV, due to the formation of a new energy level near the Fermi
Level.  Additionally,  the  Ni-Ce-CaO  surface  also  achieves  a  narrow
band  gap  of  0.08  eV,  which  is  between  those  of  the  two
aforementioned surfaces. Based on the observed band gap narrow-
ing, a semiconductor-to-conductor-like transition can be inferred for
the Ni- and Ce-doped CaO surfaces. Consequently, electronic trans-
port  from  the  highest  occupied  molecular  orbital  to  the  lowest
unoccupied molecular orbital becomes considerably more facile on
these surfaces, which is expected to promote their reactivity.

The  electron  density  difference  was  analyzed  to  investigate
electron transfer in the pristine CaO surface and the doped surfaces,
and  the  results  are  presented  in Fig.  2,  where  the  red  and  blue
contours  denote  the  increase  and  decrease  of  electron  density,
respectively.  The  pristine  CaO  surface  exhibits  a  homogeneous
electron  distribution,  and  the  electron  density  of  the  Ca  and  O
atoms remains largely unchanged in the absence of dopants. More-
over, a greater amount of negative charge accumulates around the
O atoms, which agrees well with their high electronegativity. For the
Ni-CaO  surface,  the  charge  distribution  in  the  top  layer  is  altered.
The  charge  density  of  the  oxygen  atoms  adjacent  to  the  Ni  atom
decreases  from −1.054  to −1.130  e,  whereas  the  charge  density  of
the  Ni  and  Ca  atoms  increases,  indicating  the  Ni  atom  achieves  a
high  effect  on  the  neighboring  O  atoms.  The  Ce-CaO  surface
exhibits  similar  electronic  characteristics,  although  the  negative
charge  of  the  Ce  atom  is  0.34  e  lower  than  that  of  the  Ni  atom,
owing  to  differences  in  their  initial  charges.  For  the  Ni-Ce-CaO
surface,  the  electronic  charge  of  the  Ni  atom decreases  from 0.405
to −0.038 e, and abundant electrons are migrated to Ni atoms in the
presence  of  Ce.  This  indicates  obvious  interaction between Ce  and
Ni  species,  which  promotes  reactivity.  These  results  collectively
indicate  that  the  incorporation  of  Ni  or  Ce  atoms  disrupts  the
uniform electron distribution of the pristine CaO surface, leading to
localized  charge  redistribution.  In  the  Ni-CaO  surface,  the  electron
depletion  around  neighboring  O  atoms  and  the  concurrent
electron accumulation on Ni  suggest  a  directional  electron transfer
from O to Ni. In the Ce-CaO surface, a redistribution pattern is noted,
though the magnitude differs due to the distinct electronic proper-
ties  of  Ce.  In  the  co-doped  Ni-Ce-CaO  surface,  the  presence  of  Ce
species  further  enhances  electron  accumulation  on  Ni,  implying
collaborative electronic interaction of the two dopants. Therefore, Ni
and  Ce  doping  introduce  electron  imbalance  on  the  CaO-based
material  surfaces  and  facilitate  charge  transfer  between  dopant
atoms and both neighboring O atoms and adsorbate species, which
is favorable for adsorption on these surfaces.
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Figure  3 displays  the  PDOS  of  several  key  atoms  in  the  CaO,
Ni-CaO,  Ce-CaO,  and  Ni-Ce-CaO  surfaces.  In  terms  of  the  pristine
CaO surface,  the  Ca  atoms exhibit  characteristic  peaks  at −18, −14,
and −1  eV,  which  shift  slightly  toward  decreased  energy  levels  on
the  Ni-CaO  surface,  and  the  PDOS  of  the  O  atoms  exhibit  a  similar
trend. This indicates that the presence of Ni has a restricted effect on
the surface stability,  whereas characteristic  peaks generated neigh-
boring  the  Fermi  level  of  the  Ni-CaO  surface  lead  to  enhanced
electron transition capability and reactivity.  On the Ce-CaO surface,
the  introduction  of  Ce  drives  a  pronounced  downward  shift  of  the
characteristic peaks of the Ca and O atoms toward decreased energy
levels,  suggesting  improved  surface  stability.  Significant  resonance
peaks  are  observed  between  the  Ce-d  orbital  and  the  O-p  orbitals,
indicating formation of a stable Ce–O bond, which may account for
the enhanced stability of the Ce-CaO surface. Moreover, new energy
levels involving the Ce d and f orbitals are introduced near the Fermi
level,  which  indicates  robust  Ce-Ni  interaction  that  further  boosts
the reactivity of CaO. With further introduction of a Ce atom to the

