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Oxygen Evolution Reaction

ABSTRACT: Developing highly active and stable electrocatalysts
for the oxygen evolution reaction (OER) is key to improving the
efficiency and practical application of various sustainable energy
technologies including water electrolysis, CO, reduction, and metal
air batteries. Here, we use evaporation-induced self-assembly
(EISA) to synthesize highly porous fluorite nanocatalysts with a
high surface area. In this study, we demonstrate that a 50% rare-
earth cation substitution for Ce in the CeO, fluorite lattice
improves the OER activity and stability by introducing oxygen
vacancies into the host lattice, which results in a decrease in the
adsorption energy of the OH* intermediate in the OER. Among
the binary fluorite compositions investigated, Nd,Ce,O, is shown
to display the lowest OER overpotential of 243 mV, achieved at a
current density of 10 mA cm ™2, and excellent cycling stability in an alkaline medium. Importantly, we demonstrate that rare-earth
oxide OER electrocatalysts with high activity and stability can be achieved using the EISA synthesis route without the incorporation
of transition and noble metals.

KEYWORDS: electrocatalyst, OER, fluorites, rare earth cations, mesoporous, oxygen vacancies, high entropy oxides

B INTRODUCTION enhanced by doping or substituting elements into the host
fluorite structure to enhance the concentration of oxygen
defects."”*™® In the case of the OER catalysts, oxygen
vacancies have been demonstrated to enhance activity by
providing catalytically active sites and modifying adsorption
energy, thus promoting reaction intermediate adsorption. This
is achieved through adjustments in the local electron density
distribution near the defects and a reduction in mass transfer
resistance.”*”?!% Thus far, ceria has been investigated as a
cocatalyst or support for the OER, in combination with
transition metals or noble metals."””® However, ceria-based
mixed oxides containing rare earth (RE) elements in place of
transition or noble metal cations remain unexplored for the
OER.!

The present work seeks to enhance the intrinsic catalytic
activity of CeO, for the OER by substituting a single RE cation
into its crystal structure, thereby modifying the concentration
of oxygen vacancies and the consequential metal—oxygen

There is an urgent need to develop large-scale sustainable
energy solutions that reduce our reliance on fossil fuels and
mitigate the effects of climate change on our society. The
oxygen evolution reaction (OER), which involves the
oxidation of water to oxygen, is a fundamental half-reaction
involved in various electrochemistry-based sustainable energy
technologies including water electrolysis, the CO, reduction
reaction, fuel cells, and metal air batteries.'”* The overall
energy efficiency of these technologies is significantly limited
by the sluggish reaction kinetics of the OER; thus, the large-
scale industrial applicability of these technologies relies on the
development of highly active and stable electrochemical
catalysts for the OER.

OER catalysts with the highest reported activity thus far
consist primarily of precious metals and their oxides (Ru, I,
RuO,, and IrO,).> However, the large-scale adoption of these
precious-metal-based catalysts is limited by their poor
durability in alkaline media, scarcity, and high cost, motivating
the search for alternative, precious metal-free catalysts. Ceria,
CeO,, is naturally abundant and corrosion-resistant in an Revised:  January 2, 2024
alkaline environment, allowing it to function as a stable Accepted:  January 3, 2024
electrocatalyst.”® While pure CeO, does not exhibit high Published: February 3, 2024
activity for the OER, numerous studies have shown that the
catalytic performance of CeO, for the OER can be significantly
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Figure 1. (a) Salient features of the RE; M, ;O,_, RE fluorite oxide structure family. When the 4+ fluorite metal M site is substituted with mainly
trivalent RE (3+) species, charge compensation occurs through point defects on the oxygen sublattice. The unit cell on the top depicts a system
where cation sites are occupied, on average, with equal parts of an RE ion and a Ce ion. The defect fluorite can be written as RE; ;Ce; sO,_,. In the
unit cell at the bottom, the VIII-fold cation coordination polyhedra are depicted as light purple cubes with the O atoms at the vertices. (b) Rietveld
refinements of X-ray powder diffraction data of the fluorite samples. Measured data are shown as colored circles, structure model fits are shown as a
black line through the data, and the difference curves in black fall below the data and fits. CeO, was refined using a cubic fluorite structure, as
indicated by the hkl tick marks in black. The binary fluorites in the series were refined using a defect fluorite structure (with 50% RE and 50% Ce
on each M site and 7/8ths of the O sites occupied). (c) Variation in lattice parameters from Rietveld refinements of the binary fluorite samples as a
function of the ionic radius of the RE**/** cations in assumed VII-fold coordination with oxygen.

binding interactions. CeO, has a fluorite type crystal structure,
and cerium atoms can dynamically and reversibly convert
between 4+ and 3+ oxidation states, enabling the formation of
oxygen vacancies and a defect rich structure.''”"® Partial
substitution of Ce*" with (mainly) trivalent RE cations can
introduce oxygen vacancies into the lattice, reduce/potentially
eliminate the need for (much more expensive) noble metal
cations, and potentially promote the adsorption of oxygen-
containing intermediates due to an increased concentration of
oxygen vacancies.”'* While RE elements have similar redox
properties to transition metals, they have the potential to show
unique electrocatalytic properties due to their partially filled 4f
orbitals.">'® As shown in Figure la, when RE cations are
introduced into the cubic fluorite lattice, the Ce>*/*" and RE**
cations randomly occupy the 4a Wyckoff position, while the
oxygen anions occupy the tetrahedral sites on position 8c. If
there is a 50/50 balance between 3+ and 4+ cations, the
oxygen positions are, on average, 7/8ths occupied; such a
“defect fluorite” system readily accommodates small increases
or decreases in oxygen occupancy, the development of Frenkel
defects, and other charge compensating mechanisms. Doping
CeO, with RE** cations is known to depress the concentration
of Ce*" and introduce large amounts of oxygen vacancies,
resulting in a stable defect-rich fluorite structure.'"”"”

