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ABSTRACT: Metal oxide pseudocapacitors are limited by low
electrical and ionic conductivities. The present work integrates defect
engineering and architectural design to exhibit, for the first time,
intercalation pseudocapacitance in CeO2−x. An engineered chro-
noamperometric electrochemical deposition is used to synthesize 2D
CeO2−x nanoflakes as thin as ∼12 nm. Through simultaneous
regulation of intrinsic and extrinsic defect concentrations, charge
transfer and charge−discharge kinetics with redox and intercalation
capacitances together are optimized, where reduction increases the
gravimetric capacitance by 77% to 583 F g−1, exceeding the
theoretical capacitance (562 F g−1). Mo ion implantation and
reduction processes increase the specific capacitance by 133%, while
the capacitance retention increases from 89 to 95%. The role of ion-
implanted Mo6+ is critical through its interstitial solid solubility, which is not to alter the energy band diagram but to facilitate the
generation of electrons and to establish the midgap states for color centers, which facilitate electron transfer across the band gap,
thus enhancing n-type semiconductivity. Critically, density functional theory simulations reveal, for the first time, that the reduction
causes the formation of ordered oxygen vacancies that provide an atomic channel for ion intercalation. These channels enable
intercalation pseudocapacitance but also increase electrical and ionic conductivities. In addition, the associated increased active site
density enhances the redox such that the 10% of the Ce3+ available for redox (surface only) increases to 35% by oxygen vacancy
channels. These findings are critical for any oxide system used for energy storage systems, as they offer both architectural design and
structural engineering of materials to maximize the capacitance performance by achieving accumulative surface redox and
intercalation-based redox reactions during the charge/discharge process.

KEYWORDS: ceria 2D nanoflakes, ion implantation, defect engineering and architectural design,
oxygen vacancy ordering and channel formation, surface and intercalation pseudocapacitance

1. INTRODUCTION

Metal oxide pseudocapacitors have become leading candidates
for novel renewable energy storage devices owing to their
greater power and energy densities compared to electrical
double-layer capacitors,1 longer cycling lives compared to
metal−organic framework pseudocapacitors,2 and oxidation
resistance compared to metal dichalcogenide pseudocapaci-
tors.3 However, the performance of transition metal oxide
pseudocapacitors such as RuO2, MnO2, and Fe2O3 is limited
by surface-level reactions.4−8 The main strategy used to
enhance performance is architecture engineering to synthesis
2D morphology with high surface areas or heterojunction
engineering for hybrid capacitors, typically with graphene or
MXene.9,10

A state-of-the-art strategy is to generate a significantly higher
area for electrolyte ion adsorption through atomic structural
engineering for improving ionic permeation, thus enabling
intercalation pseudocapacitance. The mechanism of intercala-
tion pseudocapacitance is contributed from the intrinsic crystal
structure offering two-dimensional (2D) fast ion diffusion
channels for ion intercalation/deintercalation by charging and
discharging. However, the intercalation pseudocapacitor is
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confined by the nature of the material and only few electrode
materials show intercalation behavior, including V2O5, MoO3,
WO3, Nb2O5, and TiO2 (B).

11−16 While the structures of these
transition metal oxides share the characteristic of possessing
intrinsic structural channels, they were limited by intrinsic low
electric conductivity.2 Since cubic CeO2 does not possess
intrinsic structural channels, although it can be engineered in
the 2D form,17 the prognosis for its application is as a surface
redox pseudocapacitor. While some studies mention the
intercalation behavior in CeO2, they do not provide any
evidence;18−20 thus, there do not appear to be any reports
showing that CeO2 has intercalation pseudocapacitance. The
dense packing crystal structure-endowed intercalation ability
has not been explored.
Concerning defect engineering, the most common approach

is through acceptor doping, largely for the purpose of
increasing the oxygen vacancy concentration ([VO

••]), where
VO
•• acts as active sites for surface adsorption.13,21−27 A less-

common approach is through donor doping, which creates
active sites in the form of metal vacancies of variable valence.
The major impact of these defects on the electrochemical
process of some metal oxide nanostructures recently has been
reported,28−30 while the formation of substitutional and
interstitial solid solutions upon doping generally is associated
with charge compensation by ionic (by vacancy formation),
electronic (electron/hole formation), or redox (Ce3+/Ce4+

switching) processes. Furthermore, such redox processes can
be imposed during electrochemical processing stages.23

Consequently, there is a critical but essentially unexplored
role for dopant and matrix ions in charge/discharge energy
storage devices through the potential leveraging of both redox
and ionic charge compensation mechanisms.
These charge compensation mechanisms can be moderated

by the often-overlooked charge-transfer processes, intervalence
charge transfer (IVCT) and multivalence charge transfer
(MVCT).31 In the former process, electrons exchange between
two ions, typically between co-dopants or between the dopant

ion and matrix ion. In the latter process, electrons can
exchange between multiple dopant ions and matrix ions. These
mechanisms can be employed in pseudocapitance design and
performance through the selection of acceptor versus donor
doping nature, valence of the dopant ion, ready valence change
through redox switching, and a controlled processing temper-
ature and atmosphere to impose specific structural character-
istics.
Concerning architectural design, the dimensionality of

nanostructures represents one of the principal regulators of
the energy and power densities of electrodes. 2D nanomaterials
offer advantageous electronic properties that facilitate
enhanced kinetics, deriving from high surface-to-volume ratios,
therefore enhancing active site concentrations and short
diffusion distances for charge transfer, thereby enhancing
ionic charge transfer.32 However, it is evident that the active
sites are more likely to be located on the low-area nanosheet
edge terminations rather than on the more stable high-area
planar surfaces.33 Consequently, the application of specific
surface engineering strategies to impose active sites on these
planes offers the potential for significant improvement in the
functionality of such materials.
The present work combined defect engineering and

architectural design. The architectural design leverages the
capacity to synthesize pure CeO2−x nanoflakes using a
template-free electrodeposition technique. The planar defect
engineering leverages formation of oxygen vacancy channels to
enhance intercalation capacitance behavior, and heteroatom-
implanted defect engineering is for redox charge compensation
by the donor from Mo ion implantation to facilitate
electroconductivity.

