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Tailored (La, ,Pr,,Nd,,Tb,,Dy,,),Ce,O; as a Highly Active
and Stable Nanocatalyst for the Oxygen Evolution Reaction

Sreya Paladugu, Ibrahim Munkaila Abdullahi, Palani Raja Jothi, Bo Jiang, Manashi Nath,

and Katharine Page*

Designing highly active and robust catalysts for the oxygen evolution reaction
is key to improving the overall efficiency of the water splitting reaction. It has
been previously demonstrated that evaporation induced self-assembly (EISA)
can be used to synthesize highly porous and high surface area cerate-based
fluorite nanocatalysts, and that substitution of Ce with 50% rare earth (RE)
cations significantly improves electrocatalyst activity. Herein, the defect
structure of the best performing nanocatalyst in the series are further
explored, Nd,Ce,O,, with a combination of neutron diffraction and neutron
pair distribution function analysis. It is found that Nd* * cation substitution
for Ce in the CeO, fluorite lattice introduces higher levels of oxygen Frenkel
defects and induces a partially reduced RE, ;Ce; ;O5 . , phase with oxygen
vacancy ordering. Significantly, it is demonstrated that the concentration of
oxygen Frenkel defects and improved electrocatalytic activity can be further
enhanced by increasing the compositional complexity (number of RE cations
involved) in the substitution. The resulting novel compositionally-complex
fluorite— (La, ,Pry,Nd, ,Tb, ,Dyj,),Ce,0; is shown to display a low OER
overpotential of 210 mV at a current density of 10 mAcm=2 in TM KOH, and
excellent cycling stability. It is suggested that increasing the compositional
complexity of fluorite nanocatalysts expands the ability to tailor

our reliance on fossil fuels.'* Water split-
ting is composed of two half reactions: the
oxygen evolution reaction (OER) and the
hydrogen evolution reaction, which occur
at the anode and cathode, respectively.>~7]
The overall efficiency and large scale in-
dustrialization of the water splitting reac-
tion is limited by the sluggish kinetics of
the four electron—proton transfer process
involved in OER.[1%89] Thus far, the bench-
mark electrocatalysts used to reduce the
overpotential required for the OER have pri-
marily comprised of precious metals and
their oxides (Ru, Ir, RuO,, and Ir0O,).['112]
Despite their high activity, the scarcity,
high cost and instability of precious metal
based oxides presents major drawbacks.
In this context, contemporary research ef-
forts have been directed toward the devel-
opment of alternate highly active precious
metal-free electrocatalysts for the OER.

Ceria based mixed oxides have shown
promise for electrocatalysis applications,

catalyst design.

1. Introduction

Electrochemical water splitting has been proposed as a sustain-
able approach to store electricity generated from intermittent re-
newable energy sources in the form of hydrogen fuel and reduce
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owing to ceria’s abundance in natural re-

serves, excellent reduction and oxidation

(redox) properties, and mechanical stabil-

ity and corrosion resistance in alkaline
environments.’] The desirable redox properties of ceria arise
from its ability to dynamically and reversibly convert between
Ce(I1I) and Ce(IV), enabling the formation of oxygen vacancies
and a defect rich structure.l'> 1] Previous studies have demon-
strated that introducing dopants into the host lattice of ceria is
an effective materials design strategy to tune the electronic and
defect structure of ceria, leading to favorable adsorption sites for
reaction intermediates and enhanced OER activity.l]

In our previous work, we demonstrated that cerate-based OER
catalysts with high activity and stability can be achieved using the
Evaporation Induced Self Assembly (EISA) synthesis route.!'°]
Furthermore, the work revealed that 50% substitution of any one
of the RE cations La, Pr, Nd, Tb, or Dy for Ce improved the elec-
trocatalytic activity relative to a CeO, composition prepared by
the same method. Among the rare earth cerate oxides examined,
Nd,Ce, 0, achieved the best activity (OER overpotential of 243
mV at a current density of 10 mA cm~2), and displayed modest
stability under cycling in an alkaline medium. Crystal structure
analysis, X-ray Photoelectron Spectroscopy (XPS) studies, and
supporting Density Functional Theory (DFT) calculations across
the series suggest the increased activity can be linked to large

© 2024 Wiley-VCH GmbH
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Figure 1. Synthesis schematic of mesoporous fluorite catalysts using a soft templating strategy via Evaporation Induced Self Assembly (EISA); calcination
temperatures between 400 and 1000°C are used in this work. The fluorite unit cell is shown on the top left with eightfold cation coordination polyhedron
depicted as purple cubes with red O atoms at the vertices. The cation sites are occupied, on average, with equal parts of 5 RE ions and 1 M ion. When
the fluorite A site is doped with a trivalent (+3) species, a multivalent cation like Ce is reduced from a +4 to a +3 state, and charge compensation occurs
through point defects on the oxygen lattice sites resulting in a defect fluorite structure where Ce is sevenfold coordinated with oxygen. The CCO with a

defect-fluorite structure can be written as REy sMg5O,_,.

concentrations of oxygen vacancies and a redistribution of elec-
tronic structure in the host lattice, resulting in a decrease in OH”
adsorption energy. OH" is a key reaction intermediate in OER
and the presence of oxygen vacancies in OER catalysts have been
demonstrated to enhance activity by promoting reaction interme-
diate adsorption.['~1] Investigation into the nature and extent of
oxygen vacancies present in EISA derived Nd,Ce,O, relative to
CeO, is therefore of great interest.

Compositionally complex oxides (CCOs) are a class of multi-
component oxides comprised of multiple cations on at least
one distinct crystallographic lattice site. CCO is a more general
class than the related High Entropy Oxides or Entropy Stabilized
Oxides.[?] Although there is much debate about the precise def-
inition of CCOs in the research community, CCOs are loosely
defined as having a mixing configurational entropy of 1-1.5R
(with R being the ideal gas constant) on at least one cation lat-
tice site.[222] CCOs have attracted interest as promising OER
catalysts due to observed instances of improved catalytic activ-
ity, lower overpotentials, and longer-term stability compared to
end-member compositions.[?>?*] The improved OER activity of
CCOs has been attributed to entropy stabilization and the syn-
ergistic effect of incorporating various catalytically active metal
elements.!] Additionally, the CCO platform can be used to intro-
duce more structural defects and oxygen vacancies than known
endmember oxide systems.[2>"]

In this work, we examine the effect of introducing Nd and mul-
tiple rare earth cations into the fluorite type host lattice of ceria
on the nature and extent of oxygen vacancy structure, and intrin-
sic OER activity of the electrocatalyst. We use the CCO concept
to design a new compositionally complex fluorite nanostructure
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within the class RE,sM,;0,_,, where RE represents rare earth
cations and M is cerium (Ce). Ceria, which has a fluorite type
crystal structure, has been investigated as a co-catalyst or sup-
port for the OER, in combination with transition metals or no-
ble metals.[>2-28] Qur prior work showed that partial substitu-
tion of Ce** with (mainly) trivalent RE cations can introduce oxy-
gen vacancies into the lattice, reduce/ potentially eliminate the
need for noble metal cations, and potentially promote the adsorp-
tion of oxygen containing intermediates in the OER. As shown
in Figure 1, when RE cations are introduced into the fluorite lat-
tice, the Ce3*/#*+ and RE cations randomly occupy the 4a Wyckoff
position, while the oxygen anions occupy 7/8ths of the tetrahe-
dral sites on position 8¢c. Doping CeO, with (mainly) lower valent
RE?* cations such as Pr, Nd, Dy, and La is known to depress the
concentration of Ce?* * and introduce large amounts of oxygen va-
cancies resulting in a defect fluorite structure.!}+1>29-32]

Here, we again use a soft templating evaporation induced self-
assembly approach (EISA) to synthesize OER fluorite catalysts
with high surface area, porosity/nanoarchitecture, and varying
degrees of compositional complexity, with the objective of in-
creasing the number of exposed active sites and improving mass
diffusion kinetics.’) Furthermore, EISA is an inexpensive, highly
tunable, and easily scalable synthesis approach, making it feasi-
ble for industrial manufacturing.

