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Despite the high intrinsic electrocatalytic activity for the oxygen evolution reaction (OER), stable high
valence metal ions such as Fe*" are very difficult to form in oxide catalysts. In this work, by elaborating a
novel Fe™V/CeO,@NF (nickel foam) catalyst, we stabilized high-valence Fe ions on a CeO, support and
achieved a record low overpotential of 219 mV to reach the current density of 50 mA cm™2. Theoretical
calculations revealed that the fluent d—f electron transfer between ultra-small FeO, nanoparticles
(US-FeO,) and CeO, guarantees the robust high valence of surface Fe sites, which enables the optimum
adsorption and efficient conversions in the OER process. Meanwhile, the electronic modulations
Received 23rd May 2023, induced by the US-FeO, also improve the site-to-site electron transfer to lower the reaction energy
Accepted 22nd June 2023 barriers for excellent OER performance. Moreover, the Fe"V/CeO,@NF catalyst delivered excellent
DOI: 10.1039/d3ey00113j stability, sustaining a high current density (200 mA cm™2) for over 500 h, and the simple preparation
method gave access to a large-area electrode (100 cm?), paving the way for large-scale hydrogen
rsc.li/eescatalysis production by water splitting.

Broader context

Water electrolysis-based hydrogen production in a sustainable fashion is one of the most promising ways to meet the global energy demand of a green future.
The development of highly active and stable water oxidation catalyst is the key for large-scale application of water electrolysis because of the kinetically sluggish
four-electron transfer process of oxygen evolution reaction (OER). Despite the high intrinsic electrocatalytic activity for the OER, stable high valence metal ions
such as Fe'" are very difficult to form in oxide catalysts. Herein we successfully stabilized high-valence Fe ions on Ce*"**0, support and achieved superior OER
performance. The novel Fe"'V/CeO,@NF (nickel foam) catalyst achieved a record low overpotential of 219 mV to reach the current density of 50 mA cm >
delivered excellent stability of sustaining a high current density (200 mA cm ™) for over 500 h. Theoretical calculations revealed that the fluent d-f electron
transfer between ultra-small FeOx nanoparticles (US-FeOx) and CeO2 guarantees the robust high valence of surface Fe sites, which enables the optimum
adsorption and efficient conversions in the OER process. Moreover, the simple preparation method gave access to a large-area catalyst electrode (100 cm?),
paving the way for large-scale hydrogen production by water splitting. This work sets the stage for designing and preparing large-area high valence transition
metal-based catalysts with high OER activity and high stability for industrial production of clean hydrogen from water splitting.

and

“ Guangdong Provincial Key Lab of Nano-Micro Material Research, School of

Chemical Biology and Biotechnology, Shenzhen Graduate School, Peking |ntr0d UCtlon

University, Shenzhen, China. E-mail: yu.jun@pku.edu.cn, chsyang@pku.edu.cn
b Shenzhen International Graduate School, Tsinghua University, Shenzhen, China In order to take on the Challenges of imminent energy, envir-
© Institute of Engineering Innovation, The University of Tokyo, Tokyo, Japan onmental and climatic crises caused by burning traditional
? Department of Applied Biology and Chemical Technology, The Hong Kong fossil fuels, the development of renewable clean energy sources

Polytechnic University, Hung Hom, Kowloon, Hong Kong SAR, China.
E-mail: bhuang@polyu.edu.hk
¢ Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb,

such as hydrogen, wind and solar energy has become a top
priority agenda. Among possible solutions, water electrolysis-

Ilinois 60115, USA based hydrogen production in a sustainable fashion is the most
S School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, promising one." Extensive efforts have been made to tackle

Tokyo 113-8656, Japan the kinetically sluggish four-electron transfer process of the
¢ Institute of Biomedical Engineering, Shenzhen Bay Laboratory, Shenzhen 518107, OER. which causes huge energy loss and limits the large-s cale