2. RESULTS AND DISCUSSION
The considerable flexibility of the process and the capacity to
optimize the nanoflake morphology were demonstrated
through the various permutations of the experimental
parameters, including different precursors, temperatures, and

Figure 1. Schematic of the synthesis process of CeO2−x nanoflakes on Ni foam substrates: (a) electrodeposition of CeO2−x on the substrate; (b)
schematic of the low-energy ion implantation method; (c) schematic of different types of CeO2−x on the Ni foam substrate (as-Deposited: after
drying at room temperature, air: after annealing in air at 300 °C, N2: after annealing in nitrogen at 300 °C; Mo−N2: after Mo ion implantation and
annealing in nitrogen at 300 °C).
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substrates. The results of these studies are shown in Figures S2
and S3. The schematic of Figure 1 illustrates that the
application of such suitable experimental parameters can result
in the synthesis of free-standing CeO2−x nanoflakes grown
approximately vertically on the substrate. As stated, following
this stage, donor defects were imposed in the CeO2−x
nanoflakes using Mo ion implantation. The defect equilibria
subsequently were altered by atmospheric oxidation and
reduction in air and N2, respectively. This process also may
have possibility to facilitate the imposition of acceptor Ni
doping through diffusion from the Ni foam substrate into the
nanoflakes.
The scanning electron microscopy (SEM) image shown in

Figure S4 reveals the formation of a surface layer that exhibited
drying cracks. The Ni−H2O Pourbaix diagram, shown in
Figure S5,34 indicates that this as-electrodeposited surface layer
derives from what probably was sequentially layered Ni foam/
Ni(OH)2/NiOOH/NiOx, as suggested by the thermodynamic
study of this system by Barnard and Randell.35 More critically,
the Pourbaix diagram shows that the application of a negative
voltage would shift the equilibria into the Ni metal
predominance region, thereby partially or completely removing
the passivating layer. The combined XPS, Raman, Pourbaix,
and thermodynamic stability diagram data indicate the

formation of a hydroxide/oxide layer on the surface of the
Ni foam during the soaking in the electrolyte (containing the
oxidizing agent NaOH) for 10 min prior to electrodeposition.
The formation of this layer was confirmed by additional
Fourier transform infrared transmission (FTIR) spectroscopy
data (Figure S6)36−38 and energy dispersive spectroscopy
(EDS) data (Figure S7) following progressive soaking in the
electrolyte for 0, 10, and 20 min. Consequently, the CeO2−x
nanoflakes can form directly on the Ni metal surface, and
subsequent annealing in air or N2 probably would alter this
interface.
During electrodeposition using −1 V versus Ag/AgCl, the

pH would be expected to increase from the initial value of 6 at
the reduction of dissolved NO3

− (from Ce(NO3)3·6H2O and
NH4NO3) and at the decomposition of water39

+ + → + +− − − −NO H O 2e NO 2OH 0.01 V3 2 2
(1)

+ + → + +− − − −NO H O 2e NO 2OH 0.01 V3 2 2
(2)

The resultant basic pH is required for the successful
preliminary formation of Ce(OH)3 on the Ni foam

Figure 2. 2D CeO2−x nanostructural features of CeO2−x nanoflakes deposited on Ni foam substrates: (a) low-, (b) intermediate-, and (c) high-
magnification SEM images; (d−f) SEM image and corresponding EDS mapping of (e) Ce and (f) O; (g,h) HRTEM images; (i) SAED pattern; (j)
AFM image; (k) corresponding height profile; and (l) SEM image and thickness measurements.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c14484
ACS Appl. Mater. Interfaces 2021, 13, 59820−59833

59822

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14484?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c14484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


+ →+ −Ce 3OH Ce(OH)3
3 (3)

The Pourbaix diagram for the system Ce−H2O,
31 shown in

Figure S8, reveals that the application of a negative voltage
would increase the deposition of Ce(OH)3 rather than forming
CeO2−x. Thus, the Ce(OH)3 → CeO2 conversion takes place
during annealing. As there is excess oxygen in Ce(OH)3 for
this conversion, it can take place in both air and N2.
Since electrodeposition involves the application of a voltage,

it is possible to adapt the relevant Kröger−Vink defect
equilibria for this process.40 Since the standard reduction
potential generated by the Ce4+ + e′→ Ce3+ equilibria is +1.72
V,41 the application of a negative voltage provides the driving
force for Ce reduction and ionic charge compensation by VO

••

formation in aqueous solution according to

+ + + ′

⎯ →⎯⎯⎯⎯⎯ ′ + + + ′ +••

2Ce 4O H O(aq) 2e (ext)
CeO

2Ce 3O V 2OH (aq)
1
2

O (g)

x x

x

Ce O 2

2
Ce O O 2

(4)

For pure CeO2−x subjected to different atmospheres, the
intrinsic redox defect equilibria are as follows:31

