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Hollow CeO,@Co,N Nanosheets Derived from Co-ZIF-L
for Boosting the Oxygen Evolution Reaction

Jian Zhang, Wenhui He, Harshitha Barike Aiyappa, Thomas Quast, Stefan Dieckhdfer,
Denis Ohl, Jodo R. C. Junqueira, Yen-Ting Chen, Justus Masa, and Wolfgang Schuhmann*

Rational design of highly active electrocatalysts for the oxygen evolution
reaction (OER) is critical to improving overall electrochemical water splitting
efficiency. This study suggests hollow CeO,@Co,N nanosheets synthesized
using Co-ZIF-L as a precursor, followed by a hydrothermal reaction and a
nitridation process as very attractive OER catalysts. The increased activity is
supposed to be due to nitridation and strong electronic interaction between
CeO; and Co,N that contribute to the formation of active COOOH phase.
The synthesized CeO,@Co,N exhibits low overpotentials of 219 and 345 mV
at OER current densities of 10 and 100 mA cm™2, respectively, as well as

a long-term durability of 30 h at a comparatively high current density of

100 mA cm™2.

1. Introduction

Electrochemical water splitting powered by renewable electricity
has been regarded as a promising technology to sustainably gen-
erate hydrogen.['2l However, the crucial limitation of water-split-
ting technologies is the anodic oxygen evolution reaction (OER),
in which a substantial overpotential is required to overcome the
sluggish four-electron/four-proton process for achieving the
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desired current densities.’] However, since
the commonly used benchmark current
density of 210 mA cm™ is about two orders
of magnitude lower than that required for
industrial applications, extensive efforts
have been dedicated to developing highly
efficient OER electrocatalysts.#l Currently,
noble metal oxides such as IrO, and RuO,
remain the state-of-the-art electrocatalysts
for the OER.P! Owing to their scarcity and
high cost, more attentions have been paid
to explore earth-abundant first-row (3d)
transition-metal elements like Fe-, Co,
and Ni-based borides,/® sulfides,”! phos-
phides,®l and oxides.”) The active nature of
these transition-metal composites has been
intensively investigated, and in situ reconstruction of these com-
posites into metal oxyhydroxides with high metal oxidation states
has been recognized as a key to reach high catalytic activity.”
Although the mechanism of this reconstruction process has
not been well elucidated so far, a series of strategies, such as
the design of multi-metal compositesi!! or tuning the types of
anionic ligands coordinating to the metal centers!'”l were sug-
gested to accelerate this process and stabilize the formed active
sites. However, due to the complexity of this reconstruction pro-
cess, expediting the formation and maximum exposure of active
metal oxyhydroxides on these metal composites remains a great
challenge, which is critical for further boosting their O,-evolu-
tion activity.

Zeolitic imidazolate frameworks (ZIF) derived by con-
necting metal ions with organic linkers have been widely used
as metal-ion sources or template for synthesizing high-efficient
catalysts.l¥] The instability of ZIF coordination structures upon
exposure of the material to a variety of physical or chemical
stimulations such as UV light, solvothermal treatment, or pH
variations enables slow and controllable release of metal ions
and linkers, which provides an ideal platform for the formation
of active catalysts comprising a functional hybrid nanostruc-
ture. CeO, has been intensively employed as co-catalysts to
activate various metal oxides,> sulfides,7'® and hydrox-
ides!™ (e.g., CoO, and NiFe hydroxides) towards the HER or
the OER. Under OER conditions, the redox transition of Ce** to
Ce*" may lead to the formation of oxygen vacancies, which act
as Lewis acid sites facilitating the activation of H,O molecules
as a Lewis base.l! Additionally, strong electronic interac-
tion between CeO, and the metal composites may modulate
the adsorption strength of oxygen intermediates on the metal
centers, finally accelerating the OER kinetics.[16:20:21]

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Scheme 1. Schematic illustration of the synthesis of CeO,@Co,N.