Using the EISA approach, fluorite samples with nominal com-
positions: CeO,, Nd, Ce, 0, and (La,,Pr,,Nd,,Tb,,Dy,,),Ce,0,
(hereafter referred to as RE,Ce,0,) were synthesized at vari-
ous calcination temperatures to find optimized reaction con-
ditions and determine the effect of incorporating a single RE
cation and multiple RE cations in a compositionally complex

© 2024 Wiley-VCH GmbH
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configuration on the OER activity of fluorite nano electrocata-
lysts. The phase purity and morphology of the samples are exam-
ined with X-ray diffraction, Brunauer-Emmett-Teller (BET) and
Scanning Electron Microscopy (SEM) studies. X-ray Photoelec-
tron Spectroscopy (XPS) is used to determine surface valence
states. Raman spectroscopy and neutron total scattering analy-
sis are applied to study the nature and correlation length scale of
oxygen vacancies in the series. Linear sweep voltammetry (LSV)
measurements and chronoamperometry stability measurements
are performed in a 1M KOH electrolyte to examine electrocat-
alytic activity and stability and link structure-property effects with
the extent of compositional substitution.

2. Results and Discussion

2.1. Structure and Morphology

CeO,, Nd,Ce,0,, and RE,Ce,0, were synthesized using EISA
as detailed in Section Material Synthesis—Synthesis of Meso-
porous Fluorites via Evaporation Induced Self Assembly (EISA)
and illustrated in Figure 1, at 400, 600, 800, and 1000°C to find
the optimal calcination temperature for the OER. The structure
of the samples was investigated using powder X-ray diffraction
(XRD) as shown in Figure 2 and the morphology and sample ho-
mogeneity was determined using Scanning Electron Microcopy
(SEM) and Energy Dispersive X-ray Spectroscopy (EDS) as seen
in Figure 2fi.

XRD was performed to determine the phase purity and crys-
tallinity of the samples with increasing calcination temperature,
as seen in Figure 2a,d,g. XRD patterns of all samples, as pre-
pared at 400 °C, display peak broadening indicative of the highly
nanocrystalline nature of samples produced using the low tem-
perature EISA synthesis route. Interestingly, samples containing
RE cations appear less crystalline than those with CeO, compo-
sition, at all calcination temperatures. As the calcination temper-
ature increases, the Bragg peaks become progressively narrower,
indicating enhanced crystallinity, which can be attributed to par-
ticle growth. It is notable that at 800 and 1000 °C, RE,Ce, 0, and
Nd,Ce, 0O, display significantly broader diffraction peaks than
CeO, possibly due to greater intrinsic disorder and/or smaller
crystalline grain size resulting from sluggish diffusion kinetics.

CeO, and RE,Ce,0, samples form an average cubic fluorite
structure at all calcination temperatures, with no evidence of sec-
ondary phases. Nd,Ce, O, was found to form an average cubic flu-
orite structure up to calcination temperatures of 800 °C. At 1000
°C, the formation of superstructure peaks is observed, indicated
by the blue stars in Figure 2d. Rietveld refinement of the CeO,
sample was performed successfully using an ideal fluorite struc-
ture with cubic space group (S.G.) Fm3m. In the cubic structure,
the Ce ions occupy the 4a Wyckoff position and have eightfold
coordination with oxygen ions, which occupy the 8c tetrahedral
Wyckoff position. In the ideal fluorite structure, the oxygen sub
lattice is fully occupied. The average structure of Nd,Ce, O, up to
800°C and RE,Ce, 0, at all calcination temperatures, was mod-
eled successfully with a single phase defect fluorite structure, in-
dexed to space group (S.G.) Fm3m, with RE and Ce cations ran-
domly occupying 4a sites and oxygen anions occupying 7/8ths of
8¢ sites.[3*3*] Representative Rietveld refinement results for the
samples calcined at 600°C are shown in Figure 2c.
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The Nd,Ce,0, sample calcined at 1000°C forms a cubic C-
type (bixbyite) structure with space group Ia3 as shown by the
Rietveld refinement in Figure S1 (Supporting Information). The
presence of this cubic C-type structure in rare-earth containing
cerates has been widely reported in literature.l'#3>-31 The C-type
structure is related to the fluorite structure but exhibits oxygen
vacancy ordering resulting from the selective removal of 25% of
the oxygen anions.’>3% Whereas the cations in the fluorite struc-
ture are eightfold coordinated with oxygen, the cations in the C-
type structure are sixfold coordinated and occupy the 8b and 24d
Wyckoft sites with the O anions occupying the 48e sites. Interest-
ingly, while the Nd,Ce,O, sample calcined at 1000°C displays a
C-type structure, the RE,Ce,0, sample retains a defect fluorite
structure at all calcination temperatures. It appears that the in-
corporation of five RE cations into the defect fluorite phase has
inhibited the formation of the C-type structure, potentially mak-
ing it a more stable catalyst than Nd,Ce,O,.

Extracted parameters from Rietveld refinement provide fur-
ther insights into structural trends across the series. As seen in
Figure 2D, inclusion of RE* * cations results in a lattice expansion.
In an ideal fluorite structure, Ce** cations are eightfold coordi-
nated with oxygen; however, introducing (mainly) RE*+ cations
into the fluorite lattice results in partial conversion of Ce** to
Ce?* and a change in cation coordination from eightfold to sev-
enfold. The increase in lattice parameter upon inclusion of RE3 *
cations is due to the larger ionic radius of La** (1.1 A), Nd*+
(1.046 A), Pr*+ (1.058 A), Tb**+ (0.98 A), and Dy**+ (0.97 A) rel-
ative to Ce** (0.92 A) in sevenfold coordination. The ionic radii
for sevenfold coordination were calculated as an average of ionic
radii for six and eightfold coordination.[**#2 Tb, Dy, and Pr are
known to form mixed 3+ and 4+ valence states.![143943]

No significant changes were observed in lattice parameter with
increasing calcination temperature, suggesting that oxygen sto-
ichiometry remains consistent with increased calcination tem-
perature (lattice expansion is a noted side effect of oxygen sub-
stoichiometry in ceria and related compounds).[**¢ The ther-
mal stability of the fluorite samples with increasing calcination
temperature was explored by extracting trends in crystallite size,
shown in Figure 2e. Interestingly, samples containing RE cations
display less dramatic crystallite size growth than CeO, samples
with an increase in calcination temperature. Samples with 1 RE
constituent cation exhibit similar crystallite size growth behavior
compared to those with 5 RE constituent cations.

