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lic acid-fuelled high-performance
uranium extraction in a hydrogen-bonded
framework and prolifically improved water
oxidation via post-metalation-actuated composite
fabrication†

Nilanjan Seal, *ab Arun Karmakar, ac Subrata Kundu *ac

and Subhadip Neogi *ab

Pore functionality engineering in metal–organic frameworks (MOFs) benefits monitoring of uranium

contamination via fluoro-sensing, and further promises its effective extraction. Alternatively, mixed-

metal-based MOF-composites aid high-performance electrochemical oxygen evolution reaction (OER).

Herein, we strategically built a fish-bone-shaped Co(II)-framework that contains pendent carboxylic acid

moieties and displays high hydro-chemical stability. The activated MOF demonstrates selective and ultra-

fast turn-off fluoro-detection of UO2
2+ in uranium-spiked water and simulated seawater with high

recyclability. The detection limit (0.13 mM) outperforms that of the majority of sensory MOFs. The layer-

stacked framework shows regenerable extraction of U(VI) ion with fast kinetics. Besides notable saturated

uptake (129.8 mg g−1), uranium adsorption capacity reveals minor alteration over multiple cycles or in

the presence of interfering cations. Apart from in-depth experimental support, the sensing and

scavenging mechanisms are explicitly validated through a unique molecular scissoring approach by

employing a pendent-functionality-truncated isostructural framework. The results mutually confirm the

free –COOH group as a task-specific site for uranium detection and extraction. Redox-active Co(II)

nodes further assist this MOF in alkaline medium electrochemical OER via a quasi-reversible Co2+/Co3+

couple with 331 mV overpotential and 62 mV dec−1 Tafel slope. Suitably oriented carboxylic acids benefit

anchoring of Ni(II) to yield a hetero-bimetallic composite with increased active sites. Interestingly, the

overpotential of this post-metalated material (308 mV) is far less than that of the pristine MOF.

Significantly, the Tafel slope is 1.6 times reduced (38 mV dec−1) and ranks among top-tier OER catalysts,

including benchmark (RuO2 and IrO2)/commercial (Co3O4 and NiO) ones. Both the pristine and post-

modified MOFs divulged >97% faradaic efficiencies with 30 h chronopotentiometric stability and

reusability up to 1500 cycles. Remarkably, the turnover frequency displays a 4-fold increment,

subsequently boosting charge-transfer resistance by 3.5 times due to hetero-bimetallic synergy. The

results set an example to drastically improve the OER performance in hydrogen-bonded MOFs via post-

metalation of free carboxylic acids.
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Introduction

As one of the foremost elementary substances in the nuclear
industry, environmental contamination from uranium sources
has become a critical concern owing to the rapid expansion of
nuclear science and technology.1 The half-life of uranium and
its isotopes ranges from one hundred thousand to 4.5 billion
years, which has rendered uranium a persistent contaminant.2

Consequently, improper disposal of nuclear wastes and nuclear
safety accidents frequently result in uranium leakage into the
open environment.3 The most chemically stable species of
uranium is the uranyl ion (UO2

2+), which is soluble in water4

and enters easily into the human body through the food chain.
J. Mater. Chem. A, 2024, 12, 3501–3512 | 3501
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Awfully, its excessive ingestion causes acute damage to the liver,
kidney, bones and even DNA, as well as induces severe red blood
cell reduction; resulting in various diseases.5 At present,
conventional methods for uranium detection include induc-
tively coupled plasma-mass spectrometry (ICP-MS), ion chro-
matography, laser-induced kinetic phosphorescence analysis
(KPA), and radioactivity measurement, which are costly and
require time-consuming pre-treatment processes.6 In contrast,
the uorometric method attracts much attention as it involves
specic interaction between uranium and the probe containing
diverse functional groups. Despite being much more facile than
direct methods, uoro-detection oen suffers from less sensi-
tivity or selectivity. In addition to uranium detection, its effi-
cient extraction is proven to ensure sustained power generation
for years and is considered one of the seven most demanding
chemical separations to bring revolutionary global benets.
This founded the development of porous adsorbents, including
zeolites, clays, carbonmaterials, silica materials, and so forth.7,8

However, such materials generally possess the disadvantages of
short active periods, reduced sorption capacity, slow kinetics,
and poor regenerability. Therefore, fabrication of highly effi-
cient state-of-the-art materials capable of detecting and
adsorbing uranyl is of utmost necessity. Although both uranium
sensing and sorption have been separately realized in some
reports, their astute combination over a single platform is
hitherto unexplored and likely to reduce the cost as well as save
time and energy.

On the other hand, from the perspective of developing
carbon-free fuels, implementation of hydrogen technology is
considered the most advantageous over alternative energy
sources.9 Among various H2 production methods, water elec-
trolysis is considered superior due to its carbon-free feature and
has become a research hotspot, which partly solves the
exhaustion of fossil energy.10 Such electrolysis consists of the
anodic oxygen evolution reaction (OER) and the cathodic
hydrogen evolution reaction (HER), where the complex, multi-
step four-electron transfer OER is a bottleneck in water splitting
because of its sluggish kinetics and adverse
Scheme 1 Schematic overview of functionality-actuated uranium sensin
hetero-bimetallic composite fabrication.

