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oxygen evolution reactionst
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As one of the semi-reactions of water splitting, electrocatalytic oxygen evolution reactions (OERs) are
key process to generate sustainable energy. Co-based spinel oxides are deemed as promising OER
electrocatalysts, but the low intrinsic activity limits their further practical applications. Herein, we report
an effective strategy to synthesize CoCeMn coordination-driven self-assembled aggregates (CDSAAs) by
a one-pot multi-step method. It is different from the common mixed addition method to synthesize
trimetallic nanomaterials. Subsequently, CoCeMn-CDSAAs served as self-templates, and Mn and Se co-
doped CeO,@Co0304 porous core-shell nanospheres (MnSe-CeO,@Coz0,4) were obtained after calcina-
tion and selenization treatments. It is worth mentioning that CeO, and the doping Mn/Se elements
increase the oxygen vacancy content and the ratio of Co®*/Co?" on the surface respectively and can
effectively accelerate the four-electron transfer process of OERs. Moreover, the special porous core—
shell structure exposes more active sites and is also useful for boosting OER performance. When
explored as an anode electrocatalyst for OERs, MnSe—-CeO,@Co30,4 exhibits excellent OER performance
(284 mV@10 mA cm™2) and a long-time stability of 40 h in an alkaline medium. This work provides a
feasible idea for the construction of multi-component porous core—shell nanoelectrocatalysts with non-

rsc.li/energy-advances noble metals.

1. Introduction

With the rapid increase in energy demand and the intensification of
global environmental problems, it is important to develop renew-
able and clean energy sources.'” Electrolysis of water is a promising
way to generate pure hydrogen. However, the slow four-electron
transfer process of oxygen evolution reactions (OERs) at the anode
has restricted the efficiency of water splitting.® Although noble
metal catalysts such as RuO, exhibit excellent OER performance, the
high price and low natural abundance hinder their large-scale
applications.® Therefore, it is urgent to develop efficient and stable
non-noble metal electrocatalysts for OERs.

In recent years, spinel transition-metal oxides have received
extensive attention from researchers around the world due to
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their low price, easy availability and abundant storage.”®
Furthermore, Co3;0,, as a cobalt-based spinel oxide, has been
regarded as a potential OER electrocatalyst because of its
excellent performance in an alkaline medium.”'® However,
the practical application of pure Coz;0, is limited because of
its poor intrinsic conductivity and insufficient active sites."*
Developing efficient OER electrocatalysts with competitive
price, low overpotential and long-time stability is challenging,
and researchers have made considerable efforts to boost the
OER performance of Co;0, through these years.

On the one hand, the intrinsic activity of the materials can
be improved obviously by increasing oxygen vacancies or dop-
ing other elements.”>™* Ce0,, as a rare earth oxide, has been
considered as an effective synergist for OERs due to its excellent
redox ability and abundant oxygen vacancies.">'® After intro-
ducing CeO,, the valence state conversion between Ce** and
Ce** can accelerate electron transfer and increase the oxygen
vacancies of materials, thus promoting the catalytic activity for
OERs."” Qiu et al. constructed a special CeQ,/Co;0, hetero-
junction interface with enhanced OER performance, which is
attributed to the abundant oxygen vacancies and interfacial
coupling effect between the components.'® Moreover, doping
other elements such as manganese (Mn),"® iron (Fe),*® selenium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Se),** and sulfur (S)** can regulate the electronic structure of
catalysts, resulting in faster four-electron transfer progress and
is regarded as a promising method to enhance their intrinsic
activity. Moreover, a higher content of Co®" in nanomaterials
also contributes to better OER performance.”*** Qi et al.
designed a Mn and S dual-doped Coz0, electrode array for
efficient OERs. The excellent OER performance is attributed to
their improved electrical conductivity and increasing ratio of
Co’*/Co®" after doping with Mn and S elements.”® On the other
hand, appropriate morphology designs such as core-shell struc-
ture can expose more active sites and facilitate charge transfer
in materials.”®*” Currently, numerous strategies have been
developed to construct core-shell structures such as the Kirken-
dall effect,”® Ostwald ripening,?® and template method.*® Zhang
et al. synthesized pure CeO, core-shell nanospheres by a simple
self-template and calcination method.** However, the prepara-
tion of multielement core-shell hybrid nanomaterials is still a
great challenge and has rarely been reported.

