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Three-dimensional Ni;O4-cubane metal—-organic
framework as a high-performance electrocatalyst
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The urea oxidation reaction (UOR) is considered to be a replacement of the sluggish anodic oxygen
evolution reaction (OER) in overall water-splitting. A three-dimensional (3D) nickel-containing metal-
organic framework {INi">(pdaa)(OH),(H-0)],, (MOF 1) (where, Hopdaa = 1,4-phenylene diacetic acid) was
investigated as a robust and highly efficient electrocatalyst for the UOR. MOF 1 comprised 1D nickel(i)
chains crosslinked through NisO4 cubane units to form a 3D extended network. Dangling Ni---OH™
groups were exposed in the MOF 1 structure, and could act as active catalytic centers for the UOR. MOF
1 required a very small onset potential of 1.18 V for urea oxidation in KOH (1 M) and urea (0.33 M) and
had a low Tafel slope of 38.8 mV dec™? (in contrast to 1.84 V for the oxygen evolution reaction). The

overpotential required to attain a catalytic current density of 10 mA cm™2 was 1.24 V, which is much
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Accepted 15th September 2022 lower than that for many materials. Controlled potential electrolysis, powder X-ray diffraction, and X-ray
photoelectron spectroscopy affirmed the physicochemical integrity of the catalyst over a 17 h test

DOI: 10.1035/d2ra05145a reaction. This work not only addresses the problem of urea contamination, it also helps to utilize it in an
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Introduction

Efficient energy carriers with high energy density, low cost, and
ease of availability are needed worldwide." Hydrogen is
considered to be a promising candidate for replacement of
fossil fuels because it has high energy density and is environ-
mentally friendly (the only by-product is H,0).>* Electrolyzing
water is an old (yet promising) route for hydrogen production
because of its high purity. Electrocatalytic water-splitting
involves a cathodic hydrogen evolution reaction (HER) and
anodic oxygen evolution reaction (OER). However, due to the
high kinetic barriers (1.23 V) associated with multiple electron-
coupled proton processes in OER, following this route is diffi-
cult.* The actual working potential usually increases to 1.8 V due
to the torpid kinetics of OER and HER, resistance from the
electrolyte and electrode material, and their contact resis-
tance.>® To minimize these factors, several solutions have been
suggested, such as using suitable electrocatalysts to amplify
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slow kinetics, modifying electrolyzer structure, and substituting
the OER with other promising anode reactions.”®

Substitution of the OER by readily oxidized chemicals have
gained the attention of the scientific community, and use of
hydrazine, alcohols, amines, aldehydes and urea has been
suggested.'*** Among these, the urea oxidation reaction (UOR)
is preferred due to low thermodynamic voltage (0.37 V vs.
reversible hydrogen electrode (RHE)), non-toxicity, stability,
abundance, as well as ease of transportation and storage.'>'® In
addition to industrial (N-containing fertilizers) and agricultural
production, urea is produced as a bio-waste that pollutes the
atmosphere and groundwater. It has been estimated that 80%
of wastewater is dumped each year.”” The natural decomposi-
tion of urea releases nitrates and ammonia, which cause
eutrophication and severe hazards to the environment and
health.*® Therefore, the UOR is not only a good way to produce
hydrogen efficiently, it can also be a remedy for wastewater
treatment.'>*° The UOR (like the OER) is a complex process that
involves transfer of six electrons with a complex system of gas
evolution.*®

The oxidation of urea over noble metals (e.g., Ti-Pt, Ti-Pt-Ir
and Ru-TiO,) has been studied by several research teams.
However, high cost and poisoning of the surface catalyst limits
practical application.**>* Boggs and colleagues documented the
electro-oxidation of urea by cost-effective Ni-based catalysts in
a basic medium.> The facile oxidation of Ni(u) to Ni(u) during
electrocatalysis makes it a promising candidate for the UOR.*®
Moreover, the consistency between the peak of urea oxidation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and peak of Ni oxidation makes Ni-based catalysts active for
urea oxidation.?””® This approach led the scientific community
in the last decade to search for Ni-based catalysts to understand
the reaction mechanisms.*** Ni-containing electrocatalysts
have been employed for the UOR. For instance, Niz;N nanosheet
arrays have been reported to be active catalysts for the UOR,
with a small onset potential of 1.33 V vs. RHE.** Similarly, an
onset potential of 1.35 V has been documented for Ni, oFe, ;0
porous hollow microspheres.** Also, an onset potential of 1.36 V
for Ni(OH), leads to an effective UOR.” Zhang and colleagues
demonstrated UOR activity for Ni-Mo nanotubes at 1.36 V vs.
RHE.**

Metal-organic frameworks (MOFs) have many metal cations
on their surface, electronic structures to attain high oxidation
states, unsaturated metal sites, and are versatile. These features
make MOFs promising electrocatalysts for the UOR.** Their
three-dimensional (3D) structure provides high specific surface
area and facilitates mass transport to enhance electrocatalytic
activity.*>*® Recently, NiFe-MIL-53-NH, was shown to elicit
a better UOR with an onset potential of 1.36 V compared with its
monometallic counterparts Fe-MIL-53-NH,, (1.61 V) and Ni-MIL-
53-NH, (1.42 V).* The Ni-MOF@NiO/Ni composite demon-
strated electrocatalytic urea oxidation at 1.40 V for 10 mA
cm 2% Pang and colleagues reported 3D aggregates of Ni-MOF
ultrathin nanosheets to display a potential of 1.38 V for the UOR
at 10 mA cm™2,*? and ultrathin 2D Ni-MOF has been reported to
produce identical current density at a potential of 1.36 V.* Due
to the instability of certain MOFs under electrochemical
conditions, MOF-derived Ni/C electrocatalysts have been re-
ported to display the onset of urea oxidation at 1.33 V.** Rezaee
and co-workers discovered that Ni, ;Co, ,P/C@HCNSs fabricated
from NiCo-MOF could produce 10 mA cm 2 at a potential of
1.33 V.** Optimizing UOR catalysts via compositional modula-
tion and microstructure design could enhance UOR
performance.

