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The search for low-cost and high-performance electrocatalysts for
oxygen evolution reaction (OER) has aroused enormous research
interest in the last few years. Reported herein is the topotactic
construction of a binuclear Co-based metal—organic framework
(Co,-tzpa) using a solvothermal reaction. Prominently, as a porous
catalyst, Co,-tzpa holds its activity for at least 25 hours and exhibits
low OER overpotentials of 336 and 396 mV to achieve the current
density of 10 mA cm™2in 1 M KOH and 0.1 M KOH, respectively. The
excellent OER performance should be attributed to each cobalt site
coordinated with two tetrazolate N atoms.

The oxygen evolution reaction (OER) is the core of many
renewable energy technologies (e.g. electrolysis of water, elec-
trocatalytic CO, reduction, rechargeable fuel cells and metal-
air batteries), by which electrical energy can be converted into
chemical energy in fuels and chemicals."> However, the slow
dynamics of the OER hinders significantly the commercial appli-
cations of these technologies.® Fabricating high-performance and
robust electrocatalysts in the light of rational design fundamen-
tals is the key to improve energy utilization.*® Metal-organic
framework (MOF) materials with a high surface area, isolated
active sites, and structural tailorability that provide a large num-
ber of active sites are regarded as promising candidates for
various energy conversion and storage systems.” ' However, most
MOFs exhibit poor electrical conductivity and electrochemical
activity (especially inferior OER activity), which make them
restricted in electrochemical water splitting.™*

There are some strategies to improve the electrocatalytic
activity of MOFs, such as dual-site mechanism,'>** surface
hydroxylation,'* defects,”® and lattice contraction.'® Neverthe-
less, the intrinsic activity of MOFs should be related to the kind
of metal site and their electronic structure. Up to now, Co-
based,'”'® Ni-based,'*>> Cu-based,*® Zn-based,?* Pb-based,*”
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and bimetallic MOFs**?®%” have been reported to be active for
OER. Thereinto, Co-based MOFs have gained considerable
research interest due to their high activity and structural
stability.”® The electronic structure of Co sites is primarily
influenced by the topological structure of MOFs and their
coordination environment.> Different nuclear Co-based MOFs
have been synthesized for OER, such as mononuclear,*
binuclear,®' trinuclear,** tetranuclear,®® and hexanuclear.**
Compared with mononuclear MOFs, multinuclear MOFs pos-
sess multiple active sites, which can synergistically catalyze the
OER to lower the reaction barrier. Compared to N-containing
Co-based MOFs, Co-based MOFs fabricated with N-free ligands
usually show worse OER activity. For example, Ofia-Burgos et al.
reported a N-free Co,-MOF, which showed a high OER over-
potential of 626 mV in 0.1 M sodium phosphate buffer
solution.*" To regulate the electronic configuration of Co sites
and enhance the electrocatalytic activity, N-containing ligands
were frequently used for fabricating MOFs. For instance, a
N-ligand containing [Co,(i-OH),(bbta)] exhibited an overpoten-
tial of 292 mV for OER in alkaline media.™

Although more than 88000 kinds of MOFs have been
successfully fabricated and used in various fields, a very limited
number of Co-based MOFs are directly used as active OER
electrocatalysts.>®> Compared with other Co-based catalysts,
Co-based MOFs have some advantages for OER, such as regular
and adjustable active sites, porous structure, etc. Herein, we
report a binuclear Co-based MOF with each Co atom coordi-
nated with two tetrazolate N atoms, which can efficiently
catalyze OER in alkaline media. We expect this work may be
conducive to fabricating more MOFs for OER.

The binuclear Co-based MOF (Co,-tzpa) can be synthesized
by reacting Co>* ions with 5-(4-(tetrazol-5-yl)phenyl)isophthalic
acid (Hstzpa) under solvothermal conditions as described in
Fig. 1a.>® XRD patterns show that all the characteristic peaks of
the as-prepared sample can be well matched with the simulated
ones (Fig. 1b), indicating that the binuclear Co-MOF (Co,-tzpa)
was successfully synthesized. The cobalt ions are coordinated
with two tetrazolate N atoms. Moreover, the Co** center is
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Fig. 1 (a) Synthetic procedure of Co,-tzpa. (b) XRD patterns of experi-
mental and simulated Co,-tzpa. (c) FT-IR spectra of Hstzpa and Co,-tzpa.
(d and e) SEM images of Co,-tzpa with different amplifications.

encircled by additional three COO™ and one HO ™, while both
Co* and Co* are anchored by additional two HO™ and two
H,O molecules located at the two axial apexes of an octahedron.
The successful fabrication of Co-MOF can be further verified by
the FT-IR spectra. As depicted in Fig. 1c, the main peaks at 669,
736, 844, 1063, 1238, and 1711 cm ' ascribed to the Hjtzpa
parent disappear, and new peaks at 720, 782, 849, 1097, 1373,
1458, and 1655 cm™ ' appear for the Co,-tzpa, suggesting that
the cobalt ions are coordinated with the Hstzpa, which influ-
ence the vibrations of the C-C, C-N, and C-O bonds. The
morphology of Co,-tzpa was examined by SEM. As shown in
Fig. 1d and e, typical block structures with a length of 10-40 pm
and thickness of ~6 um can be observed. The BET surface area
of Co,-tzpa is approximately 228.7 m*g~ " and the pore diameter
is about 3.8 nm (Fig. S1, ESIt). The porous structure of Co,-tzpa
can be further verified using the TEM image (Fig. S2, ESIT).
The chemical compositions and valence state of cobalt were
analyzed by XPS. As demonstrated in Fig. 2, the survey spec-
trum manifests the presence of C, N, O, and Co elements in
Co,-tzpa. The high-resolution C 1s spectrum can be deconvo-
luted to two peaks centered at ca. 284.6 and 285.5 eV (Fig. 2b),
ascribed to the C-C and C-N bonds, respectively.>” The N 1s
XPS spectrum can be deconvoluted to three peaks at 400.8,
400.3, and 399.6 eV (Fig. 2¢), corresponding to Co-N, N—=N and
C-N coordination, respectively.*®*° In the Co 2p spectrum, the
peak positions of Co 2p;/, and Co 2p,,, are centered at 781.0
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Fig. 2 (a) XPS survey spectrum. (b—d) High resolution XPS spectra for
(b) C 1s, (c) N 1s, and (d) Co 2p regions of Co,-tzpa.

and 797.0 eV, respectively, along with two satellite peaks
centered at 786.5 and 803.2 eV (Fig. 2d), indicating that the
cobalt ions in the sample have charge of plus two.