Herein, we report a facile approach to fabricate CoCeMn
coordination-driven self-assembled aggregates (CDSAAs) by a
simple one-pot multi-step method, in which the Ce element is
enriched at the core of the solid nanosphere. Subsequently,
CoCeMn-CDSAAs as self-temples were calcined in air to form
Mn-doped CeO,@Co030, porous core-shell nanospheres
(Mn-CeO,@C030,). Finally, Mn-CeO,@Co0;0, was selenized
in an Ar atmosphere and Se/Mn co-doped CeO,@Co030, porous
core-shell nanospheres (MnSe-CeO,@Co03;0,) were obtained
(Fig. S1, ESIt). CeO, can effectively increase the oxygen vacancy
content on the surface, which is helpful for promoting the OER
performance. After doping of Se and Mn elements, the altera-
tion of Co electronic structure can not only increase the
electrical conductivity, but also improve the ratio of Co**/Co**
of the nanomaterial, which both contribute to enhancing the
OER kinetic properties. In an alkaline medium of 1.0 M KOH,
MnSe-CeO,@Co030, exhibits a low overpotential of 284 mV@
10 mA cm™2, which is much lower than that of Co-oxides
(419 mV@10 mA cm ™ ?). In addition, they also exhibit the lowest
Tafel slope of 94 mV dec'"' and excellent stability of 40 h.

2. Results and discussion

As described in Scheme 1, MnSe-CeO,@Co0;0, was synthesized
via a simple one-pot multi-step reaction, calcination and seleni-
zation strategy. First, Ce(OAc);, Mn(OAc),, and Co(OAc), (molar
ratio of 1:4:8) were added in turn to a methanolic solution of
HL,,, and a CoCeMn-CDSAA precursor was successfully synthe-
sized by coordination assembly of metal ions and HL,,. Subse-
quently, Mn-CeO,@Co0;0, was obtained after calcination of
CoCeMn-CDSAAs in an air atmosphere. On the one hand, the
enrichment of Ce elements in the CoCeMn-CDSAAs contributes
to the formation of core-shell structures, which can be confirmed
by the later characterization. On the other hand, CO, and H,O
derived from the decomposition of organic ligands facilitate the
generation of porous structures in the process of calcination.
Finally, MnSe-CeO,@Co03;0, was obtained by selenization of
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Scheme 1 Schematic illustration of the synthesis procedure of MnSe—
CeOZ@CO304.

Mn-CeO,@Co030, in an Ar atmosphere. The MnSe-CeO,@C030,
porous core shell nanospheres with high oxygen vacancy contents
and a high ratio of Co®*/Co®" ultimately exhibit excellent electro-
catalytic performance.

From the perspective of morphology, CoCeMn-CDSAAs are
smooth solid nanospheres with a diameter of about 1 pm
(Fig. 1(a) and (b)). Moreover, the larger magnification TEM
image reveals that there is a darker shadow inside the nano-
spheres (Fig. 1(c)). A series of CoCeMn-CDSAAs with different
metal ratios can be easily obtained when adjusting the amount
of different metal salts added in the one-pot multi-step method.
Meanwhile, it can be illustrated by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) that the elemental
ratios of Co and Ce roughly match the feeding ratios and the
Mn element is mainly doped by small amounts (Table S1, ESIT).