Ni-CaO  surface,  its  characteristic  peaks  shift  to  lower  energy  levels
and  generate  a  Ce–O  bond,  demonstrating  the  improved  overall
stability of the Ce-Ni-CaO. Similar to the Ce-CaO surface, new energy
levels  near  the  Fermi  level  are  introduced  with  the  Ni  d  and  Ce  f
orbitals, and the intensity of these characteristic peaks is enhanced.
This  observation  indicates  an  obvious  interaction  between  Ce  and
Ni  atoms,  which  further  promotes  the  reactivity  of  CaO.  Therefore,
both  Ni  and  Ce  doping  enhance  the  reactivity  of  CaO.  The  Ce–O
bonds formed upon Ce doping provide greater stability.  The differ-
ences  in  PDOS  between  Ni  and  Ce  atoms  arise  from  their  distinct
electronic structures and magnetic properties,  resulting in different
bonding  modes  among  Ca,  O,  Ni,  and  Ce  atoms  on  the  doped
configurations. The Ni-Ce-CaO surface simultaneously benefits from
the  improved  stability  provided  by  Ce  doping  and  the  enhanced
reactivity  induced  by  Ni  doping,  which  facilitates  the  interaction
between  the  surface  and  adsorbates  and  consequently  achieves
optimal adsorption performance.

 

Fig. 1  Calculated band structure of (a) CaO, (b) Ni-CaO, (c) Ce-CaO, and (d) Ni-Ce-CaO surfaces.

 

Fig. 2  Electron density difference and Mulliken charge population of (a) CaO, (b) Ni-CaO, (c) Ce-CaO, and (d) Ni-Ce-CaO surfaces.
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 CO2 molecule adsorption of Ni and Ce-doped CaO
surfaces

Geometry  optimizations  for  CO2 adsorption  were  carried  out  on
the  CaO,  Ni-CaO,  Ce-CaO,  and  Ni-Ce-CaO  surfaces.  Since  the  O-top
position has been generally regarded as appropriate for CO2 capture
on  CaO,  the  optimized  CO2 molecule  was  initially  placed  on  the  O
atoms of  each CaO-based surface  at  a  starting separation of  3  Å.  It
should  be  noted  that  symmetry  and  periodicity  are  significant  to
adsorption sites; thus, all O top sites on the CaO surface are equiva-
lent.  The substitution of  a Ca atom by an Ni  or Ce atom introduces
charge redistribution due to the different valence electron configu-
rations,  as plotted in Fig.  2.  The electron density of O atoms neigh-
boring  the  doped  atoms  is  significantly  changed,  compared  with
the  far-away  O  atoms,  which  leads  to  a  different  coordination  en-
vironment and CO2 adsorption affinity of the O top sites. Therefore,
the  O  atoms  directly  adjacent  to,  and  far  from,  the  doped  atoms
were selected as the typical sites for CO2 adsorption. In this manner,
two  types  of  O  top  sites  were  selected  for  the  Ni-CaO  and  Ce-CaO
surfaces, namely those close to and far from the dopant atoms. Four
distinct O top sites on the Ni-Ce-CaO surface were investigated.

Supplementary  Fig.  S2 displays  the  optimized  configurations  of
the four surfaces following CO2 adsorption, and the relevant adsorp-
tion energies are presented in Supplementary Table S1. Upon inter-
action, the separation between CO2 and the surfaces decreases, the
contraction  of  C–O  bonds  is  observed,  and  the  initially  linear  CO2

molecule adopts a curved geometry. On the basis of the Ead of CO2

and the formation of a CO3
2--like structure, the direct chemisorption

of  CO2 on  these  surfaces  is  confirmed.  Both  Ni  and  Ce  doping
enhance  the  CO2 adsorption  energy  to  varying  degrees.  For  the
Ni-CaO  surface, Ead of  CO2 at  both  adsorption  sites  is  increased,
whereas  the  Ce-CaO  surface  exhibits  higher  CO2 Ead only  distant
from  the  Ce  atom.  A  similar  trend  is  observed  for  the  Ni-Ce-CaO
surface.  This  behavior  can  be  attributed  to  the  altered  electron
distribution  around  the  neighboring  O  atoms  induced  by  the
presence  of  doped  Ni  and  Ce  atoms,  as  discussed  above  based  on
the  Mulliken  charge  population  analysis.  Both  Ni  and  Ce  doping
enhance the CO2 adsorption performance of CaO, though the over-
all improvements are relatively similar. This can be attributed to the
intrinsic chemisorption of CO2 on the CaO surface,  which limits the
extent  to  which the adsorption can be further  increased.  However,

