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Decoupling the Impacts of Engineering Defects and
Band Gap Alignment Mechanism on the Catalytic
Performance of Holey 2D CeO2−x-Based Heterojunctions
Xiaoran Zheng,* Sajjad S. Mofarah,* Claudio Cazorla, Rahman Daiyan,
Ali Asghar Esmailpour, Jason Scott, Yin Yao, Sean Lim, Vienna Wong, Ewing Y. Chen,
Hamidreza Arandiyan, Pramod Koshy,* and Charles C. Sorrell
Critical catalysis studies often lack elucidation of the mechanistic role of
defect equilibria in solid solubility and charge compensation. This approach
is applied to interpret the physicochemical properties and catalytic performance of a free-standing 2D–3D CeO2−x scaffold, which is comprised of
holey 2D nanosheets, and its heterojunctions with MoO3−x and RuO2. The
band gap alignment and structural defects are engineered using density
functional theory (DFT) simulations and atomic characterization. Further, the
heterojunctions are used in hydrogen evolution reaction (HER) and catalytic
ozonation applications, and the impacts of the metal oxide heteroatoms
are analyzed. A key outcome is that the principal regulator of the ozonation
performance is not oxygen vacancies but the concentration of Ce3+ and Ce
vacancies. Cation vacancy defects are measured to be as high as 8.1 at% for
Ru-CeO2−x. The homogeneous distribution of chemisorbed, Mo-oxide, heterojunction nanoparticles on the CeO2−x holey nanosheets facilitates intervalence
charge transfer, resulting in the dominant effect and resultant ≈50% decrease
in overpotential for HER. The heterojunctions are tested for aqueous-catalytic
ozonation of salicylic acid, revealing excellent catalytic performance from Mo
doping despite the adverse impact of Ce vacancies. The present study highlights the use of defect engineering to leverage experimental and DFT results
for band alignment.
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1. Introduction
Heterojunction nanostructures increasingly have become important owing to
their advantageous properties in many
technological areas, including thermocatalysis, electrocatalysis, photocatalysis, and
photovoltaics.[1–5] In catalytic applications,
heterojunction nanostructures leverage
defect engineering as well as surface,
structural, and morphological characteristics in order to enhance the performance
owing to the synergism between the
materials. The importance of nanoscale
architecture has been highlighted by the
recent emergence of the outstanding
catalytic performance of nanosheets of
various systems owing to the high densities of active sites deriving from their high
surface areas.[6–10] State-of-the-art heterojunctions based on nanosheet-structured
oxides recently have shown great promise
in energy and environmental applications.
However, there are only a limited number
of reports of these materials since most
such structures are not inherently 2D
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(Table S1, Supporting Information). An alternative strategy to
generate such structures is the conversion of coordination polymers (CPs) to 2D oxide nanostructures.[11] However, these often
have the shortcomings of incomplete conversion and the presence of residual organic material following oxidation.[12]
In addition to morphological engineering, a second key
strategy to improve the catalytic performance is defect engineering. Defect engineering at all levels can be employed with
oxides through doping (0D defects), heterojunction formation
(1D and 2D defects), and the introduction of multiple vacancies in the form of divacancies and clusters and mesoporosity
(3D defects).[13–18] These strategies target the enhancement of
the semiconducting properties through defect generation, band
alignment through heterojunction establishment, and increase
in active site distribution density through the introduction of
new interfacial areas. While point defects are a typical result of
doping, a second important potential effect is charge compensation by redox, which is facilitated by the variable valences of
transition and rare earth metals. Both approaches can be used
to engineer the properties and performance of catalysts. Pure
CeO2−x contains intrinsic VO•• as 0D point defects owing to
the easy reversibility of the Ce3+–Ce4+ oxidation states, with an
oxygen vacancy formation energy of 1.99–3.39 eV.[19] However,
this value depends on the nature and concentration of the electrolyte as well as the pH of the solution.[20] In acidic media, the
potential is in the range of 1.3–1.8 V.[21]
The capacity for interstitial solid solubility doping of CeO2−x
with cations is high owing to the large central interstice (ionic
radius 0.110 nm) and the large interstice (0.160 nm) in the
repulsive Ce sublattice.[22,23] However, doping also can result
in the formation of secondary phases. For Mo doping, the
MoO3-CeO2 phase diagram shows that both Ce2(MoO4)3 and
Ce2(MoO3)(MoO4)3 can form.[24] No solid solubilities were indicated but these were not investigated. For Ru doping, the calculated RuO2-CeO2 phase diagram is dominated by high-temperature spinodal decomposition; studies confirm substantial Ru
solid solubility in the range 450 to 600 °C.[25,26]
CeO2−x nanosheets have been applied for different catalytic applications, including thermocatalysis (CO oxidation),[27]
electrocatalysis (hydrogen evolution reaction, HER),[28] and
photocatalysis (air purification).[29] Improvements in the catalytic performance have been achieved through doping and
heterojunction formation,[30,31] which modify the electronic
band structure, thereby addressing the shortcomings of wide
band gaps and short recombination times.[32] However, the
doping strategies reported are based on assumptions about the
types and extents of dopant solid solubility and the mechanisms
of charge compensation and charge transfer. The potential for
heterojunction formation is hindered in many conventional
processes since charge transfer is dependent upon the establishment of chemisorption; transfer is very difficult and often
impossible in physisorption.[33] Further, doping requires appropriate temperatures/times to achieve partial/complete solid
solubility while heterojunction formation ideally requires
chemical bond formation. Partial solubility is desired as it facilitates interphase bonding.
The present work reports outstanding catalytic performance
data for CeO2−x heterojunction holey nanosheets with surface
doping of Mo and Ru through the introduction of midgap states
Adv. Funct. Mater. 2021, 2103171

and band gap realignment. The optical indirect band gaps (Eg)
for the dopants in both substitutional and interstitial solid
solubility as well as those of the heterojunctions themselves
were calculated by density functional theory (DFT). The performance of the nanosheets was characterized by the HER in
acidic environment and by catalytic ozonation of salicylic acid.
The chemisorbed heterojunction Mo-CeO2−x shows the best catalytic performance and excellent stability in HER (Tafel slope:
138 mV dec−1) and catalytic ozonation of salicylic acid (removal
efficiency: 98.5% after 60 min).
Most importantly, the work focuses on the development of
mechanistic interpretations of the data in terms of the solid solubility, defect formation, charge compensation, charge transfer,
electronic band modification and their effects on the sorption
(HER), and active site formation (ozonation).