3502 | J. Mater. Chem. A, 2024, 12, 3501–3512
thermodynamics.11,12 Therefore, the most challenging part of
the OER is to nd an effective electrocatalyst with good activity,
long-term stability, faster kinetics, and comparatively low
overpotential. As contemporary materials, ruthenium and
iridium oxides are yardstick electrocatalysts for the OER.13

However, their low natural abundance and high cost limit
commercial usage. To alleviate these issues, the development of
non-noble metal-based, active, and stable electrocatalysts is
required. In this milieu, metal–organic frameworks (MOFs),
constructed from metal ions and organic struts, have emerged
as a fascinating class of novel porous materials owing to their
high surface area, tunable pore functionalization, remarkable
physico-chemical stability and prospects to establish structure–
property synergies.14–18 These amazing structural features
instigated researchers to check the applicability of MOFs in
diverse areas such as uorescence sensing, adsorption,
heterogeneous catalysis, batteries, solar cells and so on.19–27

Specically, pore-functionalization in MOFs via immobilizing
carboxylic sites can profoundly facilitate their detection and
scavenging performances towards targeted analytes. However,
they hardly remain as task-specic sites due to the extreme
tendency of coordination with metal ions. In addition, MOFs
are extensively studied as electrocatalysts for water oxidation,
owing to their accessible channels, which can assist in diffusion
of the reactants, provide sufficient space for electrolytes and
facilitate transportation of the evolved oxygen gas.28 Neverthe-
less, only a few examples are known where MOFs are directly
employed as OER electrocatalysts.29,30 Clearly, further develop-
ment of approaches to devise hetero-bimetallic MOF compos-
ites is much demanding to drive high current densities at low
overpotentials via creation of more number of active sites and
hetero-metallic synergy.

Herein, we synthesized a Co(II)-based, layer-stacked frame-
work CSMCRI-21 (CSMCRI = Central Salt & Marine Chemicals
Research Institute) from the 4,4′,4′′-tricarboxytriphenylamine
(H3TCA) acid ligand and (E)-1,2-di(pyridin-4-yl)diazene (dpa) as
the auxiliary linker. The MOF features a hydrogen-bonded two-
dimensional structure and contains the in situ graed dangling
g/scavenging and improved electrochemical water oxidation through

This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d3ta06790d


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
3 

Ja
nu

ar
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0.
10

.2
02

4 
10

:2
1:

12
. 

View Article Online
–COOH moiety as cation interaction sites.31–33 Alternatively, the
redox-active Co2(COO)4 secondary building units (SBUs) facili-
tate electrocatalytic activity. The activated MOF (21a) demon-
strates highly selective and fast responsive sensing of uranyl
with a low detection limit (0.13 mM) and high reusability. Batch
experiments show fast kinetics (∼98% adsorption within 4 h) in
uranium scavenging while the sorption isotherm reveals excel-
lent uptake capacity (129.8 mg g−1). Moreover, uranyl uptake
and sensing were found to be highly recyclable, and the sorp-
tion mechanism was explicitly authenticated via diverse
analytical tools and by employing a novel molecular scissoring
approach (Scheme 1). Furthermore, 21a revealed decent OER
activity in an alkaline medium with 331 mV overpotential and
62 mV dec−1 Tafel slope. The electrocatalytic OER parameters
are drastically improved via fabrication of a hetero-bimetallic
composite (Ni2+@21a) through graing of the secondary
redox-active Ni2+ ion to the pristine MOF (Scheme 1). Interest-
ingly, the turnover frequency for Ni2+@21a was found to be four
times higher (12.7 s−1) than that of 21a (3.45 s−1) while the Tafel
slope of 38 mV dec−1 ranges among the top-ranked OER elec-
trocatalysts. Noticeably, both the catalysts exhibit remarkable
chronopotentiometric stability over 30 h with notable recycla-
bility up to 1500 times for the OER.
Results and discussion
Synthesis and the crystal structure

The solvothermal reaction of H3TCA, dpa and Co(NO3)2$6H2O
in water/N,N-dimethylformamide (1 : 1) for 72 h at 100 °C
produces block shaped orange crystals. Single crystal X-ray
diffraction (SCXRD) analysis revealed that CSMCRI-21 crystal-
lizes in triclinic space group P1�, where the asymmetric unit
consists of Co(II) ions, partially deprotonated H3TCA ligands
(HTCA2−: L) and dpa linkers (Fig. S1a†), three each. Though
disordered lattice solvent molecules were not crystallographi-
cally dened, their presence was ascertained from a collective
outcome of thermogravimetric analysis (TGA) and PLATON34

calculation, which represents the molecular formula as [Co3(-
L)3(dpa)3]$3DMF$7H2O. In the crystal structure, each Co(II) ion
is attached to four carboxylate oxygen atoms of three different L
Fig. 1 (a) Layer-stacked architecture of CSMCRI-21. (b) View of the oppo
the MOF.