the  coordination  environment  of  the  surface  O  sites  can  be
modified by the localized charge redistribution on the doped CaO-
based material  surfaces.  The introduction of Ni and Ce atoms leads
to less negative Mulliken charges of the surface O atoms, indicating
electron migration towards the doped atoms, as discussed in Fig. 2.
The  localized  charge  redistribution  provides  better  conditions  for
CO2 adsorption  on  specific  O  top  sites.  The  preferential  enhance-
ment at specific O top sites further indicates that the charge redistri-
bution  is  induced  by  the  dopants,  which  may  offer  a  rational  basis
for  tailoring  CaO-based  materials  with  optimized  CO2 capture
performance.  Although  the  Ce-CaO  surface  exhibits  excellent
thermodynamic  stability,  it  lacks  the  Ni  active  center  that  is  essen-
tial for efficient catalytic tar cracking, and the objective of this study
is  to  develop  a  robust  dual-functional  material.  Therefore,  the
pristine  CaO,  Ni-CaO,  and  Ni-Ce-CaO  surfaces  were  selected  in  the
following investigations.

 Ca4O4 cluster adsorption of Ni- and Ce-doped
CaO surfaces

A  Ca4O4 cluster  was  employed  as  a  representative  structural
model  to  evaluate  the  sintering  resistance  of  the  CaO-based
surfaces,  and  its  optimized  configurations  and  geometric  para-
meters are demonstrated in Supplementary Fig. S3 and Supplemen-
tary  Table  S2,  respectively.  It  can  be  observed  that  the  optimized
configuration of the Ca4O4 cluster exhibits a slightly distorted cube.
A  limited  variation  of  Ca–O  bond  lengths  is  found,  while  the  bond
angles are distinct; the O–Ca–O bond angles are expanded, and the
Ca–O–Ca bond angles are compressed, which results from the repul-
sion  effects  of  Ca  atoms. Figure  4 illustrates  the  Ca4O4 cluster
adsorption configurations on CaO, Ni-CaO, and Ni-Ce-CaO surfaces.
The adsorption energies of the Ca4O4 cluster on the pristine CaO, Ni-
CaO,  and  Ni-Ce-CaO  surfaces  are  calculated  to  be −2.72, −2.99,
and −3.27 eV, respectively. Distinct Ca4O4 cluster adsorption configu-
rations  and  energies  are  obtained  on  different  surfaces,  indicating
varying strength of  cluster–surface interaction,  due to the elevated
Ead of the Ca4O4 cluster in the presence of doped atoms. On pristine
CaO,  the  original  arrangement  of  the  Ca4O4 cluster  is  maintained,
and  no  significant  structural  displacement  is  observed.  In  contrast,
noticeable structural deformation of the Ca4O4 cluster is induced on
both the Ni-CaO and Ni-Ce-CaO surfaces, suggesting that effects on
the  overall  structural  stability  of  the  system  are  exerted  by  the  Ni
and  Ce  doping.  For  the  Ni-CaO  surface,  the  upward  shift  of  the  Ni
atom  is  observed  after  Ca4O4 adsorption,  and  strong  interaction
with  the  O  atom  in  the  Ca4O4 cluster  and  the  formation  of  a  Ni–O
bond are demonstrated. This displacement reveals that the Ni atom
is  structurally  unstable  and  is  prone  to  migrate,  further  indicating
that  the  high-temperature  sintering  of  CaO  is  aggravated  by  Ni
doping[27]. Such instability can be associated with the weak interac-
tion  between  Ni  and  the  CaO  lattice,  as  demonstrated  by  the
positive  formation  energy  discussed  earlier.  For  the  Ni-Ce-CaO
surface,  an  obvious  displacement  of  the  Ca4O4 cluster  is  achieved
upon  adsorption,  and  greater  displacement  is  associated  with  the
stronger  interfacial  interaction,  in  view  of  the  high  Ca4O4 cluster
adsorption  energy  of −3.27  eV.  Besides,  no  obvious  structural
change  is  observed  for  the  Ni-Ce-CaO  surface;  thus,  the  incorpora-
tion of  Ce can not only strengthen interaction with the Ca4O4 clus-
ter  but  also  enhance  the  lattice  integrity  of  the  surface.  Therefore,
the  structural  stability  of  the  substrate  is  enhanced  by  Ce  doping.
The  adsorption  capacity  toward  the  Ca4O4 cluster  is  enhanced  on
doped  CaO-based  material  surfaces  relative  to  the  pristine  surface.
Among  the  three  surfaces,  the  highest  adsorption  energy  is