In addition to the structure of a catalyst, surface area and mor-
phology are important parameters that can significantly influ-
ence catalytic activity by affecting accessibility to active sites, the
number of exposed active sites and mass transfer limitations.
BET surface area is a measure of the total surface area of a mate-
rial, including both the electrochemically active and inactive re-
gions. BET was used to measure the surface areas of the sample
series as displayed in Figure 2h and Figure S2 (Supporting In-
formation). BET surface areas of the samples were found to be
highly dependent on composition and calcination temperature.
Typically, in nano oxide catalysts, increasing calcination temper-
ature leads to particle size growth/coarsening and a correspond-
ing decrease in BET surface area. Interestingly, the CCO com-
position in the series shows an anomalous increase in surface
area when the calcination temperature of the sample is increased
from 400 to 600°C, followed by a decrease in surface area at

© 2024 Wiley-VCH GmbH
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Figure 2. XRD patterns of CeO,, Nd,Ce,0O; and RE,Ce,O; shown in (a,d,g), respectively, prepared by calcination at 400, 600, 800, and 1000°C (from
top to bottom of each panel). The XRD pattern of Nd,Ce,O; calcined at 1000 °C shows the formation of superstructure peaks as indicated by the blue
stars. Refined values from Rietveld refinements of data for CeO, (purple), Nd,Ce,O; (blue) and RE,Ce,O; (orange) are shown for b) lattice parameter,
e) crystallite size and h) BET surface area. Rietveld refinement results of XRD data of samples prepared by calcination at 600°C are shown in (c), where

the data was fit to a cubic phase with S.G. Fm3m for CeO,, Nd,Ce,0; and

RE,Ce,0;. Measured data are shown as colored circles, structural model

fits as a black line through the data, and the difference curves in green fall below the data and fits. f) Scanning Electron Microscopy (SEM) images of
RE,Ce,O; prepared by calcination at 400°C for 4 h (shown in the column on the left) and 1000°C for 4 h (shown in the column on the right).i) SEM image
(left) and corresponding EDS spectra maps (right, in color) for RE,Ce,O; prepared by calcination at 400°C for 4 h. A region displaying heterogeneous

morphology (larger flakes and smaller spheres) was intentionally selected.

calcination temperatures beyond 600°C. Other compositions
show a decrease in surface area with increasing calcination tem-
perature. The calcination series was repeated multiple times for
each composition, and the trends were reproducible.

To further elucidate the surface area trends observed, the mor-
phology of the RE,Ce, O, sample was studied as a function of in-
creasing calcination temperature. As seen in Figure 2fthe sample
was found to be highly heterogeneous, with a large particle size
distribution and the presence of at least two distinct morpholo-
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gies: 1) micrometer scale porous flakes and ii) spherical nanopar-
ticle agglomerates, similar to CCO morphologies reported by
Cong et al.l*’] With increasing calcination temperature, Ostwald
ripening occurs resulting in larger but fewer spherical nanopar-
ticles and an overall decrease in BET surface area. At higher calci-
nation temperatures, the morphology is dominated by microm-
eter sized flakes with smaller, and more closed (less accessible)
pores. The same overall trends in morphology as a function of
increasing calcination temperature were observed in Nd,Ce, 0O,

© 2024 Wiley-VCH GmbH
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and CeO,. However, the distinct BET surface area trends of
RE,Ce,0,, Nd,Ce,0, and CeO, suggests that the greater com-
positional complexity and more sluggish diffusion in the CCO
sample may give rise to complex morphology/growth patterns
that can potentially be further optimized with thermal process-
ing.

EDS measurements were performed on the RE,Ce, 0, sample
to investigate the formation of a solid solution. Elemental map-
ping, shown in Figure 2i confirmed the homogeneous distribu-
tion of all elements present (La, Pr, Dy, Tb, Nd, Ce, and O) at
the micron scale. Spectra were collected for various particle mor-
phologies across sample locations to confirm that the different
morphologies possess the same chemical composition and distri-
bution. Atomic ratios of RE cations to Ce as measured using EDS
and X-ray Fluorescence (XRF) are displayed in Table S1 (Support-
ing Information). While several atomic percent error can be en-
countered with these methods, the analysis overall indicates com-
positions were found to closely resemble the target stoichiometry
with minor deviation.

2.2. Defect Chemistry

Oxygen vacancies have been shown to increase adsorption of oxy-
gen containing intermediates in the OER and enhance catalytic
activity.'’-1 The effects of introducing rare earth cations on the
defect chemistry of the fluorite catalyst series were evaluated as
shown in Figure 3 using Raman spectroscopy Figure 3a,d,g, neu-
tron total scattering Figure 3b, e h, and X-ray photoelectron spec-
troscopy (XPS) Figure 3c,f,i.

Raman spectroscopy was used to characterize the defect modes
present in the sample series. As seen in Figure 3a, the Raman
spectra of CeO, prepared by calcination at various temperatures
shows a single Raman peak at 463 cm™'. This peak can be as-
cribed to the first-order mode of F2g and corresponds to the Ce—O
symmetric stretching of the CeO, vibrational unit in CeO,.[*3:4]
An increase in the calcination temperature is accompanied by a
decrease in the bandwidth of the first order mode of F2g with
peak at 463 cm™!. Such an observation has been attributed to an
increase in particle size in previous literature reports.[*4]

As shown in Figure 3d,g, Nd,Ce, 0, and RE,Ce, 0, exhibit D-
band peaks at 580 cm ™' Raman shift. The D-band for Nd,Ce, 0,
samples calcined at 400 and 600°C is split into D1 centered
at 558 cm™! and D2 centered around 607 cm~!. The D band
splitting is influenced by the concentration of Nd**, as well
as calcination temperature. An increase in the calcination tem-
perature leads to a blue-shift of the D-band in RE,Ce,O, and
Nd,Ce,O,. This shift is more obvious in Nd,Ce,0, indicating
a higher degree of local distortion in the lattice, perhaps due to
its slightly expanded lattice.>®! The Raman spectra of both sam-
ples show a defect-induced Raman D-band and a second-order
transverse acoustic (2TA) mode at 580 and 253 cm~! which arise
from the presence of oxygen vacancies and single or multiple
RE dopant cations.®!l The highly pronounced D-band observed
in RE,Ce,0, compared to Nd,Ce,O, comes from the defects
induced by multiple RE metal doping. Similar Raman spectra
have been reported in metal doped ceria oxides.!*3°%°2] Further-
more, a very small overtone peak of longitudinal optic (LO) mode
at 2 LO ( 1080 cm™!) was observed, characteristic of relaxation
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of multi-phonon by Raman resonance effect. However, the LO
mode is less sensitive to defects relative to the D-band. Based
on Raman Spectroscopy analysis RE,Ce, 0O, is found to display
the highest amount of defect concentration relative to the other
fluorite compositions in the series, as indicated by the intensi-
ties of the D-band. Additionally, RE,Ce, O, calcined at 600°C dis-
plays the highest surface area, and trends in lattice parameter
and crystallite size with higher calcination temperature indicate
that the composition displays improved thermal stablility relative
to CeO,.

In our examination of OER activity as a function of calcination
temperature, we discovered that CeO,, Nd, Ce, 0, and RE,Ce, 0O,
calcined at 600°C exhibited the highest OER activity, as evidenced
by their lowest overpotential values (Figure S3, Supporting In-
formation). Importantly, upon inspecting Table S2—-S4 (Support-
ing Information), we find that a high surface area does not di-
rectly correlate with enhanced OER activity across all composi-
tions studied. For instance, RE,Ce, O, calcined at 1000°C displays
a low BET surface area of 13 m?g? and overpotential of 240mV;
yet, it displays higher OER activity than CeO, calcined at 400°C
with a surface area of 122 m?g! and overpotential of 640 mV.
These findings suggest that within the fluorite series, the chemi-
cal composition and inherent chemical activity are more decisive
factors in catalytic performance than the BET surface area. As
fluorite catalysts calcined at 600°C present the most promise as
OER catalysts, all compositions calcined at 600°C were investi-
gated further to determine the role of RE cations on OER cat-
alytic performance.