CoCeMn-CDSAAs

| Mmm

Fig.1 (a) SEM and (b), (c) TEM images of CoCeMn-CDSAAs. (d) XRD
spectrum and (e) SAED pattern of CoCeMn-CDSAAs. (f) HAADF-STEM
image of CoCeMn-CDSAAs and corresponding EDX mapping of C, N, O,
Co, Ce and Mn elements.
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When adjusting metal ratios or synthesizing by a one-step
method, the obtained nanospheres show different sizes or
inhomogeneity (Fig. S2-S6, ESIf). When illustrated from a
structural perspective, X-ray diffraction (XRD) and selected area
electron diffraction (SAED) results both indicate that CoCeMn-
CDSAA nanospheres are amorphous (Fig. 1(d) and (e)). Simi-
larly, monometallic and bimetallic nanospheres can also be
easily synthesized, and XRD patterns demonstrate that Co-
CDSAAs, CoCe-CDSAAs and CoMn-CDSAAs are also amorphous
(Fig. S7, ESIT). Moreover, the Fourier transform infrared (FT-IR)
spectroscopy characterizations (Fig. S8, ESIt) reveal that
Co-CDSAAs, CoMn-CDSAAs, CoCe-CDSAAs and CoCeMn-
CDSAAs show the same IR absorption peaks, which suggest
that they have the same coordination mode, and thus, they
have similar morphological characteristics.**** EDX elemental
mapping results indicate that the Ce element enriches at the
core of the sphere, while C, N, O, Co and Mn elements are
uniformly distributed in the solid nanospheres (Fig. 1(f)),
which is the basis for the formation of porous core-shell
structures after calcination.

According to thermogravimetric (TGA) curves (Fig. S9, ESIT),
CoCeMn-CDSAAs are able to form corresponding oxides after
annealing at over 400 °C. Based on energy-dispersive X-ray
spectroscopy (EDX) data (Table S2, ESIt), the metal ratios in
the corresponding metal oxides remain consistent with the
precursors. Interestingly, the high content of Ce elements can
effectively strengthen their structural stability under high tem-
perature conditions. The intensity of the diffraction peaks
belonging to CeO, in the XRD pattern gradually decreases
(Fig. S10, ESIY), which also indicates that the content of CeO,
gradually decreases from CoCeMn-oxides-1 to CoCeMn-oxides-
5. With the decrease in the content of Ce elements, the solid
structure of the nanospheres starts to disappear and forms a
porous core-shell structure (Fig. S11 and S12, ESIt). When the
atomic ratio of Co/Ce is 8.54 in CoCeMn-CDSAAs, Mn-
CeO,@Co030, exhibits a complete porous core-shell structure
after calcination (Fig. 2(a) and (b)). When the content of Ce
elements continues to be reduced, the structure of CoCeMn-
oxides-5 collapses (Fig. S11g and S12g, ESIT). Follow-up electro-
chemical active surface area (ESCA) results (Fig. S17d, ESIY)
also reveal that Mn—-CeO,@Co030, possesses the most abundant
electrochemical active sites among CoCeMn-oxides-x (x = 1-5),
which may be due to their well-defined porous core-shell
structure. Fig. 2 shows the successful formation of Mn-CeO,@
Co30, after calcination. Evidently, the diameter of Mn-CeO,@
Co;0, shrinks to about 600 nm, and a porous core-shell
structure is formed (Fig. 2(a)-(c)). The XRD pattern, high-
resolution TEM (HRTEM) image and SAED pattern all
show that there is a two-component heterogeneous structure
in Mn-CeO,@Co030, (Fig. 2(d)-(f)), which corresponds to CeO,
(PDF#34-0394) and Co;0, (PDF#43-1003), respectively. Com-
pared with CoCe-oxides, there is a significant negative shift of
Co030;4 (311) in Mn-CeO,@Co030, (Fig. S13b, ESIt), which proves
the successful doping of Mn elements in C0;0,.>*** In addi-
tion, the EDX elemental mapping (Fig. 2(g)) also reveals the
formation of CeO, and Co3;0, heterostructures and uniform
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Fig. 2 (a) SEM and (b), (c) TEM images of Mn-CeO,@Co030,4. (d) XRD
spectrum, (e) HRTEM image and (f) SAED pattern of Mn—-CeO,@Co030,.
(9) HAADF-STEM image of Mn—-CeO,@Co0s04 and the corresponding EDX
mapping of C, N, O, Co, Ce and Mn elements.

distribution of C, N, O, and Mn elements in Mn-CeO,@C030,.
When other factors are adjusted to synthesize the comparison
material, the spherical morphology of CoCeMn-oxides-x
(x = 6-10) are largely preserved though most of nanospheres
showed unsatisfactory core-shell morphology (Fig. S4-S6, ESIt).
However, the spherical morphology of Co-oxides, CoMn-oxides
and CoCe-oxides was severely fragmented after calcination
(Fig. S10 and S11, ESIt). All these results indicate that coexistence
of Co, Ce and Mn elements is important for maintaining the
spherical morphology. Moreover, a suitable metal ratio in precur-
sors and a unique one-pot multi-step method both contribute to
favorable porous core shell structures after calcination.

