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ABSTRACT: Achieving  high  densities  of  accessible  active  sites  in  catalysts,
which  depend  principally  on  the  architecture  of  nanostructures,  is  critical  to
obtain  enhanced  performance.  The  present  work  introduces  a  template-free,
high-yield,  and  flexible  approach  to  fabricate  3D,  mesoporous,  CeO2-x

nanostructures in centimeter-scale that are comprised of extremely thin holey
2D nanosheets.  The  method  involves  conversion  of  a  stacked,  2D,  Ce-based
coordination polymer by controlling the removal kinetics of organic species. The
resultant polycrystalline 2D-3D CeO2-x exhibits a large density of defects as well
as outstanding surface areas of 251 m2 g-1. This mesoporous nanomaterial yields
superior CO conversion performance (T90% = 148˚C). Further improvements in
catalysis were attained by synthesis CeO2-x -based transition metal oxides (TMOs)
hetero-nanostructures,  for  which  structural  analyses  and  first  principles
simulations  revealed  active  sites  associated  with  the  TMOs.  This  versatile
fabrication  technique  delivers  new pathways  to  engineer  nanostructures  and
advance their functionalities for catalysis.
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■ INTRODUCTION
Three dimensional (3D) mesoporous metal oxides (MOs) hold great promise in
catalysis  through  increasing  accessibility  of  the  active  sites  relative  to  bulk
materials.  Nonetheless,  the  use  of  sacrificial  templates,  which  generally  is
employed to introduce the pores and allow the formation of the 3D structures,
makes  the  fabrication  process  complex  and  of  low  efficiency.  Certain
shortcomings also apply to various etching techniques for creating pores in 3D
scaffolds1,2. In porous structures, the walls of the 3D scaffolds limit the number of
active sites to only the surface and subsurface of these 3D units. The recently
developed techniques involving the creation  of  nanoholes in two dimensional
(2D)  MOs has  facilitated the accessibility  of  active sites  by exposing greater
surface  area,3-5 thus  making  these  materials  attractive  for  surface-sensitive
applications  in  energy,  sensing,  and  heterogeneous  catalysis.6-8 Further,  the
intrinsic polycrystallinity of these holey 2D structures can overcome the critical
shortcoming  of  irreversible  restacking  of  pristine  2D  nanosheets.9,  10 Recent
advances  in  the  synthesis  of  polycrystalline  holey  2D  MOs  include  the
heterogeneous deposition of mixed transition metal oxides (TMOs) on graphene
nanosheets as a sacrificial template11 and the synthesis of holey TMOs by etching
pristine 2D TMOs.12-14 Despite considerable improvements in the performances of
these nanostructures, challenges, such as complex synthesis procedures, use of



surfactants and templates, excessive nanosheet thicknesses,15 and low yields,
limit their practical applicabilities. Unlike TMOs, there are few reports of pristine
2D  rare  earth  oxides  (REOs),  none  of  which  exhibit  intrinsically  layered
structures. Consequently, complex methods of self-assembly have been applied
as  an  alternative  to  exfoliation,  which  typically  is  applied  to  convert  layered
materials to 2D nanostructures.16,  17 Although such nanostructures have shown
outstanding  catalytic  and  photocatalytic  performance,18 they  have  the
disadvantage of low-yield production.19 
The present work reports a new synthesis route to fabricate multidimensional
2D-3D structures consisting of 2D holey nanosheets of CeO2-x (or TMO-decorated
CeO2-x)  that  stack  to  form  mesoporous  3D  nanostructures  with  enhanced
catalytic functionalities.

■ RESULTS
Fabrication of  Porous CeO2 Hexagonal  tubes Derived from Cerium-

Based Coordination Polymer (Ce-CP)
In  order  to  synthesize  the  2D-3D  CeO2-x,  a  novel  Ce-CP,  which  is  the  sole
precursor, was fabricated electrochemically at room temperature.9 This resulted
in the formation of free-standing hexagonal tubes grown vertically on fluorine-
doped  tin  oxide  (FTO)  substrates.  The  Ce-CP  has  the  molecular  formula  of
Ce(TCA)2(OH)2·2H2O (TCA – trichloroacetate) and the β-axis view of the structure
is shown schematically in  Figure 1a, where the unit cell with triclinic structure
(space group P1) is also defined. The Ce ions are covalently bonded to the O2-

ions of H2O, OH–, and TCA, thereby forming stacked layers of thickness 1.04 nm
(α-spacing). However, the terminating Cl– ions of TCA at the opposite interfaces
are electrostatically attracted to protons, as evidenced from zeta potential (ξ)
measurements (Figure S1). It is significant that the Ce-CP can be transformed
into CeO2, shown in  Figure 1b, through simple oxidation. This transformation is
shown  schematically  in  Figure  1c,  where  a  dense  distribution  of  nanopores
results from TCA removal and formation of a porous CeO2 nanotube (Ce-NT); the
obtained Ce-NT is shown by scanning electron microscopy (SEM) imaging (Figure
1d-f).