 

a

b

c

d

Fig.  3  PDOS  of  (a)  CaO,  (b)  Ni-CaO,  (c)  Ce-CaO,  and  (d)  Ni-Ce-CaO
surfaces.
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achieved by the Ni-Ce-CaO surface, which is 20% higher than that of
the  pristine  CaO  surface;  thus,  its  superior  structural  stability  and
sintering  resistance  are  demonstrated.  The  adsorption  energy  is
ranked in the order of Ni-Ce-CaO, Ni-CaO, and CaO. The results indi-
cate that Ni and Ce co-doping plays a crucial role in enhancing the
interfacial  interaction  with  the  Ca4O4 cluster,  which  is  expected  to
suppress  sintering  and  extend  the  operational  durability  of  doped
materials.

Figure  5a–c presents  the  electron  density  difference  maps
obtained for  Ca4O4 cluster  adsorption on pristine CaO,  Ni-CaO,  and
Ni-Ce-CaO  surfaces.  Since  the  doped  Ni  and  Ce  atoms  are  located
along  the  diagonal  of  the  CaO  surface,  the  selected  cross-section
can express the electronic characteristics of both the dopant atoms
and the adsorbed Ca4O4 cluster simultaneously. By comparison with
the electron density difference maps of the corresponding surfaces
prior to adsorption shown in Fig. 2, it can be observed that adsorp-
tion  of  the  Ca4O4 cluster  leads  to  electron  transfer,  which  leads  to
charge  density  redistribution.  For  the  pristine  CaO  surface,  only
weak  electron  transfer  is  observed,  which  suggests  limited  interac-
tion  by  weak  chemisorption  or  van  der  Waals  forces.  Upon  Ni
doping,  distinct  electron  transfer  is  observed  between  the  Ca4O4

cluster  and  the  Ni-CaO  surface.  A  shift  of  the  Ni  atom  toward  the
Ca4O4 cluster  is  noted,  accompanied  by  the  formation  of  a  Ni–O
bond,  indicating that  the reactivity  of  the CaO surface is  enhanced
by  Ni  doping,  though  the  structure  of  the  Ni-CaO  surface  remains
unstable.  The  instability  may  be  correlated  with  its  positive
formation  energy  of  the  Ni-CaO  surface;  thus,  the  surface  is  more
susceptible  to  structural  rearrangement  in  the  presence  of  the
adsorbate. In contrast, a significant redistribution of electron density
is  observed  on  the  Ni-Ce-CaO  surface.  Moreover,  the  interaction
between Ce and Ni atoms results in downward displacement of the
Ni  atom,  which  may  be  associated  with  the  suppression  of  Ni
agglomeration by Ce atoms. Accordingly, different electronic states
are introduced by Ce and Ni doping, leading to distinct patterns of
electron  density  variation  on  the  two  doped  surfaces,  which  ulti-
mately influence the electronic structure and catalytic performance
of the doped surfaces.

Figure  6 exhibits  the  PDOS  of  various  key  atoms  after  Ca4O4

cluster  adsorption.  As  shown  in Fig.  6a,  negligible  weak  resonance
peaks  are  generated  between  Ca  and  O  atoms  on  the  CaO  sur-
face  with  the  O  and  Ca  atoms  of  the  cluster,  because  of  the  weak

