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Stable Hierarchical Bimetal-Organic Nanostructures as High-
Performance Electrocatalysts for the Oxygen Evolution Reaction
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Chenghua Sun,* Pingyun Feng, and Xianhui Bu*

Abstract: The integration of heterometallic units and nano-
structures into metal-organic frameworks (MOFs) used for the
oxygen evolution reaction (OER) can enhance the electro-
catalytic performance and help elucidate underlying mecha-
nisms. We have synthesized a series of stable MOFs (CTGU-
10al-d1) based on trinuclear metal carboxylate clusters and
a hexadentate carboxylate ligand with a (6,6)-connected nia
net. We also present a strategy to synthesize hierarchical
bimetallic MOF nanostructures (CTGU-10a2-d2). Among
these, CTGU-10c2 is the best material for the OER, with an
overpotential of 240 mV at a current density of 10 mA cm™ and
a Tafel slope of 58 mVdec™'. This is superior to RuO, and
confirms CTGU-10c2 as one of the few known high-perform-
ing pure-phase MOF-OER electrocatalysts. Notably, bimetal-
lic CTGU-10b2 and c2 show an improved OER activity over
monometallic CTGU-10a2 and d2. Both DFT and experiments
show that the remarkable OER performance of CTGU-10c2 is
due to the presence of unsaturated metal sites, a hierarchical
nanobelt architecture, and the Ni-Co coupling effect.

The oxygen evolution reaction plays a critical role in the
electrochemical splitting of water.'*! Desirable electrocata-
lysts should not only accelerate the anodic OER, but also
have a long-term stability.*! Given the high cost of noble-
metal catalysts for large-scale applications! it remains
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a challenge to synthesize low-cost electrocatalysts with high
performance and stability.”! Some successes have been
achieved using mixed-transition-metal-based electrocatalysts
because of their attractive electrical conductivity, synergistic
effect of polymetal atoms, and stability.'>"¥! For example,
Zhang et al. developed high-performance bimetallic MOF-
OER electrocatalysts using a modular synthesis method.!'"*)
Moreover, trimetallic-MOF electrocatalysts have also been
explored.'*!” For example, Lan’s group reported the NNU-
23 electrocatalyst with excellent OER performance.!'®!

MOFs have received increasing attention for energy-
related applications which benefit from their tunable porosity,
high surface area, and diversity in functional species of metal
centers and organic linkers.""?' However, the low conduc-
tivity, small mass permeability, and chemical stability limit
their utilization as electrocatalysts.”>?? To address these
issues, one effective strategy is to convert traditional bulk
MOF crystals into 2D nanosheets or to grow ultrathin MOF
nanosheet arrays on highly conductive substrates.”’="1 A
notable example is the study by Zhang et al. in which metal-
organic 2D materials are synthesized by an electrochemical/
chemical exfoliation strategy and show improved OER
performances.””! Separately, Huang’s group combined 2D
MOF nanosheets with electrically conductive 2D Ti;C,T,
nanosheets, resulting in an improved OER performance.”"
These advances can be ascribed to desirable merits of 2D
nanomaterials such as high percentages of exposed active
sites, tunable surface atomic structures, and nanometer
thickness that ensures rapid mass transport and charge
transfer.

Very recently, heterometal units have been introduced
into MOF nanostructures, leading to a high OER perfor-
mance. For instance, Tang’s group reported NiCo bimetal-
organic framework nanosheets with high electrocatalytic
activity towards the OER and explored precise structure—
performance relationships at the atomic level.” Further-
more, Zhao’s group fabricated ultrathin Fe/Ni-based MOF
nanosheets that demonstrated a high electrocatalytic perfor-
mance towards OER.PY Thus, heterometallic MOF nano-
sheets are ideal platforms for exploring structure—perfor-
mance relationships in rational catalyst design at the atomic
level.

Currently, reported nanosheets synthesized by sonication
exfoliation often encounter problems such as intrinsic
restacking and low yield.®® One way to deal with this
problem is to design hierarchical nanostructures.® There-
fore, the synthesis of low-cost bimetallic hierarchical nano-
structured MOFs is highly desirable because of their unique
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morphology, different surface atomic structures,
exposed metal sites, and improved performance.™’!

Herein, we report a series of novel isostructural transition-
metal MOFs [NH,(CH;),][M;(-OH)(H,0);(BHB)] (M;=
Co;, Co,Ni, CoNi,, Niy; named CTGU-10al, bl, cl, di,
respectively) constructed from the hexacarboxylic acid
4.4’ 4"-benzene-1,3,5-triyl-hexabenzoic acid (H;BHB). More-
over, corresponding hierarchical nanostructures (CTGU-
10a2-d2) were prepared by controlling the ratio of metal
salts in the solvothermal synthesis. Hierarchical CTGU-10c2
(CoNi,-MOF) nanobelts exhibit superior electrocatalytic
OER performances with a low overpotential of 240 mV at
10 mAcm 2, a small Tafel slope of 58 mVdec' and a long-
term stability of >50h in an alkaline medium. The OER
performance is superior to commercial RuO, and is among
the best pure-MOF OER electrocatalysts.