This journal is © The Royal Society of Chemistry 2024
(average Co–O: 2.09 Å). One of them shows chelating bidentate
mode while the other two L display bridging bidentate ligation,
generating a dinuclear Co2(COO)4 secondary building unit
(SBU). Interconnection of the SBUs via L forms ellipsoidal units,
which are interlinked to generate a one-dimensional (1D) chain.
The remaining two apical coordination sites of Co(II)-ion are
satised with the pyridyl nitrogen atoms from two dpa linkers
(average Co–N distance: 2.17 Å), which further connect the one-
dimensional (1D) chains to a sh-bone type 2D layered network
(Fig. S1b†). Strong p/p stacking interactions from the
aromatic rings of HTCA2− moieties (centroid-to-centroid
distance: 4.2 Å) interdigitate these 2D layers with each other
(Fig. 1a). Interestingly, neighbouring 2D layers are stacked in
such a fashion that two uncoordinated –COOH groups of L are
oriented in opposite directions, and connected through
hydrogen bonding interaction (O–H/O: 2.59 Å) (Fig. 1b).
Structural simplication by TOPOS35 shows a 3,5-connected 2-
nodal net (Fig. S1c†) with the Schlai symbol {42.67.8}{42.6}.
Characterization and thermochemical stability

High crystallinity and phase purity of the as-synthesized crystals
were conrmed from good agreement of powder X-ray diffrac-
tion (PXRD) peaks with those of the simulated one, derived
from SCXRD (Fig. 2a). The lattice guest molecules in the
framework were exchanged by immersing the as-synthesized
crystals in lower boiling dichloromethane (DCM) for three
days while the solvent was replenished with fresh DCM thrice
daily. The guest-free framework (21a) was obtained by heating
these solvent-exchanged crystals at 80 °C for 2 h followed by
overnight degassing under a dynamic vacuum. From Fig. 2a, it
is evident that the activated framework exhibits good agreement
of PXRD pattern with CSMCRI-21, and supports retention of
structural integrity aer activation. The MOF was separately
immersed in water and boiling water for 3 days and 24 h,
respectively; and it was found to sustain its structural integrity
under these conditions (Fig. 2a). In addition, MOF stability has
also been observed in different pHmedia and in some common
organic solvents (Fig. S2a and b†). Thermogravimetric analysis
of CSMCRI-21 under a N2 atmosphere (30 to 800 °C) exhibited
15.19% (calc. 15.67%) weight loss up to 370 °C (Fig. S3†).
sitely faced, hydrogen-bonded pair of pendent –COOH groups within

J. Mater. Chem. A, 2024, 12, 3501–3512 | 3503
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Fig. 2 (a) PXRD pattern of the MOF under several drastic conditions. (b) FE-SEM image and EDX analysis, (c) elemental mapping pattern and (d)
TEM image and the corresponding SAED pattern of CSMCRI-21. High-resolution XPS spectrum of (e) Co 2p, (f) C 1s, (g) N 1s and (h) O 1s. (i) CO2

adsorption–desorption isotherm of the activated MOF at 195 K.
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Thereaer, an abrupt weight loss occurs, indicating framework
decomposition. Field emission-scanning electron microscopy
(FE-SEM) analysis of the as-synthesized crystals shows a rect-
angular block-shaped morphology with well-dened edges
(Fig. 2b), which was also conrmed from transmission electron
microscopy (TEM) of the crystal (Fig. 2c). Energy dispersive X-
ray (EDX) analysis revealed uniformly distributed MOF consti-
tuting elements throughout the crystal surface (Fig. 2d).
Furthermore, the selected area electron diffraction (SAED)
pattern of the MOF endorses highly crystalline nature (Fig. 2c).

X-ray photoelectron spectroscopy (XPS) provided insights
into the electronic structure as well as the surface composition
of the as-synthesized material. The survey spectrum (Fig. S4†)
endorses the presence of Co, C, N, and O in the sample. The
high-resolution Co 2p spectrum (Fig. 2e) shows two binding
energy peaks at 781.69 and 797.41 eV, corresponding to Co 2p3/2
and Co 2p1/2, respectively.36 The related shake-up satellites were
also observed at 785.62 and 802.51 eV. The deconvoluted C 1s
3504 | J. Mater. Chem. A, 2024, 12, 3501–3512
spectrum (Fig. 2f) exhibits three peaks at 284.63 eV, 285.75 eV
and 287.97 eV, assigned to C–C, C–O and C]O species,
respectively.37 The high-resolution N 1s spectrum (Fig. 2g) dis-
played two peaks with binding energies of 399.7 and 400.8 eV
which are ascribed to C–N and Co–N moieties.38 Furthermore,
the O 1s spectrum (Fig. 2h) reveals two deconvoluted peaks at
531.32 and 532.76 eV, corresponding to Co–O and C–O species,
respectively.39 The activated framework showed negligible N2

uptake (5.45 cm3 g−1) at 77 K (Fig. S4b†). Although the interlayer
framework channels are accessible towards N2 (kinetic diam-
eter: 3.6 Å), the insignicant sorption is primarily because of the
strong interaction of N2 molecules with the one-dimensional
aperture (Fig. 1a) at very low temperature, which prevents
further passage of gas, as also realized in earlier reports.40,41

Hence, the CO2 adsorption isotherm was recorded at 195 K,42

which revealed a maximum uptake of 88.39 cm3 g−1 (Fig. 2i),
corresponding to a Brunauer–Emmett–Teller (BET) surface area
of 309 m2 g−1.
This journal is © The Royal Society of Chemistry 2024
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Selective detection of uranium (UO2
2+) by 21a