interaction between the CaO surface and the Ca4O4 cluster. Upon Ni
doping, as presented in Fig. 6b, distinct electron transfer and orbital
overlap  occur  between  the  Ni-d  orbitals  and  O-p  orbitals  in  the
cluster. This indicates that a chemical reaction occurs with Ni atoms
in  the  substrate  and  the  Ca4O4 cluster  to  form  a  Ni–O  bond.  Ni
doping  introduces  new  energy  levels  neighboring  the  Fermi  level;
thus, the charge distribution of neighboring O atoms is altered. For
the Ni-Ce-CaO surface as shown in Fig. 6c, the overall  energy levels
of the Ni-CaO surface and the Ca4O4 cluster are shifted toward lower
energy  levels.  Therefore,  the  adsorption  of  the  Ca4O4 cluster  is
enhanced,  and  the  adsorption  behavior  of  the  Ca4O4 cluster  is
closely  related  to  the  sintering  resistance  of  the  catalyst.  The  Ce-p
orbitals are hybridized simultaneously with both surface and cluster
O  orbitals  to  form  a  CeO2 structure,  which  may  explain  why  the
stability  of  the  Ni-CaO  surface  is  improved  by  Ce  doping.  Further-
more, additional characteristic peaks are introduced near the Fermi
level  in  the  Ni-Ce-CaO  surface  by  Ce  doping,  and  the  reactivity  is
further elevated. Accordingly, the catalytic performance is enhanced
by  Ni  atoms  mainly  through  the  introduction  of  new  characteristic
peaks  near  the  Fermi  level  and  the  amplification  of  charge  imbal-
ance between O and the Ni atoms. The overall stability is improved
by Ce atoms primarily via the hybridization between Ce orbitals and
O  orbitals,  which  results  in  a  stable  CeO2-like  structure.  The  Ni-Ce-
CaO  surface  shown  in Fig.  6c not  only  benefits  from  the  strong
catalytic  activity  associated  with  NiO  but  also  exhibits  the  high
sintering resistance characteristics of CeO2. The incorporation of the
Ce  atom  introduces  localized  lattice  expansion,  which  significantly
increases the diffusion barrier for Ni atoms. The doped Ce atom also
acts as a strong electron donor, and the localized charge redistribu-
tion is achieved to enrich the electron density of adjacent O atoms;
thus,  the  strength  of  Ni–O  bonds  can  be  enhanced.  The  results
suggest  that  the  electronic  characteristics  of  the  original  pristine
CaO surface are improved in a complementary manner by the syner-
gistic incorporation of Ni and Ce, thereby enabling catalytic reactiv-
ity with structural stability to be achieved simultaneously.

 Cyclic CO2 capture performances of Ni- and Ce-
doped CaO materials

Cyclic  tests  have  been  carried  out  to  determine  the  CO2 capture
performance  and  sintering  resistance  of  the  multiple  Ni- and  Ce-
doped  CaO  materials,  according  to  the  Experiment  section  in
Supplementary File 1. As shown in Supplementary Fig. S4a, pristine
CaO  exhibits  a  drastic  decrease  in  CO2 absorption  capacity  from
0.729 to 0.292 g/g during 20 cycles, indicating that severe sintering
of  CaO  grains  occurs  over  the  cycles.  In  the  presence  of  5  wt%  Ni,
the CaO content in the materials is lower than that of pristine CaO,
resulting in lower initial  CO2 capture capacities.  However,  after two
cycles,  the  CO2 capture  capacity  is  improved  compared  with
pristine CaO, indicating that the CO2 absorption activity of CaO can

 

a b c

Fig. 4  Adsorption configurations of the Ca4O4 cluster on (a) CaO, (b) Ni-
CaO, and (c) Ni-Ce-CaO surfaces.

 

Fig.  5  Electron  density  difference  of  Ca4O4 cluster  adsorption  on  (a)
CaO, (b) Ni-CaO, and (c) Ni-Ce-CaO surfaces.
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be improved with Ni doping, and more CO2 is included despite the
lower CaO content. After 20 cycles, a 57.7% reduction in CO2 absorp-
tion  capacity  is  exhibited,  while  the  deactivation  trend  is  similar
to that  of  pristine CaO.  This  phenomenon suggests  that  the sinter-
ing  resistance  performance  of  CaO  is  not  improved  by  Ni  doping,
and  severe  sintering  of  the  Ni-CaO  materials  still  occurs  with  an
increasing  number  of  cycles[42].  As  the  Ni  doping  content  is
improved to 10 wt% and 20 wt%, further decreases in CO2 absorp-
tion  capacities  in  the  initial  two  cycles  can  be  observed.  Although
the CO2 capture trend of Ni20-CaO was identical to that of Ni10-CaO,
the CaO content was severely reduced by excessive Ni.  In the pres-
ence of  Ce,  during 20 cycles,  CO2 absorption capacity decreases by
only  27.7%  for  Ce5-CaO,  and  a  similar  attenuation  trend  can  be
observed  with  Ni10Ce5-CaO,  indicating  that  the  cyclic  stability  can
also  be  enhanced  by  Ce  incorporation  compared  with  Ni  doping.
Further increases in Ce loading content improve the sintering resis-
tance  of  Ce-CaO  material,  while  insufficient  CaO  content  in  the
materials is also caused by excessive Ce. Thus, the optimal cyclic CO2