Reduction

+ ⎯ →⎯⎯⎯⎯⎯ ′ + + +••2Ce 4O
CeO

2Ce 3O V
1
2

O (g)x x x
Ce O

2
Ce O O 2

(5)

Oxidation

′ + + + ⎯ →⎯⎯⎯⎯⎯ +••2Ce 3O V
1
2

O (g)
CeO

2Ce 4Ox x x
Ce O O 2

2
Ce O

(6)

These intrinsic defect equilibria would be influenced by the
potential extrinsic defect equilibria established through
Mo4/5/6+ ion implantation or Ni2+ diffusion (less probability)
from the Ni foam into the CeO2−x nanoflakes [Table S1 (using
Mo5+ as a model)]. While there appears to be no phase
diagram for the system Mo−Ce−O, there is one for the system
MoO3−CeO2.

42 The intermediate phases MoO3·3Ce2O3 and
MoO3·4Ce2O3 suggest that these equilibria spontaneously shift
Ce4+ to Ce3+. Although this phase diagram does not indicate
any solid solubilities, these effects often are not investigated as
part of the experimental studies. However, the nature of ion
implantation is such that stable or metastable solid solubility of
Mo in CeO2 is implicit. The favored Mo valence that can result
during the processes of ion implantation and annealing under
N2 is shown in the Mo thermodynamic stability diagram
(temperature pressure) of Figure S9, which indicates that Mo6+

is the most stable valence. There is also no phase diagram for
the system Ni−Ce−O, and there are no binary diagrams
including NiO because it melts incongruently at 1422 °C.43

The thermodynamic stability diagram for Ni (H2O−O2
pressures), shown in Figure S10, confirms that Ni2+ is the
stable valence but also that the passivating layer would consist
of Ni(OH)2 + NiO.
SEM images of the CeO2−x nanoflakes are shown in Figure

2a−c. The low-magnification SEM image showing the Ni foam
(Figure 2a) reveals homogeneous deposition of CeO2−x
nanoflakes covering the surface. The intermediate-resolution
SEM image (Figure 2b) shows that the nanoflakes grow
independently, thus avoiding coarsening by intergrowth. The
high-resolution SEM image (Figure 2c) reveals that the
nanoflakes are laminated and curved and of several microns

width, with serrated edges. Elemental mapping of nanoflakes
by EDS (Figure 2d−f) shows the base composition of the
nanoflakes (Ce and O). Critically, Mo could not be detected,
which is a result of the relative ion implantation dosage (1 ×
1015 atoms cm−2), which previously has been shown to not
yield concentrations sufficiently high for detection,44,45

especially for thin cross-sections.46 However, the Mo dopant
concentration is calculated to be ∼1.7 mol % (Supporting
Information).
The high-resolution transmission electron microscopy

(HRTEM) image (Figure 2g) shows the smooth curvature
of the nanoflakes; the enlargement (Figure 2h) reveals the
nanoflakes’ polycrystalline nature, as do the thickened
diffraction rings of the selected area electron diffraction
(SAED) pattern (Figure 2i). Atomic force microscopy
(AFM) data (Figure 2j,k) indicate that the thickness of a
randomly selected nanoflake was 36 nm.
Complementary SEM images of three nanoflakes reveal

thicknesses in the range of 12−30 nm. These data highlight the
advantageous architectural features of the nanoflakes for
energy storage applications, which are high surface-to-volume
ratios and short cross-sectional pathways for charge transfer.
Furthermore, the defect equilibrium considerations support the
view that these nanostructures may be equipped with high
densities of accessible active sites in the forms of the intrinsic
and extrinsic defects Ce3+, Mo4/5/6+, and VO

••.
The role of defects in energy storage applications was

investigated for the as-electrodeposited CeO2−x nanoflakes
subjected to annealing under air or N2 (air and N2,
respectively) and as-electrodeposited CeO2−x subjected to
Mo ion implantation and annealing under N2 (Mo−N2). The
nanomorphologies were not altered during any of these
processes.
The X-ray diffraction (XRD) patterns in Figure S11 show

that the high roughness of the Ni foam prevents use of these
data for lattice parameter determination. However, essentially
identical samples were deposited on flat FTO substrates and
ion-implanted, from which the lattice parameters were
determined by Rietveld refinement, as given in Figure S12
and Table S2. These data show that as expected, the
introduction of oxygen vacancies causes lattice contraction.
Also, Mo ion implantation causes further lattice contraction,
which is expected since, as will be discussed, the solid solubility
mechanism is interstitial. Since then, in the CeO2 crystal
structure, the central interstice is surrounded by eight oxygen
ions, which itself is surrounded by face-centered cubic cerium
ions;31 the occupation of the central interstice with a cation
will cause lattice contraction.
The laser Raman microspectroscopy (Raman) data, given in

Table S2, are completely consistent with the XRD data in that
they confirm progressively greater surface tension upon the
introduction of oxygen vacancies and Mo ion implantation,
both of which cause surface contraction relative to the bulk and
consequent resultant surface tension. The X-ray photoelectron
spectroscopy (XPS) data, which are discussed subsequently,
confirm the detection of surface Mo in the Mo−N2 sample.
Despite the inability of EDS to detect Mo, the combined

XRD, Raman, and XPS data are mutually confirmatory in
demonstrating that Mo is dissolved in the CeO2 lattice.
Parenthetically, it can be added that these data are consistent
with both substitutional and interstitial solid solubility since
Mo6+ is smaller than Ce4+.47