2. Results and Discussion
The fabrication strategy of heterojunction nanostructures has
been established previously and is based on the dispersion of
a flexible, stratified, cerium-based CP (CeCP), which can be
transformed readily into CeO2−x 2D/3D nanosheets with high
oxygen vacancy concentrations ([VO••]).[34] Cation doping of the
CeO2−x bulk or the surface can be affected by immersion in
transition metal salt (TMS) solutions, followed by low-temperature heating that results in the controllable formation of solid
solutions or transition metal oxide (TMO) heterojunction nanostructures. Details of the CeCP → CeO2−x conversion are given
in Figure 1a. According to Hume–Rothery’s rules,[35] which are
for close-packed metals, the prognosis and type and amount of
solid solubility (and the associated defect formation and charge
compensation) are enhanced by similarities in a number of
factors, which are crystal structure, ionic radii, valences, electronegativities, and solubility ranges. For ceramics, the size and
valence and, to a lesser extent, the electronegativity often are
considered. In the present work, the relevant considerations are
that 1) the rare earth Ce4+ is 30–50% larger than the transition
metals Mo4+, Mo5+, Mo6+, and Ru4+, 2) the electronegativity of
Ce is approximately half that of Mo and Ru, and 3) the cubic
CeO2 crystal structure is different from those of the dopant
oxides (Table S2, Supporting Information). From the perspectives of size and structure, interstitial solid solubility would
be expected for all Mo and Ru ions. From the perspective of
valence, Mo4+ and Ru4+ would favor interstitial solubility but
Mo5+ and Mo6+ would favor substitutional. There would be no
differentiation in terms of the electronegativities.
Since the synthesis stages of the present work were done
at the relatively modest conditions of 4 h at 450 °C, then the
role of kinetics in the potential to achieve equilibrium is relevant. That is, although a high solid solubility may be possible,
low or nil solubility may result. Further, the absence of solubility data raises the potential for the formation of undersaturated, saturated, and/or oversaturated solid solutions.[36] These
issues impact on the range of adsorption mechanisms that
may be exhibited by solids and heterojunction nanostructures.
Figure 1b illustrates the range of such possibilities as well as
some common defects that may be observed in mesoporous
CeO2−x nanosheets doped with cations that undergo interstitial
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Figure 1. a) Schematic of two-step process for 1) CeCP stirred in triethanolamine (TEA) solution and transition metal salt (TMS); 2) oxidation
at 450 °C in air into stacked nanosheet CeO2−x heterojunction. b) Defect formation in mesoporous CeO2−x nanosheets from adsorption, interstitial
solid solubility, intrinsic VO••, and charge compensation (ionic and redox): 0D point defects, 0–2D physisorbed heterojunction interfaces, 2D chemisorbed heterojunction interfaces, 3D vacancy clusters, and 3D mesopores. c) XRD patterns (identically scaled intensities) of CeO2−x, Mo-CeO2−x, and
Ru-CeO2−x, respectively. d) Laser Raman spectra of CeO2−x, Mo-CeO2−x, and Ru-CeO2−x, respectively; e–g) SEM images of e) CeO2−x, f) Mo-CeO2−x, and
g) Ru-CeO2−x.
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solid solubility; this image reflects the experimental outcomes
of the present work.
Examination of the potential defect equilibria (Tables S3–S5,
Supporting Information) combined with the valence data provided by X-ray photoelectron spectroscopy (XPS) often can
allow an unambiguous inference about the nature of the solid
solubility mechanism. Of particular importance are 1) donor
(Mo6+ and Mo5+) and neutral (Mo4+ and Ru4+) dopants cannot
generate VO••, 2) intervalence charge transfer (IVCT) can result
in mutual valence changes between matrix and dopant cations,
3) redox charge compensation causes Ce4+ ↔ Ce3+ equilibria,
4) electronic charge compensation cannot generate VO•• or alter
the Ce4+ ↔ Ce3+ equilibria, and 5) defect equilibria at the surface and bulk may differ significantly. Thus, the changes in
[VO••], [Ce4+], [Ce3+], and dopant valences provide key information
about the solid solubility as well as the charge compensation
required for doping.
Figure 1c,d shows the X-ray diffraction (XRD) patterns and
Raman spectra, respectively, which reveal that the principal
crystalline phase was CeO2−x, Mo doping resulted in the detection of α-MoO3 (XRD, Raman) and Mo4O11 (Raman), and Ru
doping resulted in the detection of RuO2 (both). The presence
of these secondary phases indicates probable heterojunction
formation, although ≈30–35% reduction in CeO2−x crystallite
size (Table S6, Supporting Information) also suggests solid solubility of both dopant ions.[37] The Raman patterns (Table S7,
Supporting Information) support the latter by the F2g peak
(464 cm−1) broadening, red shift (for Mo doping), and asymmetry (for Ru doping).[38] Further, the presence of the D peak
(600 cm−1) is indicative of the presence of defects that may be
defined as 1) VCe′′′′ − 2VO•• Frenkel pair (ionic charge compensation);[39] 2) 2Ce Ce
′ − VO•• pair (Ce4+ → Ce3+ intrinsic redox charge
•
− Ce Ce
′ or M••••
compensation);[40] 3) e.g., MCe
′ (extrinsic
i –4Ce Ce
[41]
redox charge compensation); or 4) e.g., M5+ + Ce4+ → M6+ +
Ce3+ (IVCT), where M is a metal dopant.
Figure 1e–g shows scanning electron microscope (SEM)
images that illustrate the 2D/3D flower-like nanosheets of
CeO2−x. With the introduction of Mo ions, the compact flowerlike nanosheets become slightly exfoliated, which supports the
conclusion of deposition of surface heterojunction particles
and/or alteration of the surface charge through solid solubility.
With the introduction of Ru ions, there is considerably more
exfoliation, suggesting amplification of the effect from Ru
doping.
Finer-scale morphological and structural analyses of the
exfoliated heterojunction nanosheets were examined by highresolution transmission electron microscopy (HRTEM), energydispersive X-ray spectroscopy (EDS), selected area electron
diffraction (SAED), and atomic force microscopy (AFM), as
shown in Figure 2. The HRTEM images (Figure 2a–c) of the
three nanostructures reveal mesoporosity. The calculated pore
sizes (Table S8, Supporting Information) are in the range
≈6.0–7.6 nm while the images reveal that the pore sizes are in
the range ≈2–5 nm (Figure S1, Supporting Information). Further the crystallite size of CeO2−x (≈8.1 nm) is larger than that
of Mo-CeO2−x (≈5.6 nm) and Ru-CeO2−x (≈5.1 nm) (Table S6,
Supporting Information) as confirmed by corresponding TEM
images. The SAED patterns (Figure 2d–f) reveal that the
nanostructures are slightly disordered, with the crystallinity
Adv. Funct. Mater. 2021, 2103171

increasing in the order Ru-CeO2−x < Mo-CeO2−x < CeO2−x. These
data are consistent with the XRD and Raman data in that they
reflect increasing levels of solid solubility. The ring patterns
reveal that the nanosheets consist of randomly oriented polycrystalline CeO2−x, although the discrete dots in Mo-CeO2−x and
Ru-CeO2−x indicate heterojunction formation. Consequently,
there are no detectable effects of preferred orientation or associated exposed crystallographic planes on the performance. EDS
mapping (Figure 2g–i) reveals an irregular CeO distribution
for CeO2−x indicating an inhomogenous [VO••] distribution; the
matched Ce, O, and dopant distributions show that both doped
materials exhibit homogenously distributed dopant solid solutions. The AFM data (Figure 2j–l) reveal that CeO2−x forms
stacked nanosheets with the examined particle thickness being
≈35.0 nm. However, the thicknesses of the individual doped
nanosheets again reveal the roles of heterojunction formation
and solid solubility on the recrystallization.
As confirmed by HRTEM (Figure 2m) image and EDS
(Figure 2n) data, the growth and stacking of Mo-CeO2−x, which
was ≈1.00 nm thick from AFM (Figure 2k), were constrained
by homogenously distributed, fine, chemisorbed MoO3 heterojunction precipitates. In contrast, the growth and stacking
of Ru-CeO2−x were less constrained by inhomogenously distributed, coarse, physisorbed RuO2 heterojunction precipitates
(Figure 2o). Further, the ion distribution densities revealed by
EDS mapping (Figure 2p) indicate that Ru exhibited bulk solubility (lower Ru distribution density with lower Ce distribution
density) while Mo exhibited surface solubility (higher Mo distribution density with higher Ce distribution density). Thus,
the more homogenous distribution of nucleation sites (viz., Ru
ions) resulted in more ready recrystallization and consequently
thicker nanosheets.
The mechanisms behind the variant dopant dispositions are
shown in Figure 2q and the representative phase diagram of
Figure S2 in the Supporting Information. That is, MoO3 exhibits
what is effectively surface chemisorption owing to the limited
solid solubility of Mo in CeO2−x, resulting in a limited but strong
interfacial bonding zone between the precipitates and CeO2−x.
In contrast, the high solid solubility of Ru in CeO2−x results in
the achievement of saturation solubility of Ru in CeO2−x, after
which only large RuO2 particles precipitate from solution and
are weakly bonded by physisorption. These phase relations also
suggest the applicability of kinetics through change in temperature to alter solid solubilities. Hence, it may be possible to
obtain chemisorbed RuO2 precipitates if the solubility is lowered by reducing the temperature to below that of the solidus.
The Raman data in Figure 1d suggest that the dopant
valences across the Mo-CeO2−x interface are graded and the
EDS data (Figure 2n) suggest that the solubility is limited to
the surface. The mechanism by which this is achieved is likely
to be IVCT[42] according to Equations (1) and (2) (Table S4, Supporting Information)
Mo 6+ + Ce3+ → Mo 5+ + Ce 4+