capture performance was exhibited by Ce10-CaO, with a CO2 absorp-
tion capacity of  0.663 g/g in the 1st cycle,  which decreased by only
15.7% during the cycles. Cyclic CO2 capture performances of Ni-Ce-
CaO materials are highly similar to those of Ce-CaO, while the effec-
tive CaO content of the Ni-Ce-CaO material is reduced, and a lower
CO2 absorption  capacity  is  obtained.  Ni10Ce10-CaO  achieves  a  CO2

absorption capacity of 0.523 g/g after 20 cycles, which is 79% higher
than  that  of  pristine  CaO.  Carbonation  conversion  in Supplemen-
tary Fig. S4b exhibits a similar trend to CO2 absorption capacity, and

the  Ni-Ce-CaO  materials  achieve  higher XN within  20  cycles.  This
phenomenon results from a decreased CaO content in the materials,
due to the presence of doped Ni and Ce. The low cyclic deactivation
extent of Ni-Ce-CaO confirms the sintering resistance mechanism by
DFT  calculation  results.  Because  the  Ce  doping  enhances  the
adsorption of  the Ca4O4 cluster,  the diffusion and transportation of
lattice  Ca  and  O  atoms  under  elevated  temperature  during  the
cycles  are  inhibited  by  kinetics.  The  improvement  of  the  diffusion
energy  barrier  is  reflected  by  the  stable XN curve  during  20  cycles;
thus, the agreement between the intrinsic mechanism and deactiva-
tion kinetics is achieved.

Therefore,  the  high  initial  capture  capacity  of  Ni-doped  CaO  is
consistent  with DFT calculation results,  which show that  Ni  doping
increases  the CO2 adsorption energy,  and electron transfer  from Ni
to surface O atoms strengthens basicity and stabilizes the adsorbed
CO2.  However,  Ni  doping  cannot  directly  increase  the  diffusion
barriers  of  lattice  Ca2+ and  O2- ions.  High-temperature  stability  of
Ni-CaO  remains  hindered,  and  severe  sintering  and  rapid  CO2

absorption capacity decay are observed.  The high cyclic  stability of
CaO-based  materials  in  the  presence  of  Ce  is  well-supported  by
DFT calculations.  Ce  doping increases  the migration barriers  of  the
Ca4O4 cluster;  thus,  the  grain  growth  at  high  temperatures  can  be
inhibited. This result is in agreement with the experimental observa-
tion  of  enhanced  cyclic  stability  of  materials  in  the  presence  of  Ce
doping,  despite  the  dilution  of  the  effective  CaO  content  by
excessive Ce.

 

Fig. 6  PDOS of Ca4O4 cluster adsorption on (a) CaO, (b) Ni-CaO, and (c) Ni-Ce-CaO surfaces.
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 Toluene adsorption of Ni- and Ce-doped CaO
surfaces

Supplementary  Fig.  S5 exhibits  the  most  stable  configuration  of
toluene  adsorption  on  CaO,  Ni-CaO,  and  Ni-Ce-CaO  surfaces.  It  can
be  observed  that  the  molecule  of  toluene  almost  remains
unchanged after  adsorption on the surfaces,  in  which the C–C and
C–H  bond  cleavage  is  absent.  Besides,  no  significant  interactions
between the molecule and the surfaces can be inferred, and the Ead

of  the  toluene  molecule  are −0.27, −0.54,  and −0.54  eV  on  CaO,
Ni-CaO, and Ni-Ce-CaO, respectively, demonstrating the occurrence
of  physical  adsorption.  Therefore,  an  unstable  toluene  adsorption
configuration  on  the  pristine  CaO  surface  can  be  inferred,  which  is
prone to desorb from the surface, inhibiting the following reaction.
Upon Ni and Ce doping, the adsorption energy of toluene is nearly
twice  that  of  the  pristine  CaO  surface,  which  can  facilitate  the  tar
cracking reaction. The enhanced physical adsorption induced by the
dopants may extend the residence time of toluene on the surfaces,
and the subsequent bond activation and ultimately cleavage during
the toluene cracking process can be promoted.