Since CTGU-10al-d1 are isostructural, only CTGU-10al
is discussed below. Single-crystal X-ray analysis shows that
CTGU-10al crystallizes in the hexagonal space group P62c
(Supporting Information, Table S2). As shown in Figure 1a,
CTGU-10al adopts a Co;(u;-OH) cluster as its secondary
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Figure 1. a) Metal trimers in CTGU-10a1 (C: black, O: red, Co: purple).
b) Polyhedral representation of the trlgonal prismatic geometry.

c) Structure of the BHB ligand. d) Hexatopic BHB ligand. e) Frame-
work of the nia topology.

highly

v

building unit (SBU, Figure 1b). Each trinuclear cluster
contains three Co™ ions and a u;,-OH and is coordinated by
six carboxylate groups and three H,O molecules (Supporting
Information, Figure S1a). Each BHB®~ linker is also con-
nected to six Mj(u;-OH) clusters, forming a 3D porous
framework as a (6,6)-c nia network (Figure 1e) with a guest-
accessible volume of 43.8 % as calculated using PLATON.
Different CTGU-10 samples were prepared by similar
solvothermal synthesis. Interstingly, the morphology of the
crystallite changed with the Co/Ni ratio. At a ratio of 3:0,
CTGU-10al forms a hexagonal bipyramidal structure (Sup-
porting Information, Figures S3a,b) at 2:1, CTGU-10bl
(Co,Ni-MOF) shows a spindle shape (Figures S3¢,d), at 1:2,
CTGU-10c1 (CoNi,-MOF) becomes partially spindle-shaped
and appears strip-like (Figures S3e,f), and at 0:3, CTGU-
10d1 is spindle-like as well (Figures S3 g,h and Table S1).
Since the morphology and microstructure of materials
have great influence on their properties, we further studied
the method of synthesis of the MOF bulk. A series of CTGU-
10 powder materials were obtained by increasing the concen-
tration of linker and metal salts. As shown in Figure S9
(Supporting Information), the X-ray diffraction patterns of
CTGU-10 bulk and powder samples are in good agreement
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with the simulated patterns, which confirms their purity. One
interesting finding is that CTGU-10 powder features hier-
archical nanostructures (nanobelts and nanospheres) that
originate from the assembly of nanosheets. At a Co/Ni ratio of
3:0, CTGU-10a2 takes the form of nanospheres assembled by
nanosheets (Figure 2a). The diameter of those hierarchical

Figure 2. SEM images of a) CTGU-10a2, b) CTGU-10b2, c¢) CTGU-10c2,
and d) CTGU-10d2; e),f) High-resolution TEM images of CTGU-10b2;
g), h) High-resolution TEM images of CTGU-10c2; i),j) HAADF-TEM
images and TEM-EDS mapping images of i) CTGU-10b2 and j) CTGU-
10c2.

nanospheres is about 1.44 um (Supporting Information, Fig-
ure S12a). At a Co/Ni ratio of 2:1, CTGU-10b2 (Co,Ni-
MOF) also adopts hierarchical nanospheres (Figures 2b, e, f)
that are assembled from nanosheets. The thickness of the
nanosheets is about 1.11 nm (Supporting Information, Fig-
ure S11b) and the diameter of the nanospheres is about
1.83 um (Figure S12b). At a ratio of 1:2, CTGU-10c2 (CoNi,-
MOF) forms hierarchical nanobelts constructed from nano-
sheets (Figures 2c¢,g,h). The thickness of the nanosheets is
about 1.03 or 1.05 nm (Supporting Information, Figure S11a)
and the width of the nanobelts is about 1.11 um (Figure S12c¢).
At a Co/Ni ratio of 0:3, CTGU-10d2 (Ni;j-MOF) shows
hierarchical nanospheres (Figure 2d). The diameter of those
nanospheres is about 1.44 um (Supporting Information, Fig-
ure S12d). Such a phenomenon may be related to the ligand
used in the solvothermal synthesis, making it possible to tune
the crystalline morphology by adjusting the molar ratio of the
metal salts. This method may open up a new way for the
synthesis of hierarchical MOF nanostructures.