While tuning the oxygen defect structure and participating
ionic radii in electrocatalysts serve as fundamental approaches
to enhancing the intrinsic activity and improving stability,
catalytic activity can also be significantly influenced by
morphology. Here, we use a soft templating evaporation-
induced self-assembly (EISA) approach to synthesize OER
fluorite catalysts with a high surface area (SA), porosity, and a
nanoarchitecture with the objectives of increasing the number
of exposed active sites and improving mass diffusion
kinetics.”' 7" Wet chemistry-based synthesis methods such
as EISA allow for intimate mixing of cations prior to
calcination and can be used to achieve target phases at lower
temperatures relative to solid state methods due to increased
diffusion kinetics of the cations in solution."” The lower
calcination temperature associated with EISA also facilitates
the synthesis of nanosized particles, which exhibit much larger
total exposed SAs than their bulk counterparts and an
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increased number of catalytically active sites. Additionally,
surface accessible porosity, which can be engineered using
EISA, can improve the diffusion rates of reactants to and
products from active sites.'”'® These effects are well-known to
improve the overall efficiency by achieving higher current
densities at low overpotentials in the OER.'® Furthermore,
EISA is an inexpensive, highly tunable, and easily scalable
synthesis approach, making it feasible for industrial manu-
facturing.

Fluorite samples with the target compositions CeO,,
La,Ce,0O,, Pr,Ce,0,, Nd,Ce,0, Tb,Ce,O, and Dy,Ce,O,
were synthesized using EISA to explore the role of RE cation
substitution on the OER activity of fluorite nano-electro-
catalysts. We note that we do not control the oxygen
stoichiometry in the synthesis route, and thus the family may
be more generally described as RE;Ce(5O,_, compositions.
The phase purity, crystallinity, and morphology of the samples
are investigated using X-ray diffraction (XRD), Brunauer—
Emmett—Teller (BET) analysis, and scanning electron
microscopy (SEM). Their electrocatalytic activity and stability
for the OER are examined in a 1 M KOH electrolyte, exploring
their promise for practical application in water splitting or
other technologies involving the OER.

B EXPERIMENTAL SECTION

Chemicals. Praseodymium(III) nitrate pentahydrate (99.9%),
cerium(III) nitrate hexahydrate (99.5%), terbium(III) nitrate hydrate
(99.9%), lanthanum(III) nitrate hexahydrate (98%), dysprosium(1II)
nitrate pentahydrate (99.9%), neodymium(III) 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. The
metal content of all metal nitrate hydrates was determined
immediately upon receipt from the manufacturer and used to prepare
sealed aqueous stock solutions.

Carbon cloth (CC) materials for the battery, fuel cell, and
supercapacitor were purchased from MSE supplies (Tucson, AZ).
Nafion (S wt %) and isopropanol (iPr-OH) were purchased from
Sigma-Aldrich Chemical Reagent Co. Ltd. (St. Louis, MO), and
potassium hydroxide (KOH) was purchased from Fisher Scientific
(Pittsburgh, USA). All of the reagents were used as received. The
deionized (D.L.) water purified through a Millipore system was used

https://doi.org/10.1021/acsami.3c14977
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in all experiments. The CC was washed with {Pr-OH and D.I. water
several times to ensure a clean surface.

Synthesis of Porous Binary Fluorites via a Soft-Templating
Method. Porous fluorite compositions were synthesized using a soft
templating approach via EISA adapted based on previously reported
studies.” Briefly, metal nitrate precursor solutions were dissolved in
ethanol, under continuous stirring, using Pluronic P123 as a block
copolymer template. The solutions were allowed to evaporate in a
Petri dish at room temperature for 48 h, and each resulting gel was
calcined in air at 600 °C for 4 h in an oven. The following
compositions were chosen to investigate the role of RE cation
substitution on the electrochemical OER performance of fluorites:
La,Ce,0,, Pr,Ce,0, Nd,Ce,0, Tb,Ce,0, and Dy,Ce,0,. Addi-
tionally, the parent CeO, was synthesized by using the same method
as a reference.

Fabrication of the Working Electrode for the OER. All CC
substrates were iPr-OH cleaned, dried, and covered with Teflon tape,
leaving an exposed geometric area of 0.283 cm”. Catalyst ink was
prepared by dispersing 10.0 mg of the catalyst in 1.0 mL of 0.8%
Nafion in iPr-OH and ultrasonicating for 30 min. A 20 uL ink volume
was pipetted out, drop-casted on the CC substrate exposed geometric
area, dried at room temperature, and finally heated at 130 °C in an
oven for 30 min in air.

Characterization of the Structure and Morphology. Phase
identification of the fluorite powder samples was performed by using a
Panalytical Empyrean laboratory powder XRD instrument and Cu Ka
radiation (4 = 1.5418 A). Rietveld refinements were performed on the
XRD data using the TOPAS v6 software.”’ Data were fit to cubic
fluorite and defect fluorite unit cell models with the scale factor, lattice
parameter a, separate isotropic atomic displacement parameters Uy,
for O and for cations (constrained to be equivalent for Ce and RE),
and Scherrer particle size L refined. The particle morphologies of the
powder samples were examined using a Zeiss Auriga scanning electron
microscope, and the chemical homogeneity of the samples was
determined by performing energy-dispersive mapping measurements
on pressed pellets of the samples using a Zeiss EVO scanning electron
microscope equipped with energy-dispersive X-ray spectroscopy.

The Brunauer—Emmett—Teller (BET) specific SA measurements
were performed by loading 100—150 mg of the powder sample in a
quartz tube and outgassing overnight at 200 °C under vacuum. The
SA of the outgassed samples was then measured by using a
Micromeritics Gemini VII surface area analyzer.

The elemental compositions of the fluorite samples were
investigated by performing energy-dispersive X-ray fluorescence
(EDXRF) measurements on pressed pellets using a Malvern
Panalytical Epsilon 1 EDXRF instrument with a Cu Ka source.

The oxidation states present in the samples were determined by
performing X-ray photoelectron spectroscopy (XPS) measurements
using a KRATOS AXIS 165 X-ray photoelectron spectrometer
(Kratos Analytical Limited, Manchester, United Kingdom) with a
monochromatic Al X-ray source. The C 1s signal at 284.5 eV was used
as a reference to correct for all the XPS binding energies. All XPS
spectra were collected from pristine catalyst surfaces without
sputtering.

