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The metal-organic framework (MOF) constructed from [Co4Pzg] clusters (Pz = pyrazolate) and 1,3,5-
tris(pyrazolate-4-yl) benzene (BTP*7) ligands was structurally predicted many years ago, and expected to
be a promising candidate for various applications owing to its unique clusters and highly open 3D
framework structure. However, this MOF has not been experimentally prepared yet, despite extensive
efforts were made. In this work, we present the successful construction of this MOF, hereinafter referred
to as BUT-124(Co), by adopting a two-step synthesis strategy, involving the initial construction of
a template framework (BUT-124(Cd)) followed by a post-synthetic metal metathesis process. The effects
of various cobalt sources and solvents were systematically investigated, and an innovative stepwise
metathesis strategy was employed to optimize the exchange rates and the porosity of the material. BUT-
124(Co) demonstrates high catalytic activity in the oxygen evolution reaction (OER), achieving

a competitive performance with an overpotential of 393 mV at a current density of 10 mA cm~2, and

Received 17th June 2024 . . . . L )
Accepted 7th August 2024 also affords remarkable long-term stability during potentiostatic electrolysis in 1 M KOH solution,
surpassing the durability of many benchmark catalysts. This work not only introduces a novel MOF

DOI: 10.1035/d45c03973d material with promising properties but also exemplifies a strategic synthesis approach for pyrazolate-
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Metal-organic frameworks (MOFs) are an emerging class of
crystalline porous materials assembled with metal ions/clusters
and organic linkers.’® In the last two decades, the significant
potential of MOFs in gas separation/storage,*” catalysis®**® and
other applications''** has been extensively explored and solidly
demonstrated. Among the various advantages of MOFs, the
structural diversity and tunability are the most important ones
that contribute to the excellent performance of these materials
in many different applications. Particularly, the transition metal
ions inside the metal clusters of MOFs can display unique
coordination environments that are rarely observed within
traditional organometallic compounds or small molecule
complexes."*™® As a result, the metal centers of MOFs could
exhibit special chemical reactivity.'”**

Although several strategies have been developed to facilitate
the construction of MOFs with targeted structures, in some
cases it is still highly challenging to obtain desired MOFs
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based MOFs, paving the way for advancements in diverse application fields.

through direct synthesis methods. To date, the crystal growth
process remains a “black box”, and it can hardly be decoded
even by the state-of-art technologies, which makes the adjust-
ment of MOFs' synthesis conditions very tricky in many cases.
Therefore, besides direct synthesis," some other methods have
also been explored to promote the formation of targeted MOFs,
such as post-synthetic modification,**** and solvent-assisted
metal metathesis.”***

Pyrazolate-based MOFs (Pz-MOFs) are a special type of MOFs
constructed from pyrazolate ligands and transition metal ions.
Besides their high base stability, Pz-MOFs offer several advan-
tages over carboxylate-based MOFs.>® Since the N atoms of
pyrazolate groups act as stronger ¢ donors, the electron densi-
ties of transition metal ions in Pz-MOFs could be higher.
Moreover, the transition metal ions can form distinctive clus-
ters and display unique coordination environments in Pz-
MOFs, which could not be obtained in carboxylate-based
MOFs. These factors enable the metal sites in Pz-MOFs to
exhibit special chemical reactivity, and endow the materials
with great potential as catalysts or sorbents.””

However, compared with carboxylate-based MOFs, it is more
challenging to develop effective strategies to modulate the
crystal growth of Pz-MOFs.>**° This could be due to the
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difficulties in regulating the nucleation rate and the lack of
reversibility inherent in the crystal growth process of these
frameworks. As a result, some Pz-MOFs with excellent proper-
ties have been predicted, but cannot be successfully obtained. A
typical example is Co-BTP, which was first simulated and re-
ported by Long's group in 2016.** By exploring the adsorption
behaviors of its iso-structural MOFs, including Co-BTTri and
Co-BDTriP, Long and co-workers predicted that the open metal
sites of Co-BTP could serve as very effective capture sites for
some gas molecules. Furthermore, the simulation studies also
demonstrated the high potential of Co-BTP in several electro-
chemical reactions, such as oxygen evolution reaction (OER).*>
Unfortunately, Co-BTP could not be successfully obtained, even
extensive efforts have been made to adjust its synthesis condi-
tions. A possible explanation was proposed that, under typical
solvothermal conditions, the reaction of Co>* and 1,3,5-tris(1H-
pyrazol-4-yl)benzene (H;BTP) prefers to form another phase,
which is more thermodynamically favored.**