The OER performance was first evaluated in 1 M KOH. For
comparison, nano Co;O0, with an average particle size of
~5 nm was synthesized using a hydrothermal method.*® As
shown in Fig. 3a, the nano Co;0, shows a relatively poor OER
performance with an overpotential (17;0) of 388 mV at the
current density of 10 mA ecm 2. In stark contrast, Co,-tzpa is
markedly active for the OER with a low overpotential of 336 mV,
and additional positive potential leads to the rapid increase of
the anodic current, which can be compared with commercial
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Fig. 3 (a) OER polarization curves and (b) Tafel plots in 1 M KOH. (c) OER
polarization curves and (d) Tafel plots in 0.1 M KOH.
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Fig. 4 (a) Chronoamperometric measurement in 1 KOH. (b) OER polari-
zation curves without iR-compensation. (c) Chronoamperometric
measurement in 0.1 KOH. (d) OER polarization curves.

IrO, catalysts. In addition, the OER activity of Co,-tzpa can be
compared to that of most MOF-based catalysts in alkaline
media (Table S1, ESIt). The Tafel slopes are ca. 47, 88, and
58 mV dec ' for IrO,, Co;O4 and Co,-tzpa, respectively
(Fig. 3b). The Tafel slope for Co,-tzpa reveals the OER rate-
limiting step following the first electron transfer.*"

The OER performance of Co,-tzpa was further evaluated in
0.1 M KOH. As displayed in Fig. 3¢, Co,-tzpa needs an 1, of 396
mV, much smaller than nano Co;0, (461 mV) and slightly
higher than commercial IrO, (334 mV). The Tafel slopes are 77,
162, and 88 mV dec ' for IrO,, Co;0,4, and Co,-tzpa, respec-
tively (Fig. 3d).

The electrochemical surface area can be used to reflect the
surface roughness of the electrocatalysts, which can be mea-
sured by the capacitance of the double layer.”*** As exhibited in
Fig. S3 and S4 (ESIt), the electrochemical surface area of Co,-
tzpa is 811 cm?, which is far larger than that of nano-Co;0,4
(only 24 cm?), indicating that more active sites are generated on
the former. Moreover, we performed electrochemical impe-
dance spectroscopy (EIS) to estimate charge transfer resistance
(Rco)- As revealed in Fig. S5-S8 (ESIt), Co,-tzpa shows a smaller
R than Co30,4, implying favorable OER kinetics. The OER
energy barrier (AG) on Co,tzpa can be derived from the
following eqn (1)-(4),

(1-2) F(E—Ey)

i=iyxe RT (1)
=AG
k = Ae'RT (2)
AG = (1 —a)nFEy — (1 — a)nFE (3)
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where T is the experimental temperature, R is gas constant
(8.314 ] mol ' k"), n is the electron transfer number (n = 4), F
is Faraday constant (96 485 C mol '), J, is the exchange current
density, a is the Tafel slope, and o is obtained from the Tafel
slopes. When the imposed potential E, is 0 V, AG is estimated
to be ca. 347 k] mol .

The durability of Co,-tzpa was assessed by supporting it on a
graphite plate in 1 M KOH and 0.1 M KOH solutions. As shown
in Fig. 4, after a long period of operation (25 h), it was observed
that the current density only exhibits slight degradation in the
two kinds of electrolytes, which could be due to the obstacle of
the reaction by oxygen bubbles that remained on Co,-tzpa. The
OER polarization curves show a negligible difference compared
with the initial ones, further suggesting the outstanding dur-
ability of Co,-tzpa under alkaline OER conditions. The faradaic
efficiency is measured to be >98%, demonstrating the high-
efficiency OER performance of Co,-tzpa (Fig. S9, ESIT). The high
OER activity of Co,-tzpa can be attributed to the cobalt ions
coordinated with two nitrogen atoms, which was theoretically
predicted to be more active for OER than Co;0, and CoOOH in
our previous work.>® The O* intermediate is more stable on the
Co-N, site than on Coz;0, and CoOOH, leading to a lower
energy barrier on the former.*®** The high stability of Co,-tzpa
can be ascribed to the cobalt ions immobilized by the metal-
organic framework. XPS measurements reveal that the Co was
completely oxidized from initial +2 to +3 during the durability
tests (Fig. S10, ESI{), indicating that Co®" is a key intermediate
for OER.

In conclusion, a binuclear Co,-tzpa catalyst was successfully
synthesized using a solvothermal method, where each cobalt
ion is coordinated with two tetrazolate N atoms. The Co,-tzpa
shows high activity and durability for OER in alkaline aqueous
solutions. In 1 M KOH and 0.1 M KOH, the Co,-tzpa needs
overpotentials of 336 and 396 mV to achieve the current density
of 10 mA cm ™2, respectively. The enhanced OER activity of
Co,-tzpa can be attributed to the nitrogen-coordination effect,
while the metal-organic framework favors the improvement of
its catalytic stability.
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