OER Catalytic Performance. Electrochemical measurements
were performed using a conventional three-electrode system
connected to an IviumStat potentiostat, where the catalyst was used
as the working electrode and a graphite rod and a Ag/AgCl electrode
were used as counter and reference electrodes, respectively, to
measure the electrocatalytic performances. Linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) were used to study the OER
catalytic performance and cycling stability. All activity data were iR-
corrected and measured through electrochemical impedance studies
to reduce uncompensated solution resistance. All electrolytes were
saturated by N, (for the OER) bubbles before and during the
experiments.

The steady-state performance and durability of all the electro-
catalysts in the OER for long-term chronoamperometric stability in
the alkaline electrolyte of 1 M KOH solution were carried out in two
forms: (i) at a constant current density of 10 mA cm™ for 16 h for all
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the binary fluorite series and (ii) at various current densities between
5 and 15 mA cm™ as a multistep study, carried out for Nd,Ce,0, and
Dy,Ce,O; in a N,-saturated 1.0 M KOH electrolyte at room
temperature.

All potentials measured were calibrated to the reversible hydrogen
electrode (RHE) using eq 1

Equir) = E(ag/ageny + 0.197 V + 0059 x pH (1)

All electrolytes were saturated with oxygen (for the OER) bubbles
before and during the experiments.

The steady-state performance and durability of all the electro-
catalysts in the OER for long-term chronoamperometric stability in an
alkaline electrolyte of 1 M KOH solution were characterized in two
forms: (a) at a constant current density of 20 mA cm™ for 16 h and
(b) at various current densities between S and 30 mA cm™* as a
multistep study, in N,-saturated 1.0 M KOH at room temperature.

The Tafel slope, an important parameter to explain the electro-
kinetic activity of the catalysts for the hydrogen evolution reaction and
the OER processes, was estimated from the Tafel plot. The Tafel
equation is given as the dependence of overpotential # on the current
density j as shown in eq 2.

2.3RT
anF

n=a+ log j 2)
where « is the transfer coefficient, n is the number of electrons
involved in the reaction, and F is the Faraday constant. The Tafel
slope is given by %. The Tafel plots in this work were calculated
from the reverse scan of CV collected at a scan rate of 2 mV s™' in a
nonstirred N,-saturated 1.0 M KOH solution.

The electrochemical impedance spectroscopy (EIS) experiments
were performed within the 10° to 107> Hz frequency range at an AC
signal amplitude of 10 mV to study the electrode kinetics and estimate
the electrolyte resistance (R;) and charge transfer resistance at the
electrode (catalyst)—electrolyte interface (R.). The Nyquist plots
were collected in N,-saturated 1.0 M KOH at an applied potential of
0.45 V vs AglAgCl (KCI saturated). The turnover frequency (TOF),
mass activity, electrochemically active SA (ECSA), and roughness
factor (RF) of the electrocatalysts were calculated using eqs 3—7,
respectively.

The TOF for the electrocatalysts was calculated from eq 3

ix A

TOF = ——
4XmXF

(3)
where j is the current density in mA cm™ at a given overpotential
(e.g, 7 = 0.31 V), A is the SA of the electrode (0.283 cm?), F is the
Faraday constant with a value of 96,485 C mol™', and m is the moles
of the catalyst on the electrode.

Mass activity (A g7') is the current density per unit mass of the
active catalyst at a given overpotential. This is calculated from the
catalyst loading m and the measured current density j (mA cm™) of
the catalyst, at # = 0.31 V, as calculated from eq 4.

Mass activity = L
m (4)

The ECSA of the catalyst was estimated by measuring the
electrochemical double-layer capacitance (Cp,) at different scan rates
in the non-Faradaic region. It was assumed that the current obtained
in the non-Faradaic region is caused by double-layer charging instead
of electrochemical reactions or charge transfer. The double-layer
current (ip;) was obtained by measuring cyclic voltammograms with
various scan rates in a nonstirred N,-saturated 1.0 M KOH solution.
The ratio of the double-layer current (ip; ) and the scan rate (v) of CV
yielded the specific electrochemical double-layer capacitance (Cp;) =
average of the absolute values of cathodic and anodic slopes obtained
from the CV plot in the non-Faradaic region as described in Figure
SS.

(5)

ipp, = Cpp, X v
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Table 1. Lattice Parameter a, Isotropic Atomic Displacement Parameters U,s, Average Crystalline Correlation Length L, and
the Goodness of Fit R, Resulting from XRD Rietveld Refinements of the Fluorite Sample Series Data”

CeO, La,Ce,0,
a (A) 5.41300(6) 5.5180(6)
U,(Ce/RE) (A?) 0.013 0.0013(3)
U,,(0) (A% 0.013 0.0469(1)
L (nm) 18.89(2) 3.48(1)
R,, 4.89 5.51
BET SA (m? g™") 122.44 52.11

“Measured BET SA is also shown for the samples.

Pr,Ce, O, Nd,Ce,0, Tb,Ce, O, Dy,Ce,0,
5.4330(2) 5.4980(4) 5.3640(2) 5.4160(3)U
0.0025(1) 0.0029(1) 0.0085(1) 0.0168(1)
0.0125(8) 0.035(1) 0.0113(1) 0.0325(9)
5.88(1) 4.64(1) 7.75(1) 6.67(1)
4.53 4.21 3.25 2.77

87.67 60.92 78.61 69.78

The ECSA of the catalyst was calculated using eq 6, where C; is the
specific capacitance as reported in an alkaline solution to be between
0.022 and 0.130 mF cm™2** In this study, we assumed the value of

(6)

})reviously reported OER catalysts in an alkaline

C, = 30 uF cm ™

based on

. 200
medium.