To probe the nature of oxygen vacancies in both the average
and local structure of the fluorite series, neutron total scatter-
ing analysis (Bragg diffraction, pair distribution function) was
employed. Neutron diffraction and PDF have previously shown
great sensitivity to the nature and length scale of oxygen vacancy
correlations in catalysts!'®534], being more sensitive probes of
oxygen atoms relative to x-ray techniques. Rietveld refinements
were performed on the neutron diffraction data for the fluo-
rite samples calcined at 600°C as shown in Figure S4 (Sup-
porting Information) with the corresponding refined parame-
ters shown in Table S5 (Supporting Information). Rietveld refine-
ments indicate that CeO, exhibits an ideal fluorite average struc-
ture with S.G. Fm3m. Nd,Ce, O, and RE,Ce, 0, were successfully
fit to a defect fluorite structure with S.G. Fm3m containing oxy-
gen Frenkel defects, which have been widely observed in CeO,-
based materials.['333453] Thus, neutron diffraction refinements
reveal that incorporating RE cations into the host lattice of CeO,,
leads to the formation of Frenkel-type oxygen defects in the aver-
age structure.

To explore any deviation in the local oxygen vacancy structure
of the fluorite series, the average structure models from neu-
tron diffraction were applied to refinements of the neutron pair
distribution functions (PDF) from 1.5-30 A. The intermediate
range PDF refinements are shown in Figure S5 (Supporting In-
formation) with the corresponding refined parameters displayed
in Table S6 (Supporting Information). In the case of CeO,, the flu-
orite structure is able to accurately model the intermediate range;
however, applying the average defect fluorite structure model to
PDF refinements of Nd,Ce,0, and RE,Ce, O, results in signifi-
cant discrepancies in fit below 10 A as indicated by the high Ryp
values of 24.01% and 21.15%, respectively.
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Figure 3. Raman, neutron PDF and XPS results for fluorite catalysts prepared by calcination at 600°C where the top row represents CeO,, the middle
row shows Nd,Ce, O, and the bottom row represents RE,Ce,O,. Raman spectra (4., = 632.8 nm) are shown in the panel on the left as (a,d,g). 2-10 A
neutron PDF refinements using a two phase model comprising of Frenkel-type defects with S.G. Fim3m and Pnn2- type Ce;Os,, for CeO,, Nd; 5Ce; 505,
for Nd,Ce,0; and RE; 5Ce; 5Os,, for RE,Ce,O; are shown in the panel in the middle as (b,e,h). The measured PDF data is shown as colored circles,
the structural fit as a black line through the measured data and the difference curve in gray falls below the measured data and fits. The curve in green
represents the phase contribution of the Pnn2- type Ce;Os,,, phase. High resolution XPS O Ts core level binding energy spectra are shown in the panel
on the right in (c,f,i) where the area ratios of vacancy-related (O, green) and lattice-related (O, red) oxygen are computed.

The distinct local structures of Nd,Ce,0, and RE,Ce, 0O, were
further investigated by performing PDF analysis of the low r-
range as shown in Figure 3b,e,h, respectively. Various single and
two phase structural models were explored during refinements,
including the Frenkel type defect structure and C-type bixbyite
structure. Nd,Ce,0, was successfully fit to a two phase struc-
tural model comprising of a primary cubic phase with S.G. Fm3m
containing oxygen Frenkel defects and a secondary oxygen va-
cancy ordered Nd, ;Ce, 5Oy , . (1/6th oxygen vacancy) phase with
orthorhombic S.G. Pnn2, which has been previously observed
in CeO, nanorods.>’! RE,Ce,0, and CeO, were fit using the
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same two phase model as Nd,Ce, O, but with the stoichiometry
RE, sCe, sOs , , (Where RE = La, Nd, Tb, Dy, and Pr) and Ce,;Os,,
respectively, in the secondary phase. As shown in Table S7 (Sup-
porting Information), when CeO, is fit using this two phase
structural model, a negligible 0.08% phase fraction of oxygen va-
cancy ordered Ce;Os,, is found. However, when RE cations are
introduced into the host lattice of CeO,, the phase fraction of the
local oxygen vacancy ordered phase- Nd, ;Ce, sO; . , in Nd, Ce, O,
and RE, ;Ce, 5O; , , in RE,Ce,0,, increases significantly. Impor-
tantly, while Nd,Ce, 0O, and RE,Ce,0, have a similar local oxy-
gen stoichiometry, Nd, ;Ce, ;Os,, has a larger refined domain
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size, d(Pnn2), of 19 nm than RE, ;Ce, ;O , (12.5 nm), indicat-
ing that the oxygen vacancy ordered phase has a longer correla-
tion length scale in Nd,Ce,O,. Furthermore, the RE, ;Ce, 5O,
phase appears to have a larger contribution in the low-r region
(<5 A) in RE,Ce, 0, suggesting that it has a shorter length scale
and is more disordered relative to Nd, ;Ce, sOs, . Significantly,
there is an increased concentration and longer correlation length
scale of Nd/RE, sCe, ;Os,, in Nd,Ce, 0, and RE, Ce, O, relative to
the Ce;Os, , phase in CeO,. The correlation length scale of oxygen
vacancies has been shown to strongly influence the redox prop-
erties and resulting catalytic performance of ceria-based mixed
oxides!®*l and OER catalysts in general.['8]

XPS was used to further examine the variation in oxygen de-
fect chemistry of these samples and determine the valence states
of the elemental constituents present on the surface of the flu-
orite catalysts. The wide scan survey spectra of all the samples
in the series confirmed the coexistence of their respective con-
stituent elements on their surfaces (Figure S6, Supporting In-
formation). The high- resolution La 3d spectrum of RE,Ce,0O,
shown in Figure S7a (Supporting Information), exhibits regular
doublet splitting which is further deconvoluted into four peaks
(two peaks per doublet). The peaks at 834.5 and 851.4 eV, cor-
respond to spin orbital 3d5/2 and 3d3/2, respectively, while the
peaks at 838.3 and 855.6 eV, are satellite peaks ascribed to 3d5/2
and 3d3/2, respectively.*>] These peaks correspond to La-O, as
supported by previous reports.[>°]