Modulating the electronic structure of metal atoms by
heteroatom doping can effectively optimize the kinetic process
of OERs.*® Therefore, Mn-CeO,@Co0,0, is selenized to further
enhance its OER performance. The SEM and TEM images of the
obtained MnSe-CeO,@Co0;0, are shown in Fig. 3, and the
porous core-shell structure of Mn-CeO,@Co03;0, is preserved.
As exhibited in Fig. S14 (ESIt), the surface area is about
298.67 m> g ' and the corresponding pore size is about
4.26 nm for MnSe-CeO,@C030,4. Fig. 3(a)-(c) show that the
morphology of MnSe-CeO,@Co030, is almost unchanged after
selenization, whose diameter is about 500 nm. The XRD,
HRTEM and SAED results (Fig. 3(d)-(f)) all correspond to
CeO, (PDF#34-0394) and Co;0, (PDF#43-1003), revealing the
presence of CeO, and Coz;0, heterostructures. In addition,
there is no new diffraction peak of CoSe,, which proves the
successful doping of Se elements in Co;0,. The magnified XRD
spectra show that there is almost no obvious movement for the
diffraction peak belonging to Coz;0, (311) in MnSe-CeO,@
Co;0, compared with Mn-CeO,@Co;0, (Fig. S13b, ESIY),
implying that suitable elemental doping of Se elements can
hardly alter the crystal structure of Mn-CeO,@C0;0,.>” EDX
elemental mapping results (Fig. 3(g)) also show the presence of
CeO, and Co3;0, heterostructures and the uniform distribution
of C, N, O, Mn, Se elements in MnSe-CeO,@C030,.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) SEM and (b), (c) TEM images of MnSe-CeO,@C030,4. (d) XRD
spectrum, (e) HRTEM image and (f) SAED pattern of MnSe—-CeO,@C030,4.
(9) HAADF-STEM image of MnSe-CeO,@Cos0,4 and the corresponding
EDX mapping of C, N, O, Co, Ce, Mn and Se elements.