In this work, we report the strategic synthesis of this MOF
material through a two-step method. A template framework, Cd-
BTP, hereinafter referred to as BUT-124(Cd), was synthesized
first. Then, the Cd*>" ions were exchanged with Co*" by post-
synthetic metal metathesis (Scheme 1). There are several
advantages to choose Cd>" to construct the template MOF. First,
Cd*" could exhibit versatile coordination modes and has the
potential to form the targeted [M,Pzg] clusters with pyrazolate
groups. Moreover, the valence electron configuration of Cd** is
4d," and no extra crystal field stabilization energy could be
provided when Cd** coordinates with ligands. At the same time,
considering that the radius of Cd>" is larger than most divalent
metal ions of the first transition series, the coordination bonds
between Cd*>" and pyrazolate groups would not be very strong,
which could provide enough thermodynamic driving force to
replace the Cd*>" inside the framework with Co** through metal
metathesis. After carefully exploring and optimizing the
conditions for the synthesis and metal metathesis of Cd-BTP,
Co-BTP was successfully obtained, namely BUT-124(Co). The
chemical stability and electrochemical activity of this material
have been investigated. BUT-124(Co) showed excellent base
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Schemel Two-step synthetic approach to prepare BUT-124(Co) with
[Co4Pzg] clusters. A Co(ll) metal-organic framework BUT-124(Co) was
obtained through the metal metathesis of iso-reticular BUT-124(Cd).
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resistance that could retain its crystallinity in 1 M KOH solution.
Moreover, it exhibited efficient catalytic activity for the OER
(with an overpotential of 393 mA at a current density of 10 mA
em™?) and good working stability.

The template MOF BUT-124(Cd) was prepared in a 25 mL
Teflon-lined reactor under solvothermal reaction conditions at
80 °C (details in the ESIt). The PXRD pattern of BUT-124(Cd)
was fitted by using the Pawley method.** The detailed data are
listed in Table S1f and fitted PXRD patterns for the Pawley
refinement are shown in Fig. S3.7

The powder X-ray diffraction (PXRD) analyses illustrated that
the BUT-124(Cd) crystallized in the cubic crystal system, Pmm
space group, with the a axis of 19.506(7) A, which was obviously
larger than that of Cuz(BTP), (18.8070(8) A).** By comparing the
calculated PXRD pattern with the experimental one, the result
strongly indicated that BUT-124(Cd) was isostructural with
Cuy(BTP), (Fig. 1). BUT-124(Cd) consisted of the [CdPzg] cluster
and BTP®~ ligands, adopting a sodalite (SOD) topological
structure. In the [Cd,Pzg] cluster, each Cd atom was coordinated
with four N atoms from the Pz ligands, forming a planar
quadrilateral coordination (Scheme 1). The SEM analysis
showed that the particles of as-synthesized BUT-124(Cd)
samples exhibited octahedral morphology with a size of around
50-60 nm (Fig. S21). A N, sorption isotherm of BUT-124(Cd) was
measured at 77 K (Fig. 2a). The Brunauer-Emmett-Teller (BET)
surface area of BUT-124(Cd) was calculated to be 1563.6 m* g ™"
And the experimental total pore volume was 0.68 cm® g~ !, which
was close to the calculated value of 0.73 cm® g~ . The stability
test of BUT-124(Cd) showed that it completely decomposed
after being exposed in air for one hour, demonstrating its
chemical lability (Fig. 3a).

To obtain the targeted framework of BUT-124(Co), the post-
synthetic metal exchange strategy was adopted to treat the as-
synthesized BUT-124(Cd) sample. At first, we chose Co(NOj3),-
-6H,0, Co(OAc), 4H,0, CoCl,-6H,0 or Co(ClO,),-6H,0 as the

cobalt source, and acetone, methanol (MeOH), N,N-
—— BUT-124(Co0)-S80
—— BUT-124(Cd)
—— Simulated Cu,(BTP),
A A "
5 10 15 20 25 30

26 (degree)

Fig. 1 The experimental PXRD patterns for BUT-124(Cd) and BUT-
124(Co)-S80 obtained by metal metathesis and the simulated PXRD
patterns for Cuz(BTP),.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) N, sorption isotherms of BUT-124(Co) obtained under
different exchange conditions. (b) Bar graphs of the exchange ratio of
different BUT-124(Co) samples.