Moreover, energy dispersive spectroscopy mapping (EDS,
Figure 2j and Supporting Information, Figure S10), induc-
tively coupled plasma-mass spectrometry (ICP, Table S3), and
XPS measurements were performed to explore the compo-
sition of the hierarchical nanobelts in CTGU-10c2 and the
element content of Co and Ni. Figure 2j shows that both
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elements are distributed uniformly on the surfaces of the Co/
Ni-MOF nanobelts. ICP reveals that CTGU-10c2 contains
7.84% Co and 13.6% Ni. Both EDS and ICP results suggest
that the Co/Ni molar ratio is close to 1:2. The survey XPS
spectrum (Supporting Information, Figure S5) suggests that
CTGU-10c2 contains Co, Ni, C, O, and N species. Addition-
ally, Tyndall light scattering was performed to explore the
dispersity of the prepared nanosheets. The photograph of the
Tyndall light scattering shows that CTGU-10a2-d2 can be
dispersed in a CH;OH solution (Figure S8) which exhibits the
nature of the nanostructures.

The electrocatalytic evolution of oxygen in the same
system was explored in a 0.1 KOH electrolyte. All data were
obtained without iR-correction. First, the bulk samples were
modified on a glass carbon electrode after dispersion. The
LSV curves, Tafel plots, and electrochemical impedance
spectroscopy (EIS) results are shown in Figure 3a and
Figure S13a,b (Supporting Information). As presented in
Figure S13 and Tables S4 and S5, CTGU-10b1 and CTGU-
10c1 have an overpotential of 400 mV and 390 mV, which is
lower than the values of CTGU-10al (416 mV), CTGU-10d1
(500 mV), and RuO, (320mV). The corresponding Tafel
slopes of CTGU-10al-d1 and RuO, are 102, 95, 87, 140, and
62 mV dec ', respectively, which suggests that the kinetics of
the bimetallic electrocatalysts is more effective in the OER
process than that of monometallic electrocatalysts. To further
explore the relationship between the atomic structure, the
nanolevel morphology, and the high OER performance, the
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Figure 3. a) LSV curves and b) Tafel plots of RuO, and the CTGU
electrocatalysts in the OER in 0.1 M KOH. c) Comparison of the
overpotential at a current density of 10 mAcm™2. d) Electrochemical
impedance spectrum of the CTGU-10a2—d2 catalysts. e) Polarization
curves of CTGU-10c2 after zero and 1000 CV cycles. f) Current density
difference at 1.47 V vs. scan rate, yielding the double-layer capacitance
(Cdlly of the CTGU-10 hierarchical nanostructures.
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hierarchical nanostructures of CTGU-10a2-d2 were tested in
the similar way. As shown in Figure 3a, CTGU-10c2 surpris-
ingly shows superior OER performances with an onset
potential of 140 mV, which is distinctly better than that of
CTGU-10a2 (330 mV), CTGU-10b2 (310 mV), and CTGU-
10d2 (340 mV), and is even lower than that of commercial
RuO, (250 mV). The corresponding Tafel slopes for CTGU-
10a2—-d2 and RuO, are 92, 81, 58, 127, and 62 mV dec™},
respectively, which demonstrates that the OER performance
of the hierarchical CTGU-10 nanostructures is superior to
that of the CTGU-10 bulk materials. Furthermore, the EIS
results (Figure 3 d) also show that CTGU-10c2 has the highest
electron transfer ability. As shown in Figure 3e, the polar-
ization curve of CTGU-10c2 remains essentially unchanged
even after 1000 cycles, confirming its excellent stability during
the electrocatalytic process. Additionally, the i~ curves at
a current density of 10 mA cm 2 show for all materials that the
catalyst retains its electrocatalytic activity for at least 50 h
(Supporting Information, Figure S14). Conclusively, the elec-
trochemical active surfaces were examined by electrochem-
ical double-layer capacitance (Cdll). Cyclic voltammetry
(CV) measurements were performed between 0.39 and
0.49 V at rates varying from 20 to 100 mVs™' (Figure S15).
As shown in Figure 3 f, the Cdll of CTGU-10c2, 8.9 mFcm 2,
is larger than that of CTGU-10a2 (3.5 mFcm?), CTGU-10b2
(5.5mFcm?), and CTGU-10d2 (1.6 mFcm ?). The results
demonstrate that the hierarchical CTGU-10c2 nanobelts are
not only highly electrocatalytically active but also stable
electrocatalysts for OER.