China ’ . . . 4-7
i Electronic supplementary information (ESI) available. See DOI: https://doi.org/ appllcatlon of water eleCtr()ly sis for hy drogen productlon.
10.1039/d3ey00113j Many non-noble metal-based electrocatalysts have been devel-
% These authors contributed equally. oped to reduce the overpotential for water oxidation.®™°

720 | EES Catal., 2023,1, 720-729 © 2023 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0003-3974-2469
https://orcid.org/0000-0001-5136-7265
https://orcid.org/0000-0001-5350-2571
https://orcid.org/0000-0002-6757-8902
https://orcid.org/0000-0002-2501-0665
https://orcid.org/0000-0002-2526-2002
https://orcid.org/0000-0003-2175-0620
https://orcid.org/0000-0002-2970-5069
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ey00113j&domain=pdf&date_stamp=2023-07-06
https://doi.org/10.1039/d3ey00113j
https://doi.org/10.1039/d3ey00113j
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00113j
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY001005

Open Access Article. Published on 24 June 2023. Downloaded on 10/30/2025 3:37:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Transition metal-based oxides or hydroxides have displayed
good OER performance in alkaline environments yet free of
the shortcomings of the scarcity and expensiveness of precious
metal-based catalysts,"* ™3 but their catalytic activity and stabi-
lity under high current operating conditions need to be further
improved.

It is widely known that the valence state of transition metals,
e.g., Fe ions, is pivotal to the OER activity of transition-metal-
based catalysts. The high-valence transition metals have been
reported to be the actual OER active sites and shown high
OER intrinsic activity."**® The Fe*" ions in the widely applied
catalysts, such as NiFe-LDH, need be oxidized to Fe®" first
under applied potentials before they can contribute to the OER
process.™®™* It thus appears that direct synthesis of stable Fe**
based catalysts should reduce the overpotential of the OER.
However, given that the typical oxidation states of Fe are +2 and
+3, it is very difficult to obtain such stable Fe*'-containing
electrocatalysts. As far as we know, Fe** has only been reported
in ABO; perovskite structure catalysts; however, that synthesis
process was complicated and needed a very high annealing
temperature (>800 °C).>*?

Because of the easy switch between Ce** and Ce**, CeO, has
been widely used as a metal catalyst support to modulate the
electronic structure through the so-called strong metal-support
interaction (SMSI).>** This also applies to metal oxides/hydro-
xides on a CeO, support, but the electronic interactions
are commonly weaker and could hardly change the valence
states of surface metal ions.>®*” It has been reported that the
transferred charge between the surface metal and support is
inversely related to the metal cluster size,>>*® the electronic
interaction between the CeO, support and metal ions could
thus be enhanced by reducing the particle size, making possi-
ble the formation of stable Fe** on the CeO, support.

Here, we report a stable FeO, catalyst with a stable high
valence of 4+, which shows greatly reduced overpotential for
the OER. This was realized by a straightforward electroplating-
etching method, whereby electroplated CeO, coating on a
nickel foam (NF) was etched with ferric nitrate solution
(Schematic illustration in Fig. 1(a)), installing and stabilizing
the high valence Fe*' in FeO,/CeO,. The Fe*'-containing
OER electrocatalyst (named Fe™ /CeO,@NF) only requires
238 mV overpotential to deliver 100 mA cm ™2 current density
in 1 M KOH (pH = 13.6). Also, the OER potential of Fe™/
CeO,@NF can be stabilized at about 1.53 V vs. RHE (without iR
compensation) to reach a high current density of 200 mA cm >
for over 500 h. Density functional theory (DFT) calculations
uncovered that the effective interfacial d-f electron transfer
from the US-FeO, to CeO, maintains the stable high valence
states of Fe sites, which accounts for the high electroactivity
for the OER. The optimized electronic structures guarantee
the fast conversions of the intermediates on the catalyst,
leading to the largely lowered overpotential required for
the OER. This advanced catalyst system combined with its
simple fabrication method should help to set the stage for the
industrialization of sustainable OER catalysts and water-
splitting systems.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Morphology and structure characterization of the Fe™'/CeO,@NF
catalyst. (a) Schematic illustration of the synthesis process. (b) SEM image
of Fe"V/CeO,@NF. (c) and (d) HAADF-STEM image of CeO, (c) and FeO,
particles (d) in Fe"V/CeO,@NF. (e) EELS (electron energy loss spectro-
scopy) spectrum of d.