Although Co(II)-complexes are generally weakly uorescent
owing to d7 conguration, presence of highly conjugated H3TCA
leads to marked photo-luminescent (PL) attributes in 21a. The
UV-visible spectrum of the aqueous MOF dispersion revealed an
absorption maximum at 337 nm (Fig. S5†). Upon excitation at
this particular wavelength, 21a shows a strong luminescence
signature at 454 nm, which is accredited to the mixed contri-
bution of the p–p*/n–p* transition and intra-ligand charge
transfer of two conjugated ligands, perturbed by the coordina-
tion effect to the metal center.43 Surmising on uorescent
nature coupled with good hydrolytic stability, we checked the
detection capability of 21a towards the uranyl ion (UO2

2+) along
with a series of environmentally abundant metal ions including
Na+, K+, NH4

+, Ca2+, Ni2+, Cu2+, Zn2+, Cd2+ and Sr2+. Lumines-
cence spectra were collected for 21a with different concentra-
tions of uranyl in deionized water solution (3 to 400 mg L−1,
solid/liquid ratio = 1 g L−1). Delightedly, 96% quenching of the
MOF emission intensity emerged (Fig. 3a) upon addition of
400 ppm of UO2

2+ solution, while moderate to negligible
quenching was observed for the other cations (Fig. 3b). This
phenomenon indicates that the MOF sensor is highly selective
towards UO2

2+ over interfering ions. Interestingly, apart from PL
quenching of 21a at 454 nm, additional weaker peaks appeared
around 515 nm, which are assigned to the characteristic emis-
sion peaks of UO2

2+.44

The correlation between the luminescence quenching ratio
[denoted by (I0 − I)/I0%] and uranyl concentration could be
successfully tted with the Langmuir model (R2 = 0.9869)
(Fig. 3c), which is generally used to describe the adsorption
behavior. This signies that the concentration-dependent
Fig. 3 (a) Luminescence quenching of 21a upon addition of uranyl nitrate
species. (c) Simulated correlation between (I0 − I)/I0% and the uranyl con
between the uranyl concentration and C/[(I0 − I)/I0]%. (d) Comparison o
selectivity plot for UO2

2+ in the presence of interfering ions. (f) Decrea
revealing its selective fast responsive sensing in the presence of other io

This journal is © The Royal Society of Chemistry 2024
luminescence quenching is highly correlated with the uranium
uptake process.2 When the equation was mathematically
transformed into the correlation between the uranyl concen-
tration and C/[(I0 − I)/I0%] (C: uranyl concentration), a linear
correlation with R2 = 0.9947 was established (inset of Fig. 3c). It
is worth mentioning that 21a is also capable of detecting uranyl
ions from simulated seawater with a nearly similar magnitude
of quenching efficiency (82%). To quantitatively assess the
sensitivity of UO2

2+ detection by 21a, the quenching constant
(KSV) was measured from the Stern–Volmer (S–V) equation.45

The magnitude of KSV was found to be 4.26 × 104 M−1

(Fig. S7a†), which surpasses some recently reported MOF-based
UO2

2+ sensors and is comparable to other probes as well
(Fig. 3d).4,46 Additionally, a pronounced curvature of the S–V
plot at higher concentration (Fig. 3b) points to the concurrent
existence of static and dynamic quenching. Furthermore, the
limit of detection (LOD)47 for UO2

2+ turned out to be as low as
0.13 mM/0.24 ppm, which is much less than that of most of the
previously reported uranium sensory probes (Table S4†). While
a handful of reports exist for uranium sensing using a MOF,
such a low detection limit essentially endorses 21a as an
ultrasensitive probe towards the minute presence of this
radioactive element in water.

Anti-interfering and fast-responsive detection of uranium

To evaluate the anti-interference ability of 21a for uranyl
detection, we performed competitive uorescence titration
experiments in the presence of related congeners. The UO2

2+

solution was gradually added to the MOF dispersion that
contains interfering cations. Delightedly, no signicant inter-
ference could be witnessed from other metal ions; but drastic
solution (0 to 400 ppm). (b) Stern–Volmer plot for the studied cationic
centration using the Langmuir model. The inset shows the correlation
f KSV and LOD values for some uranium sensory probes. (e) Detection
se in fluorescence intensity (%) at different time intervals for uranyl,
ns.

J. Mater. Chem. A, 2024, 12, 3501–3512 | 3505
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quenching was perceived in each case upon the addition of
uranyl ions (Fig. 3e). Such outcomes reveal that the present
probe is highly selective toward UO2

2+ even in the presence of
eight different cationic species. Given that the quick response of
any sensory probe is highly desirable for in-eld application, we
next checked the optical response of 21a towards uranyl as well
as other ions in a time-variable fashion. For this, aer recording
the PL intensity of bare MOF dispersion, 50 mL of uranyl solu-
tion was added and 58% quenching of MOF emission was
realized within 20 s that remained unaffected for a further 100 s
(Fig. 3f). The same protocol was followed for other metal ions as
well, but trivial responses were observed. To check the recycla-
bility of 21a for uranyl sensing, we recovered the probe through
centrifugation and washed it with DCM before using it for the
next sensing cycle. Gratifyingly, the used MOF restored pristine
luminescence intensity, and consequent quenching efficacy
upon uranyl addition up to ve successive cycles (Fig. S8†).
These outcomes mutually validate the selective, recyclable and
fast-responsive detection of UO2

2+ by the present MOF.
Uranium uptake studies

Building on highly effective uranyl sensing together with the
pendent carboxylic acid functionalization, we envisaged the
ability of 21a in uranium ion adsorption in the aqueous phase.
At the outset, extraction was checked in solutions of different
pH values. As portrayed in Fig. S9†, the uranium removal rate
gradually increased from pH 4 (46%) to pH 5 (97%), and
remained nearly constant up to pH 7, followed by a decrease at
pH 8. On the basis of framework stability and speciation of
uranium in different pH media, the inuence of pH on
adsorption is explained. Below pH 4, the MOF structure may
Fig. 4 (a) Uranium adsorption kinetics using 10 ppm initial concentrat
model. (b) Adsorption isotherm of uranyl by 21a fitted with the Langmuir
for some uranyl adsorbents. (d) Adsorption selectivity of 21a among
Recyclability of uranyl adsorption by 21a.