Furthermore, the Turnover frequency (TOF) was calcu-
lated to evaluate the intrinsic activity of the OER electro-
catalysts.**! As shown in Figure S16a,b (Supporting Infor-
mation), CTGU-10c2 shows a higher TOF value (0.05378 s")
than the other hierarchical CTGU-10 nanostructures at the
given potential of 240 mV (CTGU-10a2: 0.00232s™', CTGU-
10b2: 0.00338 s°!, CTGU-10d2: 0.00258 s !). Moreover, the
TOF values of the hierarchical CTGU-10 nanostructures are
higher than those of the CTGU-10 bulk materials. It is worth
noting that no additional conductive materials are added
during the OER testing, which shows that the hierarchical
nanostructures possess an improved electrical conductivity on
their own. More importantly, compared to most reported
bimetallic MOF-based electrocatalysts and commercial
RuO,, the bimetallic hierarchical CTGU-10c nanobelts
show much better OER performances, which can be attrib-
uted to the ultrathin thickness of the nanostructures, the
improved electrical conductivity, and the coupling effect
between Co and Ni.

In part because of the low chemical stability, as-synthe-
sized MOFs have shown limited electrochemical applications.
Many factors, including the testing environment, metal ions,
organic ligands, metal-ligand coordination geometry, and
hydrophobicity of the pore surface can influence the stability
of the MOFs.P>*#?l The PXRD (powder x-ray diffraction)
measurements of the CTGU-10 bulk materials and hierarch-
ical nanostructures after the OER process (Supporting
Information, Figure S9b) show that the CTGU-10 samples
are stable. Further FTIR, PXRD, and SEM measurements
were done after the samples were immersed in different pH
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environments to explore the robustness of the MOF-based
electrocatalysts. As is shown in Figure S6a, the FTIR spectra
show negligible variance compared with the untreated
samples. Figure S9c—f shows that the CTGU-10 samples are
stable in a pH range of 12 to 13 for at least 24 h. The SEM
measurements (Figure S12) showed that there is no apparent
morphological change after immersion in 0.1m KOH, which
underlines the relationship between structure and electro-
catalytic performance. To further understand the possible
variance of the chemical composition on the surfaces and the
electronic states of the MOF-based electrocatalysts, XPS
measurements of the samples after the OER tests were also
done (Figures S4 and S5). After the OER tests, the signals of
CTGU-10b2 shift to lower binding energies in the Co 2p
spectrum, and to higher binding energies in the Ni2p
spectrum. For CTGU-10c2, the Ni 2p signals shift to lower
binding energies, while the Co2p signals shift to higher
binding energies, indicating a partial electron transfer
between Co®" and Ni** through the oxygen of the HiBHB
ligands. These XPS results reveal that the addition of Ni
species can change the valence of Co®" and the ability of the
material to accept electrons during OER tests, which
influences the coupling effect between Ni and Co in bimetallic
CTGU-10 electrocatalysts. Similar synergistic effects have
been reported in recent studies.”***! Thus, the catalytic
OER performances are enhanced.

To understand the observed performance, especially the
coupling effect of Co and Ni, the OER performance of four
MOF catalysts with different metal combinations were
compared in density functional theory (DFT) calculations.
Figure S17a (Supporting Information) shows the simplified
model catalyst, focusing on the effect of different combina-
tions of the metals with the same organic ligands. The
calculated OER energy profile and overpotenatial are given
in Figure S17b. It is found that 1) bimetallic MOFs perform
better than single-metal MOFs, 2) Co performs better than
Ni, and 3) CoNij, is the best combination among the four with
a calculated overpotential of 420 mV. The improvement
associated with the new metal originates from the shift of
the d-band center to a higher energy level, as reported in the
literature. Such an electronic change occurs due to the slight
difference between the Co—O and Ni—O bonds in the
bimetallic MOF structures. This is important information
for catalyst design, since it allows to choose specific metals or
new ligands that cause heavier distortion and further improve
the performance. According to our calculations, Co is still the
active center in case of the CoNi, structure, which confirms
that the role of the newly introduced Ni center is to cause
distortion and thus improve the activity of the Co center. As
a result, the CoNi,-MOF performs better than the Co,Ni-
MOF. Therefore, it is recommended that metals with notably
different sizes than Co can be considered for further improve-
ment. This is currently under investigation by our team.

In summary, a series of novel bimetal-organic hierarchical
nanostructures with high percentages of open metal sites and
coordinated water molecules were fabricated by solvothermal
synthesis. The OER performances of these hierarchical
nanostructures were investigated by DFT calculations and
experimental means. The hierarchical CTGU-10c2 nanobelts
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show an outstanding electrocatalytic performance towards
the OER with a lower overpotential of 240 mV at 10 mA cm >
and a small Tafel slope of 58 mVdec'. The excellent
performance demonstrates that hierarchical MOF nanobelts
can be highly efficient in the OER and other applications.
Importantly, an effective method for the preparation of high-
quality and bimetallic hierarchical MOF nanostructures was

also developed.
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