Synthesis and characterization of
high-valence Fe oxide

The scanning electron microscope (SEM) morphology of the
CeO,@NF sample is shown in Fig. S1 (ESIt). A uniform electro-
plated layer, consisting of CeO, nanoparticles, is formed on the
surface of NF. After being etched in ferric nitrate solution,
CeO,@NF transforms to Fe™"/CeO,@NF and the morphology is
shown in Fig. 1(b). The CeO, layer becomes flat, and there
appears dense uniformly dispersed small white spots on the
surface of CeO,, which are probably iron oxide nanoparticles.
The scanning transmission electron microscopy (STEM)-
energy dispersive X-ray spectrometry (EDS) mapping images
(Fig. S2, ESIT) prove the uniform distribution of Ce and Fe in
Fe"V/CeO,@NF. The high-angle annular dark field (HAADF)-
STEM images of Fe"'V/CeO,@NF are shown in Fig. 1(c) and (d).
The Ce atomic columns belonging to CeO, [110] are clearly
observed (Fig. 1(c)). In general, the sizes of the FeO, nano-
particles are smaller than 5 nm (Fig. 1(d)), which is confirmed
by the atomic force microscope (AFM) images (Fig. S3, ESIT).
The electron energy loss spectroscopy (EELS) spectrum taken
from Fig. 1(d) is shown in Fig. 1(e), and it proves that the ultra-
small nanoparticles are indeed iron oxide. These iron oxide
particles are detached from the CeO, substrate, probably because
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of the sonication process during TEM sample fabrication. The
lattice fringes of both the CeO, support and the ultra-small FeO,
particles with a size of about 2-5 nm are also observed from the
HRTEM image of Fe"'V/CeO,@NF (Fig. S4, ESIt). For the sake of
comparison, LFe/CeO,@NF (larger FeO, particles) and Fe@NF
(without CeO, layer) reference samples were also fabricated. The
LFe/CeO,@NF sample was synthesized by increasing the concen-
tration of Fe®" in the etching solution. The morphology of
the LFe/CeO,@NF catalyst is shown in Fig. S5 (ESIf), which
presents larger iron oxide particles (~100 nm) than that of the
Fe'V/CeO,@NF catalyst (Fig. 1(c)). As for the Fe@NF sample,
what was partially etched away was the NF substrate in the acidic
ferric nitrate solution accompanied by the formation of numer-
ous holes, which is shown in Fig. S6 (ESIY).

The X-ray photoelectron spectroscopy (XPS), X-ray absorp-
tion fine structure (XAFS) and soft X-ray absorption spectro-
scopy (SXAS) were carried out to analyze the electronic
interaction between CeO, and Fe in Fe''V/CeO,@NF, and
the results are shown in Fig. 2. Fig. 2(a) presents the XPS
spectra for the Fe 2p region of Fe@NF, LFe/CeO,@NF and
Fe™V/CeO,@NF. While the peaks of Fe@NF and LFe/CeO,@NF
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in the range of 710-712 eV correspond to Fe**, the peak of
Fe"V/CeO,@NF in the range of 712-714 eV can be assigned
to Fe*" and Fe'".*?° The Fe K-edge XANES spectra of the
Fe™V/CeO,@NF catalyst and Fe,O; and Fe foil reference
samples are shown in Fig. 2(b). Clearly, the Fe absorption
edge of Fe™V/CeO,@NF shifts towards higher energy (inset of
Fig. 2(b)) than that of Fe,O;, which confirms a higher Fe
valence state in Fe''V/CeO,@NF than +3 in Fe,05,°°?! and also
is in agreement with the XPS result. Further support is from
the SXAS shown in Fig. 2(c). The Fe L-edge is divided into two
peaks (at 714 eV and 726 eV) corresponding to the L; and
L, edges. Compared with standard Fe,Oj;, the Fe L-edge in
Fe"V/CeO,@NF presents a blue shift, again evidencing a
higher Fe valence state than +3 in Fe,03.°>*® Fig. 2(d) shows
the Ce 3d XPS spectra, and the total areas of the Ce* and Ce**
peaks are in proportion to their contents.***> The Ce*" con-
tent in the Fe"'V/CeO,@NF catalyst is calculated to be 35%,
while the Ce®' content in CeO,@NTF is 31%. The above results
indicate an electronic transfer between Fe and Ce in Fe™/
CeO,@NF, that is, part of Fe*" is oxidized to Fe*" associated
with the shift of Ce*" to Ce*".
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Fig. 2 Electronic structure characterization of the catalysts. (a) Fe 2p XPS spectra of the catalysts. (b) XANES of the samples at the Fe K-edge. The inset
enlarges the absorption edges and displays the valence changes of Fe in the samples. (c) Soft X-ray absorption spectra (SXAS) of the catalyst and the
Fe,Oz control sample at the Fe L-edge. (d) Ce 3d XPS spectra of the catalysts.
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Electrochemical performance of
Fe"V/CeO,@NF