3506 | J. Mater. Chem. A, 2024, 12, 3501–3512
start collapsing that leads to minor adsorption. It is worth
mentioning that the hydrolysed oligomeric/colloidal species,
like (UO2)(OH)+, (UO2)2(OH)2

2+, and (UO2)3(OH)5
+ are predom-

inant in the pH range 6–8, while uranium exists mostly as UO2
2+

in the aqueous solution at pH less than 5.32 Considering these,
pH 5 was used as optimum for further experiments. Adsorption
kinetics as a function of time (using 10 ppm uranyl nitrate
solution) revealed that (Fig. 4a) uptake by 21a increases with an
increase in time, and 98% uranium gets adsorbed within 4 h.
Between the two kinetic models, the experimental adsorption
data was best tted (R2: 0.999) to pseudo-second-order (inset of
Fig. 4a). These results indicate that the rate-determining step
for the pseudo-second-order model is chemisorption, which
involves valence forces through sharing or exchange of elec-
trons between the adsorbent and adsorbate.

To determine maximum uptake capacity, we conducted
batch adsorption experiments with different initial concentra-
tions of uranium(VI) ions. As displayed in Fig. 4b, uranium
adsorption capacity intensies as the concentration increases.
However, aer a certain extent, the uptake capacity remains
negligibly altered. In-depth analysis of the experimental data
using Langmuir and Freundlich adsorption isotherms suggests
that the former model is more appropriate to describe the
adsorption behaviour of 21a, as conrmed by the relatively
higher R2 value (0.98). The maximum adsorption capacity was
calculated to be 129.8 mg g−1, which approaches the experi-
mental value (121.3 mg g−1). It is imperative to stress that the
magnitude of maximum uptake capacity surpasses many earlier
reports (Fig. 4c and Table S5†).2,33,48 In a separate experiment, we
observed 56% uranium removal efficiency by 21a from simu-
lated seawater (Fig. S10a†).
ion. The inset shows the corresponding pseudo-second-order fitting
and Freundlich models. (c) Comparison of maximum uptake capacities
interfering cations. (e) Distribution coefficients of diverse cations. (f)

This journal is © The Royal Society of Chemistry 2024
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Selective and regenerable UO2
2+ adsorption

To study the selectivity of 21a in UO2
2+, adsorption, we per-

formed additional experiments using a series of competing
metal ions (Na+, K+, Ca2+, Ni2+, Cu2+, Zn2+, Cd2+ and Sr2+). The
results show that the sorption capacity of uranium is still high
and varies between 86 and 94% (Fig. 4d) in these mixed solu-
tions of diverse metal ions. Clearly, this represents excellent
selective uptake capacity of uranyl by 21a even under such high
ionic strength conditions. To further evaluate the affinity of this
MOF towards uranium ions, the distribution coefficient (Kd)
was calculated. In general, materials with a Kd value of >10

4 mL
g−1 are considered good adsorbents for uranium recovery.49 The
Kd value for 21a was calculated to be 4.9 × 104 mL g−1, thereby
indicating its high affinity towards uranyl. Furthermore, selec-
tive adsorption of uranyl from a binary mixture of competitive
metal ions was also carried out (Fig. 4e), and the selectivity (SU/
M) was calculated from the ratio of Kd(U) : Kd(M). Table S6†
reveals that 21a offers superior selectivity towards the uranyl ion
over other competitive cations in the water, and suggests the
potential of this material for promising uranium extraction. For
practical application purposes, regeneration and reusability of
an adsorbent is crucial from an environmental and economic
viewpoint. The adsorbed uranium could be completely removed
by 0.1 M aqueous Na2CO3 solution. Subsequently, the recovered
material could be recycled up to ve times with maintenance of
a high uranium removal percentage (Fig. 4f). In addition, PXRD
analysis of this recycled material divulged comparable pattern
to that of the pristine MOF (Fig. S11a†) while the FE-SEM image
revealed unaltered morphology (Fig. 5b), corroborating the
retention of structural integrity. Furthermore, ICP-MS of the
supernatant revealed negligible presence of Co2+ ions, thereby
nullifying any framework leaching. All these analyses indicate
Fig. 5 (a) UV-vis spectral overlap of 21a with uranyl, substantiating absor
(c) elemental mapping of UO2

2+@21a. (d) XPS survey spectra of the MOF
spectrum of UO2

2+@21a.