ECSA = Cp, /C, (7)

The RF is another important parameter that defines catalyst surface
roughness and can influence the observed catalytic properties. The RF
is estimated as the ratio of the ECSA and the geometric electrode area
of 0.283 cm®

RF = ECSA/SA (8)

Density Functional Theory. Density functional theory (DFT)
calculations were performed using the Vienna ab initio simulation
package (VASP). To determine the electron exchange—correlation,
the generalized gradient approximation was applied to the Perdew—
Burke—Ernzerhof (PBE) function scheme. The plane-wave basis set’s
kinetic cutoft energy was set at 520 eV. The lattice vectors and all
atomic positions were optimized by the conjugate gradient algorithm.
Geometries were refined until the threshold force was smaller than
0.01 eV/A and the total energy change was less than 1 X 1075 eV. The
slab models have used the (1 0 0) surface of Nd,Ce,O, and CeO,,
and a 10 A vacuum in the c-direction was added to avoid periodic
boundary interaction. A Monkhorst—Pack scheme K-point grid was
set to 9 X 9 X 1 during surface relaxation.

B RESULTS AND DISCUSSION

Defect Structure and Sample Morphology. As seen in
Figure 1b, Rietveld refinements were performed on powder
XRD data to determine the average crystal structure and phase
purity of the fluorite samples prepared by calcination at 600
°C. XRD patterns of all samples display broad peaks, indicative
of the highly nanocrystalline nature of samples produced using
the low-temperature EISA synthesis route. Interestingly, the
incorporation of RE*' cations in CeO, leads to a clear
broadening of diffraction peaks, suggesting a decrease in
crystallinity or particle size.

Rietveld refinement of the CeO, sample was performed
successfully using the canonical ceria fluorite unit cell model
described with the space group (S.G.) Fm3m, where the Ce
cations occupy the face-centered Wyckoft position 4a and
oxygen anions occupy the tetrahedral 8¢ position.”** All
fluorite samples containing RE cations display a single phase
defect fluorite structure, as shown in Figure 1a, also indexed to
the S.G. Fm3m, but with RE** randomly occupying half the 4a
sites and oxygen anions occupying an assumed 7/8ths of 8¢
sites. The addition of RE*" cations to ceria suppresses the
formation of Ce®" and promotes the formation of oxygen
vacancies due to the need for charge compensation.''

7017

Extracted parameters from Rietveld refinement provide
further structural insights into the effects of RE cation
incorporation in CeO,. In an ideal fluorite structure, Ce**
cations are VIII-fold coordinated with oxygen; however,
introducing (mainly) RE®" cations into the fluorite lattice
results in a change in the average cation coordination from
VIII-fold to VII-fold. The ionic radii for VII-fold coordination
can be estimated as an average of ionic radii for VI- and VIII-
fold coordination. As seen in Table 1 and Figure l¢, inclusion
of RE*" cations in CeO, generally results in a lattice expansion
with an increase in the average ionic radius. This is due to the
larger ionic radius of La** (1.1 A), Pr** (1.06 A), Nd** (1.05
A), and Dy** (0.97 A) relative to Ce** (0.92 A) in VII-fold
coordination.”>™*” It is noted that Ce** in VII-fold
coordination has a larger ionic radius (1.07 A) relative to
Ce*". As a noted exception to the trend, Tb inclusion does not
increase the lattice volume of the fluorite structure. Tb** has
ionic radii of 0.76 A in VI-fold coordination and 0.88 A in VIII-
fold coordination, while Tb** has an ionic radius of 0.98 A in
VII-fold coordination. The valence states of the fluorite cations
are discussed in further detail in connection with XPS results.
Interestingly, samples containing RE cations display a clear
decrease in the average crystallite size refined via XRD analysis
(<10 nm crystalline correlation length) relative to CeO, (~20
nm). The average crystalline correlation lengths are found to
be much smaller than the external particle morphologies
discussed in the following section, revealing that the particles
are highly disordered and/or contain many nanosized grains. It
is noted that substitution of Ce*" with larger (or smaller) RE
cations is expected to induce lattice disorder, and fluorite
compositions incorporating larger RE cations (La, Pr, and Nd)
generally display more peak broadening (less crystallinity) than
those incorporating smaller RE cations (Tb and Dy) in our
series. High lattice disorder is additionally suggested by several
large refined atomic displacement parameters in the reported
Rietveld refinement results in Table 1.

The effectiveness of a catalyst is largely dependent on the
accessible SA, which can be determined through the
examination of the particle morphology. SEM was used to
study the morphology of the fluorite sample series; all samples
were found to be highly heterogeneous with a diverse range of
particle sizes. In particular, micrometer scale porous flakes and
spherical nanoparticle agglomerates are distinctly displayed, as
shown by representative SEM images of Nd,Ce,O; in Figure
Slab. Similar observations of the coexistence of micrometer
sized flakes and spherical nanoparticles were reported in
fluorite structured materials made via a solution combustion
method by Cong et al.”® SA values for the sample series
measured using BET are displayed in Table 1, ranging between
~50 and ~90 m* g~! across the series. The higher attained SAs
at 600 °C of RE-containing samples may be related to higher
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Figure 2. O 1s core level binding energy spectra of (a) CeO,; (b) La,Ce,0; (c) Pr,Ce,05; (d) Nd,Ce,04; (e) Tb,Ce,05; and (f) Dy,Ce, 0,
catalysts. The area ratios of vacancy-related (Oy, green) and lattice-related (Oy, purple) components are provided.

decomposition temperatures of RE nitrates relative to Ce
nitrate, leading to possible delayed nucleation and growth from
solution.*”

Energy-dispersive spectroscopy (EDS) measurements were
performed on all RE**-containing samples to investigate the
formation of a solid solution. Elemental mapping confirmed
the homogeneous distribution of all elements present at the
micron scale. Spectra were collected for various particle
morphologies across sample locations to confirm that the
different morphologies possess the same chemical composition
and distribution. Representative EDS elemental mapping
results for Nd,Ce,O; are shown in Figure Slc,d. Measured
atomic ratios of RE cations to Ce from XRF measurements are
displayed in Table S1 and were found to closely resemble the
target stoichiometries with minor deviations.