To further investigate the role of CeO, as well as the doping
of Mn/Se elements in MnSe-CeO,@Co05;0,, the elements and
the corresponding chemical statuses of samples were investi-
gated by X-ray photoelectron spectroscopy (XPS). The presence
of C, N, O, Co, Ce, Mn and Se elements is observed in both EDX
(Fig. 4(a)) and survey spectra (Fig. 4(b)) of MnSe-CeO,@C030,.
The low content of Se and Mn elements in EDX spectrum can
further prove their doping in MnSe-CeO,@Co030,. The orbital
peak of Ce 3d splits into a series of Ce®" and Ce*" peaks,
indicating that Ce®" and Ce*" coexist in MnSe-CeO,@C0;0,
(Fig. 4(c)). The peaks at 885.2 and 903.9 eV are attributed to
Ce®", while the peaks at 882.4, 887.8, 898.3, 901.3, 907.4, and
916.7 eV are attributed to Ce**.>®* The XPS spectrum of O 1s
can be divided into three peaks (donated as O1, 02, and O3 in
Fig. 4(d)). The O1 peak at 530.0 eV is attributed to the metal-
oxygen bond in the material, the O2 peak at 531.2 eV is
attributed to the oxygen vacancy and the O3 peak at 532.7 eV
is attributed to the hydroxyl group adsorbed on the surface.*’
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Fig. 4 (a) EDX and (b) Survey spectra of MnSe-Ce0O,@C0s0,4. High-
resolution XPS spectra of (c) Ce 3d and (f) Se 3d in MnSe—-Ce0O,@C0304,.
High-resolution XPS spectra of (d) O 1s and (e) Co 2p comparison among
Co-oxides, CoCe-oxides, CoMn-oxides, Mn-CeO,@C0z0,4 and MnSe-
Ce0,@C030,.
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It is noteworthy that high oxygen vacancy contents can enhance
the intrinsic activity of the material and optimize the kinetic
properties of the OER progress.*”**> The introduction of CeO,
effectively increases the content of oxygen vacancies (Table S3,
ESIt), which is useful for improving the intrinsic activity of
nanomaterials. For Co 2p (Fig. 4(e)), the peaks at 796.7 and
781.5 eV correspond to Co 2py,, and Co 2p;, of Co>*, while the
peaks at 795.0 and 779.9 eV are attributed to Co 2p,, and
Co 2ps, of Co®" with the presence of two vibrational satellite
peaks (787.6 and 803.6 eV).*>** Compared with Co-oxides, there
are positive shifts in the binding energy of Co 2pj, after
introduction of CeO, and Mn/Se elements (Fig. 4(e)), which
implies the electron transfer among different components.
This phenomenon may be due to the rearrangement of electron
distribution resulting from the interaction of Co with CeO, or
dopants. The strong interaction in MnSe-CeO,@C0;0, may
modulate the frontier orbital energy of the catalysts, which is
useful for improving the kinetic process of OERs.**"*® Moreover,
it is worth mentioning that the doping of Mn/Se elements can
significantly increase the content of Co®" (Table S3, ESI), and
high activity of Co®" can effectively accelerate the kinetic
process of OERs.*”*® It is obvious that a high ratio of Co®"/
Co”" and a high oxygen vacancy content in MnSe-CeO,@C0;0,4
are important to enhance their electrochemical performance.
At room temperature, the OER performance of the prepared
catalysts is explored in an alkaline medium of 1 M KOH. It
should be noticed that MnSe-CeO,@Co05;0, is chosen as the
main discussion object in the following based on that Mn-
CeO,@C030,4, as the precursor of MnSe-CeO,@C030,, is
demonstrated to have the most promising performance among
CoCeMn-oxides-x (x = 1-10), as observed from Fig. S17 and S19
(ESIt). As shown in Fig. 5(a), the anodic linear scanning
voltammetry (LSV) polarization curves of different catalysts
exhibit significant differences at a scan rate of 10 mV s .
MnSe-CeO,@Co030, exhibits the optimal overpotential of
284 mV among these comparison materials, which is signifi-
cantly lower than that of Co-oxides (419 mV), CoMn-oxides
(390 mV), CoCe-oxides (365 mV) and Mn-CeO,@Co030,
(336 mV). The OER performance of trimetallic oxides is better
than that of monometallic or bimetallic oxides, indicating that
the synergistic effect of multiple components and the special
porous core-shell structure contribute to their excellent perfor-
mance. In addition, the corresponding oxides showed similar
OER results after selenization (Fig. S19b, ESIt), which are
attributed to the synergy of multiple components and porous
core shell structure. Moreover, the OER performance of MnSe-
CeO,@C030, is superior to that of commercial RuO, (362 mV)
(Fig. S18, ESIt) and most recently reported Coz;O4-based or
CeO,-based catalysts (Fig. 5(f) and Table S4, ESIt). The Tafel
slope can further explain the OER properties from a kinetic
point of view. The smaller value of Tafel slope means the faster
kinetic process of OERs.*® Among these tested catalysts, MnSe-
Ce0,@C030, exhibits the smallest Tafel slope of 94 mV dec™*,
revealing their boosting OER kinetic process (Fig. 5(b)). The
ESCAs are collected to probe the actual number of active sites
involved in the electrochemical reaction. The ESCAs of the