This journal is © The Royal Society of Chemistry 2024
the excellent durability and regenerability of 21a in uranium
extraction.
Mechanistic aspects of luminescence quenching and
adsorption of uranium

PXRD results (Fig. S11a†) clearly show that uorescence
quenching of 21a by the uranyl ion is not caused by framework
degradation. Therefore, the luminescent response of the MOF
toward the uranyl ion can only be attributed to the strong
interaction between the analyte and the framework. For
comparison, the emission of the ligand (H3TCA) in the presence
of U(VI) was also investigated (Fig. S11b†), which shows signif-
icantly less quenching to that of MOF dispersion. This can be
attributed to the spatial separation of pendent carboxylic acid
groups within the rigid framework architecture that leads to
increased interaction with U(VI), which is otherwise not possible
in the ligand because of self-aggregation via strong intermo-
lecular hydrogen-bonding interaction. Furthermore, it is clear
from Fig. 5a that the absorption spectra of the MOF show
a signicant overlap to that of uranyl nitrate in the region 285–
450 nm, and points that the uranyl ion absorbs the excitation
light, leading to such efficient turn-off PL.50 To acquire deeper
insight into the uranium uptake phenomenon, we conducted
a series of post-adsorption experiments. For example, the FT-IR
spectrum of the uranium-loaded MOF (Fig. S13†) displayed
a prominent new peak at 934 cm−1, which is characteristic of
the antisymmetric stretching vibration of uranyl, and suggests
a strong interaction between the framework skeleton and
UO2

2+.51 Moreover, FE-SEM analysis of the reused material
showed identical surface morphology to that of the as-
synthesized CSMCRI-21 (Fig. 5b), discarding any structural
breakdown.
ption of excitation light by U(VI). (b) FE-SEM image and EDX pattern and
before and after U(VI) adsorption. High-resolution (e) U 4f and (f) O 1s
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Interestingly, SEM-EDX analysis revealed the presence of
uranium along with MOF constituents (Fig. 5b) while elemental
mapping shows the uniform distribution of uranium all over
the crystal surface (Fig. 5c). In addition, the wide-scan XPS
spectrum of UO2

2+@21a shows additional binding energy peaks
of U along with the MOF elements (Fig. 5d). The high-resolution
U 4f spectrum (Fig. 5e) shows two binding energy peaks at
392.26 and 381.57 eV, corresponding to U 4f5/2 and U 4f7/2,
respectively. Notably, both the values are lower than those of
uranyl nitrate at 392.94 and 382.10 eV,31 demonstrating the
direct interaction between uranyl and 21a. To further verify
such interaction, we analyzed the high-resolution XPS spectrum
of C 1s, N 1s, and O 1s. While C 1s did not show any shi aer
the adsorption of U(VI) (Fig. S14a†), the C–O moiety in the O 1s
spectrum (Fig. 5f) as well as C–N species in the N 1s spectrum
(Fig. S14b†) of UO2

2+@21a are markedly shied towards lower
binding energies as compared to that of the pristine sample,
indicating that both carboxyl groups and N-functionalities
participate in chelation of U(VI) with the MOF structure.

To obtain more explicit proof of the fact that free –COOH
groups act as U(VI) binding sites in the present MOF, we
employed a molecular-scissoring approach, which includes
deliberate trimming of anked acid groups. In principle, this
linker-sheared unfunctionalized MOF should impede sensing
and/or adsorption of UO2

2+ if pendent carboxylates acted as the
sole interaction site for these applications. Fortunately, we were
able to grow the single crystals of CSMCRI-28 from 4,4′-oxy-
bis(benzoic acid) (H2oba) and the dpa linker that possesses
exactly a similar structure to that of CSMCRI-21 but lacks the
pendant –COOH group (Scheme 2). To our delight, this new
framework showed neither uranium sensing nor uptake
(Fig. S10†), owing to the absence of a third carboxylic acid in its
arm of oba2−. In a separate control experiment, we blocked the
available carboxylic acid by performing a post-synthetic Ni2+

graing (vide infra), and found no uranium adsorption for the
Scheme 2 Schematic representation of mechanistic elucidation for
uranyl capture via the molecular-scissoring strategy.

3508 | J. Mater. Chem. A, 2024, 12, 3501–3512
post-modied material (Ni2+@21a) (Fig. S10†). These results
unequivocally corroborate the role of dangling carboxylic acid
moieties as the prime task-specic functionality for uranium
extraction.
Electrochemical water oxidation

Activated CSMCRI-21 has the potential to perform as an elec-
trocatalyst in the oxygen evolution reaction (OER) because of its
multiple structural features such as presence of (i) ample redox-
active Co(II) ions, (ii) highly-electron rich and conjugated
aromatic struts and (iii) ample stability in an alkaline medium.
For the OER study, the activated MOF was used as the working
electrode, Hg/HgO was used as the reference electrode, and
carbon cloth as the counter electrode. The OER activity of 21a
was studied via linear sweep voltammetry (LSV) in 1.0 M KOH
(scan rate: 5 mV s−1) to reach 10 mA cm−2 current density. The
overpotential turned out to be 331 mV (Fig. 6a), which is lower
than that of commercial catalysts (Fig. 6a) or some Co(II) MOFs
(Table S7†). Further investigation on the OER kinetics from
Tafel plot analysis revealed a Tafel slope of 62 mV dec−1