dimethylformamide (DMF) or N,N-dimethylacetamide (DMA) as
the solvent to prepare different solutions with the concentration
of 10 mg mL ™" (details in Table S27). Then the as-synthesized
BUT-124(Cd) samples were immersed in the above-mentioned
solutions at room temperature (RT), 60 °C and 80 °C for two
days, respectively. The samples were collected and washed with
DMA and MeOH for PXRD measurements. The results showed
that the samples treated with a DMA solution of Co(NO3),-6H,0
retained the best crystallinity, and the colors of the initially
white samples changed to dark brown after metal metathesis
(Fig. S51). To investigate the exchange ratios of the three
inductively
coupled plasma (ICP) analyses of these treated samples were
carried out. The exchange ratios of BUT-124(Co)-RT, BUT-
124(Co0)-60, and BUT-124(Co)-80, which were treated with DMA
solutions of Co(NO3),-6H,0 at RT, 60 °C and 80 °C, reached
25%, 72% and 90%, respectively (Fig. 2b and Table S37), indi-
cating that the increase of temperature could promote the metal
metathesis process. The permanent porosity of the treated

samples at different exchange temperatures,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PXRD patterns (a) and 77 K N, sorption isotherms (b) of BUT-
124(Co)-S80 samples after being treated under different conditions.

samples has been confirmed by N, adsorption measurements at
77 K. The N, uptakes of 186 cm > g%, 402 cm ™ g~ " and 463
em ™ g~ ! were achieved at P/P, = 0.9 corresponding to intra-
crystalline pores (Fig. 2a). The experimentally determined
porosities of BUT-124(Co)-RT and BUT-124(Co)-60 were obvi-
ously lower than the theoretical value (N, uptake: 598 cm® g™ ).
Considering the low stability of BUT-124(Cd), it was reasonable
to attribute the compromised porosities of the treated samples
to the partial degradation of the template framework during the
metal metathesis. On one hand, the elevated temperature
promoted the metal exchange rate and increased the porosities
of the resultant samples. On the other hand, the framework
could be easier to get destroyed at an elevated temperature.
To further optimize the metal metathesis conditions, we
developed a step-by-step exchange strategy. We first soaked
BUT-124(Cd) in a 10 mg mL ™' DMA solution of Co(NO;),-6H,0
at RT for one day, then at 60 °C for another day. The obtained
sample was labelled as BUT-124(Co0)-S60. After further incu-
bating BUT-124(C0)-S60 in a 10 mg mL~ ' DMA solution of
Co(NO3),-6H,0 at 80 °C for one more day, the sample labelled
as BUT-124(Co)-S80 was obtained. The PXRD, nitrogen

Chem. Sci., 2024, 15, 14425-14430 | 14427
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(a) LSV curves of Co foil and BUT-124(Co)-S80 in a solution of 1 M KOH. (b) The chronopotentiometry curves of BUT-124(Co)-S80 at an

overpotential of 393 mV in 1 M KOH solution. (c) Schematic illustration of the proposed OER mechanism. Color code: Co, blue; C, brown; N, gray;

O, red; H, white. (d) The free energy profile for the OER pathway.

adsorption and ICP of the treated samples were measured. It
was found that, with this new strategy, the metal exchange rates
of the treated samples were enhanced up to 95% (Fig. 2b and
Table S31), and their porosities were also further improved,
while the pore size distribution and PXRD patterns of these
materials remained essentially unchanged (Fig. S6t). These
results demonstrated that the step-by-step exchange strategy
did mitigate the destruction of the parent framework during the
exchange process and increase the exchange ratio. Probably, the
framework was most sensitive at the initial stage of metal
metathesis, and the framework was least destroyed when
carrying out the exchange reaction at rt, although the metal
exchange rate at RT was low, which resulted in an intermedium
phase with pores partially blocked. A gradual lift of the
exchange temperature drove completing of the exchange
process with framework intact and finally afforded the open
framework of BUT-124(Co). After the optimization of metal
metathesis conditions, BUT-124(Co0)-S80 was found to be the
best-treated sample with the highest metal exchange rate (95%)
and porosity (N, uptake of 512 cm® g~* at P/P, = 0.9). It was
worth noting that BUT-124(Co)-S80 exhibited higher porosity

14428 | Chem. Sci, 2024, 15, 14425-14430

than the template MOF BUT-124(Cd), which could be attributed
to the well-maintained structure during the metal metathesis
and the relatively lower atomic weight of Co*".