Figure  7 depicts  the  PDOS  of  toluene  adsorption  on  Ni-CaO  and
Ni-Ce-CaO  surfaces.  As  observed  from  the  PDOS  patterns,  toluene
adsorption  exerts  a  negligible  effect  on  the  PDOS  of  the  Ni  atom,
and  no  electron  transfer  between  the  Ni  atom  and  the  toluene
molecule  is  detected.  It  is  thus  confirmed  that  toluene  adsorption
on CaO-based material  surfaces  is  classified  as  physical  adsorption.
Upon  Ce  doping,  the  overall  energy  levels  of  Ni  atoms  are  shifted
leftward,  which  demonstrates  that  the  structural  stability  is
improved by the introduction of Ce. In general, higher characteristic
peak intensity facilitates electron localization.  The peak intensity of
Ni atoms in the Ni-CaO surface is distributed in the range from 0 to 5
electrons/eV, whereas this value is increased to 8 electrons/eV after
Ce doping. Such enhancement demonstrates that the Ni atom in the
Ni-Ce-CaO surface is more readily able to form chemical bonds with
other atoms. Consequently, the electronic structure of the Ni atom is
modulated  by  Ce  doping,  and  both  the  surface  electronic  activity
and  the  structural  stability  of  the  surface  are  enhanced.  The  dual

improvements  may  provide  favorable  conditions  for  the
subsequent  catalytic  activation  of  the  adsorbed  toluene,  and  C–H
and  C–C  bond  cleavage  during  the  cracking  process  can  be
promoted.

 Toluene cracking on Ni- and Ce-doped CaO
surfaces

The  toluene  molecule  cracking  pathway  is  schematically
presented in Supplementary Fig. S6. The most appropriate cracking
path of toluene is initiated by the elimination of three H atoms from
the  methyl  group.  After  the  complete  dehydrogenation  of  the
methyl group, the C–H bonds on the benzene ring can be activated.
Subsequently,  one  H  atom  at  the  ortho  position  relative  to  the
methyl  group  is  desorbed,  and  the  ring-opening  reaction  is  finally
triggered  to  generate  small-molecule  hydrocarbons.  Therefore,  the
activation  energies  of  the  elementary  reactions  along  the  toluene
cracking process are calculated, and the results are shown in Fig. 8.
To  compare  the  effect  of  catalyst  doping  on  the  activation  barrier,
the  energy  of  the  initial  structure  of  every  elementary  reaction  is
unified at the same horizontal coordinate of 0 eV.

As observed in Fig. 8a–c and e, the activation barrier required for
toluene  cracking  on  the  pristine  CaO  surface  is  found  to  be  the
largest,  which  is  attributed  to  negligible  interaction  between
toluene with CaO surface, which is insufficient to stabilize the transi-
tion  states  involved  in  bond  activation  and  cleavage.  On  the  pris-
tine  CaO  surface,  long  residence  time  of  generated  intermediates,
including  benzyl  or  phenyl  fragments,  could  be  achieved  after
toluene cracking; thus, side reactions are prone to be triggered, and
further  condensation  of  the  intermediates  could  result  in  carbon
deposition  and  deactivation  of  the  material.  The  slight  decrease  in
the activation barrier is caused by Ni doping, and further reduction
is achieved in the presence of Ce, which demonstrates collaborative
enhancement of Ni  and Ce on tar cracking.  It  should be noted that
for  the  dehydrogenation  reaction  on  the  benzene  ring  shown  in
Fig.  8d,  the  activation  barrier  on  the  pristine  CaO  surface  is  the

 

Fig. 7  PDOS of toluene adsorption on (a) Ni-CaO, and (b) Ni-Ce-CaO surfaces.
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lowest among the three surfaces, with a value of 3.08 eV. The activa-
tion barrier is greatly increased to 4.94 eV by Ni introduction, which
is slightly reduced to 4.28 eV by the further doping of Ce. This varia-
tion  may  be  attributed  to  the  selective  catalysis  of  Ni  toward
toluene,  while  the  adsorption  configuration  is  altered  so  that  the
ortho C–H bond on the benzene ring becomes less accessible; thus,
a  higher  activation  energy  is  required.  However,  for  the  overall
toluene cracking pathway, the elementary reaction with the highest
energy  barrier  is  regarded  as  the  rate-determining  step,  and  the
formation  of  products  is  governed  by  the  activation  barrier  of  this
step. The presence of Ni and Ce could introduce active d or f orbital
electrons near the Fermi level as discussed above, and the cleavage
of  C–C  and  C–H  bonds  can  be  enhanced  by  the  charge  injection.
This  kinetic  charge  transfer  stabilizes  the  TS  configuration,  and  the