(Fig. 6b), which outperforms that of benchmark RuO2 and
commercial Co3O4, NiO (84 mV dec−1), and IrO2 (100.47 mV
dec−1) and denotes high rate of electron transfer. A quick
cycling study with a scan rate of 200 mV s−1 up to 1500 cycles
displayed only an 18 mV change in the overpotential (Fig. 6a),
thereby pointing to the great stability of this MOF. Furthermore,
the E–t curve for chronopotentiometry showed negligible
alteration up to 30 h (Fig. 6e), again certifying a high degree of
MOF stability. The faradaic efficiency (FE) for water oxidation
was evaluated by gas chromatographic analysis to measure the
amount of evolved oxygen gas from the electrochemical cell
while chronoamperometry was conducted for 1 h at a specic
time interval of 12 min (Fig. S21 and S22†). The FE value is
calculated to be 97%, which exceeds that of many MOF mate-
rials and conrms this framework as an efficient OER catalyst.
Succeedingly, pH dependence OER activity was examined which
revealed enhancement of electrocatalytic performance with the
increased pH of the electrolyte solution (Fig. 6c).

Moreover, Nyquist plot-derived charge-transfer resistance
(Rct) was found to be 8.06 U (Fig. 6d), which showed marginal
shi upon post-cycling, meaning that 21a can endure the OER
activity with a high degree of stability and can sustain its long-
term usability. Note that these values are lower than that of the
remaining catalysts like commercial NiO (10.37 U), commercial
Co3O4 (8.35 U) and RuO2 (34.17 U), and designates faster charge
transfer in this sh-bone-shaped structure. Further insights
into the intrinsic catalytic activity of the MOF were obtained
from the electrochemically active surface area (EASA), rough-
ness factor (Rf), and turnover frequency (TOF). The EASA has
been evaluated from cyclic voltammetry (CV) in the non-
faradaic potential region by varying the scan rate and found
to be 0.17625 cm2. The TOF for the 21a-catalyzed OER is
assessed to be 3.45 s−1 (Fig. 6f). As the long-term durability of
any electrocatalyst is very important, we checked the stability of
21a aer the OER. The PXRD pattern of the recovered catalyst
revealed good agreement with that of the pristine one
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Linear sweep voltammetry (LSV) and (b) Tafel plot for 21a, Ni2+@21a as well as other catalysts. (c) pH-dependent LSV plot for 21a. (d)
Nyquist plots of 21a, Ni2+@21a and other commercial as well as benchmark catalysts. (e) Chronopotentiometric study of 21a and Ni2+@21a for
30 h. (f) TOF values of 21a, Ni2+@21a and other commercial catalysts.
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(Fig. S26†), conrming the retention of structural integrity.
While FE-SEM images show similar morphology (Fig. S27†), XPS
analysis revealed almost unaltered peak patterns and intensi-
ties (Fig. S28†) to that of CSMCRI-21. Moreover, negligible
leaching of metal ions was evinced from ICP-MS analysis. These
outcomes mutually conrm the excellent robustness of the
present catalysts in the OER.

A plausible mechanism for 21a-catalysed alkaline oxygen
evolution is proposed (eqn (1)–(4)) based on experimental
outcomes and literature reports.52 At the onset, hydroxide ions
(OH−) interact with the metal-centre (M: Co/Ni) to generate M/
O–H species. CV of 21a revealed an obvious quasi-reversible
couple for the Co2+/Co3+ oxidation process (Fig. S17†). Subse-
quently, reaction with another OH− forms the M/O interme-
diate through the elimination of H2O. In the next step, a metal-
oxyhydroxide (M/OOH) intermediate is formed via concurrent
attack of a third OH−. Finally, the last OH− abstracts a proton
from oxyhydroxy species to release H2O while oxygen is liber-
ated from the metal centre with regeneration of the pristine
MOF. As per earlier reports, the Tafel slopes of 120, 60, and 40
mV dec−1 of a catalyst subjected to the OER resemble the rst
step (one-electron transfer), second step (two-electron transfer),
and third step (three-electron transfer), if this were the rate-
determining step (RDS).53 Therefore, the given Tafel slope of
21a indicates the second step (two-electron transfer) as the RDS.

M + OH− / M$$$O–H + e− (1)

M$$$O–H + OH− / M$$$O + H2O + e− (2)

M$$$O + OH− / M$$$O–OH + e− (3)
This journal is © The Royal Society of Chemistry 2024
M$$$O–OH + OH− / M + O2 + H2O + e− (4)

Having attained such procient OER activity for 21a, we
endeavoured further boosting the water oxidation potential of
the catalyst through heterobimetallic composite fabrication. In
principle, the pendent –COOH groups, perfectly oriented in an
end-on fashion, provide a platform to gra another redox-active
and non-noble Ni2+ ion. The obtained hetero-bimetallic
composite (Ni2+@21a) (Scheme 3) was thoroughly character-
ized. While FE-SEM analysis showed preservation of block-
shaped morphology (Fig. 7a), the PXRD pattern (Fig. S15†)
supported the maintenance of the basic structural integrity of
CSMCRI-21. It may be stressed that we performed SEM-EDX
(Fig. 7b) elemental mapping in a cross-section of Ni2+@21a
crystals to conrm that graed Ni is present in the interior of
the MOF as well. Furthermore, XPS analysis of Ni2+@21a (Fig. 7c
and Fig. S16†) revealed successful graing of Ni within the
material. Comparative LSV for Ni2+@21a under similar
measurement conditions (scan rate: 5 mV s−1, 1 M KOH)
revealed 308 mV overpotential (Fig. 6a) to reach a current
density of 10 mA cm−2, which is lower than that of 21a and
corresponds to hetero-bimetallic synergy that facilitates
creating more number of active sites (Scheme 1).54 Importantly,
the magnitude of the Tafel slope is 1.6 times less for Ni2+@21a
(38 mV dec−1) than that of the pristine MOF, indicating its
highest rate of electron transfer among all at the said interface.
What is more, Co3O4 furnished a Tafel slope of 92 mV dec−1,
which is 2.4 times higher than that of Ni2+@21a, describing the
superiority of this hetero-bimetallic MOF composite over
commercial catalysts in water oxidation. A pH-dependent LSV
measurement for Ni2+@21a showed that higher current
J. Mater. Chem. A, 2024, 12, 3501–3512 | 3509
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Scheme 3 Schematic representation of improved OER activity of Ni2+@21a through hetero-bimetallic synergy.