(1)

Mo 5+ + Ce3+ → Mo 4+ + Ce 4+

(2)

Further, it is likely that this process is assisted by the
ready transformations between the Magnéli-like Mo–O shear
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Figure 2. Characteristics of holey TMO CeO2−x-based nanosheets. a–c) TEM images of holey nanosheets for: a) CeO2−x; b) Mo-CeO2−x; c) Ru-CeO2−x,
d–f) corresponding SAED images for: d) CeO2−x; e) Mo-CeO2−x; f) Ru-CeO2−x, g–i) EDS mapping of: g) CeO2−x; h) Mo-CeO2−x; i) Ru-CeO2−x, j–l) AFM
images of j) CeO2−x; k) Mo-CeO2−x; l) Ru-CeO2−x. Mo-CeO2−x; m) TEM images of heterojunction holey nanosheets; n) EDS mapping. Ru-CeO2−x: o) TEM
images of heterojunction holey nanosheets; p) EDS mapping. q) Dopant solid solubilities and valences of Mo and Ru based on the present work.

structures (Figure S3, Supporting Information),[43] which
also are known in the systems Ti–O,[44] Ce–O,[22] W–O,[45] and
Sn–O.[46] It is considered likely that the final Mo valence is 4+
owing to its much greater stability, as suggested by its melting
point of 2300 °C, than those of Mo5+ and Mo6+, which exhibit
peritectic decomposition in the temperature range 800–818 °C.
In contrast, the Raman data in Figure 1d indicate only a
single Ru valence and the EDS data (Figure 2p) suggest extensive solid solubility. More broadly, interstitial solid solubility
is very likely for essentially any cation owing to the very large
sizes of the central interstice (0.110 nm radius) and the Ce
sublattice gap (0.160 nm) through which the cation must pass.

Adv. Funct. Mater. 2021, 2103171

These sizes may be compared to the ionic radii (sixfold coordination only are available) of Mo6+ (0.073 nm), Mo5+ (0.075 nm),
Mo4+ (0.079 nm), and Ru4+ (0.076 nm).[47]
These solid solubility characteristics are supported by the
reflectance UV-vis spectra (Figure S4, Supporting Information),
which are consistent with the known effect that the diffuseness
of the overall spectra reflects the extent of defect concentration.[47] Hence, the sharpest pattern is for CeO2−x, the pattern
for Mo-CeO2−x is only slightly more diffuse owing to the isolation of the Mo ions in the surface and subsurface, but the pattern for Ru-CeO2−x is highly diffuse owing to the extensive solid
solubility of the Ru ions in the bulk.
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Figure 3. Defect analysis of TMO in 2D/3D heterostructures: a,b) XPS spectra for Ce 3d orbital of the Mo-CeO2−x and Ru-CeO2−x, respectively; c,d) XPS spectra
for Mo 3d orbital of the Mo-CeO2−x and for Ru 3p orbital of Ru-CeO2−x; e) schematic of heterojunction formation, solid solubility, and charge compensation
mechanisms based on data in Tables S3 (Supporting Information, heterojunction defect equilibria), Table S4 (Supporting Information, graded defect equilibria),
and Table S9 (Supporting Information, XPS data interpretation). f) EPR spectra of the CeO2−x, Mo-CeO2−x, Ru-CeO2−x, respectively (nonidentical intensity scales).

The chemical and defect analyses of the heterojunction nanostructures undertaken by surface XPS is shown in Figure 3a–d.
The relative atomic concentrations of the two oxidation states
Ce3+ and Ce4+ were obtained by deconvolution of the 3d orbital
spectra into discrete peaks using Gaussian fitting (Figure S5,
Supporting Information).[48] Figure 3c reveals two discrete peaks
at 235.9 and 232.7 eV, which are assigned to the Mo 3d3/2 and
Mo 3d5/2 orbitals of Mo6+, respectively. The Ru 3d peaks are
problematic owing to overlap with the C 1s peaks from adventitious carbon.[49] Consequently, the Ru 3p3/2 and Ru 3p5/2 peaks
are used for quantitative analysis. Figure 3d shows peaks at
464.3 and 485.9 eV, which are characteristic of the Ru 3p3/2 and
Ru 3p5/2 peaks of Ru4+, respectively. The complete XPS data for
CeO2−x, Mo-CeO2−x, and Ru-CeO2−x are given in Table 1 and these
data are interpreted in Table S9 in the Supporting Information.
The nature of the solid solubility mechanism can be elucidated by consideration of the XPS data in conjunction with the
defect equilibria:
1) Mo4+ Solid Solubility: The data in Table 1 show that the changes in the concentrations do not allow differentiation between
substitutional and interstitial solid solubilities.
Adv. Funct. Mater. 2021, 2103171

2) Mo5+ and Mo6+ Solid Solubility: These donor dopants could exhibit maximal Mo solubility of 4.1 at% (Table 1). Substitutional solid solubility in ionic charge compensation (Tables S3
and S5, Supporting Information) occurs at Mo/ VCe′′′′ ratios
of 4.00 and 2.50, respectively, which would result in maximal
[VCe′′′′ ] of 1.03 and 0.63 at%, respectively. In contrast, interstitial solid solubility and ionic charge compensation (Tables S3
and S4, Supporting Information) involve Mo/VCe′′′′ ratios of 0.80
and 0.75, respectively, which would result in maximal [ VCe′′′′ ]
of 5.13 and 5.47 at%, respectively. Table 1 shows that the [ VCe′′′′]
calculated from the change in [Ce] upon Mo doping is 3.1 at%.
Since the maximal solubility is unlikely to have been achieved,
then substitutional solubility is not possible and the resultant
interstitial solubility, accompanied by ionic charge compen


sation, of Mo is ≈2.4 at% 3.1 at% ×  0.80 + 0.75  . However,



2
this is likely to be affected by the probable concentration of
the dopant at this low concentration on the surface and subsurface of the particle.
3) Ru4+ Solid Solubility: This neutral dopant shows completely
different behavior from that of Mo. Table 1 shows that the
total [Ce] decreased and the [Ce3+] in the bulk increased
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Table 1. Detailed comparative analysis of XPS parameters for CeO2−x, Mo-CeO2−x, Ru-CeO2−x.
Row

Parameter [at%]

Location

CeO2−x

Mo-CeO2−x

Ru-CeO2−x

1

Ce Concentration (at%)

Total Volume

27.7

24.6

19.5

2

′′′′]Theoretical (at%)
[VCe

Total Volume

0.0

3.1

8.2

3

O Concentration (at%)