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c14484
ACS Appl. Mater. Interfaces 2021, 13, 59820−59833

59823

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14484/suppl_file/am1c14484_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c14484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The Raman data (Figure 3a,b) show that sample N2

enhanced defect-associated intensities of the D and 2LO
peaks of CeO2−x compared to those of sample air, which is
consistent with VO

•• formation.48,49 However, sample Mo−N2

(Figure 3c) showed decreased relative intensities, suggesting
that Mo has a partially reversing effect. Supplementary Raman
patterns of the Ni foam and CeO2−x samples are shown in
Figure S13.
The surface XPS data in the Ce 3d orbital are used for

distinguishing Ce3+ (at the binding energy of ∼881 and ∼885
eV) and Ce4+ (at the binding energy of ∼883, ∼889, and ∼898
eV).49−51 The relatively subsurface defect is analyzed by O 1s
XPS measurements of O−Ce3+ (at a binding energy of ∼531
eV) and O−Ce4+ (at a binding energy of ∼529 eV)52−55

because of the higher penetration depth in O compared to that
in Ce.56,57 For CeO2−x, Figure 3d−i shows that the Ce3+

concentrations ([Ce3+]) were relatively high for CeO2−x and
that sample N2 exhibited the highest value, again consistent
with VO

•• formation from atmospheric reduction under N2. The
partially reversing effect of Mo also is confirmed.

XPS data showed that Mo4+ is not present but that the
valences Mo5+ and/or Mo6+ are present, as these peaks cannot
be distinguished. However, the thermodynamic stability
diagram (Figure S9) reveals that Mo6+ is stable under all of
the experimental conditions used. Although, as stated, the
XRD, Raman, and XPS data are mutually supportive of the
solubility of Mo in CeO2, the more sensitive technique proton-
induced X-ray emission spectroscopy (PIXE) was used for
further confirmation. As shown in Figure S14, pure Si was Mo
ion-implanted in order to confirm the positions and relative
intensities of the Mo peaks, and then, the spectra were
obtained for Mo−N2, thus confirming the solubility of Mo.
The XPS data for Ni (Figure 3j,k) confirm the presence of

the components of the layered Ni-based structure. The
photoluminescence (PL) data (Figure 3l) show that the
recombination times are in the order Ni foam < Mo−N2 < N2
< air < as-deposited. However, since there is little difference
between Mo−N2, N2 and air, this indicates that the charge
carrier diffusion path is through the cross-sections of the
nanoflakes, which are of unchanging thickness. The XPS data
for Ce and Mo are deconvoluted in order to elucidate the

Figure 3. Defect analyses of CeO2−x nanoflakes using different techniques: (a−c) laser Raman microspectra (identically scaled intensities): (a) air,
(b) N2, and (c) Mo−N2; XPS analysis of Ce 3d: (d) air, (e) N2, and (f) Mo−N2; XPS analysis of O 1s: (g) air, (h) N2, and (i) Mo−N2 (the inset
image represents XPS analysis of Mo 3d); XPS analysis of Ni 2p: (j) air and (k) N2; and (l) PL spectra.
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effects of VO
•• formation from atmospheric reduction and

doping from ion implantation in Table 1. Although the XPS
data for Ni were obtained, they were not considered, since they
are indicative of the Ni foam rather than Ni dissolved in
CeO2−x.
The data in Table 1 indicate the following:
Row 1: The O/Ce ratios are >2, which suggest high

concentrations of cerium vacancies ([VCe⁗]). However, values
as high as 3.15 have been observed by others.56 Although the
intrinsic defect equilibria would involve the creation of two VO

••

from reduction and charge compensation from the creation of
one VCe⁗, this actually would decrease the O/Ce ratio.
Consequently, it is more likely that these data derive from
the fact that the beam for oxygen detection has a greater
penetration depth than that for cerium.23

Row 2: These data confirm that VCe⁗ does not form upon
reduction under N2 or upon ion implantation and consequent
Mo substitutional or interstititial solid solubility.
Row 3: The surface [Ce3+] values are more than double for

CeO2−x annealed under N2 compared to when annealed in air,
resulting from Ce4+ → Ce3+ atmospheric reduction. Mo ion
implantation and solid solubility partially reverse this situation.
In terms of these two respective cases of intrinsic and extrinsic
defect formations, the defect equilibria (i.e., combined redox
and ionic charge compensation) would be as follows:
Intrinsic

+ ⎯ →⎯⎯⎯⎯⎯ [ ′ + + ]

+

••6Ce 12O
CeO

6Ce 9O 3V

1
1
2

O (g)

x x x
Ce O

2
Ce O O

2 (7)

Extrinsic

+ [ ′ + + ]

⎯ →⎯⎯⎯⎯⎯ + + [ + +

+ ] + ′

•••••• ••

•••••• ••••• •

2Mo 2 6Ce 9O 3V
CeO

Mo Mo 2 6Ce 9O V

2V 12e

x

i i
x x

x

ext Ce O O

2
Ce O O

O (8)