The electrochemical performances of the electrodes were inves-
tigated using a three-electrode system in an alkaline environ-
ment (1 M KOH, pH = 13.6). As can be seen from Fig. S8 (ESIT),
the Fe"V/CeO,@NF electrode displays much better OER
performance than the Fe@NF, CeO,@NF LFe/CeO,@NF and
RuO,@NF electrodes. The faradaic efficiency is calculated to
be 98% at the current density of 30 mA cm > (with the over-
potential as low as 210 mV). To reach the high current densities
of 100 mA cm™~? and 200 mA cm ™2, the required overpotentials
are only 238 mV and 261 mV, respectively. Comparatively
speaking, under the overpotential of 238 mV (261 mV), the
current density of the Fe™ /CeO,@NF electrode is 5.7(2.6),
8.1(4) and 42.5(43.4) times larger than those of the Fe@NF,
LFe/CeO,@NF and CeO,@NF electrodes, respectively, as can be
seen clearly in Fig. 3(a). The Nyquist plot in Fig. 3(b) shows that
the semicircle radius of the Fe"V/CeO,@NF electrode is much
smaller than that of Fe@NF and LFe/CeO,@NF, indicating
the smallest charge transfer resistance of the Fe™'/CeO,@NF
electrode.’®*” The Tafel plots in Fig. 3(c) show that the Fe™"/
CeO,@NF electrode has the smallest Tafel slope of 40 mV dec™*,
which is beneficial to accelerate the reaction kinetics.**° The
OER activity comparison between the Fe™"/CeO,@NF electrode
and recently reported OER electrode®®****4%* by comparing

a 3so
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the overpotential to reach the geometric current density of 30,
50 and 100 mA cm > (Fig. 3(d) and Table S1, ESI) indicates the
superior OER activity of the Fe™/CeO,@NF electrode. As shown
in Fig. S9 (ESIt), the OER performance of the reference sample
on a Cu foam substrate illustrates the positive role of Ni foam.