Based on these considerations, the development of efficient
pathways to exert synergistic effects between CeO, and metal
composites, while maximizing the exposure of the active metal
oxyhydroxide species, is a rational means to modulate OER
activity. We developed a nanostructured Co,N@CeO, composite
material with rich nanoscale phase boundaries by utilizing the
self-templating effect of ZIF. In an initial solvothermal process,
the gradual degradation of Co-ZIF-L combined with slow hydrol-
ysis of Ce3* ions generates uniform mixed phases of CoO, and
CeO,. In a subsequent nitridation process, CoO,, is converted
into Co,N nanocrystals. At the same time, the strong inter-
play between Co,N and CeO, leads to the formation of closely
interconnected hollow networks. This unique structure of the
Co,N/CeO, hybrids provides a large accessible surface exposing
the active catalytic sites. Electrochemical characterization and in
situ Raman spectroscopy demonstrated excellent OER activity
of the obtained Co,N/CeO, hybrid material due to reconstruc-
tion of the Co,N nanocrystals into cobalt oxyhydroxides, which
enables an OER current density of 10 and 100 mA cm™ at low
overpotentials of only 219 and 345 mV, respectively.

2. Results and Discussion

The synthesis route of CeO,@Co,N is illustrated by Scheme 1.
In the first step, the precursor Co-ZIF-L nanosheets were uni-
formly deposited by immersing Ni foam into a solution of cobalt
nitrate and 2-methylimidazole (2-MIM) at room temperature
(Figure 1la; Figure S1, Supporting Information). The corre-
sponding SEM images (Figure 1b; Figure S2a—c, Supporting
Information) show that during hydrothermal treatment (in a
Ce(NO;3)3-6H,0 and HMT solution), the Co-ZIF-L precursor
is converted into CeO,@Co-ZIF-L hollow nanosheets that are
caused by an etching process involving hydrolysis of Co?* and
oxidation of Ce**.122

The formation of the hollow nanostructure can further
be confirmed by means of scanning transmission electron
microscopy (STEM) (Figure S3d, Supporting Information),
and is supposedly advantageous for the mass transport and
the exposure of active sites. Energy-dispersive X-ray (EDX)
elemental mapping (Figure S3e, Supporting Information) fur-
ther indicated homogeneous distribution of Ce, Co, O, and
N. High-resolution TEM (HR-TEM) images (Figure S3b,c,
Supporting Information) of CeO,@Co-ZIF-L only show the
well-resolved lattice fringes of the CeO, phase due to the fact
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that Co-ZIF-L is amorphous. This result is corroborated by the
selected area electron diffraction (SAED) pattern (Figure S3a
inset and Table S1, Supporting Information). The observed
bright rings are only indexed to the CeO, phase. Subsequently,
the CeO,@Co-ZIF-L was converted into CeO,@Co,N under
NH; atmosphere at 400 °C. The well-distributed hollow
nanosheets were maintained after the nitridation process
(SEM image in Figure 1c; Figure S2d—f, Supporting Informa-
tion), and the STEM images in Figure 1g further reveal the
existence of the hollow nanosheets. EDX elemental map-
ping (Figure 1h) was employed to determine the elemental
distribution of CeO,@Co,N, which shows a coexistence and
the uniform distribution of Ce, Co, O, and N in the hollow
nanohybrid material. The HR-TEM image (Figure 1le(f) of
CeO,@Co,N shows lattice fringes with the interplanar spac-
ings of =2.15 and =2.46 A, which correspond to the (111) and
(110) plane of Co,N. Interplanar spacing of =2.70 and =1.93 A
was also observed from the HR-TEM image, consistent with
the values for the CeO, (200) and CeO, (220). More impor-
tantly, the rich nanoscale interface between Co,N and CoO,
can be observed in the HR-TEM images that indicate the close
connection between the constituent phases. The observed ring
in the SAED pattern (Figure 1b inset; Table S1, Supporting
Information) can be indexed to the (002) planes of Co,N as
well as the (111), (200), and (220) planes of CeO,, revealing the
hybrid and polycrystalline nature of CeO,@Co,N.