The high- resolution Ce 3d spectra of RE,Ce,0,, Nd,Ce,0,
and CeO, are highly comparable (Figures S7b, S8b, and S9b, Sup-
porting Information, respectively) and all exhibit multiplet split-
ting, comprising six identical peaks at 882.1, 888.4, and 897.9
eV for 3d5/2 and 990.5, 906.8, and 916.3 eV for 3d3/2. These
peaks confirm the presence of Ce(III) and Ce(IV) oxidation states
in all the fluorite samples.>’~>° The high-resolution Pr 3d spec-
trum of RE,Ce, O, (Figure S7c, Supporting Information) shows
two doublets corresponding to 3d5/2 and 3d3/2 at 932.8 and
953.4 eV with satellites at 928.4 and 984.2 eV respectively, indi-
cating the presence of Pr(IIl), in agreement with the preferen-
tial trivalent state of most RE-ions.[?’l The observed satellites at
a slightly lower binding energy are ascribed to the well-probed
4f3 final state.0%!] The presence of Nd was confirmed in both
RE,Ce,0, and Nd,Ce,O, from the high resolution Nd 3d spec-
tra (Figures S7d and S9b, Supporting Information). The spec-
tra show two doublets at 977.8 and 982.3 eV corresponding to a
satellite and Nd(VI) of 3d5/2, and satellites at 1000.1 and 1004.7
eV corresponding to Nd(III) of 3d3/2.3%31 The 4d spectra of
RE,Ce,0, and Nd,Ce,0O, shown in Figures S7e and S9c (Sup-
porting Information) display peaks at 121.1 and 124.3 eV corre-
sponding to a satellite and 4d.1*! The presence of Tb in the high-
resolution Tb 3d spectrum of RE,Ce, O, (Figure S7f, Supporting
Information) was confirmed by the presence of two characteristic
doublet peaks for 3d5/2 and 3d3/2 and their corresponding satel-
lites at 1241.0, 1276.0, 1251.4, and 1287.0 eV, respectively. These
characteristic peaks indicate the presence of Tb(IV) in agreement
with literature reports.[%2%] Dy 3d spectrum of the RE,Ce,0,
(Figure S7g, Supporting Information) shows doublet peaks due
to the spin—orbit splitting at 1296.4 eV, and 1334.4 eV correspond-
ing to Dy(III) of 3d3/2 and 3d5/2 respectively.32¢] The satellite
peak at 1303.9 eV is assigned to Dy(IV) 3d5/2 components, indi-
cating the presence of mixed Dy ion states on the surface.[*]
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As seen in Figure 3c,fji, the high-resolution O 1s XPS spec-
tra for all fluorite samples were deconvoluted into two main
peak components: oxygen vacancies (O,), and lattice oxygen (O,).
The peak at 530.9 eV corresponds to a loosely absorbed oxygen
species (correlated to oxygen vacancies). The O, binding peak
at 528.8 eV for each sample was associated with typical metal-
oxygen bonding of lattice oxygen,|®! while the O, peak at 531.5
eV was attributed to the presence of surface chemisorbed oxygen
associated with defects (oxygen vacancies).[®%®) The area ratio of
0,/0; has been employed as a metric for estimating the propor-
tion of surface oxygen vacancies, with higher ratios suggesting
larger amounts of surface oxygen vacancies.l®”] The larger con-
centration of surface oxygen vacancies in RE,Ce,0, facilitates
the pre-oxidation of RE sites, increases hydroxyl adsorption and
promotes the reconstruction of the defective surface with applied
potential,[>>®8] consequently improving OER performance.

2.3. Catalytic Performance for the Oxygen-Evolution Reaction

The electrocatalytic behavior of the fluorite samples for the OER
was studied using a three-electrode system, in a 1 M KOH alka-
line solution. Fluorite samples synthesized at different calcina-
tion temperatures were tested to determine their catalytic activity
toward OER. Among all compositions, samples calcined at 600°C
showed optimal catalytic activity and hence these samples were
pursued for further study. Polarization plots obtained from lin-
ear sweep voltammetry (LSV) of CeO,, Nd,Ce,0, and RE,Ce, 0O,
synthesized at 600°C, measured using a scan rate of 10 mV s7!,
are shown in Figure 4a.

RE,Ce, 0, demonstrated an exceptionally low overpotential of
210 mV attained at a current density of 10 mV s~2 and exhibited
higher catalytic activity than the Nd,Ce,0, and CeO, samples,
which showed overpotentials of 243 mV, and 347 mV, respec-
tively (Figure 4b). The intrinsic OER activity of these catalysts
can be ranked as follows ranging from highest to lowest activ-
ity: RE,Ce,0, > Nd,Ce, 0, > CeO,. Consequently, RE,Ce, 0, is
determined to be the best electrocatalyst in this series as it dis-
plays the highest intrinsic catalytic activity. It is important to note
that the overpotential observed for the CeO, (347 mV) sample
synthesized using EISA in this study, outperforms pristine CeO,
OER electrocatalysts previously reported in literaturel>%%701 (rel-
ative comparison shown in Table S8, Supporting Information).
This suggests that EISA is a promising synthesis route for pro-
ducing highly active OER catalysts relative to other synthesis
approaches.

Cyclic voltammetry (CV) of all samples exhibit pre-oxidation
peaks indicating oxidation of the active metal sites (Figure S10,
Supporting Information). RE,Ce, 0, Nd,Ce,0, and CeO, show
pre-oxidation peaks at 1.433, 1.349, and 1.381 V versus RHE at
10 mVs'! scan rate respectively arising from Ce(II1)/Ce(IV) con-
tributions. The pre-oxidation peaks are more pronounced with
variations in scan rate. The shift in the oxidation peak potential
of RE,Ce,0, and Nd,Ce,0,, relative to CeO,, indicates the elec-
tronic perturbation effect resulting from the addition of a single/
multiple RE cation(s). The Tafel plots generated from LSV curves,
were employed to evaluate the OER kinetics of the electrocata-
lysts. As displayed in Figure 4d, RE,Ce,0, achieved the small-
est Tafel slope of 43.1 mV dec™!, demonstrating improved OER

© 2024 Wiley-VCH GmbH

85U8017 SUOLLLIOD 8A 18810 3ceoldde ayy Aq pausenob ae sajoiLe VO ‘8sn JO Se|ni Joj Afeid 78Ul U0 A8]IAA UO (SUORIPUOD-PUR-SLUB)ALI0O" A3 IM"Aeq U JUO//:SANY) SUORIPUOD pUe SWie | 8L 88S " [7202/60/92] Uo AkeidiTauljuo A8|1m ‘80ueios JO AISeAIUN LINOSSIA A 68/S0SZ02 |IWS/Z00T 0T/I0p/W00" A8 |1 ARe.q 1 jeuljuo//:sdny Wwo.y pepeoiumod ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

a 100 b 400
CeO, , 350 347 @10 mAcm?
| R >
2 2:2?237 E 3001
R — RELe,U; = ] 243
§ ol %’228 210 € 500
£ 401 IShase
4w 8 150, > 450 w B
o0 2100, = 400
50- =
ooz v 5 350 "
1.0 11 1.2 1.3 1.4 1.5 1.6 1.7 CeO, Nd,Ce,0, RE,Ce,0, %300- EEL:,
E/V vs RHE 2
- d O 250 249
Ll
40{—CeO, T 0487 .= CeO, 200 I:I 1
——Nd,Ce,0, o 0441 ..e.. Nd.Ce.O o '-Z'- rwo STL o"g:\‘:
30— RE,Ce,0 2 0407 .. e 0. aetheC 3955589824550
o 2v€U7 2 “ RECe,0; _u® 1€ 2235 s 0Q 308 553
= 0.36 N \\ 025038 002y Y
0.32] il 0w 3RO 100 sE
g - SOZ<Bp0d8E JEE
2 0.28] o SR 88°% ° 55
B o2e] . ouSfaniin * 883° & 9%
Bogo] MeTiasiaamVioe °"% & o8
g 5 ] AS- 8 S
’ 3 0.16 o

08091011121314151.6
E/V vs RHE

04 06 08 1.0 12 14 16
Log (j /mAcm™)

Figure 4. Electrocatalytic performance of CeO, (purple), Nd,Ce,O; (blue) and RE,Ce,O; (purple) calcined at 600°C: a) LSVs measured in N, saturated

1M KOH at a scan rate of 10 mV s™', b) overpotential at a current density of 10 mA cm~

2, ¢) cyclic voltammograms measured in N, saturated 1 M

KOH at a scan rate of 10 mV s~', d) Tafel plots and e) overpotential benchmark at 10 mA cm=2 for recent reports on CeO, —based catalysts compared

to RE2C6207.[51’59'69_75]

performance. Tafel slopes for Nd, Ce, O, and CeO, were observed
to be 49.9 and 86.7 mV dec™!, respectively. Thus, the intrinsic
activity of the catalysts based on the Tafel slope, follows the or-
der RE,Ce,0, (43.1 mV dec™') > Nd,Ce,0, (49.9 mV dec™!) >
CeO, (86.7 mV dec™!). The OER performance of RE,Ce,0, and
Nd, Ce, O, reported herein outperform previously reported CeO,-
based electrocatalysts, some of which are summarized as shown
in Figure 4e, demonstrating that RE incorporation can enhance
the performance of fluorite OER electrocatalysts.[3159%-75] The
computed mass activities and turn over frequency (TOF) (at n =
310 mV) are additional parameters employed to probe catalytic
OER performance (Figure 5a,b).