Hence, the intrinsic defect equilibria during reduction
increase the [Ce3+], but the extrinsic defect equilibria for
combined Mo ion implantation and reduction result in Ce
oxidation as the charge compensation mechanism. In reality,
once the external (ext) Mo is implanted in a lattice site, charge
compensation must take place. As ion implantation is done at
room temperature, ionic mobilities are very low, so it is likely
that the charge compensation mechanism is electronic,
specifically n-type and thus generating electrons. The energy
band diagram, discussed subsequently, shows the probable

critical importance of the F+ (VO
•) and the F++ (VO

x ) color
centers, which derive from the intrinsic F0 color centers (VO

••),
as these facilitate n-type semiconductivity. The presence of
these redox reactions and color centers is indicated in the PL
data of Figure 3l, the peaks of which have previously been
attributed to these features and the effects of which have been
shown to be enhanced by Mo doping.57,58 The same effect,
albeit less intense, would occur with substitutional Mo solid
solubility. To maintain charge balance, in the absence of O2
(g), the oxygen vacancies must become neutrally charged and
hence F++ color centers.31 For substitution, the defect
equilibria are as follows:
Extrinsic

+ [ ′ + + ]

⎯ →⎯⎯⎯⎯⎯ + + + ′ + +

+

•••••• ••

•• ••

Mo (ext) 6Ce 12O 3V
CeO

Mo Ce 2Ce 4Ce 12O V

2V

x

x x x

x

Ce O O

2
Ce s Ce Ce O O

O (9)

The discussion of the final column of Table 1 indicated that
with interstitial solid solubility, the Mo6+/(Ce3+ → Ce4+) ratio
should be 1/6. The equilibria in eq 9 show that if substitutional
solid solubility occurs, this ratio is 1/3. Consequently, this
analysis supports the conclusion that the solid solubility
mechanism is interstitial.
Row 4: The subsurface [O2−] values confirm the effect of

reduction under N2 and the partial reversal of the Ce
reduction.
Row 5: Comparison of the corresponding data in rows 2 and

3 (assuming one oxygen bonded to one Ce3+) indicates that
CeO2−x annealed in air has ∼4 times as many subsurface Ce3+

ions as on the surface, while CeO2−x annealed under N2 has ∼2
times as many. This shows that the reduction is not limited to
the surface and hence also involves the subsurface.
Rows 6 and 7: These data are calculated on the assumption

that two Ce3+ are charge-compensated by one VO
•• (eq 7).

However, with Mo doping by ion implantation, this relation is
invalid because the external Mo dopant addition is charge-
compensated by the Ce3+ ↔ Ce4+ redox (eq 8), although the
[VO

••] becomes [VO
x ].

Row 8: The [Mo] solid solubility is ∼1 atom %. It also
supports the conclusion that VCe⁗ does not form for charge
compensation from Mo substitutional or interstititial solid
solubility.
Mo−CeO2−x/CeO2−x column: The final column in Table 1

examines the effect of simultaneous Ce4+ reduction from
annealing under N2 and Ce3+ oxidation from Mo ion
implantation. These data show that this reversal ratio is

Table 1. Analysis of XPS Data for Pure and Mo-Implanted CeO2−x on Ni Foam

annealing atmosphere→ air N2

row parameter (atom %) ↓ CeO2−x CeO2−x Mo−CeO2−x Mo−CeO2−x/CeO2−x

1 O/Ce ratio 3.53 5.27 4.48 0.85
2 Ce concentration 22.37 22.29 22.01
3 surfacea Ce3+/(Ce3+ + Ce4+) concentration 11.89 27.67 22.52 0.81
4 subsurfaceb O−Ce3+/(O−Ce3+ + O−Ce4+) concentration 43.47 63.15 49.54 0.78
5 subsurfaceb O−Ce3+/surfaceaCe3+ 3.66 2.28 2.19
6 hypothetical surfacea VO

•• concentration (atom %) 5.95 13.84 11.26
7 hypothetical subsurfaceb VO

•• concentration (atom %) 21.74 31.57 24.77
8 Mo/Ce ratio 0.01

aSurface data based on Ce 3d XPS measurements as these data reflect Ce−O/Ce−OH surface bonds. bSubsurface data based on O 1s XPS
measurements as these data reflect O−Ce subsurface lattice bonds.
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consistent at ∼0.8, which suggests that ∼20% of the reduction
is reversed by oxidation. This is very close to the expected ratio
indicated in eq 8, which shows that one Mo6+ would cause six
Ce3+ → Ce4+ oxidations (∼17%). Although Mo5+ would give a
closer match, the thermodynamic stability diagram indicates
that Mo6+ should be the stable valence.
The electrochemical behavior of CeO2−x nanoflakes was

investigated in 3 M NaOH aqueous electrolyte using cyclic
voltammetry and charge/discharge chronoamperometric meth-
ods. Figure 4a shows CV at the scan rate of 1 mV·s−1 of
CeO2−x nanoflakes annealed in air or N2 and CeO2−x
nanoflakes ion-implanted with Mo and annealed under N2.

Figure 4b confirms these comparative trends for CV at
different scan rates. As the integrated CV area of a pattern
divided by the scan rate represents the amount of gravimetric
charge stored by the sample, the application of a reducing
atmosphere during annealing increases the specific capacitance.
The specific capacitances of air, N2, and Mo−N2 calculated
from these CV curves are 328, 583, and 764 F g−1, respectively.
It is notable that the value for CeO2−x nanoflakes annealed

in air is approximately half that annealed under N2 and, more
importantly, the latter exhibit a specific capacitance that
slightly exceeds the theoretical value of CeO2 of 562 F g−1.18,23

