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A Permselective CeOx Coating Improves the Stability of Oxygen
Evolution Electrocatalysts

Abstract: Highly active NiFeOx electrocatalysts for the oxygen
evolution reaction (OER) suffer gradual deactivation with time due to
the loss of Fe species from the active sites into solution during
catalysis. Here, we describe the anodic deposition of a CeOx layer
that prevents the loss of such Fe species from the OER catalysts,
achieving a highly stable performance. The CeOx layer does not affect
the OER activity of the catalyst underneath but exhibits unique
permselectivity, allowing the permeation of OH− and O2 through while
preventing the diffusion of redox ions through the layer to function as
a selective O2-evolving electrode. The use of such permselective
protective layer provides a new strategy for improving the durability of
electrocatalysts.

Hydrogen is an energy carrier that can effectively store
intermittent energy generated by renewable energy sources, such
as solar and wind power. Many techniques, such as water
electrolysis and photoelectrochemical water splitting, have been
studied for the generation of hydrogen and oxygen from water.
Unlike the hydrogen evolution reaction (HER) conducted on the
cathodic side, the anodic oxygen evolution reaction (OER) is a
kinetically sluggish reaction, requiring a substantial overpotential.
Highly active, durable and cost-effective electrocatalysts for OER
are desired for the development of an efficient water splitting
device. NiFeOx is one of the most active electrocatalysts for OER
in alkaline conditions, and while it is known that Fe plays a critical
role in the improved activity,[1] the origin of the enhancement of
the OER kinetics by Fe doping is still under debate. Although
many studies have been devoted to decreasing the overpotential
via the development of an LDH structure,[2] compositional
control,[3] or deposition on a conductive support with high surface
area,[4] few reports have discussed the stability under harsh
oxidative conditions.[5] Görlin et al. reported a significant
overpotential increase (approximately 30 mV) on Ni0.65Fe0.35Ox
over 20 h during a constant current electrolysis at 10 mA cm−2.[5c]
Speck et al. observed that the iron content in the Ni0.5Fe0.5Ox
catalyst decreased from the loss of FeO42− species after the
overpotential increased by approximately 200 mV during the
stability test at 200 mA cm−2 for 24 h.[5d] FeOOH is also known to
dissolve as FeO42− during OER in alkaline solutions.[6] We
address this stability issue of an active OER electrode by coating
the electrode with a protective thin layer that allows the evolved
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O2 to penetrate, without losing dissolved ion species from the
active surface into the solution. Herein, we report that an
anodically deposited CeOx layer successfully realizes this unique
permselectivity that results in a highly stable performance of the
NiFeOx catalyst.
NiFeOx was prepared on a Au substrate by conventional
cathodic deposition[7] and was used as the base electrode. The
CeOx layer was formed on the NiFeOx by applying a constant
anodic potential of 1.7 V vs. the reversible hydrogen electrode
(RHE) in the deposition solution containing 0.4 M cerium nitrate
and 0.4 M ammonium acetate (pH = 7).[8] The optimal deposition
time was found to be 6 h (vide infra). In the deposition solution,
Ce3+ is oxidized and precipitates on the anode due to the lower
solubility of Ce4+ compared to Ce3+.[8] Because Ni(OH)2 becomes
conductive only after oxidation to NiOOH,[9] we applied a more
anodic potential (1.7 V vs. RHE) than that for the oxidization of
Ce3+ (1.0 V vs. RHE) to deposit CeOx on top of NiFeOx (Figure
S1a and S1b), where oxygen is evolved. Ce3+ can also be
oxidized by O2 evolved from the anode, making the Ce deposition
process rather complex.[10] Using inductively coupled plasma
(ICP) (Table S1), the total amount of deposited Ce was measured
to be 1.9±0.2 μmol cm−2. The total charge passed during the
deposition was 13±1 C cm−2, corresponding to 150±11 μmol cm−2
of electrons (Figure S1c). Therefore, only less than 10% of total
charge was utilized for the deposition process.