Total Volume

67.3

67.5

67.8

4

Ce/O Ratio

Total Volume

0.41

0.36

0.28

5

O/Ce Ratio

Total Volume

2.43

2.74

3.48

6

O/(Ce + X) Ratio

Total Volume

2.43

2.50

2.58

7

Ce/(Ce + O) Concentration

Total Volume

29.2

26.7

22.3

8

Ce3+/(Ce3+ + Ce4+) Concentration

Surface

29.5

28.7

29.6

9

O-Ce3+/O-Ce4+ Concentration

Bulk

20.3

19.7

38.4
27.7

10

O-Ce /(O-Ce + O-Ce ) Concentration

Bulk

16.9

16.5

11

Hypothetical VO•• Concentration (at%)

Surface

14.8

14.4

14.8

12

Hypothetical VO•• Concentration (at%)

Bulk

8.5

8.3

13.8

13

Added Dopant Concentration (at%)

–

0.0

4.1

6.8

3+

3+

4+

significantly. If Ru dissolves substitutionally, the [Ce] would
decrease but there would be no impact on the [Ce3+]. However, the defect equilibria in Table S4 in the Supporting Information show that interstitial solid solubility would result
in the formation of VCe′′′′, thus involving ionic charge compensation, but that redox charge compensation would increase
the [Ce3+]. Consequently, it is clear that Ru exhibits interstitial
solid solubility. Further, the maximal Ru solubility is 6.8 at%
(Table 1) and interstitial solid solubility (Table S4, Supporting
Information) involves the Ru/VCe′′′′ ratio of 1.00, which would
result in maximal [VCe′′′′] of 6.80 at%. The [ VCe′′′′ ] calculated
from the change in [Ce] upon Ru doping is 8.2 at% (Table 1),
this indicates that the dopant is concentrated at the surface,
exhibiting the expected diffusion gradient into the bulk. This
is an unavoidable result of the penetration depth limitation
of XPS for CeO2 of 1–3 nm and the particle size of ≈5 nm
(Tables S1 and S6, Supporting Information).[22] However,
these data suggest that all of the dopant has dissolved, so the
saturation solid solubility would be ≥6.8 at%. In contrast with
Mo doping, the higher overall concentration of the dopant is
consistent with volumetric solid solubility.

from the charge compensation for donor doping. These phenomena are explained unambiguously by interdependent interstitial solid solubility, ionic (Mo) or ionic plus redox (Ru) charge
compensation, and VCe′′′′ formation. Thus, the formation of VO••
plays no role in the equilibria.
The XPS identification of Mo6+, Raman (and subsequent
electron paramagnetic resonance (EPR)) identification of Mo5+,
relative stabilities (Mo6+ > Mo4+ > Mo5+),[43] solid solubility considerations (viz., Hume–Rothery’s rules),[35] the Magnéli-like
Mo–O structures, and IVCT considerations all suggest that
the Mo/CeO2−x interface is likely to be graded. The XPS data
demonstrate interstitial solid solubility and ionic charge compensation, the corresponding defect equilibria across the heterojunction interface, surface, and subsurface are shown in
Equations (3)–(5)
Interface
CeO2

x
3Mo Mo
+ 9OOx → Mo ••••••
+ 2Mo •••••
+ 4VCe
′′′′ + 4CeSx + 9OOx
i
i

(3)

Surface
Concerning the data in Table 1 and Table S9 in the Supporting Information, values of O/Ce > 2.0 for CeO2−x have been
observed before,[50] reaching as high as 2.8 in the bulk[51] and
3.15 at the surface,[52] although it is uncommon for researchers
to report these data. The reason for the oxygen hyperstoichiometry is the greater penetration depth of the beam for oxygen
detection compared to that for cerium detection.[53] A critical
point is the approximately constant oxygen concentrations in
Table 1, which clarify why it is not possible for interdependent
substitutional solid solubility, ionic charge compensation,
and VO•• formation to be applicable. The reason for this is that
the oxygen concentrations ([O]) are approximately constant
(although they actually increase from 67.3 to 67.5 to 67.8 at%
upon doping) while the cerium concentrations ([Ce]) decrease
significantly (from 27.7 to 19.5 at%). In fact, calculations of the
other ionic ratios are consistent in demonstrating increasing
[O], which is consistent with VO•• annihilation, which results
Adv. Funct. Mater. 2021, 2103171

CeO2

x
4Mo Mo
+ 10OOx → 4Mo •••••
+ 5VCe
′′′′ + 5CeSx + 10OOx
i

(4)

Subsurface
CeO2

x
′′′′
x
x
Mo Mo
+ 2OOx → Mo ••••
i + V Ce + CeS + 2OO

(5)

Since the [Ce3+] is unchanged at the surface but it is present
in the bulk, then the greater proximity of the ions in the subsurface and bulk relative to that at the surface indicates:

Graded bonding
Mo6+
Adsorbate

2103171 (7 of 16)

→

Mo6+ + Mo5+
Interface

IVCT
→

Mo5+ + Ce3+
Surface

↔

Mo4+ + Ce4+
Subsurface
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As mentioned, the XPS data for Ru-CeO2−x indicate that,
although Ru dissolves interstitially, the [Ce] decreases, and the
[Ce3+] increases. This is explained by the simultaneous presence of both ionic and redox charge compensation mechanisms, which are represented by Equation (6)
CeO2

x
′′′′
x
x
′
All levels : 2Ru Ru
+ 4OOx → 2Ru ••••
i + V Ce + CeS + 4OO + 4Ce Ce

(6)

These solid solubility and charge compensation mechanisms, which are derive largely from the XPS data, are illustrated in Figure 3e.
The confirmation of solid solubility through consideration of
the nature of the defects was examined by EPR spectroscopy at
room temperature, as shown in the full spectra in Figure S6 in
the Supporting Information and the enlargements are shown
in Figure 3f. The g factors calculated from these spectra are
given in Table S10 in the Supporting Information, which differentiates between literature assignments and assignments based
on the present work.
When the g factor is <2.0023, the electrons have low mobilities and so these defects are localized.[54,55] The signal at g =
1.967 (3589 G) represents Ce4+/Ce3+ redox species at the surface, which result from the trapping of electrons in the oxygen
vacancies. Figure S6 in the Supporting Information reveals that,
upon the introduction of either dopant, this signal is strengthened, which is attributed to the Ce4+/Ce3+ redox resulting from
the interstitial solid solubility of the dopant, VCe′′′′ formation,
and ionic and redox charge compensation. It can be seen that
the intensities increased in the order CeO2−x < Mo-CeO2−x <
Ru-CeO2−x, which is consistent with the relative amounts of
dopants (nil < surface < bulk). More importantly, the observation that both dopants enhance the same peak indicates that
the mechanism to create unpaired electrons is the same. Since
neutral Ru4+ clearly dissolves interstitially in the bulk, then
this shows that neutral Mo4+ also dissolves interstitially in the
subsurface (which is equivalent to the bulk; see footnote to
Table S10, Supporting Information). This is significant because
it confirms the presence of Mo4+ as the terminating layer in the
graded surface. Since surfaces have higher energies than the
bulk,[56] the g factors have been differentiated between surface
and bulk phenomena. Consequently, although g factor for Mo5+
has been identified,[57] this can be assigned to the surface since
it is not present in the bulk, as shown in Figure 3f. Similarly,
there is no g factor for Mo6+ because this valence does not bond
with CeO2−x. Finally, there are g factors for both surface and
bulk Ru4+ because it is present in both regions.
In contrast, when the g factor is > 2.003, as given in
Table S10 in the Supporting Information, this indicates a signal
from •O2−, which results from the reaction initiated by EPR in
Equation (7)
Ce3+ + O2 → Ce 4 + − • O2−