The enhancements in specific capacitance from Mo ion

Figure 4. Electrochemical performance of CeO2−x-based nanoflakes: (a) CV at 1 mV s−1; (b) specific capacitance at different scan rates for air, N2,
and Mo−N2; (c) CV curves of Mo−N2 at different scan rates; (d) galvanostatic charge/discharge curves at 1 A g−1; (e) stability performance up to
2000 cycles at 100 mV s−1; (f) comparison plot showing selected high specific capacitances of undoped and doped CeO2 in pure and hybrid
pseudocapacitors in the present work and reported in the recent literature (correspond to the data and references in Table S3); (g−i) deconvoluted
data for diffusional and capacitive control at a scan rate of 10 mV s−1 based on CV: (g) air, (h) N2, and (i)Mo−N2; and (j−l) deconvoluted data for
diffusional and capacitive control as a function of scan rates (1−100 mV s−1): (j) air, (k) N2, and (l) Mo−N2.
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implantation and from decreasing scan rate are confirmed in
Figure 4b. The latter is indicative of the necessity of low scan
rates (≤10 mV s−1) in order to provide the electrolyte ions
sufficient time to access active sites.59 In contrast, the more
rectangular shapes of the CV curves at high scan rates (≥200
mV s−1), which avoid the generation of the redox peaks
apparent in Figure 4c, are necessary to allow the electrolyte
ions to undergo reversible absorption/desorption.59

In order to determine contribution to the CV data from Ni
foam, galvanostatic charge/discharge curves of Ni foam and
the three electrodes were obtained through chronoampero-
metric measurements at a constant current of 1 A g−1 within
the potential window of 0 and 0.35 V versus Ag/AgCl, as
shown in Figure 4d. It is very clear that the Ni foam has very
short charging and discharging times compared to the three
CeO2−x nanoflake samples, so it can be concluded that the
effect of the former on the latter is negligible. Previous work
has revealed that CeO2-based pseudocapacitors suffer from
unbalanced rates of charging/discharging, where charging takes
much longer than discharging.60 This disadvantage can reduce
both energy and power densities of such electrodes. However,
the present work shows that the introduction of high [VO

••] and
metal ion implantation have the capacity to resolve these
issues. The data in Figure 4d show that the respective charge/
discharge time ratios were 3.54, 1.56, and 1.33, thus indicating
considerable improvement in balancing the two processes,
especially for Mo−N2. As shown in Figure 4e, the capacitance
retention was studied by applying CV at 2000 cycles at the

intermediate scan rate of 100 mV s−1. The Ni foam shows the
lowest stability with a >30% decrease after 2000 cycles. In
contrast, all three of the CeO2−x-based electrodes exhibit high
stabilities, where Mo−N2 has the highest stability at 95%
retention and N2 and air have 92 and 89%, respectively. Since
the linear segment of the curve commences at 500 cycles (97%
retention), these data suggest a lifetime of >70,000 cycles.
Figure 4b,d,e shows that Mo−N2 exhibits the best performance
in terms of gravimetric capacitance, the discharge period, and
capacitance retention. Figure 4f compares the data for the
gravimetric capacitance and capacitance retention for the
present work in contrast with a range of other recent reports,
which are summarized in Table S3. Furthermore, the
electrochemical mechanisms were investigated by deconvolu-
tion of the CV data in Figure 4c using the Dunn method61,62

= +i k v k v1 2
1/2

(10)

In eq 10, k1 is the slope, k2 is the ordinate intercept, and v is
the scan rate. The capacitive control (k1v) occurs at the
surface, and the diffusional control (k2v

1/2) occurs within the
subsurface and bulk layers. Figure 4g−i shows capacitive and
diffusion contributions in total capacitance of air, N2, and Mo−
N2 samples at a scan rate of 10 mV s−1. The majority of the
diffusion contribution in the N2 and Mo−N2 samples proves
the major role of vacancies in the formation of intercalation-
based reactions during the charge process. The complete data
contrasting these two components of the electrochemical
mechanisms are shown in Figure 4j−l. These data are

Figure 5. (a) Density of states of stoichiometric CeO2 and nonstoichiometric CeO2−x calculated by DFT (the up and down arrows represent spin-
up and spin-down electrons, and the red dotted line indicates the relative Fermi level); (b) electronic conductivities of CeO2 and CeO2−x as a
function of charge carrier density (p = p-type conductivity, n = n-type conductivity); (c) oxygen diffusion coefficients of CeO2 and CeO2−x by
classical molecular dynamics; (d) ball-and-stick representations of the ground-state geometries of CeO2 and CeO2−x calculated by first-principles
methods; and (e) schematic of oxygen vacancy channel non-formation and formation mechanisms of CeO2 and CeO2−x, respectively.
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unambiguous in revealing that diffusional control increases in
the order air ≪ N2 < Mo−N2, so reduction plays a significant
role in introducing intercalation capacitance. As these data
decouple the effects of reduction (significant) and doping (less
significant) on the performance, they suggest mutual
contributions from these parameters on both the architectural
design and the defect equilibria.
The similarity of the PL data in Figure 3l is significant in that

it demonstrates that defects are not the governing factor in the
recombination time. Since the common factor in these samples
is the thickness, the recombination is dominated by the
diffusion distance across the nanoflakes. The impact of this
directionality was examined by spin-polarized density func-
tional theory (DFT) calculations of the lifting of the electronic
spin degeneracy from CeO2 to CeO2−x (Figure 5a). While
pristine CeO2.00 has a magnetic moment of 0 and so is non-
magnetic, CeO1.75 and CeO1.50 exhibit net magnetic moments
of 0.5 and 1.0 μB per formula unit, respectively. These finite
magnetic moments are associated with conducting electrons as
shown in Figure 5a. At the same time, the band gaps of these
two samples are impacted significantly. The DFT calculations