Figure 1. (a) Cross-sectional (milled by focused ion beam (FIB)) SEM images
of CeOx-coated NiFeOx. (b) (c) high resolution TEM images of CeOx layer. (d)
Raman spectra of bare and CeOx-coated NiFeOx electrode and commercial
CeO2. Raman spectra were obtained before and after the stability test at 20 mA
cm−2 for 96 h.

Top-view scanning electron microscopy (SEM) images of
bare NiFeOx and the CeOx-coated NiFeOx electrodes are shown
in Figure S2a and S2b, respectively, and the cross-sectional
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image of the latter is shown in Figure 1a. It can be seen that the
cathodically deposited NiFeO x had a coarse structure on the Au
substrate, and the CeOx layer was uniformly formed with a
thickness in the 100 - 200 nm range on top of the NiFeOx.
Transmission electron microscopy (TEM) image of CeO x layer
revealed that approximately 5 nm of nanoparticles aggregated to
form the layer consisting apparent voids between them (Figure
1b). The CeOx material at the NiFeOx surface seems to be more
porous than the bulk layer (Figure S2d) and some lattice fringes
suggest the existence of ultrafine crystalline structure of CeO2,
which is confirmed by selected-area electron diffraction (SAED),
forming its aggregated layer (Figure 1c and S2e). Raman spectra
show an O−Ce−O vibration at approximately 450 cm −1 with the
broad Ni−O vibration peak[11] from Ni(OH)2 at approximately 560
cm−1 (Figure 1d). When compared to commercial crystalline CeO2,
the O−Ce−O vibration was shifted toward lower wavenumber
values, and the peak shape became broader. This difference can
be due to the particle size or coexistence of Ce 3+.[12] The XRD
diffraction pattern did not show any peaks from crystalline CeO 2
apparently because of fine crystalline particles (Figure S3). It
showed a broad peak at approximately 25°, indicating the
coexistence of the amorphous phase. XPS spectra of Ce 3d
showed a multiplet splitting composed of Ce3+ and Ce4+,[13]
indicating that Ce3+ precipitated together with Ce4+ (Figure S4a).
O 1s spectra showed two main peaks at 529 eV and 532 eV,
characteristic of oxide and hydroxide[13a,13b,14], respectively
(Figure S4b).
Figure 2a shows a stability test of uncoated and CeO xcoated NiFeOx at 20 mA cm−2 in 1 M KOH. Uncoated NiFeOx
reached 20 mA cm−2 at 1.53 V vs. RHE in the beginning of the
stability test, but the overpotential increased with time by more
than 60 mV over 96 h. On the other hand, CeOx-coated NiFeOx
maintained its overpotential for 96 h, while the potential to achieve
20 mA cm−2 was similar to the uncoated NiFeOx at the initial stage.
In the cyclic voltammogram (CV) measured immediately after the
stability test (96 h), a slight recovery of the current toward OER
was observed at the second cycle, without going back completely
to the original current density measured prior to the stability test
on the bare NiFeOx electrode (Figure 2b). It is often reported that
a cathodic sweep or resting potential help to recover the current
of deactivated NiFeOx to some extent,[5a,5b] but the reason for this
still remains unclear. In contrast, although a slight increase of the
overpotential (~10 mV) was observed during the stability test for
CeOx-coated NiFeOx, by potential sweeping, the OER current
recovered completely to the original value that was measured
prior to the stability test (Figure 2b). This full recovery was in
marked contrast to the behavior observed for the bare NiFeOx
electrode. Importantly, the Tafel slope remained ~40 mV dec−1
after the CeOx deposition (Figure 2c), clearly suggesting that the
CeOx layer did not affect the reaction mechanism of NiFeO x
toward OER.
Examination of the Raman spectra obtained after the
stability test shows that a broad peak due to NiO[11a] appeared at
approximately 670 cm−1 on the bare and CeOx-coated NiFeOx
(Figure 1d). The O−Ce−O vibration remained broad and shifted to
lower wavenumber compared to commercial CeO2. XPS spectra
also showed that the coexistence of Ce3+ and Ce4+ was retained,
along with the coexistence of the oxide and hydroxide, after
anodic polarization (Figure S4c and S4d). These results indicate