(7)

The indicated oxygen vacancies are oxygen adsorption
centers that can be classified as individual or clustered. Importantly, the oxygen is adsorbed into an oxygen vacancy, so the
••
EPR signal represents an indirect measure of [VO ]. In effect,
Equation (7) can be revisualized as Equation (8)
Adv. Funct. Mater. 2021, 2103171

{2Ce3+ + VO•• } + {Ce3+ + O2 } → {2Ce 4+ } + {Ce 4+ − • O2− }

(8)

Hence, a single VO•• is converted to a single •O2−. However,
Table S10 in the Supporting Information shows that two g factors previously were assigned for Ce3+.[58] In the present work,
these have been harmonized with Equation (8) by assigning
these to the other member component, which is Ce3+ + O2.
Consequently, these g factors have been assigned by adsorbed
oxygen in proximity to Ce3+.
Figure S6 in the Supporting Information also shows that the
EPR signal intensities for g factors > 2.0023 were in the order
Mo-CeO2−x < Ru-CeO2−x < CeO2−x. This trend is interpreted in
••
terms of Equation (8), which suggests the relative [VO ] for the
three samples. That is, in contrast to the proposed defect equilibria, which are based on dopant interstitial (i.e., donor dopant)
solid solubility and combined ionic and redox charge compensations, an alternative charge compensation mechanism asso••
ciated with the presence of intrinsic Ce3+ and VO in CeO2−x
may occur. Using Ru-CeO2−x as the example, the elaborate
defect equilibria for dopant and matrix would be Equations (9)
and (10)
Ionic charge compensation
x
′ + 8OOx + 2VO•• + O2 ( g )  → Ru ••••
′ + 8OOx 
Ru Ru
 +  4CCe
i 
 +  4Ce Ce
CeO2− x

(9)


Electronic charge compensation

x
′ + 8OOx + 2VO•• + O2 ( g )  → Ru ••••i 
Ru Ru
 +  4Ce Ce
(10)
x
+  4Ce Ce
+ 8OOx + 4 e ′ 
CeO2− x

Consequently, Mo-CeO2−x exhibits the lowest effect since the
solubility is limited to the surface, Ru-CeO2−x exhibits a greater
effect owing to its bulk solubility, and CeO2−x has the greatest
effect because the [VO••] was highest since oxygen vacancy annihilation does not occur. Finally, since Table 1 shows that that
[Ce3+] was constant for all three samples, then Equation (9)
governs, and not Equation (10) since the latter involves
Ce3+ → Ce4+ oxidation.
Photoluminescence (PL) spectra arise from the presence of
point defects that generate energy transitions between ground
and excited states associated with luminescent centers, which
often are color or F centers,[59] where the peak intensities are
inversely proportional to the rates of electron–hole recombination. This effect generally is controlled by the diffusion
distance (i.e., particle size), the presence of trap states (i.e.,
defects), and the presence of heterojunctions (i.e., interfaces).
Figure 4a shows the PL data for the samples and the attributed transitions, most of which are associated with the color
centers F0 (VO•• ), F+ (VO• ), and F++ (VOx ) and these are summarized
in Table S11 in the Supporting Information. Aškrabić et al.[60]
have proposed the most thorough assessment of the PL data
for CeO2−x at an excitation wavelength of 325 nm from 15 K
to room temperature. These data are interpreted principally in
terms of the excitation energies associated with all three types
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gating synthesis and those for the samples of the present work,
which were fabricated by electrodeposition to produce a CP, followed by oxidation.[61] However, an aspect of PL that does not
appear to have been considered is the potential for the formation and transition between color centers, the energies of which
are associated with the formation of midgap states.[62] Consequently, speculative alternative assignments for the major PL
peaks are proposed in Table S12 in the Supporting Information.
These alternative assignments suggest that the PL data reflect
the effect of increasing energy on the formation sequence of
defects (Equation (11)) and the transitions between the defect
states (Equations (12) and (13))
2Ce 4+ → Ce3+ + (Ce3+ + VO•• ) → Ce3+ + (Ce 4+ + VO• ) → Ce 4+ + (Ce 4+ + VOx )

(11)

Figure 4. Band structure characteristics of CeO2−x and 2D/3D heterostructures: a) PL spectra of the CeO2−x, Mo-CeO2−x, and Ru-CeO2−x.
b) Topography of Mo-CeO2−x holey nanosheet by KPFM imaging;
c) contact potential difference measured by KPFM of Mo-CeO2−x holey
nanosheet; d) XPS valence band plot for Mo-CeO2−x holey nanosheet;
e) Kubelka-Munk plot from UV-vis reflectance spectrophotometry data
for optical indirect band gap of Mo-CeO2−x holey nanosheet. f) Energy
band diagrams (pH = 0).

of F centers. Table S11 in the Supporting Information reveals
a reasonable correlation between the peak positions for the
samples, which were fabricated by precipitation and self-propa-
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Ce3+ + VO•• → Ce 4 + + VO•

(12)

Ce3+ + VO• → Ce 4+ + VOx

(13)

Figure 4a shows that the (beneficial) inverse intensities
exhibit a general trend of CeO2−x < Ru-CeO2−x < Mo-CeO2−x.
Table S1 in the Supporting Information reveals a direct correlation with the nanosheet thickness (1-3 < 5 < 35 nm) but Table S6
in the Supporting Information shows that the crystallite size
does not (5.1 > 5.6 < 8.1 nm). These results are consistent with
effects from the heterojunctions and the defects. That is, for the
two low-energy PL peaks, the chemisorbed heterojunction of
Mo-CeO2−x is more effective than the physisorbed heterojunction of Ru-CeO2−x in facilitating the directional diffusion of
the electrons (where these interstitial dopants are donors and
hence cause n-type conductivity). These heterojunctions would
allow some of the charge carriers to circumvent the potential
deep trapping states arising from the dopant defects and F
centers. While the easy Ce4+/Ce3+ redox switching suggests a
low driving force for electron trapping, the F centers in CeO2−x
represent defects with very strong driving forces to trap electrons, especially VOx . Consequently, the significant decreases in
the PL intensities for the two high-energy transitions are attrib•
uted to transitions to the F+ ( VO ) and F++ ( VOx ) centers, which
represent effective trapping sites. Although this appears to be
counter-intuitive, this effect derives not from trapping per se
but from the effect of the F centers on the band alignment,
where it is known that the Ef can be raised significantly by F
centers, even to an energy above that of the conduction band
minimum (CBM).[63] Consequently, when electrons are trapped
near or above the CBM, most of the electrons are conducting
and hence have high mobilities.
The energy band diagrams were calculated using the data
from Kelvin probe force microscopy (KPFM), valence band
XPS, and reflectance UV-vis, which yielded Ef (from the contact potential difference, CPD, and resultant work function, ϕ,
4.69 eV for pure CeO2),[64] the distance from the valence band
(VB) to the Ef, and the optical indirect band gap (Eg), respectively. The equivalent data for CeO2−x (Figure S7, Supporting
Information), Mo-CeO2−x (Figure 4b–e and Figure S8, Supporting Information), and Ru-CeO2−x (Figure S9, Supporting
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Information) are provided. The resultant energy band diagrams
for CeO2−x, Mo-CeO2−x, and Ru-CeO2−x are shown in Figure 4f.
Based on analogy with Ce-doped TiO2,[14] these calculations
show the following:
1) The Eg values of the heterojunction systems are significantly
less than that of CeO2−x.
2) The Ef for Mo-CeO2−x is raised near the CBM.
3) The Ef for Ru-CeO2−x is above the CBM.
4) The Ef values are, as mentioned previously, consistent with
the effect of the F centers.
5) As the Ef values for the F centers increase in energy in the
order VO•• <VO• <VOx , then it is likely that the major effect derives
from the F++ center.
6) Similarly, the role of oxygen vacancies would be unlikely to be
important as this is the most likely to be a deep trapping site.
7) The lowering of the CBM values also is consistent with the
greater populations of the energy levels immediately below
and above the CBM values owing to the shifts in the Ef values.
The role of metal interstitials also may be relevant as these
would exhibit energy levels near the CBM. However, the PL
data show that this effect is unlikely since Mo-CeO2−x, with
limited solubility, showed the greatest effect.
8) Conversely, the role of interstitials may be altered by IVCT
since decreasing the valence causes an increase in the energy
level toward the CB.
9) The slight lowering of the VBM for Mo-CeO2x is consistent
with the raising of the Ef.
10) However, the slight raising of the VBM for Ru-CeO2−x is not
consistent with the raising of the Ef, which suggests the population of a low-energy midgap state. This effect is most likely
to be from VCe′′′′, the values of which would tend to be close to
the VBM.
11) For Mo-CeO2−x, the CBM (−0.03 eV) is proximity to the redox
potential •H/H2 (0.00 eV).[65] The lowered Eg relative to pure
CeO2−x indicates that this heterojunction would be suitable
for photocatalytic water splitting.
First-principles calculations based on DFT were performed
in order to characterize further the differences in electronic
band structures between CeO2 and Mo and Ru ions in interstitial sites. Schematics of the electronic densities of states
are shown in Figure 5a–f and the optical indirect band gaps
obtained from these data are given in Table S13 in the Supporting Information. The correlation between the experimental
and calculated Eg values for interstitial (Figure 5) versus substitutional (Figure S10, Supporting Information) solid solubility
for Ru-CeO2−x support the conclusion that the solid solubility
mechanism is interstitial; the data for Mo-CeO2−x are less conclusive. However, the close correlation for interstitial Mo6+ suggests that there may be some solid solubility of this ion in the
surface, which is not indicated in Figure 3e.
Based on the DFT simulations, a schematic of the electronic
band energy modifications for the Mo-CeO2−x and Ru-CeO2−x
systems are shown in Figure 5g. In the chemisorbed MoO3CeO2 heterojunction structure (Figure 5a), the CB electrons
tend to migrate from CeO2 to MoO3 since MoO3 has a smaller
band gap (2.0 eV)[66] and the VB position did not show any
charge transfer between them, which probably is due to the
Adv. Funct. Mater. 2021, 2103171