based on the TB-mBJ exchange−correlation functional yield a
band gap for pristine CeO2.00 of 2.3 eV, which increased to 3.0
eV for CeO1.75 and 3.1 eV for CeO1.50. The calculated band
gaps of the latter two are reduced for spin up and increased for
spin down. Furthermore, the Fermi energy level (red dotted
line) is shifted relatively from the top of the valence band for
pristine CeO2.00 to the bottom of the conduction band for both
CeO1.75 and CeO1.50. Thus, stoichiometric p-type CeO2.00 can
be converted to n-type CeO2−x through the introduction of
oxygen vacancies, which are charge-compensated by Ce4+ →
Ce3+ redox, thereby introducing a magnetic moment.
Boltzmann transport calculations based on the DFT
calculation indicate that the electronic conductivity associated
with a magnetic moment increases several orders of magnitude
with increasing [VO

••] at typical charge carrier concentrations of
≤1020 e− per cm3 (Figure 5b).63 Furthermore, if holes are the
main charge carriers, the electrical conductivity behaves
analogously but only for carrier concentrations of ≤1018 h
per cm3, that is, n-type conductivity is likely to be significantly
higher than p-type conductivity at higher charge carrier
concentrations. These results show explicitly that the

Figure 6. XPS Ce 3d spectra following charging reduction and discharging oxidation using CV at a scan rate of 5 mV/s and potential window of 0−
0.4 V vs Ag/AgCl: (a) air; (b) N2; (c) comparative [Ce3+] data from Figure 6a,b; and (d) schematic of charging and discharging processes of air,
N2, and Mo−N2.
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capacitance of CeO2-based materials can be improved by
reduction, which enhances the [Ce3+] and alters p-type
conductivity to n-type conductivity, and the formation of
charge-compensating oxygen vacancies, which enhance elec-
tron conductivity.
For Mo-doped CeO2, midgap state energy ranges from

intrinsic and extrinsic defects for substitutional and interstitial
defects of the three Mo valences, calculated by spin-polarized
DFT calculation, are shown in Figure S15. These simulations
reveal that interstitial Mo5+ and Mo6+ generate shallow
acceptor midgap states close to the valence band.64 These
have the capacity to result in free hole charge carriers, but
interstitial Mo4+ and Mo5+ also generate deep trapping states,
which can act as recombination centers.
In contrast, Mo4+ and the color centers F++ (VO

x ) and F+

(VO•) generate intrinsic shallow donor midgap states close to
the conduction band. These have the capacity to result in free
electron charge carriers. Interestingly, these simulations
indicate that the F0 color center (VO

••), that is, an oxygen
vacancy, is unimportant, as it corresponds to the conduction
band minimum (CBM). Ultimately, these data reveal that the
F+ and possibly the F++ color centers enable n-type
semiconductivity and that Mo doping itself serves only to
facilitate the probable formation of the color centers. The
preceding data allowed DFT examination of the energies
associated with different configurations for the distribution of
oxygen vacancies. These calculations indicated that the lowest
energy was associated with the maximal possible [VO

••], viz.,
CeO1.50. More importantly, the data in Figure 5d show that the
oxygen vacancies are ordered into channels of orthogonal
orientation. Figure 5e shows how surface reduction can initiate
formation of an oxygen vacancy and that directional oxygen
diffusivity can result in channel formation across with thickness
of the nanoflake.
However, Figure 2h shows that the nanoflakes are randomly

oriented polycrystals, without clear indication of the presence
of discrete crystallite or grain boundaries. Consequently, the
channels between the parallel surfaces of the nanoflakes must
be variably oriented, as the crystallites are randomly oriented.
Since these channels are lined with Ce3+, the extra electron
establishes a negatively charged channel that facilitates the
transport of electrons and the trapping of holes. Since the PL
data indicate similar recombination times for the nanoflakes,
either the differences between the PL data are indicative of the
different channel lengths or the charge carrier speed is
sufficiently high to obscure any detectable path length
differences.
The presence of these oxygen vacancy channels from

reduction has a critical effect on the surface and intercalation
capacitances because they are both large-scale electron traps
and volumes for cation intercalation. Furthermore, the data in
Table 1 and eq 8 show that ion implantation of Mo results in
partial elimination of the [Ce3+]. As the ion implantation is
likely to be concentrated on the surfaces of the nanoflakes, the
localized reduction in the number of Ce3+ ions would not
result in the annihilation of VO

•• but in their conversion to VO
x

and VO•. Consequently, this would reduce the repulsion
between the electrolyte cations and the oxygen vacancies,
thereby enhancing intercalation.
In pseudocapacitors, the charging (reduction) and discharg-

ing (oxidation) processes are based on transitions between the
valence states of metal ions of the relevant electrode,13 where a
low redox potential would facilitate this switching and

associated reversibility. Figure 6a−c shows the effects of
these intrinsic processes on the [Ce3+] of CeO2−x and reveals
the importance of the formation of the oxygen vacancy
channels, that is, the nanoflakes annealed in air lacked the
driving force for oxygen vacancy channel formation, so the
initial [Ce3+] was low (20.81%) and reduction charging
reduced the [Ce3+]. Alternatively, oxidation charging only
partially returns the [Ce3+] to its previous level (19.15%). In
contrast, the nanoflakes annealed in air, which contain oxygen
vacancy channels initiated and grown during annealing under
N2, show a higher initial [Ce3+] (24.51%), a similar reduced
[Ce3+] upon oxidation discharging, but an increase upon
reduction charging in [Ce3+] to a level greater than that
initially present (27.41%). These indicate that the presence of
the oxygen vacancy channels allows ∼35% of the Ce3+ to
participate in redox, while the absence of the channels allows
only ∼10% of the Ce3+ to participate. This difference suggests
that ∼10% of the pseudocapacitance derives from the surface
but ∼25% derives from the bulk, thereby demonstrating
simultaneous surface and bulk intercalation pseudocapacitance.
A schematic diagram of these charging and discharging
processes is shown in Figure 6d. For CeO2−x, the electro-
chemical defect equilibria, which describe charge/discharge,
illustrate that Ce3+ is the active site for Na+ adsorption:
Reduction charging