Fig. 7 (a) FE-SEM image/EDX analysis and (b) elemental mapping of Ni2+@21a, showing uniform distribution of all the respective elements. (c)
XPS survey spectra of the MOF before and after Ni2+ incorporation.
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densities are produced with an increase in the pH of the solu-
tion (Fig. S18†), and suggests improvement in the efficiency of
oxygen evolution with increasing OH− concentration, as also
realized in previous reports.55,56 Further, the EIS study divulged
that Ni2+@21a possesses nearly 3.5 times lower Rct value (2.47
U) than 21a (8.06 U), implying much smoother charge transfer
in the former. A pH-dependent EIS study (Fig. S20†) denoted
that the Rct value becomes lower at higher pH, corresponding to
faster charge transfer.

The long-standing static stability for Ni2+@21a was deter-
mined using chronopotentiometric studies for 30 h (Fig. 6e),
which revealed negligible degradation in the activity aer such
a long time of continuous potentiostatic analysis. In addition,
only a 28 mV change in overpotential was observed even aer
1500 cycles (Fig. 6a), conrming the high-scale durability of the
post-metalated 21a. Furthermore, FE measurement showed
98.3% for Ni2+@21a, suggesting that the applied current is
almost fully utilized to produce O2. Magnitude of EASA is found
to be improved to 0.22175 cm2 for Ni2+@21a compared to 21a,
indicating highly exposed surface areas. Finally, the turnover
frequency (TOF) for Ni2+@21a was calculated to be 12.7 s−1,
which is nearly four times higher as compared to 21a (3.45 s−1)
(Fig. 6f). These results essentially demonstrate much superior
performance of the hetero-bimetallic analogue over the pristine
MOF in electrochemical water oxidation and set an example to
3510 | J. Mater. Chem. A, 2024, 12, 3501–3512
drastically improve the catalytic performance via hitherto
unexplored post-metalation of free carboxylic acid groups.
Conclusion

In summary, we purposefully devised a sh-bone-shaped two-
dimensional (2D) Co(II) framework, CSMCRI-21 using a mixed
ligand approach. The layer-stacked structure contains dangling
Brønsted acidic sites and exhibits sufficient hydrolytic and
chemical stability. The luminescent feature of this MOF is
effectively harnessed in ultra-fast, selective detection of uranyl
ions (UO2

2+) in the aqueous phase and simulated seawater. The
quenching constant (4.26 × 104 M−1) and limit of detection
(0.13 mM) rank among the best-reported values. The MOF
further acts as a recyclable adsorbent for U(VI) ions with 98%
uptake in just 4 h. The experimental kinetic data correlate with
the pseudo-second-order model (R2: 0.99), and the maximum
adsorption capacity turned out to be 121.3 mg UO2

2+ per g of
MOF. The results outperform the majority of the MOF reports
for uranium ion scavenging. The prime role of the free –COOH
group as a task-specic-site in uranium sensing and capture is
unambiguously validated from the performance comparison of
an isostructural MOF without a pendent moiety and deliberate
blocking of free carboxylic-acid functionality. The presence of
redox-active Co2(COO)4 nodes renders the activated MOF (21a)
This journal is © The Royal Society of Chemistry 2024
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an excellent electrocatalyst for the oxygen evolution reaction
(OER) in an alkaline medium. The MOF requires a low over-
potential of 331 mV to reach an anodic current density of 10 mA
cm−2, and exhibits an admirable 62 mV dec−1 Tafel slope.
Interestingly, post-metalation of the dangling carboxylic-acid
moiety by Ni2+ ions leads to devising a hetero-bimetallic
composite (Ni2+@21a). Both the materials display excellent
chronopotentiometric stability up to 30 h, along with more than
97% faradaic efficiencies. Remarkably, the overpotential (308
mV), Tafel slope (38 mV dec−1), and turn-over frequency (12.7
s−1) for water oxidation are prolically boosted compared to
those of the pristine MOF and signies a very high rate of the
OER in the composite. It is worth mentioning that the electro-
chemical parameters of Ni2+@21a surpass those of commercial
catalysts and rank among the best-reported values owing to
hetero-bimetallic synergy. Our design principle sheds light on
diverse modes of functionality engineering in H-bonded 2D
MOFs for efficient detection and extraction of uranium as well
as drastic augmentation of the OER potential for promising
renewable energy generation.
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