Energy Adv., 2023, 2, 338-345 | 341
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Fig. 5 (a) LSV polarization curves of Co-oxides, CoMn-oxides, CoCe-

oxides, Mn-Ce0O,@Co030,4 and MnSe-Ce0O,@C0304 in 1 M KOH aqueous
solution for OERs. (b) Corresponding Tafel slopes. (c) Corresponding
overpotentials and Tafel slopes at 10 mA cm™2. (d) Double-layer capaci-
tance (Cdl) obtained by linear fitting of the capacitive currents. (e) EIS
Nyquist plots of Co-oxides, CoMn-oxides, CoCe-oxides, Mn-CeO,@
Co304 and MnSe-Ce0,@C030,. Inset is the equivalent circuit. (f) Com-
parison of overpotentials at 10 mA cm™2 for the MnSe-CeO,@C0304
catalyst with the recently reported Co-based or Ce-based OER
electrocatalysts.

catalysts exhibit a positive correlation with double layer capa-
citance (Cq;) and the Cgq value can be obtained in the non-
faradaic region with different scan rates (Fig. S20, ESIT).”° As
shown in Fig. 5(c), the Cq value of MnSe-CeO,@Co030,
(25.3 mF cm™?) is much higher than that of other catalysts,
which suggests that MnSe-CeO,@Co03;0, has more active sites
under the same loading condition. Electrochemical impedance
spectroscopy (EIS) value can effectively reflect the electron
transfer rate and resistance value between the catalyst and the
electrolyte.”® The smaller radius of the impedance arc repre-
sents its smaller charge transfer resistance (R.), which results
in the improved OER activity of the catalysts. The Nyquist
curves (Fig. 5(e)) show that MnSe-CeO,@C0;0, has the smal-
lest semi-circular diameter among catalysts, which means the
smallest charge transfer resistance (R.) (only 34 Q). This
phenomenon indicates that there is a significant enhancement
of the electrical conductivity in materials after the doping of Se
elements. A series of OER tests have shown that the doping of
CeO,, Mn and Se elements can contribute significantly to the
improvement of the OER performance. Compared with Co-
oxides and CoMn-oxides, CoCe-oxides and CoCe-Mn-oxides
clearly possess a lower overpotential, faster OER kinetic perfor-
mance, larger electrochemically active surface area and smaller
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charge transfer resistance, respectively. This is attributed to the
increased oxygen vacancy content caused by the introduction of
CeO,. Similarly, a series of performance tests can also show
that Mn and Se elements provide higher levels of Co®*" to the
catalyst in favor of the enhanced OER performance of the
catalyst.

The stability is an important parameter for evaluating their
electrochemical performance, which contributes to the further
practical application of the catalysts.’*>* Cyclic voltammetry
(CV) and chronopotentiometric (CP) methods are used to test
the stability of MnSe-CeO,@C0;0,. The OER polarization curve
of MnSe-CeO,@Co03;0, remains almost unchanged after 1000
CV cycles, reflecting their excellent stability (Fig. S21, ESIT). To
reduce the effect of sample shedding, MnSe-CeO,@C050,
dropped on an inactive carbon paper substrate for testing their
OER performance. Reaching the current density of 10 mA cm ™2,
the overpotential of MnSe-CeO,@Co03;0, on the carbon paper is
310 mV in 1 M KOH solution (Fig. 6(a)) and the OER activity is
almost unchanged after the CP test of 40 h (Fig. 6(b)). The TEM
image (Fig. 6(c)) shows that the porous core-shell morphology
of MnSe-CeO,@Co030; is still preserved after the long-time CP
test, revealing the superior structural stability of porous core-
shell structures. Moreover, the main components of MnSe-
CeO0,@Co030, are still Co;0, and CeO, after stability testing
(Fig. 6(d), Fig. S22 and S23, ESIY), indicating the stable compo-
sition of catalysts. The XPS spectra are employed to further

a., b..
MnSe-Ce0,@Co,0, (Carbon paper) Im MnSe-Ce0,@Co;0,

—— Carbon paper I

“.‘Ewo e
5 >

< B1e J=10 mA cm at Carbon Paper

£ =
<5 c
= 7]
2
o
o

S

0 8 16 24 32 40
Time (h)

MnSe-Ce0,@C0,0, after CP

Intensity (a.u.) Q—

CeOy (PDF#34-0394)