common anion rule. The Mo6+ ions, which exhibit limited
interstitial solid solubility at the interfacial surface, are shallow
electron traps (Figure 5d), being close to the VB position. This
can result in VB offset, which increases the likelihood of hole
transfer from MoO3 to CeO2 to promote electron/hole separation; it also effectively reduces the Eg. Hence, these phenomena
are consistent with a type II heterojunction. The greater interstitial solid solubilities of Mo5+ (surface) and Mo4+ (subsurface) give rise to a number of deep defect states in the band
gap (Figure 5e,f). As these act as electron traps and CeO2 is an
n-type semiconductor, they would not be beneficial to the catalytic performance. However, the graded Mo5+ and Mo4+ provide
a chemically bonded anchor for the MoO3, which is facilitated
by IVCT.
The RuO2 has a very narrow Eg (0.47 eV).[67] In the physisorbed RuO2-CeO2 heterojunction structure (Figure 5b), the
CB electrons would be driven to migrate from CeO2 to RuO2
since RuO2 has a very small band gap. However, the weak physisorbed bond would be likely to preclude a significant proportion of this conductivity. The Ru4+ ions, which exhibit extensive
interstitial solid solubility into the bulk, are relatively shallow
electron traps (Figure 5d). Hence, these phenomena are consistent with a type I heterojunction. As these midgap states are
present in proximity to both the CB (donor) and VB (acceptor),
they could aid in charge separation. Further, the midgap Ru 4d
band partially overlaps with Ce 4f band, which causes band tail
state formation, which effectively lowers the Eg.[68]
The experimental Eg of 2.73 eV is considerably less than the
typical literature value of 3.00 eV[69] and less than the value of
3.2 eV calculated by DFT (Figure S10, Supporting Information).
According to Xu et al.,[22] the Eg can be calculated on the basis
••
of the [VO ] according to a linear relationship. However, the present work demonstrates that the [VO•• ], which is calculated from
the [Ce3+], does not correlate with the [Ce3+] owing to redox
charge compensation. Consequently, the reported equation has
been converted to utilize the bulk [Ce3+] in Equation (14)

(

)

E g = 3.0 − 1/2 0.032 × O − Ce3+ 

(14)

Using this equation and the [O–Ce3+] of 16.9 at% (Table 1),
the calculated Eg is 2.73 eV, which is an exact match. This outcome suggests that, for pure CeO2−x, determination of the bulk
[Ce3+] (i.e., [O–Ce3+]) by XPS and use of Equation (14) can provide an accurate determination of the Eg. Clearly, the narrowing
of the Eg does not derive from the widely perceived effect of
the [VO••] but from the more reliable effect of [Ce3+], where the
unreliability of the former derives from the potential for charge
compensation mechanisms other than those that are purely
ionic (viz., redox, IVCT, and electronic).
Defect engineering and band gap alignment are two key
strategies to improve catalytic performance. The present work
explores the diversity of the ceria-based materials in terms of
catalytic application, and it highlights the different beneficial
relationships that can be established between dopants and the
ceria defects. The two distinct catalytic systems examined are:
1) water splitting through the electrocatalytic HER and 2) water
purification via heterogenous catalytic ozonation. In the former
case, the associated polarization curves in Figure 6a reveal
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Figure 5. First-principles DFT simulations of electronic densities of states and optical indirect band gaps of: a) MoO3-CeO2 heterojunction nanostructure; b) RuO2-CeO2 heterojunction nanostructure; c) Ru4+-CeO2 interstitial solid solution; d) Mo6+-CeO2 interstitial solid solution; e) Mo5+-CeO2
interstitial solid solution; f) Mo4+-CeO2 interstitial solid solution; g) schematic of electronic band energy modification of CeO2 from Mo or Ru doping
and MoO3-CeO2 and RuO2-CeO2 heterojunction formation.

that the incorporation of Mo and Ru into CeO2 significantly
increases the current density (j) in acidic environments in the
order Mo-CeO2−x > Ru-CeO2−x > CeO2−x. Mo-CeO2−x attains a j
of 10 mA cm−2 at 315 mV of overpotential whereas Ru-CeO2−x
and CeO2−x require respective additional 60 and 275 mV overpotential in order to reach the same j (Figure 6b). The HER
performances of the samples are compared to those of commercial MoO3 and RuO2, as shown in Figure 6a and Figure S11
in the Supporting Information. These data are very informative in that the intrinsic poor performance of CeO2−x and MoO3
and outstanding performance of Mo-CeO2−x are associated
with the effect of the chemisorbed heterojunction, where the
difference resulting from the absence (CeO2−x) and presence
(Mo-CeO2−x) of the chemisorbed heterojunction is delineated
Adv. Funct. Mater. 2021, 2103171