In order to explore whether the high catalytic activity of the
Fe"V/CeO,@NF electrode comes from the high specific surface
area or the high intrinsic activity of the active sites, we
conducted cyclic voltammetry (CV) tests on the Fe™"/CeO,@NF,
LFe/CeO,@NF and Fe@NF electrodes (Fig. S10, ESIf) in the
non-Faraday potential range (0.32-0.40 V vs. Hg/HgO) and
calculated the electrochemical double-layer capacitance (Cg)
of the three electrodes. The ECSA was calculated according
to the formula ECSA = Cp;/Cs, where a specific capacitance of
Cs = 0.040 mF cm ™2 was used in this work. The calculated ECSA
values are shown in Fig. 3(e) and summarized in Table S2
(ESIYT), as well as other relevant electrochemistry parameters.
The ECSAs of the LFe/CeO,@NF and Fe@NF electrodes are
about 5 times and 2.2 times as large as that of Fe™¥/CeO,@NF,
which demonstrates that the high OER activity of the Fe™/
CeO,@NF electrode derives from the high intrinsic activity of
Fe™ active sites considering that the lower ECSA means an
electrode has less active sites. The specific activity (jrcsa) is
further obtained and shown in Fig. 3(f), where it is evident that
the Fe'V/CeO,@NF electrode has much higher intrinsic OER
activity than LFe/CeO,@NF and Fe@NF electrodes. Fig. S11 and
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Fig. 3 OER performance characterization of the electrodes. (a) Comparison of the current densities achieved by different electrodes at special
overpotentials. (b) EIS curves, measured at frequencies from 107! to 10° Hz. (c) Tafel slope plots. (d) Activity comparison among OER
electrocatalysts?®333449=45 hased on the overpotential needed to reach the geometric current density of 50 mA cm™2 (for more details see Table S1,
ESIt). (e) Electrochemical double-layer capacitance. The slope of current density at OCP vs. scan rate represents the double-layer capacitance.

(f) Polarization curves with the current density normalized by ECSA.
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Table S3 (ESIf) show the comparison of the specific activity
between the Fe™V/CeO,@NF electrode and a series of recently
reported high OER performance electrodes by comparing
the overpotential at an ECSA normalized current density of
1 mA cm ™2 The result shows that the Fe™V/CeO,@NF electrode
has the best OER specific activity among these electrodes.

Formation of high-valence Fe oxide for
the OER by DFT calculations

To further reveal the formation mechanism of high-valence Fe
oxide (FeO,) and its contributions to the OER performances in
Fe/CeO,, DFT calculations have been further introduced to
investigate the electronic structures and energetic preferences.
For the bonding and anti-bonding orbitals near the Fermi level
(Eg), the electron-rich feature of the surface US-FeO, is noted
(Fig. 4(a)). The electron-rich features indicate a higher electron
density of Fe/CeO, near the Eg. Since more electrons locate
close to Ep, the electron transfer barriers are much lower,
suggesting that the electrons are easier to be transferred from
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the Fe/CeO, surface in accordance with the higher electroactivity
of the Fe sites. Meanwhile, the strong orbital couplings at
the interface between US-FeO, and CeO, result in favorable
electronic modulations. In comparison, CeO, only exhibits an
electron-rich feature near the oxygen vacancies while the
remaining sites of the surface with dominant contributions
from anti-bonding orbitals cannot support the efficient adsorp-
tion and conversion of intermediates (Fig. 4(b)). The projected
partial density of states (PDOS) have unraveled the electronic
structure of Fe/CeO, (Fig. 4(c)). Fe-3d orbitals have shown the
e,~ty, splitting near the Ey, where the overlapping with the
Ce-4f orbitals supports the potential d-f electron transfer.
The detailed electronic contributions of surface Ni sites have
been revealed, viz., the Ni-3d orbitals mainly locate near the Ex
with the dominant peak at Ey — 0.85 eV, thereby pulling up the
overall electroactivity as well as the electron transfer rate with
an improved *OH adsorption energetics and kinetics for opti-
mum OER performance. In addition, the O-2p orbitals have
exhibited evident orbital coupling with both Ce-4f and Fe-3d,
indicating the small barriers for electron transfer within
Fe/CeO,. In comparison, the Ce-4f orbitals are much flattened
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Fig. 4 DFT calculations. (a) The 3D contour plot of electronic distribution near the Fermi level of Fe/CeO,. (b) The 3D contour plot of electronic distribution
near the Fermi level of CeO,. Yellow balls = Ce, Blue balls = Fe, Purple balls = Ni, and Red balls = O. Blue isosurface = bonding orbitals, and green isosurface =
anti-bonding orbitals. (c) The PDOS of Fe/CeOs. (d) The PDOS of CeOs. (e) The site-dependent PDOS of Ce-4f in Fe/CeOs. (f) The site-dependent PDOS of
Fe-3d in Fe/CeO,. (g) The site-dependent PDOS of O-2p in Fe/CeO,. (h) The PDOS of key adsorbates during the OER process in Fe/CeO,. (i) The reaction
energy changes of the OER process on Fe/CeO, and CeO, under U = 0 V through the AEM mechanism. (j) The reaction energy changes of the OER process on
Fe/CeO, and CeO, under U = 1.23 V through the AEM mechanism. (k) The reaction energy changes of Fe/CeQO, through the LOM mechanism.
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and O-2p orbitals also become less broadened in CeO,
(Fig. 4(d)). The limited overlap between O-2p and Ce-4f orbitals
induces an evident barrier of electron transfer, which results in
the significantly increased overpotentials of the OER.