The chemical states and elemental bonding configura-
tion in the surface region of CeO,@Co,N were analyzed by
means of X-ray photoelectron spectroscopy (XPS). As shown
in the high-resolution XP spectra (Figure 2), CeO,@Co,N as
expected is composed of Ce, Co, N, and O. The Ce 3d high-
resolution XP spectrum (Figure 2a) shows peaks at 878-899
and 900-920 eV corresponding to the Ce 3d 5/2 and Ce 3d
3/2 doublets of different components and their corresponding
satellite peaks, which reveals the coexistence of Ce™ and Ce*".
The Ce 3d 5/2 peaks at 882.10 and 884.05 eV are assigned to
Ce** and Ce*". The molar ratio of Ce*" to Ce’* is related to the
amount of oxygen vacancies, which influences the catalytic
OER performance.[>20.23]

The 3/2 branch in the Co 2p spectrum in Figure 2b shows
three peaks corresponding to Co?" and the Co?" satellite,
including Co%-O (780.48 eV) and Co*-N (782.80 eV).2+2
In Figure 2c, the N 1s spectrum of CeO,@Co,N shows three
peaks at 398.10, 399.06, and 400.56 eV, corresponding to pyri-
dinic N, Co-N, and pyrrolic N, respectively.?l The peaks at
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Figure 1. a—c) SEM images of Co-ZIF-L, CeO,@Co-ZIF-L, and CeO,@Co,N. d) TEM images of CeO,@Co;N. The inset shows the SAED pattern.
e,f) HR-TEM images of CeO,@Co;N. g) STEM image of CeO,@Co;N. h) EDX elemental mapping of CeO,@Co,N.

529.03, 530.19, 531.28, and 533.46 eV in the high-resolution XP
spectrum of O 1s (Figure 2d) can be assigned to Ce—0O, Co—O,
O—H bond, and absorbed water, respectively.?*?’]

To explore the OER performance of the obtained CeO,@Co,N
nanosheets, we compared their OER performance with that of
CeO,@Co-ZIF-L with different amounts of Ce (Figure S7a,
Supporting Information); the CeO,@Co-ZIF-L with the second
lowest loading of Ce(NO;); (0.0025 mmol Ce(NOs);) exhibited the
highest OER performance. After nitridation, the formed CeO,@
Co,N (0.0025 mmol Ce(NOs);) retained the lowest overpotential
as compared with other CeO,@Co,N materials containing dif-
ferent amounts of Ce (Figure S7b, Supporting Information).

The samples with the highest OER activity, denoted as
CeO,@Co,N, will be discussed in more detail in the fol-
lowing. As shown in Figure 3a, linear sweep voltammetry
(LSV) for CeO,@Co,N, CeO,@Co-ZIF-L, Co-N (Co-ZIF-L
after nitridation), CeO,, and Ni foam was performed for com-
parison. The OER performance of CeO,@Co,N (219 mV at 10
mA cm™) is clearly higher than the other samples at the same
current density (Figure 3a inset). Noteworthy, CeO,@Co,N
also exhibited the lowest overpotential of 345 and 375 mV to
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achieve a current density of 100 and 200 mA cm™2, respectively
(Figure 3b). The superior OER performance of CeO,@Co,N
was also confirmed by comparison with the performance of
the state-of-the-art benchmark catalyst RuO, (Figure S8, Sup-
porting Information). Electrochemical RuO, data obtained
under the same experimental conditions revealed that CeO,@
Co,N has a lower overpotential at all current densities com-
pared to RuO, deposited on Ni foam. Tafel plots derived from
the linear sweep voltammograms were used to evaluate the
OER kinetics for the different catalysts (Figure 3c). The Tafel
slope for the CeO,@Co,N is 95.8 mV dec’!, which is similar
to that of CeO,@Co-ZIF-L (98.7 mV dec’)), and lower than
that of Co-N (120.1 mV dec™) and CeO, (139.2 mV dec™), indi-
cating improved OER kinetics. The stability of the CeO,@Co,N
was investigated by means of long-term chronopotentiometry.
As shown in Figure 3d, the OER activity was maintained for
at least 30 h at a current density of 100 mA cm™2, while the
hollow nanosheet morphology was preserved (Figure S4, Sup-
porting Information). EDX elemental mapping images show
that the constituting elements are still uniformly distributed
within the nanosheet structure after the long-term experiment