The low stability of BUT-124(Cd) would be explained by the
weak coordination bonds between Cd** and pyrazolate groups.
The chemical stability of BUT-124(C0)-S80 was also checked.
The samples were treated in liquid water and the aqueous
solution of strong basic solutions at RT for 24 h, respectively.
The PXRD patterns and N, uptakes of all the treated samples
remained almost unchanged (Fig. 3, S7 and S87). And we per-
formed a Pawley fitting analysis on the unit cell of BUT-124(Co)-
$80. It was found that there is a reduction in the unit cell length
for BUT-124(C0)-S80 when compared to BUT-124(Cd) (Fig. S4b
and Table S1t). The results demonstrated the significantly
improved chemical stability of BUT-124(Co0)-S80 in neutral and
basic aqueous solutions, which should be attributed to the
formation of stronger coordination bonds between Co** and
pyrazolate groups of the ligands.

To evaluate the thermal stability of the materials, we con-
ducted the TGA (Thermogravimetric Analysis) measurement.
The thermogravimetric analysis (TGA) curve indicates that BUT-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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124(Co0)-S80 exhibits higher thermal stability up to approxi-
mately 415 °C than BUT-124(Cd) (324 °C) (Fig. S9%).

The good base stability of BUT-124(Co)-S80 and the unique
coordination environment of Co®>" in the [Co,Pzg] cluster
encouraged us to explore the potential of this material as
a catalyst in the OER. A drop-coating strategy was used to load
the active catalyst material on the cobalt foil (details in the
ESIY). The linear sweep voltammetry (LSV) method was utilized
to examine the OER activity of the BUT-124(Co)-S80 (Fig. 4a). As
a comparison, the blank Co foil was also tested under the same
conditions. At a current density of 10 mA c¢cm 2, the over-
potential of the electrode loaded with BUT-124(Co0)-S80 was
measured to be 393 mV (Fig. 4a), which outperforms most of the
reported MOFs (Table S41). The Co®"/Co®" redox couple exhibits
distinct peaks within the potential range of 1.123 to 1.143 V vs.
RHE (Fig. S23at). The redox peak potentials observed for Co*'/
Co®" in BUT-124(C0)-S80 are notably lower than those reported
for Co(OH),/CoOOH, as depicted in Fig. S23b.1 This reduction
in redox potential suggests that the N-coordinated sites signif-
icantly alter the electrochemical properties of Co. Additionally,
the quantity of Co®>*/Co®" sites was determined by integrating
the area under the corresponding reduction and oxidation
peaks, as detailed in Fig. S23c-e.1** The result indicates that the
ratio of Co>*/Co*" is about 62.3%.

To understand the relationship between the [Co,Pzg] metal
cluster and the properties, we performed the density functional
theory (DFT) calculations to determine the Gibbs free energy of
the various intermediate species involved in the electro-
chemical OER. We considered the unsaturated metal site as the
OER-active site, named the Co-site (Fig. 4c). The binding ener-
gies of OH*, O*, and OOH* intermediate species involved in the
OER process were calculated for these active sites. Fig. 4d shows
the Gibbs free energy of the formation for each elementary step
of the OER computed for the four-electron reaction pathway.
OH* + OH™ — O* + e~ + H,O was found to be the rate-
determining step.

The long-term durability is also a critical factor to evaluate
the performance of OER catalysts. Thus, the working stability of
BUT-124(Co0)-S80 for catalyzing the OER was tested by poten-
tiostatic electrolysis in 1 M KOH solution. The I-¢ curve (Fig. 4b)
demonstrated that no significant attenuation of the catalytic
current density was observed after 20 h of continuous
measurement, which is superior to the durability of IrO,/C
under the same conditions.*®

Conclusions

In summary, by adopting a two-step synthesis strategy, we
successfully obtained a novel Pz-MOF constructed with the
[Co4Pzg] cluster and BTP®>~, which was previously predicted but
could not be experimentally prepared by direct synthetic
methods. A labile template framework (BUT-124(Cd)) was first
constructed followed by a post-synthetic metal exchange
process to yield the targeted structure of BUT-124(Co). More-
over, a stepwise metal metathesis strategy was developed to
increase the metal exchange ratio (up to 95%) and maximize the
preservation of the structural integrity of the material at the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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same time. BUT-124(Co) exhibited dramatically increased
robustness, especially in basic aqueous solutions. In virtue of its
high chemical stability and the special coordination environ-
ment of Co®>" in BUT-124(Co), this material displayed high
activity and working durability as the catalyst for the OER. This
work illustrated a practical example to obtain MOFs with
desired structures by exploring new synthesis strategies, which
could shed light on the further development of novel Pz-MOFs
with good performance in different application fields.
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