XPS was used to determine the valence states of the
elemental constituents present on the surface of the fluorite
catalysts. As seen in Figure S2, the high-resolution Ce 3d
spectra of CeO, show six peaks with multiplet splitting. The
peaks were observed at 882.1, 888.4, and 897.9 eV for 3d;,,
and at 990.5, 906.8, and 916.3 eV for 3d;/,, confirming the
presence of both Ce (III) and Ce (IV) commonly observed in
ceria and ceria-based mixed oxides.”*”’’

The high-resolution La 3d spectrum of La,Ce,O, shown in
Figure S3 displayed doublet splitting, which further deconvo-
luted into four peaks (two per doublet). The peaks observed at
834.5 and 851.4 eV correspond to the spin—orbit 3ds;, and
3d;,, respectively, while the peaks at 838.3 and 855.6 eV were
identified as satellite peaks associated with 3ds,, and 3d;,,
respectively.”> These peaks represent La—O, bonding,
confirming the presence of La in the form of an oxide.”

Figure S4 shows the high-resolution Pr 3d spectrum of Pr in
Pr,Ce,O, with two doublets at 932.8 and 953.4 eV and
satellites at 928.4 and 984.2 eV, indicating the presence of the
Pr(III) oxidation state. This observation aligns with the
preferential trivalent state commonly observed for most RE
ions.”* Additionally, the satellites at lower binding energy are
attributed to the 4f; orbital, which has been shown to play a
key role in the catalytic properties of RE-based oxides.*>°

The presence and bonding state of Nd in Nd,Ce,O, was
confirmed from the high-resolution Nd 3d spectra shown in
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Figure S5b, which displayed two doublets at 977.8 and 982.3
eV, corresponding to a satellite and Nd(VI) of 3ds 5, as well as
at 1000.1 and 1004.7 eV, corresponding to a satellite and
Nd(II) of 3d3/2.37’38 The 4d spectra (Figure SSc) exhibited
121.1 and 124.3 eV peaks, associated with a satellite and 4d in
oxides.”

XPS analysis of Tb,Ce,0, from the high-resolution Tb 3d
spectrum (Figure S6b) confirmed the presence of Tb(IV), as
indicated by the observed characteristic doublet peaks of 3ds,
and 3d;,,, along with their corresponding satellites at 1241.0,
1276.0, 1251.4, and 1287.0 eV, respectively. These results were
consistent with the findings reported in the literature on RE
oxides."*!

As shown in Figure S7, the Dy 3d spectrum revealed doublet
peaks corresponding to spin—orbit splitting at 1296.2 and
1334.6 eV for Dy(Ill) arising from 3d;, and 3ds),,
respectively.*>** Additionally, a satellite peak at 1303.9 eV
was attributed to the Dy(IV) 3ds,, components, indicating the
presence of mixed Dy-ion states on the surfaces commonly
seen in its oxides.”

The presence of oxygen vacancies in oxide-based electro-
catalysts can strongly influence the kinetics of the OER by
affecting the binding strengths of oxygen-containing inter-
mediates, such as MOOH* and MOH* [M = metal cation(s)]
with the catalyst surface.”* Thus, the concentration of oxygen
vacancies in the fluorite catalysts was investigated by analyzing
the high-resolution O 1s XPS spectra for all of the samples in
the series. As seen in Figure 2, the O 1s XPS spectra for all
catalysts were deconvoluted into two main peak components:
oxygen vacancy (Oy) and lattice oxygen (Oy). The Oy binding
peak at approximately 528.8 eV in the O 1s XPS spectra of
each catalyst is associated with a typical metal—oxygen bond of
the lattice oxygen.”” The peak at 530.9 eV corresponds to
loosely absorbed oxygen species associated with oxygen
vacancies. The Oy peak at S31.5 eV was attributed to the
presence of surface chemisorbed oxygen associated with
defects (oxygen vacancies).*>*°

The proportion of surface oxygen vacancies in the catalysts
was estimated by calculating the ratio of the Oy/Oy peak areas,
with higher ratios indicating a larger amount of surface oxygen
vacancies.”* All of the binary fluorite compositions exhibit an
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Figure 3. Electrocatalytic performance of CeO,, La,Ce,O; Pr,Ce,0,, Nd,Ce,0,, Tb,Ce,0, and Dy,Ce,O, catalysts: (a) LSV curves; (b)
overpotential at a current density of 10 mA ecm™ (c) cyclic voltammograms; and (d) Tafel plots. All electrocatalysis data are measured in N,-

saturated 1 M KOH at a 10 mV s™! scan rate.

increase in the oxygen vacancy concentration relative to CeO,
to compensate for the extra positive charge introduced by
substitution of Ce*" with primarily RE** cations. Interestingly,
Nd,Ce,O, displays the highest concentration of oxygen
vacancies among all of the binary fluorites in the series.
While Tb and Dy Oy/Oy, values are close to that of Nd, they
will likely have fewer overall charge compensating oxygen
vacancies due to the incorporation of Tb*" and, to a lesser
extent, Dy*". These two factors suggest the potential for
Nd,Ce,0; as an efficient electrocatalyst for the OER. Oxygen
vacancies facilitate the adsorption of hydroxyl intermediates
and initiate the reconstruction of defective surfaces under an
applied potential,”>*” resulting in improved OER performance.
Achieving a high concentration of oxygen vacancies is crucial
to enhancing the solid-to-charge carrier (STCH) performance,
which is a key factor in determining electrochemical activity."*

Residual carbon was detected in the fluorite sample series via
XPS. The C 1s spectra of all samples exhibit a sharp
asymmetric peak at 285.0 eV, ascribed to amorphous carbon
present in the form of C—C/C—H." The peak at 288.8 eV is
attributed to the incomplete oxidation of carbon species: O—
C—0/0—-C=0, which may arise from incomplete oxidation
of the Pluronic P123 polymer used in the EISA synthesis
process.”® A similar concentration of the carbon residue was
found to be present across all samples and is expected to
increase the current density but not impact overpotential.