clearly. In contrast, the comparison between the data for RuO2
and Ru-CeO2−x clearly shows the superior HER performance of
RuO2 and the poorer performance of Ru-CeO2−x. In this case,
the reduced effect of the physisorbed heterojunction could
be compensated by the enhanced effect of the relatively large
heterojunction particles located on the CeO2−x nanosheets
(Figure 2n). Finally, the superior performance of Mo-CeO2−x
compared that that of Ru-CeO2−x can be attributed to the differences in interfacial bonding and the associated ease of charge
transfer. The HER kinetics for the catalysts also were determined and are shown in the Tafel plot of Figure 6c. A similar
trend is observed, where Mo-CeO2−x exhibits the lowest Tafel
slope (138 mV dec−1). Although the Tafel slopes exhibited by the
heterojunction catalysts are below those of benchmark Pt-based
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catalysts of 30 mV dec−1,[70] the Mo-CeO2-x outperforms other
CeO2−x-based catalysts (Table S14, Supporting Information).
The performance can be improved by altering the dopant levels
by increasing the solid solubility by increasing the calcining
temperature, decreasing the solid solubility by decreasing calcining temperature, or altering the atmosphere to manipulate
the defect equilibria and charge compensation mechanisms.
The comparatively poor HER performance by pure CeO2−x
results from its inherent property deriving from its strong
adsorption capacity toward hydrogen.
It is common for the catalytic performance to be assessed
in terms of the [VO••],[71] which are considered to be active sites.
However, the minority opinion also considers that VCe′′′′ are
active sites.[72] In the present work, Tables S9 and S14 in the
Supporting Information reveal that the Tafel slopes do not correlate with the surface [VO••], bulk [VO••], [ VCe′′′′ ], surface [Ce3+] or
bulk [Ce3+]. Further, the Tafel slopes do not correlate with the
Brunauer–Emmett–Teller (BET) surface areas (Table S8, Supporting Information). Consequently, it is apparent that the
nature of the heterojunctions is responsible for the observed
HER behavior. The valence-graded Mo-CeO2−x interface would
enhance the directional diffusion of charge carriers, facilitate charge separation, enable robust heterojunction formation, improve charge transfer between phases, enhance IVCT,
and prevent restacking of the nanosheets, all of which would
contribute to optimization of the HER performance. In contrast, the Ru-CeO2−x interface, which forms a weakly bonded
physisorbed heterojunction, would be much less effective as a
charge-transfer medium as it lacks most of the preceding characteristics. Consequently, the absence of heterojunction formation in CeO2-x would be expected to result in the worst HER
performance, which is in agreement with prior reports in the
literature. Although these considerations involve a number
of variables, it is clear the nanojunction formation is critical.
Beyond this, it is possible to quantify the effect of restacking
of the nanosheets with the resultant thicknesses provided in
Table S1 in the Supporting Information which shows that the
measured thicknesses were in the order Mo-CeO2−x (1–3 nm)
< Ru-CeO2−x (5 nm) < CeO2-x (35 nm), which matches with the
HER performances and the respective Tafel slopes of 138, 241,
and 375 mV dec–1, as shown in Figure 6b.
These phenomena can be interpreted similarly by the electrochemical impedance spectroscopy (EIS) results shown in
Figure 6d. The Nyquist radii indicate that the electrical conductivities (i.e., inverse impedances) are in the order CeO2-x <
Mo-CeO2−x < Ru-CeO2−x. The strong demand of these n-type
materials for electrons suggests that metal interstitials and F
centers would act as electron traps. Also, the tendency for metal
vacancies to exhibit midgap states near the VB suggests these
defects also would not assist electron transfer.[14] However, the
EPR data of Figure 3f are significant in that the signal for the
g factor of 1.967 (3589 G) for Ru-CeO2−x is significantly larger
than that for Mo-CeO2−x, which indicates a significant presence of unpaired electrons. Table 1 shows that the [O–Ce3+]
for Ru-CeO2−x is ≈40% greater than that for Mo-CeO2−x. Therefore, it is clear that the unpaired electron associated with the
Ce4+/Ce3+ in the doped bulk of Ru-CeO2−x is a probable cause
of the greater electrical conductivity. However, Table S8 in the
Supporting Information also shows that the BET surface area
Adv. Funct. Mater. 2021, 2103171

of Ru-CeO2−x is ≈45% greater than that of Mo-CeO2−x. Consequently, it is probable that the high electrical conductivity of
Mo-CeO2-x derives from combined surface and bulk electrical
conductivities. The electrical conductivity of Mo-CeO2−x is likely
to be dominated by the surface while that of pure CeO2-x is
dominated by the bulk.
The similar slopes of the electrochemical surface area
(ECSA) measurements in Figure S12a–d in the Supporting
Information reveal that the concentrations of active sites
for all three samples are similar. The data for the VCe′′′′ active
sites in Table 1 suggest that the slopes should be in the order
CeO2−x < Mo-CeO2−x < Ru-CeO2−x. However, there is very
little difference between the slope, albeit they are in the order
Mo-CeO2−x < Ru-CeO2−x ≈ CeO2−x. These results support the
previous conclusion that active sites do not play a dominant
role and that the heterojunctions are primary.
Finally, it is noted that all three types of materials exhibit
mesoporosity, which is of benefit to the mass transport required
for hydrogen during electrochemical HER. However, the data in
Table 1 reveal that the heterojunctions offer the further advantage of VCe′′′′, which can act as sites for mass transport; they also
feasibly can be used as sites for hydrogen storage.[73] In these
cases, Ru-CeO2-x would be more effective than Mo-CeO2-x
because the former has ≈60% greater [VCe′′′′].
The HER stability of the samples was tested by cyclic voltammetry (CV) for 1000 scans, the data for which are shown
in Figure S13 in the Supporting Information. The current
densities exhibit small declines after 1000 cycles in the order
of CeO2−x (0.11 mA cm–2, 9.6%) < Mo-CeO2−x (13.84 mA cm–2,
15.3%) < Ru-CeO2x (10.03 mA cm–2 20.7%). Although CeO2−x
exhibits the highest HER activity retention, it is limited by its
intrinsic low HER activity. These data suggest that the heterojunction lifetime is the limiting factor, where the superior performance of the chemisorbed Mo-CeO2−x relative to that of the
physisorbed Ru-CeO2−x suggests that a possible cause of ultimate failure is heterojunction detachment.
SEM images before and after CV for 1000 scans, shown
in Figure S14 in the Supporting Information, do not reveal
any obvious nanostructural alteration of the samples. While
Figure 2a–c suggests that there is little difference between the
crystallites, the images of the 2D/3D flower-like nanosheets
of CeO2−x (Figure 1f,g), the heterojunction nanosheets
(Figure 2n,p), and the powders deposited on the carbon-fiber
paper (Figure S14, Supporting Information) show that the samples were different. The Mo-CeO2−x consists of fragmented
nanosheets with finely distributed MoO3 (Figures 1f and 2n)
while Ru-CeO2−x consists of larger more coherent nanosheets
with irregularly adsorbed RuO2 (Figures 1g and 2o). These differences may be the cause of the different HER performances.
However, XPS testing before and after CV for 1000 scans
of Mo-CeO2−x reveals chemical alteration in the samples, as
shown in Figure S15 in the Supporting Information. The XPS
data for Ce 3d demonstrate that ultrasonication was sufficient
to detach some of the chemisorbed heterojunctions, thereby
eliminating the shielding of the surface Mo5+ and subsurface
Mo4+ by the overlying heterojunction Mo6+. These XPS data
also show that the mixture of valence states before CV, which
was Mo6+ (62 at%), Mo5+ (27 at%), and Mo4+ (11 at%) underwent oxidation to form a mixture of valence states after CV
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Figure 6. Electrocatalytic HER performance of CeO2−x, Mo-CeO2−x, Ru-CeO2-x: a) Linear sweep voltammetry curves include MoO3 and RuO2 in 1 m
H2SO4 (pH = 0) at scan rate of 5 mV s–1; b) plot of the overpotential required to reach 10 mA cm−2; c) Tafel plots for HER; d) electrochemical impedance spectroscopy (EIS) results. Catalytic ozonation of salicylic acid performance of CeO2-x, Mo-CeO2−x, and Ru-CeO2−x: e) removal efficiency of salicylic
acid before (−) and after (+) catalytic ozonation using samples before and after reduction: Reaction conditions: [salicylic acid]0 = 200 mg L–1; catalyst
loading = 10 mg L–1; oxygen flow rate = 750 mL min–1; ozone concentration = 7 mg L–1 (TOC = total organic carbon); f) expanded plot of a) at 60 min;
g) Raman spectra of the oxides before and after reduction, h) expanded plot of (g).