The RE,Ce,O, catalyst demonstrates the best OER activity
as it exhibits the highest mass activity and TOF of 47.1 A g
and 0.0841 s~!, respectively. The second-best performance was
displayed by Nd,Ce, O, with a mass activity of 23.3 A g7! and
TOF of 0.0841 s~1, while CeO, showed the weakest performance
in this sample series toward OER. The superior intrinsic cat-
alytic activity of RE,Ce,O, relative to the other fluorite catalysts
may be explained by the increased number of catalytically ac-
tive sites, the increase in electronic structure perturbation and
oxygen vacancy formation resulting from incorporation of mul-
tiple RE cations.l”®! To further elucidate the observed enhance-
ment in OER performance resulting from RE incorporation in
fluorite catalysts, the electrochemically active surface areas (EC-
SAs) of the catalysts was determined from specific electrochem-
ical double-layer capacitance (Cdl) by carrying out CV within a
region of non-Faradaic current at varying scan rates (2.5-50 mV
s71) shown in (Figures S11-S13, Supporting Information).
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The ECSA and roughness factor were computed (Equa-
tions S7 and S8, Supporting Information) as shown in Figure Sc.
RE,Ce,0, exhibited the largest ECSA, likely due to its highly
nanocrystalline nature as evidenced by XRD and SEM analysis.
CeO, presented the lowest ECSA due to its more crystalline mor-
phology. The largest ECSA and highest activity of the RE,Ce, 0,
sample relative to the other fluorite samples emphasizes the
role of morphology on OER activity. ECSA refers to the portion
of the electrode surface that actively participates in the electro-
chemical reaction, such as OER. Thus a large ECSA translates
to a larger number of exposed electrochemically active sites, fa-
cilitating electrolyte infiltration and surface interaction with the
electrocatalyst,**] leading to exceptional activity toward OER with
no hinderance of mass transfer in the electrolyte.!””]

Electrochemical impedance spectroscopy (EIS) analysis re-
veals the influence of electrical resistivity on OER activity. The
EIS spectra of the samples show semicircular curves, indicating
electron transfer coupled with the double-layer charging process.
The generated Nyquist plots evaluated at 1.55 V versus RHE are
shown in Figure 5d. The equivalent circuit, shown in the inset,
was comprised of the electrolyte resistance (Rs), charge trans-
fer resistance (Rct), and constant phase element (CPE) (Table
S9, Supporting Information). All samples displayed a decrease
in conductivity due to reduced interfacial contact from the use of
polymer binders to adhere the catalysts to the substrate. However,
RE,Ce, 0O, was found to have the least charge-transfer resistance
(Rct) of 3.02 Q at a potential of 1.55 V (vs RHE), while Nd, Ce, O,
and CeO, showed a resistance of 7.95 and 18.10 Q, respec-
tively. Thus RE,Ce,O, demonstrates the fastest charge transfer
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Figure 5. Electrocatalytic performance of CeO, (purple), Nd,Ce,O; (blue) and RE,Ce,O; (orange) calcined at 600°C: a) mass activity, b) turnover
frequency (TOF), c) electrochemically active surface area (ECSA) shown in black and roughness factor (RF) shown in green and d) Nyquist plots in the
AC frequency range between 100 kHz and 0.1 Hz at 0.55 V; e) multistep chronoamperometry study of RE,Ce,O; at various current densities and f)
chronoamperometric stability of RE,Ce,0; at a current density of 10 mAcm™~2 for 60 h, where the inset displays OER polarization plots of RE,Ce, 0,

before and after chronoamperometry.

electrokinetics between the electrocatalyst surface and electrolyte
solution in the OER. The multistep stability performance of
the best catalyst, RE,Ce,O,, was measured at different currents
(5-30 mA) (Figure Se) and measured at a constant potential,
maintained for 60 h (Figure 5f). The multistep stability perfor-
mance and stability under a constant potential for 16 h of the
other catalysts in the sample series are displayed in Figure S14
(Supporting Information).

The results indicate the robustness of RE,Ce,O, both for
long term stability and at varying currents at multiple stages,
with no rapid degradation of the catalyst. In addition, Nd,Ce,0,
and CeO, show decent stability with no clear degradation, sug-
gesting their robustness for the OER. Achieving a higher va-
lence state is an essential step to initiating the formation of
active M—OOH" species for OER.”®] Surface oxygen vacancies
are known to accommodate hydroxyls, consequently enhancing
pre-oxidation of low oxidation species, and enabling deprotona-
tion/reconstruction of intermediate species.l””! As exposed RE
sites exhibit improved electrophilicity, hydroxyl adsorption onto
Ce active sites can be facilitated by oxygen vacancies (V,,) to gen-
erate adsorbed M—OH" intermediate species and thereafter in-
stigate the deprotonation step at a minimal potential to generate
active oxygen species (RE-OOH") on the catalyst surface, which
justifies the observed enhancement in OER activity.

To examine the behavior of catalysts pre-oxidation during OER,
CV was employed. During OER, the pre-oxidation peak of the
catalyst as demonstrated by the CV plots becomes more pro-
nounced at higher scan rates (Figure S10, Supporting Informa-
tion). Nd,Ce, 0, and CeO, exhibit one oxidation and one reduc-

Small 2024, 2305789

2305789 (9 of 13)

tion peak at all scan rates. With varying scan rate from 2.5 to 100
mV s, both Nd,Ce, 0, and CeO,, show a shift in oxidation peak
to a higher potential and a shift in reduction peak to a lower
potential. This suggests that the redox processes in Nd,Ce,0,
are similar to those in CeO,. However, RE,Ce, 0O, exhibits two
distinct reduction peaks and one oxidation peak shoulder, sug-
gesting a unique redox process for the CCO catalyst. The dif-
ference in redox behavior of RE,Ce,0, can be attributed to the
pre-oxidation of Ce and other RE metal ions present in this com-
position. Ce ions may be the main active site while other ions
play a supporting role in modulating its electronic/structural con-
figuration, thereby significantly boosting its electrocatalytic per-
formance toward OER. The electrochemical OER parameters of
CeO,, Nd, Ce, 0, and RE,Ce, O, electrocatalysts are compared in
Table 1. RE, Ce, O, shows the lowest overpotential and Tafel slope,
indicating the best activity. Furthermore, the obtained TOF, mass
activity and ECSA for RE, Ce, O, were highest among the fluorite
sample series, further corroborating its exceptional performance.
Higher ECSA value generally indicates larger electrochemically
active surface area that improves electrolyte/active sites interac-
tion, leading to better catalytic performance for OER. Large ECSA
value results in high surface roughness (RF), another parameter
affecting catalytic activity.