Electrocatalytic Performance for the OER. The electro-
catalytic performance of the as-synthesized binary fluorites was
assessed for the OER in a 1 M KOH alkaline solution using a
three-electrode system. Linear sweep voltammetry (LSV) was
employed to obtain OER polarization plots at a scan rate of 10
mV/s and compare the performance of the binary fluorite
catalysts, as seen in Figure 3a.
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As evidenced by the LSV curves, Nd,Ce,O, exhibited a
significantly lower overpotential of 243 mV at a current density
of 10 mA cm™?, indicating higher catalytic activity than that of
La,Ce,0, (overpotential of 331 mV), Pr,Ce,O, (overpotential
of 318 mV), Tb,Ce,0, (overpotential of 280 mV), Dy,Ce,0,
(overpotential of 310 mV), and CeO, (overpotential of 347
mV) (Figure 3b). The intrinsic catalytic activity of the catalysts
ranging from the highest to the lowest can be ranked as
follows: Nd,Ce,0, > Tb,Ce,O, > Dy,Ce, O, > Pr,Ce,O0, >
La,Ce,0; > CeO,, suggesting that Nd,Ce,O, has the highest
activity in the series. Notably, the CeO, catalyst, synthesized
using a soft templating approach in this study, demonstrated an
overpotential of 347 mV, surpassing other reported neat CeO,
OER electrocatalysts in the literature.”*"*” This suggests that
soft templating via EISA is a promising method for the
synthesis of efficient electrocatalysts for the OER. Further-
more, all binary fluorite compositions exhibit an overpotential
lower than that of CeQO,, presumably due to the increase in
oxygen vacancy concentration, enhanced oxygen mobility from
lattice disorder or expansion effects, and electronic perturba-
tion effects resulting from RE cation incorporation into the
fluorite lattice.

CV of all samples revealed preoxidation peaks associated
with the oxidation of the active metal site (Figure 3c). The
preoxidation peaks for Nd,Ce,O, Tb,Ce, O, Dy,Ce,0,,
Pr,Ce,0,, La,Ce,0,, and CeO, occurred at 1.35, 1.43, 1.39,
1.40, and 1.38 V vs RHE, respectively, at a scan rate of 10 mV
s™!, primarily originating from the contributions of Ce(III)/
Ce(IV). This effect becomes more pronounced when varying
the scan rates. The shift in the oxidation peak potential relative
to the parent CeO, indicates the influence of electronic
perturbation resulting from incorporating an RE element in the
binary fluorites. Tafel plots derived from LSV curves were used
to analyze the OER kinetics of the electrocatalyst. As shown in
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Figure 3d, Nd,Ce, O, exhibited the smallest Tafel slope of 43.1
mV dec™!, indicating faster electrocatalytic kinetics for the
OER. Interestingly, the Tafel slopes for Dy,Ce,O; (51.7 mV
dec™!) and La,Ce,0, (56.6 mV dec™') were observed to be
smaller than that of Tb,Ce,O, (76.6 mV dec™'). Although
Tb,Ce,O, is more catalytically active, it has electrokinetics
slower than those of Dy,Ce,0, and La,Ce,O-. Therefore, the
electrokinetic activity of the fluorite series, as determined by
the Tafel slope, follows the order Nd,Ce,0, (47.9 mV dec™)
> Dy,Ce,0, (51.7 mV dec™") > La,Ce,0, (56.6 mV dec™") >
Tb,Ce,0, (76.6 mV dec™) > Pr,Ce,0, (82.2 mV dec™') >
CeO, (867 mV dec™). Importantly, a 50% RE cation
substitution for Ce in the CeO, fluorite lattice enhances the
electrokinetics of the OER, in addition to the activity. The
binary fluorites reported in this study display improved OER
performance compared to previously reported CeO,-based
electrocatalysts.*>7¢

To further evaluate the catalytic performance for the OER,
the mass activities and TOF at an overpotential of 350 mV
were calculated, as presented in Figure 4a,)b respectively.
Among all fluorite catalysts, Nd,Ce,0; demonstrated the
highest OER activity, exhibiting a mass activity of 36.0 A g~*
and a TOF of 0.0643 s™'. Tb,Ce,0, and Dy,Ce,0, showed
very similar performances with the same mass activity of 14.56
A ¢g7" and TOF values of 0.0268 and 0.0271 s™', respectively.
The superior OER activity of the Nd,Ce,O, catalyst can be
tentatively attributed to the electronic structure perturbation
resulting from the incorporation of Nd and an increased
number of catalytically active sites originating from the higher
concentration of oxygen vacancies.

EIS analysis revealed that the electrical resistivity influences
the OER activity. EIS spectra of the fluorite series revealed
semicircular curves, indicating a combination of electron
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transfer and double-layer charging processes. The Nyquist
plots generated at 0.45 V vs RHE are shown in Figure 4c. An
equivalent circuit, shown in the inset in Figure 4c, consisting of
the electrolyte resistance (R;), charge transfer resistance (R),
constant phase element, and Warburg element (W) was used
for evaluation (Table S2). Nd,Ce,0, exhibited the lowest R,
of 795 Q at a potential of 1.45 V vs RHE, followed by
Tb,Ce,O, with an R of 10.10 Q. CeO, displayed the largest
resistance of 18.1 Q. A lower R, indicates faster charge transfer
kinetics between the electrocatalyst surface and the electrolyte
solution during the OER. The observed trend in the R of the
fluorite samples aligns with the trend observed in over-
potential.

To elucidate differences in the charge density of adsorbed
OH across the fluorite sample series, DFT calculations were
performed. Slab models of the (100) crystal facet of the
fluorites were constructed as shown by the representative
crystal structure of Nd,Ce,0, in Figures Sa and S8, and the
differential charge densities of the adsorbed OH group on the
RE cation sites were calculated as seen in Figure Sb. For
Nd,Ce,0,, OH™ adsorption energy was calculated based on
the RE and Ce sites, while only the RE cation site was used for
calculations of the other samples in the fluorite series.
According to the integrated charge density difference, the
Nd/Ce—OH layer is surrounded by an apparent electron
accumulation at Nd or Ce atoms (sky-blue region) and an
electron reduction at the O atoms (yellow region), leading to
new electronic states at the Nd/Ce—OH heterointerface. The
largest electron cloud, depicted in Figure Sa, indicates a high
rate of electron transfer and robust contact between OH* and
the Nd on the catalyst surface; this is supported by the value of
the adsorption energy of OH™ on Nd in Nd,Ce,O-, which is
negative (—2.68 eV) and has the smallest OH™ adsorption
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Figure 6. Comparison of the trends in overpotential versus (a) top: area ratios of vacancy-related (Oy) and lattice-related (O, ) oxygen calculated
from the O s core level binding spectra from XPS measurements and bottom: OH™ adsorption from DFT calculations; (b) top: RF and bottom:

ECSA for the fluorite sample series.

energy among all the fluorites investigated in this study. The
smallest OH™ adsorption energy of Nd,Ce,O accelerates the
kinetics of the OER. It is noted that all RE,Ce,O,
compositions studied here had a smaller OH™ adsorption
energy relative to the CeO, surface. Qualitatively, the trend in
smaller adsorption energies matches the trend in smaller
overpotentials for the OER in the series.