Figure 1. (a) Schematic of β-axis projection of Ce-CP molecule; (b) schematic
of CeO2 molecule; (c) schematic and (d-f) SEM images of porous CeO2 nanotubes
on FTO substrates.

Fabrication of 2D-3D CeO2-x Scaffold Through Exfoliation of Ce-CP. The
simple exfoliation and rapid oxidation of the Ce-CP provide the means of tailoring
the resultant CeO2 architectures. The formation of 2D-3D oxides involves a two-
step process of  exfoliation of  the bulk-layered Ce-CP in polar triethanolamine
(TEA),  followed  by  heat  treatment  the  suspension  at  ~450°C  (heating  rate
3°C/min) in air, as shown in Figure 2a. The exfoliation results in a stable colloidal
system (ξ = +34 V) of individual  Ce-CP monolayers (Figure S1).  The heating
process leads to conversion of the Ce-CP layers into CeO2-x through evaporation
of  the  interlayer-trapped  TEA,  resulting  in  a  mesoporous  3D  structure.  The
importance of the kinetics in the engineering of the final nanostructures (Figure
S2) is shown by the effects of the heating rate.  Figure 2b, c shows that a slow
heating rate (0.2°C/min) allowed the laminar evaporation of TEA, resulting in a
stacked solid macrolayer of CeO2-x covered by intact hemispheres (Figure S2a).
An intermediate  heating rate (1.0°C/min) caused fracture of  the hemispheres
owing  to  gas  exudation;  however,  the  hemispherical  shapes  were  retained
(Figure  S2b,  c).  In  contrast,  fast  heating  rates  (3.0°C/min)  caused  energetic
volumetric evaporation of TEA, nanostructural disruption, and formation of thick
mesoporous macrolayers (Figure 2d, e). The significance of TEA in exfoliation is
highlighted  by  contrasting  with  the  conventional  oxidation  of  metal-based
coordination polymers (MCPs), where the original microstructure is retained20-22.
Higher magnifications (Figure 2f-h) reveal nanostructures consisting of clustered
2D nanosheets in 3D scaffold morphology. High-angle annular dark field (HAADF)



imaging and the selected area diffraction (SAED) pattern (Figure 2i) illustrates
the polycrystallinity nature of the nanosheets, consisting of CeO2 crystallite sizes
of 2-4 nm and high concentrations of pores sizes of 3-5 nm. Energy dispersive X-
ray  (EDX)  elemental  mapping  of  the  holey  nanosheet  (Figure  2j)  illustrates
homogenous distributions of cerium and oxygen. Atomic force microscopy (AFM)
imaging (Figure 2k) shows an example of a nanosheet with a thickness of ~4 nm,
which represents ~8 unit cells of cubic CeO2, although the average thickness of
the sheets was ~15 nm, which still represents remarkably thin holey nanosheets.

Figure 2. (a) Schematic of two-step process of Ce-CP nanotube exfoliation in
stirred  TEA  solution  and  oxidation  at  450°C  in  air  into  stacked  CeO2-x

macrolayers. (b-e) CeO2-x morphologies derived from Ce-CP. (f-h) SEM images of
2D-3D CeO2-x. (i) HAADF image and SAED of holey 2D CeO2-x nanosheet (holes
outlined).  (j)  EDX elemental  mapping  of  holey 2D CeO2-x nanosheet.  (k)  AFM
image (step height in white dotted line) and corresponding height profile of holey
2D CeO2-x nanosheet.

The wide-ranging applicability of the fabrication process is demonstrated by
the  one-step  synthesis  of  various  heterogeneous  nanostructures  through  the
addition of water-soluble transition metal salts  (CuNO3 or Mn(NO3)2)  during the
Ce-CP exfoliation step. Subsequent transformation resulted in the formation of
2D-3D CeO2-x decorated homogeneously with CuO (Ce-Cu) or MnO (Ce-Mn) of
unchanged  morphologies,  in  common  with  the  pristine  2D-3D  CeO2-x.
Characterization data for the nanostructural features of the Ce-Cu and Ce-Mn are
given in Figures S4-S7.