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a) LSV polarization curves of CeO,@Co;N, CeO,@ Co-ZIF-L, Co—N, CeO,, and Ni foam in purified 1 M KOH as electrolyte. b) Bar graph of the
overpotential at current densities of 10, 100, and 200 mA cm~2 for CeO,@Co,N, CeO,@Co-ZIF-L, Co-N, CeO,, and Ni foam. c) Tafel plots of CeO,@
Co;N, CeO,@Co-ZIF-L, Co-N, CeO,, and Ni foam. d) Chronopotentiometric stability test of CeO,@Co,N at a current density of 100 mA cm™2. e) Scan-
rate-dependent capacitive currents for CeO,@Co,N, CeO,@ Co-ZIF-L, Co—-N, NF, and CeO,. f) Amount of O, theoretically calculated and experimentally
measured and Faradaic efficiency versus time for CeO,@Co,N during OER.
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(Figure S5d,e, Supporting Information). As shown in the ele-
mental composition of CeO,@Co,N before and after stability
test (Figure S6 inset, Supporting Information), the molar ratio
of Ce to Co remains unchanged after the stability test, which
further indicate the favorable electrochemical stability of
CeO,@Co,N during polarization to high current densities. In
TEM-EDS (Figure S6 inset, Supporting Information), we did
not detect any Ni peaks in CeO,@Co,N before and after sta-
bility test, which indicated that the Ni foam support does not
contribute to electrocatalysis. From HR-TEM images and SAED
measurements of CeO,@Co,N after the stability test, it can be
inferred that only crystal phases of CeO, are detected due to
the conversion of the Co,N nanocrystals into amorphous cobalt
oxide and oxyhydroxides during the stability test (Figure S5a—c
and Table S1, Supporting Information). CeO,@Co,N with a
hollow nanosheet structure exhibits superior catalytic perfor-
mance for the OER in terms of both activity and stability. In
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fact, as shown in Table S2, Supporting Information, both the
overpotential and stability of CeO,@Co,N are superior to the
reported CeO, series OER electrocatalysts. To understand the
reasons behind the excellent catalytic performance for the
OER, we compared the electrochemically active surface area
(ECSA) of CeO,@Co,N, CeO,@Co-ZIF-L, Co-N, CeO,, and Ni
foam. In Figure 3e and Figure S9, Supporting Information, the
double-layer capacitance (Cg) of CeO,@Co,N (221.7 mF cm™)
and CeO,@Co-ZIF-L (1672 mF cm™2) were much larger than
that of the other samples like Co-N (48.3 mF cm™2), Ni foam
(9.7 mF cm™?), and CeO, (0.7 mF cm™2) due to their unique
hollow structure that is advantageous for the mass transport
and the exposure of active sites. The further increased Cy for
CeO,@Co,N compared with CeO,@Co-ZIF-L is indicating a
higher number of exposed active sites generated during nitri-
dation. The polarization curves of CeO,@Co,N and CeO,@
Co-ZIF-L were normalized by their corresponding Cy values
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Figure 4. a) Ce 3d XP spectra of CeO,@Co;N and CeO,. b) Co 2p 3/2 XP spectra of CeO,@Co,N and Co-N. b) Co 2p 3/2 XP spectra of CeO,@Co,N
and CeO,@Co,N after the galvanostatic stability test for 30 h at a current density of 100 mA cm=2. ) Co 2p 3/2 XP spectra of CeO,@Co,N and CeO,@
Co;N after the 30 h galvanostatic stability test at a current density of 100 mA cm™2. d) Co 2p 3/2 XP spectra of Co-N and CeO,@Co,N after the 30 h
galvanostatic stability test at a current density of 100 mA cm™. e) In situ Raman spectroscopy study of CeO,@Co,N in a potential range between 0
and 1400 mV in 0.01 m KOH (vs Ag/AgCl/3 m KCl). The sampling interval is 200 mV. f) In situ Raman spectra of CeO,@Co;N at different durations
during the amperometric treatment at 800 mV in 0.01 m KOH (vs Ag/AgCl/3 m KCI).
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(Figure S10, Supporting Information) and the intrinsic activity
of CeO,@Co,N is higher than that of CeO,@Co-ZIF-L.
We conclude that the high electrocatalytic activity of
CeO,@Co,N mainly originated from its high intrinsic activity.
In the Figure 3f, the amount of O, evolved during the OER
from CeO,@Co,N was determined quantitatively by gas chro-
matography. The amount of O, that was experimentally meas-
ured and theoretically calculated from the transferred charge is
identical revealing the nearly 100% Faradaic efficiency for the
OER using CeO,@Co,N-modified electrodes.