Visualization of the relationship between OH™ adsorption
energy and overpotential in the fluorite samples series is
depicted in the form of a volcano plot, as shown in Figure Sc.
OH™ adsorption is an exothermic process, and hence, higher
OH™ adsorption (more negative energy) is associated with
improved catalytic activity at the surface. However, very high
negative OH™ adsorption leads to catalyst poisoning. Optimal
OH~ adsorption energy (negative) yields the lowest over-
potential and is located at the peak of the volcano plot. In the
fluorite sample series, RE substitution leads to favorable OH™
adsorption on the catalyst site (more negative and more
exothermic), decreasing overpotential. The trends in OER
overpotential of the fluorite series and their corresponding
OH™ adsorption from DFT calculations and the ratio of the
Oy/Oy peak areas from the O 1s XPS spectra are shown in
Figure 6a.

We observe a clear trend, suggesting that an increase in the
concentration of oxygen vacancies leads to a decrease in the
OH™ adsorption energy and a lower overpotential. An increase
in the concentration of oxygen vacancies leads to more
favorable OH™ adsorption (more exothermic process), leading
to a lowering of overpotential. Surface-enriched oxygen
vacancies play a key role in accommodating hydroxyls,
enhancing the preoxidation of low oxidation species and
facilitating the deprotonation/reconstruction of intermediates.”
Additionally, achieving a higher valence state via coordination
expansion is crucial in forming the initial active M-OOH*
species for the OER.”” The exposed RE sites exhibit improved
electrophilicity and hydroxyl adsorption onto the Ce-active
sites can be facilitated by oxygen vacancies (Oy), leading to
adsorbed M-OH* intermediate species. Subsequently, this
process triggers the deprotonation step at a minimal potential,
forming active oxygen species (RE-OOH*) on the catalyst
surface. This rationalizes the observed enhancement in the
OER activity across the fluorite series. Importantly, many of
the RE-based electrocatalysts in this work exhibit a lower OER
overpotential than transition metal-based catalysts reported in
the literature.”®>’
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To determine the role of morphology in enhancing the OER
performance of the fluorite series, trends in the ECSAs of the
catalysts were plotted against the OER activity, as shown in
Figure 6b. ECSAs were determined by evaluating the specific
electrochemical double-layer capacitance (Cg) through CV
measurements at various scan rates (2.5—50 mV s™') (Figures
S9—S14). A larger ECSA value also leads to a higher surface
roughness (RF) (also presented in Figure 6b), which is
another parameter that is examined and can affect the catalytic
activity. Nd,Ce, O, was found to have the largest ECSA and
RF, likely due to the highly nanocrystalline nature of the
sample, in corroboration with the broad diffraction peaks
observed by XRD. Although CeO, exhibits higher ECSA and
RF than the other binary fluorites, it showed the lowest OER
activity (highest overpotential). Generally, for highly active
catalysts, such as Nd,Ce,O,, the larger ECSA observed
translates to more exposed electrochemically active sites,
facilitating electrolyte infiltration and surface interaction with
the active sites of the electrocatalyst.”’ This leads to a high
OER activity without hindrance from mass transfer limitations
in the electrolyte.”” Overall, an increase in the ECSA and RF
does not directly correlate with a decrease in overpotential
across the fluorite series, suggesting that while morphology
plays an important role in catalytic performance, the chemical
composition of the catalysts in this series and the resulting
effects on oxygen vacancies and OH™ adsorption energy are
responsible for the observed trends in the OER activity.

To investigate the preoxidation behavior of the catalysts
during the OER, CV was employed. The CV plots reveal that
the preoxidation peak of the catalyst becomes more
pronounced at higher scan rates (Figures S15—S20).
La,Ce,0,, Nd,Ce,0,, and CeO, demonstrated one reduction
and one oxidation peak at all scan rates. Their oxidation peak
shifts slightly toward a higher potential and their reduction
peak toward a lower potential with the increasing scan rate.
This indicates that they have similar redox processes (involving
Ce). In contrast, Pr,Ce,0, and Tb,Ce,0, show two distinct
reduction peaks and two overlapping oxidation peaks, with the
reduction peaks more obviously identified, as shown in Figures
§17 and S19, suggesting that both Ce in combination with Pr/
Tb are involved in a unique redox process for these binary
fluorite systems. Similarly, Dy,Ce,O, shows two overlapping
reductions and two distinct oxidation peaks, where the
oxidation peaks are more obviously recognized, as shown in
Figure S20. Similarly, this suggests that Ce and Dy are both
involved in this composition’s preoxidation process. Overall,
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Table 2. Electrochemical Parameters for the Fluorite Sample Series

CeO, La,Ce, O, Pr,Ce, 0, Nd,Ce, 0O, Tb,Ce, O, Dy,Ce, 0,
onset potential V) 1.52 1.49 1.47 142 1.44 1.48
overpotential @10 mA cm™* (mV) 347 331 318 243 280 310
Ce** — Ce* oxidation peak potential (V) 1.38 1.43 1.41 1.35 1.39 1.4
TOF (s7') 0.0031 0.018 0.0163 0.0634 0.0268 0.0271
mass activity (A g™') 6.77 10.21 9.3 36 14.56 14.56
Tafel slope (mV dec™") 86.7 56.6 822 47.9 76.6 51.7
ECSA (cm?) 96.2 334 49.4 1204 63.2 93
RF 339.8 118.1 174.3 425.5 2232 328.6
0.8 0.8
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Figure 7. Multistep chronopotentiometry study at various current densities (mA cm™) for (a) Dy,Ce,O, and (b) Nd,Ce,O,.
Chronopotentiometry stability at a constant current density of 10 mA cm™ for (c) Dy,Ce,O, and (d) Nd,Ce,0,.

this indicates that Ce ions may serve as the main active site,
while the other RE cations play differing roles in modulating
the catalyst electronic and structural configuration, thereby
significantly enhancing the electrocatalytic performance in the
OER. The electrochemical parameters for the fluorite electro-
catalysts are compared in Table 2.