It is our understanding that the exceptional catalytic perfor-
mance of our novel RE, Ce, O, catalyst can primarily be attributed
to improvements in charge and mass transfer. The abundant oxy-
gen vacancy defects in RE,Ce, 0, enhances the OER electroki-
netics, while the incorporation of RE elements into the CeO,
lattice provides suitable electronic structure. Furthermore, the
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Table 1. Catalytic performance of fluorite catalysts.

CeO, Nd,Ce, O, RE,Ce, 0,
Onset potential (V) 1.52 1.41 1.38
Overpotential @ 10 mA cm=2 (mV) 347 243 210
Ce3+ — Ce** oxidation peak potential (V) 1.38 1.35 1.43
TOF 0.0015 0.0191 0.0841
Mass Activity 3.43 23.26 47.09
Tafel slope (mV dec™") 86.7 47.9 43.1
ECSA (cm?) 96 120 388
RF 340 425 1372

mesoporous and nanostructured nature of the RE,Ce, O, sample
substantially minimizes the bubbles/electrode contact region,
which facilitates the bubble release and reactant transfer. In ad-
dition, the lattice expansion and local atomic disorder resulting
from RE incorporation increases the number of active sites, as
well as electron transport conductivity from the surface of the cat-
alyst.

The long-term chronoamperometric stability of CeO, and
Nd,Ce, O, for 16 h and RE,Ce, O, for 60 h (Figure 5f; Figure S14,
Supporting Information, respectively) indicate robust catalytic
stability with no significant deterioration under uninterrupted
OER conditions at constant potentials of 1.46, 1.52, and 1.65 V,
respectively. The OER polarization plot of RE,Ce, 0O, before and
after the stability study shows no observable changes as displayed
by the inset in Figure 5f, demonstrating the excellent mass trans-
fer property and mechanical ruggedness of the RE,Ce,0, elec-
trode in an alkaline environment. Following stability measure-
ments, analysis of the catalyst surface of the best performing cat-
alyst RE,Ce, O, using Raman and analysis of the bulk of the cata-
lyst using powder XRD, revealed no new phase formation on the
catalyst surface as seen in Figures S15 and S16 (Supporting In-
formation), respectively. Additionally, CeO, and Nd,Ce,O, were
also found to exhibit stability in an alkaline medium as evidenced
by similar Raman spectra before and after OER. Furthermore,
XPS analysis of all samples after carrying out stability measure-
ments are shown in Figures S17-S19 (Supporting Information).
XPS results show no significant changes in surface electronic
states of the elemental compositions of the catalysts before and
after stability measurement for all samples indicating that the in-
tegrity of the catalysts is retained. In addition, the O1s spectrum
of RE,Ce,0, (Figure S17h, Supporting Information) shows the
presence of both chemically and physically adsorbed OH after
activity, demonstrating the quick adsorption of OH on the sur-
face, consistent with its characteristic large surface area and high
concentration of oxygen vacancies and active sites.

Finally, the CCO-modified electrode was tested as both cathode
and anode catalyst in a full water electrolyzer set-up, as shown
in Figure S20 (Supporting Information). A two-electrode config-
uration was used, and a current density of ~ 20 mA cm? was
achieved with a cell potential of 1.5 V in a 0.3/1.0 M KOH
electrolyte. Achieving such low water splitting voltage is signif-
icantly more efficient compared to electrolyzers employing pre-
cious metal based electrocatalysts, e.g., Pt||RuO,, and further
highlights the efficacy of these CCO-based electrocatalysts.
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3. Conclusion

In this work, EISA derived CeO,, Nd, Ce,0,, and CCO RE,Ce, O,
high surface area nanocatalysts were studied to understand
the impact of calcination temperature and extent of composi-
tional complexity on OER electrocatalytic activity and stability.
Among the various calcination temperatures investigated, fluo-
rite compositions calcined at 600°C were found to exhibit the
optimal catalytic activity for the OER. CCO RE,Ce,0O, synthe-
sized at 600°C outperforms some of the best OER catalysts in-
cluding RuO,, IrO, and NiO,.[*%! Additionally, chronoamperom-
etry stability measurements in an alkaline environment reveal
that RE,Ce, O, displays long term stability with no evidence of
degradation.

A combination of long range and short range structural probes
reveals the inclusion of mainly RE* * cations in the fluorite lattice
results in the formation of Frenkel defects and a partially reduced
defect phase with local and long-range oxygen vacancy ordering
(RE,; 5Ce, 505, ) to maintain charge balance. While the inclusion
of Nd (a single RE®* cation) was found to induce these effects and
improve OER activity, the compositionally complex RE,Ce,0O,
catalyst displayed the highest extent of vacancy ordering and best
OER activity. The superior intrinsic catalytic activity of RE,Ce, O,
relative to the other fluorite catalysts in this series, may be at-
tributed to an increase in: i) number of catalytically active sites, ii)
electronic structure perturbation and iii) concentration of oxygen
Frenkel defects and presence of RE, ;Ce, sOs,, defect phase re-
sulting from the incorporation of multiple RE cations. The larger
concentration of surface oxygen vacancies in RE, Ce, O, facilitates
the pre-oxidation of RE sites, increases hydroxyl adsorption and
promotes the reconstruction of the defective surface with applied
potential. In addition to an improvement in intrinsic catalytic ac-
tivity, the large surface area resulting from the nanoarchitecture
of the RE,Ce, O, catalyst plays a key role in improving OER ac-
tivity by increasing the number of exposed electrochemically ac-
tive sites, facilitating electrolyte infiltration and surface interac-
tion with the electrocatalyst. Overall, this work demonstrates that
a CCO configuration expands abilities to tailor fluorite nanocata-
lysts. Further investigation is warranted to determine the role of
the nature of RE cations and varying number of RE cations on
the OER activity of fluorite nanocatalysts.

4. Experimental Section

Materials:  Praseodymium (Ill) nitrate pentahydrate (99.9%), cerium
(111) nitrate hexahydrate (99.5%), terbium (I11) nitrate hydrate (99.9%), lan-
thanum (I11) nitrate hexahydrate (98%), dysprosium (ll1) nitrate pentahy-
drate (99.9%), neodymium (l11) nitrate hexahydrate (99.9%) and ethanol
(99.5%) were purchased from Thermo Fisher Scientific. Pluronic P123
(a symmetric triblock copolymer comprising poly(ethylene oxide) (PEO)
and poly(propylene oxide) (PPO) in an alternating linear fashion) was
purchased from Sigma-Aldrich. All metal nitrates were used to pre-
pare sealed aqueous stock solutions immediately upon receipt from the
manufacturer.