+ + + ′

⎯ →⎯⎯⎯⎯⎯ [ ′ − ] +

+

+

Ce 2O Na (ext) e (ext)
CeO

Ce Na (ads) 2O

x x

x

Ce O

2
Ce O (11)

Oxidation discharging

[ ′ − ] +

⎯ →⎯⎯⎯⎯⎯ + + + ′

+

+

Ce Na (ads) 2O
CeO

Ce 2O Na (ext) e (ext)

x

x x

Ce O

2
Ce O (12)

The Na+(ext) indicates Na+ supplied externally as an
electrolyte, e′ (ext) indicates electron supplied externally by
power, and [CeCe′ −Na+(ads)] indicates Na+ adsorbed on Ce3+.
For Mo ion-implanted CeO2−x, the superior pseudocapacitive
performances are likely derived from the effect of Mo redox
linked to Ce redox through IVCT:
Reduction charging

+ + ⎯ →⎯⎯⎯⎯⎯ ′ + +••••• ••••••Ce 2O Mo
CeO

Ce 2O Mox x
i

x
iCe O

2
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Oxidation discharging
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••••••

••••••

Ce 2O Mo
CeO

Ce 2O Mo

x
i

x x
i

Ce O

2
Ce O (14)

Consequently, IVCT provides a second driving force for
Ce3+ switching in addition to the electrochemical redox
reactions, where the direction depends on charging versus
discharging and the extent depends on the dopant level. Since
ion implantation is likely to concentrate Mo on the surfaces, its
effects would be amplified, thus increasing the impact of IVCT.
More broadly, this observation suggests the advantage of

decorating surfaces with Mo using other techniques that are
less complex than ion implantation, such as simple surface
precipitation from a suspension during drying followed by
annealing.
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Finally, while eqs 11 and 12 indicate that Ce4+ → Ce3+ is an
intrinsic process through defect equilibration for pure CeO2−x,
eqs 13 and 14 indicate that this is an extrinsic process through
IVCT for Mo ion-implanted CeO2−x.
XPS data combined with defect equilibria are emerging as

powerful tools in the interpretation of mechanistic redox
phenomena imposed by doping and/or atmospheric treatment
and their effects on semiconducting properties in energy
transformation.31,65,66 However, the PL data in the present
work allow the applicability of this tool to be raised to a new
level by applying this approach to charge/discharge phenom-
ena imposed by electrochemistry and their effects on the
capacitive properties in energy storage.

3. CONCLUSIONS
The present work strategizes defect engineering and
architectural design to demonstrate for the first time
intercalation pseudocapacitance from dense-packing cubic
CeO2−x. The fabrication process leverages a precision
template-free electrochemical deposition technique to form
CeO2−x nanoflakes on Ni foam substrates, followed by low-
energy Mo ion implantation and low-temperature reduction.
Initially, the CeO2−x is charge-balanced through Ce4+ →

Ce3+ reduction and ionic charge compensation through VO
••

formation. The ion-implanted Mo acts as a donor dopant in
the interstitial position, which results in Ce3+ → Ce4+

oxidation. Critically, the introduction of Mo into the lattice
results in two forms of electronic charge compensation, which
are affected by the conversion of the intrinsic (F0 color centers
(VO

••) to F+ (VO
•) and F++ (VO

x )) color centers and, more
critically, the generation of electrons, which enables n-type
semiconductivity, that is, the principal role of the ion-
implanted Mo6+ is not specifically the alteration of the energy
band diagram but in facilitating the generation of electrons and
to establish the midgap states for VO

• and VO
x , which facilitate

their transfer across the band gap.
The solid solubility mechanism and charge compensation

mechanisms combined with critical PL recombination times
revealed that the dominant effect is not provided through the
latter but through the consistent thicknesses of the nanoflakes.
This essential observation is validated by the DFT simulations,
the mechanism of which shows that surface reduction leads to
the progressive formation of ordered oxygen vacancy channels.
These channels effectively act as prolific and stable active sites
for adsorption sites for electrolyte ions. The dominance of the
diffusional electrochemical mechanism derives largely from the
reduction, which formed these channels, rather than the Mo
doping.
Consequently, the presence of oxygen vacancy channels in

CeO2−x nanoflakes endow the capacity of the surface and
intercalation pseudocapacitance, thus improving its capaci-
tance. Also, these channels are more stable and offer
significantly higher numbers of active sites and significantly
greater access to them compared to randomly distributed
oxygen vacancies. During the charging/discharging process, the
surface redox is responsible for ∼10 atom % of the Ce3+ and
intercalation redox is responsible for ∼25% of the Ce3+.
The present work offers a feasible way to functionalize

intercalation pseudocapacitance by decoupling the working
mechanism of oxygen vacancies and donor doping in
electrochemical application, and this work offers the
mechanistic analyses of defect engineering and architectural
design for further exploration of pseudocapacitive behavior.
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