that the CeOx layer did not show a significant change in its crystal
nature after the OER. From ICP measurement, the amount of Fe
in the bare NiFeOx remained unchanged after stability test (Table
S1) in contrast with the previous report observing content of Fe
dropped from 50% to 25%.[5d] It is consistent with the claim in the
literature that only limited amount of Fe was highly active sites[15]
and those sites were lost, which could not be quantified by our
ICP measurement. Alternatively, the amount of Ce remained
unchanged after long current electrolysis, suggesting that CeOx
layer was not a sacrificial layer. Top-view SEM images of CeOxcoated NiFeOx electrode after stability test also shows that CeOx
layer maintained similar morphology compared with that before
the stability test (Figure S2b and S2c).
A comparison of the redox peaks of Ni2+/3+ in the CVs
measured before and after the stability test showed that the redox
peaks exhibited a similar negative shift after anodic polarization
on bare and CeOx-coated NiFeOx (Figure S6) despite their
different stabilities. This indicates that the redox peak position of
Ni2+/3+ does not reflect the OER activity, in agreement with a
previous report.[15b] Impedance spectra of the bare and CeOxcoated NiFeOx electrodes show a single semicircle that arises
from the parallel connection of the charge transfer resistance
(RCT) toward OER and the double layer capacitance (Cdl) (Figure
S7a and S7c). The corresponding transition appeared at
approximately 100 Hz in the Bode plot (Figure S7b). A thick oxide
film was often reported to show an additional semicircle in the
Nyquist plot and the corresponding peak of the phase and step of
log|Z| at approximately 1 kHz in the Bode plot. This additional
semicircle is assigned to the parallel connection of the resistance
(Rf) and capacitance (Cf) from the oxide film[16] (Figure S7d) and
induces a potential drop through the oxide film. CeOx-coated
NiFeOx did not show any other observable semicircle, which also
implies that the CeOx layer itself did not cause a potential loss
through the layer in alkaline conditions.
An electrode with CeOx directly deposited on Au without
NiFeOx did not exhibit any appreciable current at ~1.5 V vs. RHE,
confirming that CeOx itself is not relatively active for OER (Figure
S8). When the deposition process was conducted in the absence
of the Ce3+ precursor, the stability of the NiFeOx was not improved,
also confirming that the deposition of the CeOx layer is essential
for obtaining a stable OER performance (Figure S9), i.e., either
acetate or ammonium ions in the deposition solution alone did not
contribute to the improved stability.
Another possibility to cause improved stability is that the Ce
species alters the nature of NiFeOx. Doping of Ce into the Nibased catalyst is reported to improve the kinetics of OER and 3-5
nm of segregated CeO2 was reported after electrochemical
measurements even though the contribution of CeO2 to the
improved kinetics is still under investigation. [17] Therefore,
different compositions of NiFeCeOx electrodes were also
prepared by adding Ce(NO)3 into the solution for cathodic
deposition of oxide catalysts. The compositions of deposition
solutions and deposited electrocatalysts are shown in Table S2,
demonstrating the successful incorporation of the Ce species into
NiFeOx. Ni0.84Fe0.14Ce0.02Ox indeed exhibited improved OER
performance (both onset and current) compared to NiFeO x
without Ce incorporation (Figure S10a and S10b). The
introduction of an additional CeOx layer did not alter the initial
OER performance but largely improved the stability (Figure S10c).
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Figure 2. (a) Electrocatalytic stability test by controlled current electrolysis at 20 mA cm −2. Cyclic voltammograms of (b) bare NiFeOx and (c) CeOx/NiFeOx electrodes
before and after the stability test. (d) Tafel plot taken from cyclic voltammograms. Scans (20 mV s −1) in the negative direction are shown. All the measurements
were conducted in purified 1 M KOH at 298 K with O2 bubbling.