of Mo6+ (83 at%), Mo5+ (12 at%), and Mo4+ (5 at%). Since the
[Ce3+] increased and the [Mo5+] decreased, this suggests that
CV provided a driving force for IVCT according to the reverse
of Equation (1). This may be a cause of the deterioration of
the HER stability. These changes could improve the previously
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mentioned directional diffusion of charge carriers, charge separation, heterojunction bond strength, charge transfer between
phases, and IVCT but they could worsen the heterojunction
detachment and increase the potential for restacking of the
nanosheets.
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These materials also were examined for their performances
in aqueous-phase catalytic ozonation of salicylic acid, which
was as high as 98% removal of total organic carbon (TOC)
after only 60 min. Figure 6e,f shows the TOC removal profiles of as-prepared (i.e., oxidized, and reduced samples). The
atmospheres were altered in order to determine if Ce and/or
Mo redox effects would occur. Since ozonation is facilitated in
basic solutions[74] and the presence of Ce3+ also is enhanced in
basic solutions,[75] then the [Ce3+], which would be favored by
reducing conditions, is likely to be an indicator of ozonation
performance. However, Table 1 shows that the surface [Ce3+]
was the same for all three samples and the bulk [Ce3+] was
greatest for Ru-CeO2-x, which exhibits the worst performance,
as shown in Figure 6e (60 min). Further, while the heterojunctions confirmed superior ozonation after reduction, the reverse
was the case for CeO2-x.
Although it is well known that the presence of oxygen vacancies enhances the formation of reactive oxygen species (ROS)
and radicals,[76] the present work shows that these defects have
little effect on the equilibria. However, the presence of cation
vacancies, which have charge opposite to that of oxygen vacancies, can be expected to annihilate ROS and radicals. Table 1
shows that the [VCe′′′′] was in the order CeO2-x < Mo-CeO2-x <
Ru-CeO2-x, which correlates inversely with the ozonation performance for oxidized samples. While the presence of positively
charged solutes would be expected to act similarly to oxygen
vacancies, the unknown nature of their precise surface distributions precludes conclusion.
There appear to be two effects that result from reduction.
First, Figure 6e,f shows that the effect was minor for the two
heterojunctions, but it was more significant for CeO2-x. Since
the Mo was limited to the surface and subsurface, the valence
of Ru is very stable, and the Ce4+/Ce3+ redox is well known, a
larger effect for CeO2−x is not surprising. However, the effect
is the reverse of that expected, where the expected increase in
[Ce3+] from reduction should have improved the performance,
which is not the case. Consequently, it is considered that the
aggressive reducing conditions were sufficiently severe to have
reduced the CeO2-x to the point of initiating structural destabilization and partial amorphization, which is known to reduce
catalytic performance.[77] Hence, for the two doped materials,
the dominance of the Mo-CeO2-x heterojunction allows it to act
as a stabilizer while the extensive solid solubility for Ru-CeO2-x
acted similarly. Second, the ozonation performance was altered
from that after oxidation, where the rankings after reduction
were reversed for CeO2-x and Mo-CeO2-x (Ru-CeO2-x remained
the worst). The result is attributed to the role of IVCT on the
Mo valences on the surface of Mo-CeO2-x, although this effect
decreased the residual TOC only from 4% to 2%. Figure 6g,h
shows Raman spectra for the samples before and after reduction. The intensity changes in the Mo6+ and Mo5+ peaks and the
defect concentrations from the ratios of the Raman peak areas
are shown in Figure 6h. These data reveal that the introduction
of Mo cations into the CeO2-x structure results in slight surface
tensile stress. The directions and extents of shift (Table S15,
Supporting Information) are consistent with the extents of
solid solubility (surface/subsurface vs bulk) and, as revealed by
surface analysis by the Raman laser, residual surface tension
arising from attraction between the dopant ion in the central
Adv. Funct. Mater. 2021, 2103171

interstice and the oxygen sublattice as well as the formation
of large VCe′′′′. Further, the peak area ratios are consistent with,
again, the extents of solid solubility (surface/subsurface vs
bulk) and the associated defect densities.

3. Conclusions
The present work interprets the physicochemical properties and
catalytic performance of novel free-standing CeO2−x-based scaffolds that contain ultrathin holey 2D nanosheets and nanosheets
decorated with heteroatoms of MoO3-x and RuO2. The heterojunctions were fabricated by strategizing band gap alignment
and establishing control over the structural defects. Further,
DFT simulations and atomic-scale characterization were applied
for in-depth chemical and physical analysis, which highlighted
the atomic-scale contributions of the TMO heteroatoms. The
key conclusions from the present work are as follows:
CeO2−x: The HER performance was the poorest of the three
types of samples owing to the absence of a heterojunction
nanostructure. The ozonation performance after oxidation was
high owing to the effective absence of oxygen vacancies while
the performance after reduction was poor owing to structural
destabilization and associated partial amorphization from the
aggressive reducing conditions.
Mo Doping: Mo exhibits low solid solubility (≈2.4 at%) in
CeO2−x and the solute distribution is limited to the surface and
subsurface of the CeO2−x nanosheet. Solubility occurs interstitially, which is supported by both experimental and DFT simulations. The band gap decreased slightly from 2.75 to 2.62 eV
relative to CeO2−x owing to the raising of the Fermi level to the
proximity of the conduction band; this is attributed to the effect
of the F centers and Mo interstitials. Moreover, IVCT results in
a graded solubility region, with an inward gradient of Mo6+ →
Mo5+ → Mo4+ and this is responsible for the outstanding ozonation performance for reduced Mo-CeO2−x. The ozonation performance for oxidized Mo-CeO2−x was intermediate and correlates inversely with the cerium vacancy concentration. The HER
performance is superior to that of other CeO2-x-based catalysts
owing to charge transfer through the high-density homogenously distributed small heterojunction particles strongly
bonded by chemisorption and the valence-graded interface.
Ru Doping: Ru exhibits extensive solid solubility (≥6.8 at%)
in CeO2−x and the solute distribution is through the nanosheet
bulk. The interstitial solubility mechanism is supported by both
experimental and DFT simulations. The band gap decreased
significantly from 2.75 to 1.75 eV relative to CeO2−x owing to the
raising of the Fermi level to above the conduction band; this is
attributed to the F centers and Ru interstitials. The HER performance is inferior to that of Mo-CeO2−x heterojunctions owing
to the poor charge transfer through the low density of inhomogenously distributed large heterojunction particles weakly
bonded by physisorption. Further, the ozonation performance
for both oxidized and reduced Ru-CeO2−x was poor, owing to
high cerium vacancy concentration.
The present work shows that defect-sensitive analytical techniques and DFT can be interpreted in terms of defect equilibria
and IVCT in order to synthesize a comprehensive mechanistic interpretation of the effects of solid solubility, charge
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compensation, and defect formation on catalytic performance.
Such mechanistic analyses can provide the bases for defect
engineering aimed at the optimization of the functionalities of
materials.

4. Experimental Section
All experimental details are included in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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