In order to interpret the detailed interactions between sur-
face US-FeO, and CeO,, the site-dependent PDOSs have been
supplied to illustrate the electronic structure evolution
(Fig. 4(e)). We notice a gradual shifting for the empty Ce-4f
orbital towards the Er from the bulk to the surface sites near
the Fe SNPs, potentially leading to efficient d—f electron transfer
from Fe-3d orbitals to Ce-4f orbitals. Thus there appears to be a
trend of maintaining the high oxidation states of Fe SNPs
induced by the O sites, which is also confirmed by the experi-
mental findings that the surface US-FeO, indeed exists in the
high valence states. With the d-f electron transfer, the Fe-3d
orbitals display essential contributions to the OER process.
Specifically, the Fe sites at the interface show an alleviated
eg—tye splitting of 3d orbitals in Fe/CeO,, benefiting the fast
electron transfer from Fe SNPs to CeO, (Fig. 4(f)). Compared to
the interface, however, the surface Fe sites have shown an
enlarged e,—t,, splitting. The overall downshifted 3d orbitals
of the surface Fe sites significantly enhance the energy band
overlap with surface O sites, thus lowering the electron transfer
energy costs and further improving the electroactivity of the
high valence Fe sites towards the water oxidation process.***”
Moreover, the O coordination numbers decrease with increas-
ing eg—t,, splitting, especially for the surface Fe sites, support-
ing the higher electroactivity of Fe sites with high valence
states. For the O sites, it is noted that the orbitals become
much broadened from the bulk CeO, to the surface, which
considerably enhances their couplings with the Fe-3d orbitals

Q
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to promote electroactive Fe sites towards the OER (Fig. 4(g)).
More importantly, the increased electron density near the Fermi
level has improved the electron transfer at the interface. In
addition, the PDOSs of the key intermediates have been revealed
on the Fe/CeO, (Fig. 4(h)). Notably, the o orbitals of O-2p in the
key intermediates have shown a highly linear correlation for the
OER process, which provides an efficient intermediate conversion
process with efficient electron transfer. Such a correlation also
supports that the surface US-FeO, are the main active sites that
contribute to the superior OER performances in Fe/CeO,.

We next examine the reaction trends of the uphill OER
process from the kinetic perspectives regarding both the adsor-
bate evolution mechanism (AEM) and lattice-oxygen-mediated
mechanism (LOM). For the conventional AEM, the highest
energy barrier occurs in the rate-determining step (RDS) from
O* to OOH*. In comparison, Fe/CeO, shows an energy barrier
of 1.46 eV for the RDS, which is much lower than that with the
CeO, at 1.79 eV and thus guarantees the much-improved OER
performance. The overpotential has been estimated by refer-
ence to the standard equilibrium potential (U = 1.23 V)
(Fig. 4(j)). Although Fe/CeO, shows an uphill trend from OH*
to OOH*, the subtle energy barriers lead to a small overpoten-
tial of 0.23 V. In contrast, CeO, shows overbinding of OH* in
the initial reaction process, leading to high barriers for the
following conversions to O* and OOH* with a large overpoten-
tial of 0.56 V. For the LOM mechanism (Fig. 4(k)), on the other
hand, the highest energy barrier of 1.52 eV is located in the
*OH adsorption step on the nearby oxygen vacancy sites of Fe.
Compared to the RDS in AEM, the LOM presents a higher
energy barrier. Using the standard equilibrium potential of
1.23 V as the reference, the overpotential of OER is determined