To further wunderstand the structure—performance
relationships, XPS measurements were performed to study the
chemical interaction between CeO, and Co,N. Figure 4a illus-
trates the high-resolution XP spectrum of Ce 3d for CeO, and
CeO,@Co,N. The Ce*:Ce** molar ratio for CeO, is 1.3:1, while
the value for CeO,@Co,N decreases to 1.1:1. The number of
oxygen vacancies is supposed to be correlated with ratio of Ce3*
to Ce**and is frequently measured by means of XPS. Hence, we
suppose that the number of oxygen vacancies increased upon
incorporating Co,N that could improve the electronic conduc-
tivity and the number of active OER sites.["]

In the XP spectrum of Co 2p 3/2 for Co-N and CeO,@Co,N
(Figure 4b, the Co 2p 3/2 peak of Co*~O (780.48 eV) in
CeO,@Co,N shows a 0.49 eV negative shift compared with
that in Co-N, which indicates strong electronic interaction
between CeO, and Co,N. The binding energy of Co?" is closer
to the binding energy of Co** (CoOOH), which implies that
it is easier for Co?" ions to lose electrons and be converted to
Co**(CoOOH) and this is the prerequisite for the formation
of the catalytically active phase for the OER. Furthermore, the
surface changes of CeO,@Co,N after the stability test were
investigated by XPS. In the XP spectrum of Ce 3d (Figure S11,
Supporting Information), the Ce™*:Ce** molar ratio of CeO,@
Co,N did not significantly change (1.10:1 to 1.05:1), suggesting
a high chemical surface stability of CeO, during the long-term
measurement. As shown in Figure 4c, a new peak for Co*"
(CoOOH) at 779.56 eV can be observed after the stability test,
which reveals the conversion of Co?" to Co*" (CoOOH). To
further support the conclusion that it is easier in the case of
CeO,@Co,N to oxidize Co?" to Co** (CoOOH), we compared
XP spectra of Co 2p 3/2 of Co-N and CeO,@Co,N after the
stability test. As shown in the Figure 4d, the molar ratio of Co*"
to Co?* for Co-N and CeO,@Co,N is 1.39 and 1.90, respectively,
which indicates that more of the active COOOH phase is gen-
erated as compared with Co-N. Thus, the XPS results suggest
that CeO, facilitates the formation of the active CoOOH phase.
In situ Raman spectroscopy provides insights into the struc-
tural evolution during electrocatalysis. The region between 150
and 750 cm™! reflecting the lattice vibrations of cobalt oxides
and hydroxides is shown in Figure 4e,f and Figure S9, Sup-
porting Information. Representative Raman peaks of CoO, or
Co(OH), at around 693, 621, 525, 483, and 193 cm™! can be
found in the sample of CeO,@Co,N (Figure S9, Supporting
Information).?8! With increasing applied potential, the Raman
peak intensity at 693 cm™' decreased gradually, while a new
peak starts to emerge at the 507 cm™! at an applied potential
1000 mV (vs Ag/AgCl/3 m KCl), which is assigned to the forma-
tion of COOOH.? In contrast, in the in situ Raman spectrum
of Co-N (Figure S13, Supporting Information), the peak for
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CoOOH starts to appear only at an applied potential of 1200 mV
(vs Ag/AgCl/3 m KCl), which additionally suggests that the
active CoOOOH phase is easier formed in the case of CeO,@
Co,N. The increased applied potential leads to the conversion
of Co species to CoOOOH that can be further confirmed when
a potential of 800 mV (vs Ag/AgCl 3 m KCl) was continuously
applied. After 600 s, the formation of COOOH was observed,
while the intensity of the Raman peak of CoO,, decreased over
time. These findings are supported by XPS as shown before.

3. Conclusion

In summary, a novel hybrid nanostructure consisting of hollow
CeO,@Co,N nanosheets derived from the Co-ZIF-L exhibits
excellent performance towards the OER in alkaline electrolyte.
The improved catalytic performance of CeO,@Co,N is mainly
due to 1) the increased number and accessibility of active
sites upon nitridation and 2) the strong electronic interaction
between CeO, and Co,N that facilitates the formation of the
active phase CoOOH. These results reveal that the CeO,@ Co,N
nanosheets hold promise for application as an efficient non-
noble OER electrocatalysts in terms of activity and stability.

Supporting Information

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