OER Electrocatalytic Stability. The stabilities of the
overall best performing catalyst (Nd,Ce,O;) and the catalyst
with the second highest electrokinetic activity, Dy,Ce,O,, were
evaluated by multistep chronopotentiometry at various
currents ranging from 5 to 25 mA (Figure 7). The results
demonstrate the remarkable stability of the fluorite series over
extended periods and their ability to withstand varying currents
without rapid degradation.

Additionally, the long-term durability of all the catalysts was
investigated by subjecting them to constant potential measure-
ments for 16 h (Figure S21). The fluorite electrocatalysts
exhibited robust catalytic stability over 16 h under unin-
terrupted OER conditions at a constant current of 10 mA, as
demonstrated by the long-term chronopotentiometry stability
test (Figures 7 and S21). No significant deterioration or
observable changes in the OER polarization plots of Dy,Ce,0,
and Nd,Ce,0, were observed before and after the stability
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study, indicating excellent mass transfer properties and
mechanical ruggedness of the electrode, as depicted in the
inset of Figure 7¢,d.

Additionally, XPS analysis (Figures S22—S27) reveals no
notable alterations in the surface electronic states and
elemental compositions of the catalysts before and after the
stability measurements, indicating that the integrity of the
catalysts remains intact. However, in the O 1s spectra of the
fluorite samples, additional peaks are observed, indicating the
adsorption of OH* species on the surface after activity. This
suggests that OH™ adsorption occurs during catalyst activation
and is attributed to physisorption. Furthermore, the C 1s
spectra show additional peaks, where the peak at 295.6 eV is
assigned to aromatic —C=0, while the peaks at 292.9 and
291.5 eV are attributed to an aromatic shakeup,®® and the peak
at 283.9 eV corresponds to sp* and sp>-hybridized carbon
(C=C/C~C).*" The new carbon species observed post-OER
arise from surface contamination and oxidation products
resulting from the reaction, as previously described in the
literature.*” Overall, fluorite catalysts synthesized by using the
EISA approach are found to have decent stability, with no
apparent signs of degradation, indicating their promise to
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deliver the robustness and longevity needed for the use in OER
applications.

The remarkable catalytic performance of the Nd,Ce,O,
catalyst can primarily be attributed to an enhanced
concentration of oxygen vacancies, which play a key role in
accommodating hydroxyls and improving the electrokinetics of
the OER process. In general, incorporating the RE element
within the CeQ, structure provides a favorable modification of
the electronic structure and leads to improvements in the OER
activity. Furthermore, the porous, nanostructured nature of the
catalyst plays a significant role in minimizing the contact region
between bubbles and the electrode, facilitating efficient bubble
release and reactant transfer. The high SA to volume ratio of
the nanocatalyst and the lattice expansion resulting from
incorporating Nd increase the number of active sites and
enhance the electron transport conductivity from the catalyst’s
surface. It will be of great interest to explore whether there is
an optimal substitution level of Nd for Ce in the
Nd,Ce,;_,O,_; solid solution series and whether incorporation
of multiple REs in RE Ce;_,O,_s fluorites will further enhance
the activity or stability for the OER electrocatalysis.

B CONCLUSIONS

In this work, EISA was demonstrated as a promising,
inexpensive, and scalable route to synthesize OER catalysts
with a high SA and mesoporosity, belonging to the cerate
fluorite class of materials. Although CeO, in this study
appeared to have the highest overpotential and, consequently,
the least activity toward the OER, its activity is higher than that
of the pristine CeO, systems reported in the literature.

The substitution of 50% RE cations for Ce in the host CeO,
fluorite lattice was found to significantly enhance the OER
activity in a 1 M KOH electrolyte solution. Furthermore, all
binary fluorite compositions demonstrate stability in an
alkaline medium over long periods of operation at a constant
potential. The improvement in the OER activity of the RE-
containing binary fluorite compositions is ascribed to an
increase in oxygen vacancies, which lowers the adsorption
energy of the OH™ intermediate in the OER and thus lowers
the OER overpotential.

Among the RE binary fluorite samples investigated,
Nd,Ce,0, demonstrated the highest OER activity, exhibiting
a low overpotential of 243 mV at a current density of 10 mA
cm™? with a low Tafel slope of 47.9 mV dec™, a high TOF of
0.0634 s™', and a high mass activity of 36 A g~'. Additionally,
Nd,Ce,O, displayed long-term durability in an alkaline
medium. This superior OER activity can be attributed to the
electronic redistribution, introduction of a large concentration
of oxygen vacancies, and low OH™ adsorption energy induced
by incorporating Nd cations into the CeO, host fluorite lattice.
This study provides valuable insights into using RE element
substitution to tailor the structure and electronic properties of
the fluorite class of materials, enabling the development of
highly active and stable electrocatalysts. Importantly, we
demonstrate that RE oxide OER catalysts with high activity
and stability can be achieved using the low-cost EISA synthesis
route, without the incorporation of transition and noble
metals.
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Representative SEM and EDS images of Nd,Ce,O,
synthesized at 600 °C using EISA; XRF measurements
of the fluorite sample series; table of equivalent circuit
parameters from fitting of EIS experimental data; XPS
spectra of the fluorite series before and after the OER;
representative crystal structure models of Nd,Ce,O,
used to perform DFT calculations; CV curves of the
fluorite series measured at different scan rates; and
chronopotentiometry stability of the fluorite series, with
LSV curves shown before and after the OER (PDF)
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