Defect Analysis of 2D-3D CeO2-x and Heterojunction Nanostructures.
Figure 3 illustrates the results for structural, defect, and surface analyses of the
nanostructures.  As shown in  Figure 3a,  the Ce3+ concentration ([Ce3+])  of  the
mesoporous 2D-3D CeO2-x was determined by X-ray photoelectron spectroscopy

(XPS) to be 27 at% ([V O
••] = 13.5 at%) using the standard correlation for [Ce3+].23

This  level  can  be  compared  with  the  data  for  the  electron  energy  loss
spectroscopy (EELS) data shown in  Figure 3b. Applying the linear relationship

between the M5/M4 peak intensity ratio and the [V O
••],24, 25 a value of 12.8 at% was

obtained for the latter, which is in relatively good agreement with that calculated
from [Ce3+]. The laser Raman microspectroscopy spectra in Figure 3c reveal the
F2g vibrational mode of Ce-O at ~464 cm-1, confirming the presence of CeO2.26

The spectra for Cu-Ce and Mn-Ce reveal asymmetrical peak broadening of the
F2g peak at ~464 cm-1 owing to quantum confinement effects.26, 27 There also are
two additional peaks at ~580 cm-1 and ~1147 cm-1 for all three materials, which
are attributed to the defect-induced mode (D) and 2nd order longitudinal optical

mode (2LO), respectively, associated with V O
••.26,  28,  29 The XPS data for the TMO-

decorated  CeO2-x in  Figure  3d,e  reveal  shoulder  peaks  (green),  which  are
indicative of Mn2+ and Cu2+ satellites, supporting the presence of MnO (Figures
S4 and S5) and CuO (Figures S6 and S7),30, 31 as confirmed by the associated SEM
and EDX data.  The Brunauer-Emmett-Teller (BET) specific surface areas (SSA)
were determined to be 51, 251, 230, and 160 m2·g-1 for the Ce-NT, CeO2-x, Mn-Ce,
and Cu-Ce nanostructures,  respectively,  as shown in  Figure 3f.  The sizes and
volumes of  the pores are  also tabulated (Table  S1).  The significant  effect  of
exfoliation on the increase in the SSA and the pore volume is shown by the
respective fourfold and eightfold increases for the Ce-NT and the 2D-3D CeO2-x.
The higher SSA for Mn-Ce relative to that of Cu-Ce is attributed to the formation
of a compact laminated nanostructure (Figure S6) for the latter compared to the
clustered 2D nanosheets in 3D spherical morphology for the former (Figure S4).



Figure 3. Characterization of nanostructures: (a) XPS Ce 3d spectrum of 2D-
3D CeO2-x. (b) EELS spectrum of 2D-3D CeO2-x. (c) Laser Raman microspectra 2D-
3D CeO2-x,  Mn-Ce,  Cu-Ce.  (d)  XPS  Mn 2p spectrum of  Mn-Ce.  (d)  XPS  Cu 2p
spectrum of  Cu-Ce.  (f)  SSAs of  Ce-NT,  2D-3D CeO2-x,  Mn-Ce,  Cu-Ce.  (g-i)  EPR
spectra of Ce-NT, 2D-3D CeO2-x, Mn-Ce, Cu-Ce.

Structural  defects  were  probed  by  electron  paramagnetic  resonance  (EPR)
analyses,  as  shown  in  Figure  3g-i.  For  the  Ce-NT  in Figure  3g,  the  single
hyperfine in  Figure S8 indicates only the Ce3+−O−Ce4+ defect32 at a negligible
concentration.  For the 2D-3D  CeO2-x in  Figure 3g, the hyperfines in  Figure S9
reveal  the  presence  of  Ce3+,  O2

–,  and  Ce3+−O−−Ce4+ defects  at  higher
concentrations. These relative concentrations were derived from the total peak
areas (using the baselines) of the second integrals of the EPR signal. For the Mn-
Ce and Cu-Ce in Figure 3(h,i), the respective hyperfines in Figures S10 and S11
reveal  that  fabrication  of  the  heterojunction  nanostructures  introduces  new
defects associated with TMOs at even higher concentrations than were detected
for 2D-3D CeO2-x.