Carbon cloth for the battery, fuel cell and supercapacitor was purchased
from MSE supplies. Nafion (5 %) and isopropanol (iPr-OH) were pur-
chased from Sigma-Aldrich and sodium hydroxide was purchased from
Fisher Scientific and these reagents were used as received. Deionized (D.l)
water purified through a Millipore system was used in all experiments. The
CC was washed with iPr-OH and D.| water several times to ensure the sur-
face was clean before use.
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Material Synthesis—Synthesis of Mesoporous Fluorites via Evaporation In-
duced Self Assembly (EISA):  Mesoporous fluorite compositions were syn-
thesized using a soft templating approach via evaporation induced self-
assembly, as illustrated in Figure 1. Briefly, metal nitrate precursor solu-
tions were dissolved in ethanol, under continuous stirring, using Pluronic
P123 as a block copolymer template. The solutions were allowed to evap-
orate in a petri dish at room temperature for 48 h and the resulting gels
were calcined in air at 400, 600, 800, or 1000 °C for 4 h in an oven.
The following compositions were chosen to investigate the role of RE
cations and compositional complexity on the electrochemical OER per-
formance of fluorites: (Lag,Pry,Ndy,Tbg,Dyq5),Ce; 05, Nd,Ce,O; and
CeO,. (Lag,Pry,Ndgy,Tbg,Dyg,),Ce, 07 was referred to as RE,Ce,O; in
this study.

Material Synthesis—Fabrication of the Working Electrode for OER:  All
carbon cloth substrates were cleaned using iPr-OH, dried and covered
with Teflon tape, leaving an exposed geometric area of 0.283 cm?. Cata-
lyst ink was prepared by dispersing 10.0 mg of the catalyst in 1.0 mL 0.8%
Nafion in iPr-OH and ultrasonicated for 30 min. A 20 pL volume of the ink
was dropcasted on the exposed area of the CC substrate, dried at room
temperature, and finally heated at 130°C in an oven for 30 min in air to
obtain the working electrode.

Structural Characterization: Phase identification of the as synthesized
fluorite powder samples was performed using a Panalytical Empyrean lab-
oratory powder X-ray diffraction (XRD) instrument with Cu Ka radiation
(4 = 1.5418 A). Rietveld refinements were performed on the XRD data
using the TOPAS v6 software.[®!] Data were fit to a tetragonal unit cell
model with S.G. P4,/nmc for CeO, and a cubic defect fluorite unit cell
model with S.G. Fm3m for Nd,Ce,0; and RE,Ce,0;. Lattice parame-
ter(s), isotropic atomic displacement, and Scherrer particle size param-
eters were refined. Nd,Ce, O calcined at 1000°C was fit to a cubic C-type
(bixbyite) structure and refined similarly. The chemical homogeneity of the
samples was investigated by performing EDS measurements on pressed
pellets of the fluorite CCOs using a Zeiss EVO SEM equipped with energy
dispersive X-Ray Spectroscopy. BET surface area measurements were per-
formed by loading 100 — 150mg of powder sample in a glass tube and
out gassing overnight at 200°C in vacuum. The outgassed samples were
then measured using a Micromeritics Gemini VIl surface-area analyzer.
XPS measurements were performed using a KRATOS AXIS 165 X-ray pho-
toelectron spectrometer (Kratos Analytical Limited, Manchester, United
Kingdom) using a monochromatic Al X-ray source. The C Ts signal at
284.5 eV was used as a reference to correct all the XPS binding energies.
Neutron powder diffraction (NPD) and atomic pair distribution function
(PDF) data were collected at 300 K on the Nanoscale Ordered Materials
Diffractometer (NOMAD) at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory (ORNL).[82] 100mg of each sample was loaded
into a 3 mm diameter quartz capillary, placed in a temperature controlled
Ar cryostream, and data were collected for 1 h. Signals from the empty
quartz capillary and instrument were collected to facilitate background
subtraction from the sample data. Data reduction was completed using
the Advanced Diffraction Environment (ADDIE) suite and a Q,,.of 25
A~1 and a Lorch filter was applied for PDF generation.[33] The data was
corrected for detector deadtime, absorption, and multiple scattering ef-
fects, and subsequently normalized by the incident flux and total scattering
cross-section of the sample. Rietveld refinements of the neutron diffrac-
tion data were performed using TOPAS v6 softwarel®!l and PDF analysis
was completed using the PDFgui software package.[®*] Rietveld refinement
of time-of-flight neutron diffraction data for CeO, was performed using
S.G. P4,/nmc while Nd,Ce,0; and RE,Ce,O; were refined using a two
phase structural model comprising of a primary phase with S.G. Fm3m
containing oxygen Frenkel defects and a secondary phase with S.G. Pnn2
containing oxygen vacancy ordering. For all samples, lattice parameter(s),
isotropic atomic displacement, and oxygen occupancy were refined. The
same average structure models for Nd,Ce,O; and RE,Ce,O; were applied
to PDF analysis and most parameters were fixed, while lattice parameter a
was refined. PDF analysis for CeO, was performed using a two phase struc-
tural model comprising of a primary phase with S.G. P4,/nmc containing
oxygen Frenkel defects and a secondary phase with S.G. Pnn2 containing
oxygen vacancy ordering. Lattice parameters, isotropic atomic displace-
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ment, and oxygen occupancy were refined. All XPS spectra were collected
from the pristine catalyst surface without sputtering. The Raman spec-
tra of the catalyst were recorded with LabRam ARAMIS (HORIBA Jobin-
Yvon Raman spectrometer equipped with a CCD detector) in the Raman
shift range between 50 and 1800 cm~', 1200 lines mm~" grating, HeNe
laser 632.8 nm excitation with a nominal output power of 100mW, 0.95
cm™~"/pixel spectral dispersion, 10% of laser power, 10x objective, 0.25
numerical aperture, 100 pum slit, 200 um hole, 30 s exposure time, and 10x
accumulations for each sample acquisition.%]

Electrochemical Measurements: Electrochemical measurements were
performed using a conventional three-electrode system connected to an
IviumStat potentiostat, with the fluorite catalyst as the working electrode,
while graphite rod and Ag/AgCl electrode were used as counter electrode
and reference electrodes respectively, to measure the electrocatalytic per-
formances. Linear sweep voltammetry (LSV), and cyclic voltammetry (CV)
were carried out to study the OER catalytic performance and cycling sta-
bility. In order to reduce uncompensated solution resistance, all activ-
ity data were iR corrected, which was measured through electrochemical
impedance studies. All potentials measured were calibrated to a reversible
hydrogen electrode (RHE) using Equation S1 (Supporting Information).
All electrolytes were saturated by oxygen (for OER) bubbles before and
during the experiments.

The steady-state performance and durability of all the electrocatalysts in
OER for long-term chronoamperometric stability in an alkaline electrolyte
of 1 M KOH solution was carried out in two forms: a) at constant current
density of 20 mA cm=2 for 24 h, b) for RE,Ce, O, various current densities
between 5 — 30 mA cm™2 as multistep study, in N,-saturated 1.0 M KOH
at room temperature.

The Tafel slope, an important parameter associated with catalytic ac-
tivity and reaction rate for OER, was estimated from a Tafel plot with the
equation shown in Equation S2 (Supporting Information).

The Electrochemical Impedance Spectroscopy (EIS) experiments were
performed within 10° — 1072 Hz frequency range, at an AC signal am-
plitude of 10 mV, to study the electrode kinetics and estimate the elec-
trolyte resistance (Rs), and charge transfer resistance at the electrode
(catalyst)-electrolyte interface (Rct). The Nyquist plots were collected in
N,-saturated 1.0 M KOH at an applied potential of 0.55 V versus Ag|AgCl
(KCl saturated).

Turnover frequency (TOF), mass activity, electrochemically active sur-
face area (ECSA) and roughness factor (RF), parameters used to evaluate
the electrocatalytic performance of catalysts for the OER, were determined
for the fluorite samples as shown in Equations S3-S8 (Supporting Infor-
mation).

Supporting Information

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