energy required for  TS  generation is  reduced.  Although the activa-
tion  barrier  of  the  fourth  dehydrogenation  step  is  increased  by  Ni
and  Ce  doping,  the  ring-opening  reaction  in Fig.  8e is  the
rate-determining step in view of the entire pathway, as it possesses
the  greatest  energetic  demand.  The  activation  barrier  of  this  rate-
determining step is reduced from 8 to 6.3 and 5.3 eV by Ni and Ni/Ce
co-doping,  respectively,  indicating  that  the  combination  doping
facilitates the C–C bond cleavage necessary for  ring opening effec-
tively.  According  to  the  intrinsic  kinetic  relationship  of  Arrhenius
Law,  the  decrease  in  activation  barrier  can  lead  to  exponential
improvement of the reaction rate constant. Under the realistic high
temperatures  during  biomass  gasification,  the  activation  barrier  of
ring-opening  on  the  Ni-Ce-CaO  surface  can  be  reduced,  indicating
that  the  intrinsic  reaction  rate  of  toluene  cracking  would  be

 

a b

c

e

d

Fig. 8  Relevant energies of toluene cracking reaction on CaO, Ni-CaO, and Ni-Ce-CaO surfaces:  (a)  H1 atom desorption,  (b) H2 atom desorption,  (c)  H3
atom desorption, (d) H4 atom desorption, and (e) ring-opening.
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improved  significantly  compared  with  that  on  pristine  CaO.  There-
fore,  the  decomposition  of  toluene  is  promoted  by  Ni  and  Ce
doping. The most appropriate catalytic effect on toluene cracking is
exhibited  by  the  Ni-Ce-CaO  surface,  and  co-doping  is  more  favor-
able for the formation of small-molecule hydrocarbons and H2. Such
enhancement  results  from  the  modulation  of  the  energetic  profile
of  the  rate-determining  step,  which  ultimately  accelerates  the  tar
reforming process.

 Conclusions
In  this  work,  the  enhanced  cyclic  stability  of  Ni- and  Ce-doped

CaO-based  materials  was  revealed  with  sintering  resistance  and
catalytic  tar  cracking  performance  by  DFT  calculations,  and  the
energetic  and  electronic  characteristics  of  Ni- and  Ce-doped  CaO
surfaces,  together  with  their  adsorption  and  catalytic  behaviors,
were systematically investigated. The formation energy calculations
and  electronic  structure  analysis  demonstrate  that  though  Ni
doping introduces reactive electronic states near the Fermi level and
reduces  the  band  gap,  it  leads  to  structural  instability,  while
negative  formation  energies  are  obtained  for  the  Ce-doped  CaO
surface,  and  stable  Ce–O  bonds  are  formed  through  the  hybridiza-
tion of Ce 4d and O 1s orbitals, by which the overall surface stability
is significantly improved. On the Ni-Ce-CaO surface, the advantages
of  both  dopants  are  integrated.  New  electronic  states  are  intro-
duced  near  the  Fermi  level  by  Ni  3d  and  Ce  4f  orbitals,  and  the
lattice  is  stabilized  by  Ce–O  bonds,  and  the  agglomeration  of  Ni
atoms is suppressed by Ce. This synergistic effect is presented by the
strongest interaction between the surface and the Ca4O4 cluster, the
most negative adsorption energy, and the most pronounced sinter-
ing  resistance.  For  the  catalytic  cracking  of  toluene,  the
ring-opening  step  is  identified  as  the  rate-determining  step.  The
activation barrier of this step is reduced from 8.0 eV on pristine CaO
to 5.3 eV on the Ni-Ce-CaO surface, and the co-doped surface conse-
quently exhibits the optimal catalytic performance; thus, the forma-
tion  of  small-molecule  hydrocarbons  and  H2 can  be  facilitated.
Therefore, it can be concluded that a rational balance between reac-
tivity  and  stability  is  achieved  by  the  synergistic  introduction  of  Ni
and  Ce,  and  the  Ni-Ce-CaO  surface  holds  considerable  promise  for
high-temperature  applications  involving  CO2 capture,  sintering
resistance, and tar cracking.
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