The hyperfine interaction between electrons and nuclei provides information
concerning the number and identity of ions and their distances from unpaired
electrons. Mn and Cu, with electron configurations of  3d2 and 3d3, exhibit four



and  six  absorption  signals,  respectively,  as  shown  in  Figures  S10 and  S11.
Regarding Ce (with electron configurations of 4f 1 and 5p6), Ce4+ has no unpaired
electrons (EPR-inactive), while Ce3+ has a single unpaired electron (EPR-active).
However,  other  EPR  peaks  can  be  generated  by  other  unpaired  electrons

resulting from  V O
••,  V O

• ,V O
x ,  O2

–,  and Ce3+−O−−Ce4+ 29.  Table  S2 provides the  g-
factors corresponding to the observed hyperfines. The 2D-3D CeO2-x, Cu-Ce, and
Mn-Ce exhibit six hyperfine that correspond to values characteristic of the defect
Ce3+−O– 32, albeit with g-factors shifted to lower values relative to that of 2.00 for
the  free  electron  of  Ce-NT.  For  the  Ce-Mn  and  Ce-Cu,  shifted  g-factors  are
effectively  the  maximal  that  can  be  attributed  to  the  Mn (3d2)  and Cu  (3d3)
species, the EPR signals of which are manifested in the form of shoulders on the
sharp peaks and rounded humps with the hyperfines. Figures S8-S11 assess the
first  and  second  integrals  of  the  hyperfines  for  all  of  the  nanostructures,
revealing the defect and charge carrier concentrations, which are assumed to be
electrons as CeO2-x is an  n-type semiconductor, although it may exhibit  p-type
semiconductivity under some peculiar conditions, owing to the known presence

of cerium vacancies (V Ce
' ' ' ').9

Further, The decrease in the first integral is owing to the effect of the energy
levels  of  the  trapped  electrons,  while  such  decrease  in  the  second  integral
reflects the balance of the annihilation and creation of defects resulting from the

introduction of the TMOs. Figure 3c shows that the [V O
••] for the TMO-decorated

heterostructures were greater than that for the 2D-3D mesoporous CeO2-x, which
suggests  that  other  defects  were  annihilated.  These  were  likely  surface
structural defects that were blocked by the apposition of the TMO particles. This
result  is  supported  by  the  decrease  in  surface  areas  of  the  decorated
heterostructures, as shown in Figure 3f. Another source of defects is intervalence
charge transfer (IVCT), which can both create and eliminate defect states.33

CO-Conversion Catalysis and DFT Simulation. Figure 4a provides the
catalytic performance by the nanostructures in terms of the temperatures for 10,
50, and 90% CO conversion (T10%, T50%, T90%). The T10% value for the Ce-NT sample
was 160°C and the T90% was 372°C, which are consistent with previous reports
for pristine micron-sized CeO2.34,  35 In  contrast,  the 2D-3D CeO2-x exhibited an
outstanding performance, with a T90% of 148°C, which is the lowest temperature
among the best-performing pristine CeO2-x nanostructures, as shown by the red
line in  Figure 4b. The data for Mn-Ce and Cu-Ce in  Figure 4a show that these
heterostructures exhibit T90% values of 124°C and 88°C, respectively delivering
even better catalytic performance relative to the 2D-3D CeO2-x nanostructure.
The blue line in Figure 4b shows that Cu-Ce in this work offers a lower T90% values
than  that  demonstrated  by  a  selection  of  the  best  metal-  or  oxide-CeO2-x

heterostructures available. Comparative lists of the best CeO2 and CeO2-based
nanostructures, their characteristics, and cited references are given in Tables S3
and S4, respectively.



Figure 4. (a)  CO  oxidation  plots  for  Ce-NT,  CeO2-x,  Mn-Ce,  Cu-Ce.  (b)
Comparative  CO  oxidation  data  for  CeO2-x and  TMO-decorated  CeO2-x.  (c)
Mechanism  1:  CO-oxidation  reaction  path  with  initial  O2 adsorption.  (d)
Mechanism 2: CO-oxidation reaction path with initial CO adsorption. (e) Energy
profiles calculated for Mechanism 1. (f) Energy profiles calculated for Mechanism
2.