Co304 (PDF#43-1003)
1 | 1 1 1

50 60 70 80 90
20 (degree)

N
o
w
S
N
S

—-h

e Co2p After CP O1s After CP
Co 2py;

- -

3 3

s s o2

[ [}

c c

2 ]

£ £ o1

810 800 790 780 534 532 530 528

Binding energy (eV) Binding energy (eV)

Fig. 6 (a) OER polarization curve of MnSe—-CeO,@Co0s0,4 loaded on the
carbon paper and bare carbon paper. (b) CP curves of MnSe-CeO,@
Co30, loaded on the carbon paper at 10 mA cm™2. (c) TEM image and
(d) XRD pattern of MnSe—CeO,@Co03z0, after the CP test. High-resolution XPS
spectra of (e) Co 2p and (f) O 1s in MnSe—CeO,@Co030, after the CP test.
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understand the elemental valence changes of MnSe-CeO,@
Coz0, after stability testing. It is worth noting that MnSe-
Ce0,@Co0;0, still maintains a high ratio of Co*'/Co*'
(Fig. 6(e)) and a high oxygen vacancy content (Fig. 6(f)) after
the stability test, which may be the reason for their excellent
stability (Table S3, ESIT).

The desirable electrochemical property of MnSe-CeO,@
Co30, may be attributed to the following reasons. First, BET
and ESCA results both reveal that the porous core-shell struc-
ture possesses a larger specific surface area and more active
sites for OERs. The large area of interfaces in contact with the
electrolyte can accelerate the active intermediate transport and
diffusion on the surface of catalysts, thus optimizing their
catalytic capacity.>*>® Second, high oxygen vacancy contents
can strengthen the intrinsic activity of catalysts, which facil-
itates the reduction of the OER reaction energy barrier and
optimizes their OER activity.>® The XPS spectra illustrate that
CeO, can effectively increase the content of oxygen vacancies
among the above-mentioned nanomaterials (Table S3, ESIT),
which is considered as one of the reasons for their favorable
OER activity. Third, element doping can lead to a shift of the
metal elements from a lower valence to a more active higher
valence state (for instance, Co>" species are oxidized to Co>"
species) (Table S3, ESIt). The high oxidation state of Co®* can
facilitate the adsorption of OER intermediates and the four-
electron transfer process of OERs.>”*® Moreover, the smallest
Tafel slope of MnSe-CeO,@Co0;0, also means a faster four-
electron transfer process of OERs (Fig. 5(b)). Finally, the EIS
value of MnSe-CeO,@Co030;, is significantly lower than that of
other comparison catalysts (Fig. 5(e)). This is mainly because
the introduced substances affect the coordination environment
and electronic structure of the adjacent Co atoms, leading to
lattice distortions and defects, which really enhance the elec-
trical conductivity of the nanomaterials.®® Therefore, MnSe-
CeO,@Co030, with the unique characteristics of morphology,
structure and composition ultimately possess enhanced elec-
trochemical properties.

3. Conclusions

In a word, a multicomponent doping strategy was proposed to
fabricate MnSe-CeO,@Co03;0, porous core-shell nanospheres
with large surface area, high oxygen vacancy content, outstand-
ing kinetic performance and excellent electrical conductivity. At
a current density of 10 mA cm ™2, the overpotential of MnSe-
CeO,@Co030, is only 284 mV, which is significantly lower than
that of Co-oxides (419 mV). Moreover, MnSe-CeO,@C030,
exhibits a long-time stability of 40 h in 1 M KOH solution.
Introduction of CeO, and doping of Mn/Se elements play an
important role in elevating the oxygen vacancy level and the
ratio of Co®>*/Co®" on the surface respectively, which are bene-
ficial to optimize the four-electron transfer process. Besides,
the enhanced electrical conductivity and porous core-shell
structure improve the intrinsic activity of the materials, which
both ultimately enhance their OER performance. This work not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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only supplies an effective catalyst with non-noble metals for
OERs but also provides a meaningful reference for designing
multi-component porous core-shell nanomaterials as more
advanced electrocatalysts.
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