g
=}

~ —— 30mA/cm?-10h—— 100mA/cm?-50h | .~ |~ Before stabiliy test
w 2 2 NE —— After stability test
T 181 —— 50mA/cm?-20h 200mA/cm?-500h 3240‘
£ 2) =
g :180~ An (200 mA/cm?) = 16 mV
1.6 s
S o1
g L — :
— [ -
@ 1.4 [
2 5
o o
1.2 T T T
0 15 30 80 580
C 800
- . 3 3 5T = =5
Stability Test lon Concentration 700 £ 2 5 & § § EE
Time(h) (mg/L) Senly >> ¥S 22 $. T £°%°9
z ° EEEZY656F2 SE& %9 Sar
@200mA/cm Fe Ce Ni -§5°°-§§8 I%::mg>8§ h§>768
[ D T2 «2 G
4004 E - <M N QI + - 0> O Z o
0 0044 N.D. ND. 2z 13§ %ngz,;:éﬁomg gégq%
53%1ze O@=00% %20 < LY g &
20 0.078 N.D. N.D. gm.cosz zogg@)%%E%; §35 &z
3 0A¥%=z2090 o TE3 00 =0
100{Q 2 E20cuLu sz L@
40 0.099 N.D. N.D. o.‘f o S5I2NZ5 25 ‘-ZE % w
60 0.106  N.D. N.D. 10 10 10 10 10 10 10 20 20 50 100 100 100 200 200 200 200 200 1000

Fig. 5 Electrochemical stability characterization of the Fe™v/CeO,@N

(b) Polarization curves before and after the stability test with a scan rate of 10 mV s

Current Density (mA/cm?)

F electrode in 1 M KOH. (a) The chronopotentiometry measurements.
~1 (c) The ion concentrations of Fe, Ce, and Ni (data acquired by

inductive coupled plasma emission spectroscopy) in the electrolyte during the 60 h water electrolysis process. N.D. stands for a value below the

measurement limit of 0.005 mg L™ (d) Summary of the stability comparison

26:35-35,41,42:44.45.48-57 of recently reported efficient oxygen evolution

electrocatalysts (details in Table S4, ESIt). The electrolyte is 1 M KOH or NaOH.
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to be 0.29 V, which is higher than that of the AEM. Therefore,
we can conclude that the AEM is preferred over the LOM for our
OER catalyst, which agrees with the experimental characteriza-
tions (Fig. S12, ESIt).

OER stability of Fe"V/CeO,@NF

Besides catalytic activity, operational stability is another key
parameter to evaluate the performance of a given electrocata-
lyst, especially for the industrial water splitting production of
H,. The chronopotentiometry measurement in 1 M KOH is
carried out to evaluate the long-term stability of Fe'V/
CeO,@NF. In the continuous stability test of 30, 50, 100 and
200 mA cm 2, the potential at every stage remains almost
constant and at a high current density of 200 mA cm™?, the
potential can be stabilized at about 1.53 V vs. RHE (without iR
compensation) for up to 500 h (Fig. 5(a)). By comparing the
linear sweep voltammetry (LSV) curves of the electrode before
and after the stability test, it can be seen that after the long-
term (590 h) and high-current stability test, the overpotential
increases by only 16 mV at the current density of 200 mA cm >
(Fig. 5(b)), indicating that Fe™"/CeO,@NF is a super-stable
electrode for water oxidation. To assess the valence stability
of Fe in the Fe™'/CeO,@NF electrocatalyst, XPS, SXAS and