In an alternative approach, the deposition of CeOx was also
conducted on CoOx nanoparticles (SEM images are shown in
Figure S5).[18] An accelerated stability test was performed by
cyclic voltammetry in 0.5 M phosphate buffer solution (pH = 7)
(Figure S15). Bare CoOx showed a drastic decrease of the current
and a positive shift of the onset potential with potential cycles that
were attributed to the gradual loss of the Co species from the
electrode surface.[19] The CeOx coating did not alter the initial
onset, i.e., the electrocatalytic activity of CoOx. These
observations are attributed to the confinement introduced by the
layer where the dissolved Co species is maintained within the
layer, assisting self-healing.[20] Thus, the essential role of the
additional CeOx layer for the stability was confirmed to be
universal regardless of the OER catalysts.
The permselectivity of the CeOx layer in the presence of
various kinds of reducing agents, which can be oxidized on
NiFeOx, was investigated by electrochemical measurements.
Figure 3a shows representative cyclic voltammograms of the bare
and CeOx-coated NiFeOx electrodes in 1 M KOH with and without
0.2 M K4Fe(CN)6. In the alkaline solution with the ferrocyanide
redox ions, bare NiFeOx displays the oxidation and reduction
peaks of ferrocyanide and ferricyanide, which has the redox
formal potential at 1.33 V vs. RHE in pH 14, followed by the redox
peaks of Ni2+/3+. On the other hand, CeOx-coated NiFeOx does not
show any redox peaks of the ferrocyanide ions, and only the redox
peaks from Ni2+/3+ as if ferrocyanide ions are absent were
observed, implying that the CeOx layer blocked the permeation
and charge transfer of ferrocyanide. Then, CeOx-coated NiFeOx
electrodes with different deposition times were prepared and
tested for the same experiment (Figure S11). Comparing the
currents at 1.4 V vs. RHE where ferrocyanide oxidation
contribution is obvious, CeOx-coated NiFeOx with 2 h of
deposition detected a higher current for the oxidation of
ferrocyanide. This indicates that more than 4 h of deposition are
necessary
to
obtain
sufficient
permselectivity.
This
permselectivity was also confirmed by gas quantification of O2
during controlled current electrolysis at 10 mA cm −2 (Figure S12a).
In the case of bare NiFeOx, oxygen was not detected in the initial
3 h, indicating that the oxidation of the redox mediator dominated
on the bare NiFeOx surface rather than OER. After 3 h of

electrolysis, oxygen started to evolve only gradually due to the
decreasing concentration of redox species during the electrolysis
and resultant diffusion limitation of redox species. On the other
hand, >90% of the faradaic efficiency to O2 was maintained on
CeOx/NiFeOx after 7 h.
To further investigate the permselectivity of the CeOx layer,
Faradaic efficiencies of O2 in the presence of different kinds of
reducing agents, such as iodide, methanol, ethanol, isopropanol,
lactate and malate, were further evaluated (Figure S12b-S12g)
and are summarized in Figure 3b with the corresponding Stokes
radii, which were estimated from the corresponding diffusion
coefficients in aqueous solution.[21] In alkaline solutions, all
reducing agents used are more thermodynamically preferred to
be converted than OER.[22] Among different alcohols, bulkier iPrOH reaction was more suppressed than smaller MeOH by the
CeOx layer. A clear improvement of selectivity toward O2 was
observed in the solution with redox anions rather than neutral
alcohols. Notably, while lactate anion and isopropanol have
similar Stokes radii, significant improvement for OER selectivity
was obtained in the presence of lactate anion, suggesting that
charges of reactants play a significant role to the permeation
through the CeOx layer. This trend suggests that diffusion of the
reducing agents is impacted not only by their sizes but also by
their charges. Since the isoelectronic point of CeO 2 is reported to
be approximately 7,[23] the CeOx layer should be negatively
charged and repulse anions, resulting in the more effective
suppression of the diffusion of the anion through the layer in
alkaline conditions. Although OH− ions are also negatively
charged, the CeOx layer electrodeposited by anodic polarization
was reported to have a hydrous disordered structure, [24] which
could contribute to the diffusion of OH− to the NiFeOx catalyst
underneath the layer.
The coating of the CeOx layer can be applied to water
splitting in the presence of Cl− to improve the stability of the
NiFeOx catalysts. The overpotential of NiFeOx increased by more
than 60 mV in 6 h in the solution with 1 M KCl, while it increased
by 30 mV in the solution without KCl (Figure S13). No oxidation
of Cl− was observed in alkaline conditions because the redox
potential is reported to be 1.72 V vs. RHE,[25] which is higher than
the observed potential. Cl− appears to facilitate the deactivation of
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functionality of the CeOx layer. In particular, the layer suppresses
the diffusion of dissolved Fe species from catalyst to the
electrolyte, resulting in the preservation of the active sites in
NiFeOx during anodic polarization.