Although the  Cu-Ce  nanostructure  has  a  lower  specific  surface  area  (SSA)
relative to those of the 2D-3D CeO2-x and Mn-Ce nanostructures (Table S1), the
former exhibits the highest CO conversion rate at the lowest temperature. This
apparent contradiction has been examined by  first-principles density functional
theory (DFT) calculations of CO and O2 molecule adsorption on MnO- and CuO-
decorated  CeO2-x. The calculations reveal that the energetically most favorable

sites for O2 and CO adsorption are in the V O
•• sites on the CeO2-x surface and on



the TM ions, respectively. Consequently, depending on the order of adsorption of
the molecules, there are two different possible CO oxidation mechanisms: initial

O2 adsorption in the V O
•• (Figure 4c) or initial CO adsorption on the TM ions on the

CeO2-x surface (Figure 4d).
Mechanism  1:  Initially  (Step  I),  an  O2 molecule  from  the  atmosphere  is

immobilized in an oxygen vacancy  adjacent to a TM ion  on the  CeO2-x surface
(Step  II).  Since  spontaneous  dissociation  of  the  O2 molecule  (which  would
preclude quenching by O2 adsorption) and subsequent adsorption of one of the
oxygen  ions  on  the  TM  ion  is  energetically  most  favorable,  this  exothermic
process (Figure 4e) takes place (Step III). Owing to the strong attraction between
this adsorbed oxygen ion and a CO molecule, the introduction of CO gas results
in its adsorption on this oxygen ion (Step IV). This adsorption is favored with a Cu
ion  relative  to  an  Mn  ion  (Figure  4e).  Finally,  the  comparative  desorption
energies of the CO2 molecule from the Mn ion (0.36 eV) and from the Cu ion
(0.15 eV) demonstrates that desorption from the Mn ion is less favored than from
the Cu ion.  As these are  endothermic processes,  they require energy inputs,
hence the required T90% values of 124°C and 88°C, respectively.

Mechanism 2: Initially (Step I), a CO molecule is immobilized a TM ion on the
CeO2-x surface (Step II). Subsequently, an O2 molecule from the atmosphere is
immobilized in an oxygen vacancy  adjacent to a TM ion  (Step III). In this case,
the dissociation of  the O2 molecule and subsequent adsorption of  one of  the
oxygen ions to form a CO2 molecule on a TM ion is energetically unfavorable
(Figure 4f). In the case of the Cu ion, oxygen ion adsorption is endothermic (0.82
eV) and so occurs upon heating (Step IV). In contrast, with the Mn ion, the more
significant difference in Mn-C electronegativity than for Cu-C suggests stronger
attraction between the former pair of ions, which suppresses the potential for
oxygen ion adsorption to the carbon ion to form the CO2 molecule. Consequently,
with  sufficient  heating,  the  O2 molecule  dissociates  but  adsorption  does  not
occur. In the case of the Cu ion, once the CO2 molecule is formed, CO2 desorption
(Step V) occurs readily owing to its highly exothermic nature (Figure 4f).

The comparative analysis of the DFT results indicates that Mechanism 1 is
likely to be the dominant process in the CO oxidation. Consequently, the low T90%

value  for  Cu-Ce  relative  to  those  reported  elsewhere  (Table  S4)  reflects  the
energetically  favorable  reaction  sequence  of  three  exothermic  adsorption
reactions followed by a very low endothermic desorption reaction, even though
Cu-Ce has the lower SSA of the two heterostructures (Table S1).

■ SUMMARY
The  present  work  introduces  a  simplified  and  template-free  technique  to

fabricate multidimensional mesoporous nanostructures. The approach utilizes a
Ce-based  coordination  polymer  precursor  of  stratified  structure  that  can  be
exfoliated  rapidly.  During  subsequent  heating,  the  stacked-layer  precursor
converts  into  macro-mesoporous  2D-3D  CeO2-x,  depending  on  control  of  the
kinetics  of  the  transformation.  The  resultant  nanostructures  show  ultra-high
surface  areas,  defect  densities,  and  pore volumes,  which  are  responsible  for
unparalleled  catalytic  performance  for  CO  conversion.  The  performance  was
improved further  by modifying the 2D-3D CeO2-x via  TMO decoration  to form
heterojunction nanostructures. The enhanced catalytic activities upon using the



TMO modifier,  were investigated systematically  using structural  analyses  and
first  principles DFT simulations.  This  technique offers new directions for cost-
effective  and  highly  controllable  fabrication  of  advanced  multidimensional
nanocatalysts.
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Graphic Abstract

The present work reports a new template-free, high-yield, and flexible approach
to fabricate centimeter-scale, 3D, mesoporous, CeO2-x based nanostructures that
are comprised of holey 2D nanosheets as thin as ~4 nm. The method involves
conversion of a newly developed, bulk-layered, Ce-based coordination polymer
by controlled kinetics of removal of organic species. Further, the flexibility of the
synthesis  approach  allows  fabrication  of  various  TMO-based  heterojunction
nanostructures  with  outstanding  surface  areas  and  densities  of  active  sites,
which yield superior CO conversion performance.