a
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Mossbauer spectroscopy were carried out on the samples after a
10 hours OER test at the current density of 30 mA cm 2. As
comparatively shown in Fig. S13-S15 (ESIT), the excellent stability
of Fe' in the Fe™ /CeO,@NF electrode is clearly evidenced.
The inductively coupled plasma optical emission spectrometer
(ICP-OES) is further used to measure the concentration of metal
ions in the electrolyte during the water electrolysis of the
Fe"V/CeO,@NF electrode. As shown in Fig. 5(c), only Fe ions are
detected and the content tends to be stable after the 60 h stability
test. The excellent stability may derive from the fine and highly
dispersed iron oxide nanoparticles, which can strongly combine
with ceria and are difficult to fall off during the OER test. There-
fore, the Fe'V/CeO,@NF electrode behaves steadily for water
oxidation. Fig. 5(d) and Table S4 (ESIt) summarize the stability
comparison of recently reported efficient oxygen evolution
electrodes,?®33334142:4445,4857 and the stability of the Fe™/

CeO,@NF electrode is outstanding among them.

Large-area fabrication and OER
performance under industrial conditions
Last but not least, an industrializable water splitting electrode

should be equipped with the ability to scale up its production.
Currently, common electrode preparation methods in laboratories
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Fig. 6

Industrial application of the Fe™/CeO,@NF electrode. (a) Photograph of the large-area (100 cm?) Fe™V/CeO,@NF electrode. (b) Polarization

curves of the five different positions (1 cm?) in the large-area Fe"'"/CeO,@NF electrode (the reference sample is directly synthesized with 1 cm?). (c) The

chronopotentiometry measurements in 6 M KOH and at 60 °C.
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often involve complex processes and small electrode sizes, making
it difficult to meet the industrial requirements for large-scale
production. The electroplating-etching method presented here
enables us to prepare a large-area electrode due to the simpli-
city of the preparation process and the scalability of the
required experimental equipment, which is of great signifi-
cance for the realization of industrialized hydrogen production
by electrolysis of water. The large-size Fe"'¥/CeQ,@NF electrode
with 10 x 10 cm? effective area is synthesized through the
electroplating-etching method, and a photograph is shown in
Fig. 6(a). We selectively cut out five 1 x 1 cm® electrodes
(labeled in Fig. 6(a)) from the 10 x 10 cm” electrode to perform
the OER test, and compare their performances with the directly
prepared 1 x 1 cm” electrode (reference sample in Fig. 6(b)).
The results show that the performance of these six electrodes
remained consistent within a certain fluctuation range (Fig. 6(b)).
This proves that the large-area electrode has good uniformity,
which in turn confirms the scalability of this preparation
method. There is no doubt that this is one small but important
step towards the realization of industrialized hydrogen produc-
tion by electrolysis of water. Finally, the industrial-level (6 M
KOH, 60 °C) OER activity and stability tests of the Fe™/CeO,@NF
electrode (1 cm®) were conducted. The polarization curve in Fig. S16
(ESI) shows that the current density can reach 500 mA em ™~ at the
overpotential of 270 mV (without iR compensation). As shown in
Fig. 6(c), the electrode of Fe"™/CeO,@NF could deliver large current
densities of 200 mA cm™> and 300 mA cm > at only 1.44 V and
1.47 V vs. RHE (without iR compensation) and remain stable up to
300 h in such a harsh environment, further indicating the potential
industrial application.

Conclusions

We have demonstrated an efficient and ultra-stable high
valence Fe'"-containing OER electrode (named Fe™"/CeO,@NF)
and its scalable preparation (100 cm” reported here) by a simple
electroplating-etching method. The ultra-small size of the FeO,
nanoparticles on the CeO, support enabled the formation of
Fe*', which has shown high intrinsic activity. Remarkably, the
Fe'™V/CeO,@NF electrode could deliver large current densities
of 200 mA cm > and 300 mA cm™? at only 1.44 V and 1.47 V vs.
RHE (without iR compensation) and remain stable up to 300 h
under harsh industrial conditions (6 M KOH, 60 °C). DFT
calculations unraveled the electronic modulations induced by
the d-f electron transfer at the interface of Fe/CeO,, which held
the US-FeO, in a stabilized high valence Fe*" state conducive
to the OER process. This work provides a guide to designing
and preparing large-area high valence transition metal-based
electrodes with high OER activity and high stability for indus-
trial production of clean hydrogen from water splitting.
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