Scheme 1. Schematic image of the improved stability and selectivity achieved
by the deposition of CeOx on the OER catalyst.

In conclusion, we successfully developed a highly durable
NiFeOx OER electrocatalyst by the anodic deposition of a CeOx
layer on it. The CeOx consisted of a mixed oxide and hydroxide
layer, which prevented the diffusion of redox ions while allowing
OH− and evolved O2 to permeate through. The improved stability
of the OER catalysts was attributed to permselectivity, which can
regulate the diffusion of redox ions, such as iodide, ferrocyanide
and dissolved metal ion species, between the electrolyte and
OER catalysts. CeOx protection is also applicable to other OER
materials and obviously to corrosion inhibition without
electrocatalysis, demonstrating the universality of the
permselective function applicability. This finding demonstrates a
promising novel approach for introducing an inorganic layer by
anodic deposition for highly active and durable OER catalysts that
operate in harsh oxidative conditions.
Figure 3. (a) Cyclic voltammograms for the bare and CeOx-coated NiFeOx
electrodes in 1 M KOH solution with and without 0.2 M K 4Fe(CN)6 under Ar
atmosphere (condition: 20 mV s−1, 298 K). (b) Faradaic efficiency of O2 during
controlled current electrolysis at 10 mA cm−2 for the bare and CeOx-coated
NiFeOx electrode in 1 M KOH solution in the presence of different kinds of
reducing agents with the corresponding Stokes radii.

Suppressed anion diffusion was also observed in nearneutral 0.5 M K0.6H2.4BO3 solution (pH = 9.4). The overpotential
toward OER increased drastically due to the deposition of CeOx,
while those in 1 M KOH for bare and CeOx-coated NiFeOx were
quite similar (Figure S14). In neutral pH (< 11), buffer anions are
required to continuously remove the protons produced from water
during OER because the insufficient amount of OH− induces
reactant switching from OH− to water.[26] The increased
overpotential due to the CeOx layer also indicates that the
presence of the CeOx layer prevented the diffusion of the buffer
anion, which unfortunately limits the applicability of CeO x in
buffered condition at least when the layer is thick.
Based on these results, the CeOx layer is confirmed to show
permselectivity, which prevents the detrimental redox species
from diffusing through. Scheme 1 summarizes the permselective
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Membrane coating for improved
oxygen evolution stability. Highly
durable oxygen evolution was
successfully achieved by deposition of
a CeOx layer on electrocatalysts. The
CeOx layer has permselectivity, which
suppresses the diffusion of redox ions
while allowing OH− and O2 to
permeate through. This
permselectivity contributes to maintain
the active sites underneath, resulting
in excellent stability without changing
the kinetics of the catalysts.