We report a 3D MOF, {[Ni",(pdaa)(OH),(H,0)],, (MOF 1), as
a highly efficient electrocatalyst for urea oxidation synthesized
via a hydrothermal approach. The exceptionally low onset
potential of 1.18 V vs. RHE in contrast to the sluggish OER
(onset potential of 1.84 V) and small Tafel slope (38.8 mV dec ™)
was displayed by MOF 1. For the UOR, a 3D MOF having such
a low overpotential of 1.24 mV to achieve a catalytic current
density of 10 mA cm > has not been documented. The
controlled potential electrolysis (CPE) for 17 h continuously
depicts the stability and robustness of MOF 1. We describe
a cost-effective electrocatalyst for water-splitting but also
propose a hybrid water electrolysis-affiliated urea oxidation to
substitute the torpid OER for H, generation. This strategy would
aid energy conversion and treatment of wastewater by electro-
chemical means.

Experimental
Synthesis of MOF 1

The synthesis of MOF 1 was carried out according to our
method, which has been reported previously.*® Briefly,
a mixture of 1,4-phenylene diacetic acid (pdaa; 0.5 mmol) and
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KOH (2 mmol) was stirred for 10 min in distilled water (6 mL).
NiCl,-6H,0 (1 mmol) was dispersed in water (4 mL) and added
slowly to the reaction mixture. This mixture was transferred to
a 23 mL autoclave and kept at 170 °C under autogenous pres-
sure for 72 h. Green, diamond-shaped crystals were obtained
after cooling to room temperature and used for characterization
and electrochemical studies.

Preparation of MOF 1-deposited fluorine-dopped tin oxide
electrode (FTO)

FTO of area (1 x 2 cm?*) was washed successively with deionized
water and alcohol by sonication. Then, it was kept in a furnace
at 400 °C for 30 min for annealing, and used for catalytic
studies. The catalytic suspension was prepared by pouring 5 puL
of Nafion (binder) over MOF 1 (2 mg) and ethanol (1 mL). This
mixture was sonicated for 1 h to obtain a homogenous ink,
drop-casted over annealed FTO, and dried overnight at 50 °C in
a desiccator before electrocatalytic studies.

Electrochemical measurements

Electrochemical experiments were carried out in a potentiostat
(Gamry Interface 5000) electrochemical analyser. A three-
electrode system (FTO-coated electrode (working), Hg/HgO
(reference), and graphite rod (counter electrode)) was used at
room temperature. All potentials were transformed into
a reversible hydrogen electrode (RHE) using

ERHE = EHg/HgO + 0.0592 (pH) + 0.098

Before electrochemical testing, N, gas was bubbled through
the electrolyte for 30 min KOH (1 M) was used as the electrolyte
for the OER. A mixture of KOH (1 M) with urea (0.33 M) was used
to carry out studies on urea oxidation. The electrocatalytic
performance was evaluated by linear sweep voltammetry (LSV).
CPE was employed to check the stability of MOF 1. Cyclic vol-
tammetry (CV) was done in a non-faradaic region to estimate
double-layer capacitance (Cqj) in the narrow potential at sweep
rates from 2 mV s~ ' to 14 mV s '. Potentiostatic electro-
chemical impedance spectroscopy (EIS) was carried out to
evaluate impedance. All experiments were undertaken under
a N, atmosphere.

Results and discussion

The synthesized MOF 1 was characterized by powder X-ray
diffraction (PXRD), scanning electron microscopy (SEM),
infrared (IR) spectroscopy, and thermogravimetric analysis
(TGA). The phase purity of MOF 1 was evaluated by PXRD.
Consistency with the calculated pattern implied a successful
synthesis, showing major peaks at 7.7°, 11.5°, 15.5° and 18.2°
(Fig. 1d). All peak positions were in accordance with a simulated
PXRD pattern from a single crystal. Moreover, the sharpness of
peaks showed the crystalline nature of the material.** When
studying electrochemical properties, the shape and morphology
of a material have crucial roles. High-magnification SEM

RSC Adv, 2022, 12, 28388-28394 | 28389


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05145a

Open Access Article. Published on 05 October 2022. Downloaded on 12/31/2025 4:22:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
b)

d)

— experimental
—— simulated

Intensity (a.u.)

11 Y A Y T
s 15 28 as 45
20 (degree)

Fig. 1 (a) Asymmetric unit of MOF 1. (b) Fragment emphasizing
interconnections between Ni chains and NizO4 cubane units. (c)
Packing diagram of MOF 1 demonstrating the separation of linear Ni
chain through Ni4O4 cubane units. Ni: green, O: red C: grey sticks. H
atoms have been omitted (d) comparison of PXRD of experimental
(black) and calculated (red) patterns.

revealed a pyramidal morphology (Fig. S1t). Fourier transform
(FT)-IR spectroscopy verified the synthesis of MOF 1 because the
peaks matched well with reported data (Fig. S27). A broad peak
at 3353 cm™ ! indicated the presence of hydroxyl groups (a water
molecule on the Ni ion).** A sharp peak at 1558 cm ™" appeared
due to the C=0 stretching. Peaks at 1260 and 1386 cm ™' were
ascribed to the -COO- group of pdda coordinated to Ni(u).*”
Peaks below 1000 cm™" were assigned to Ni-O bending and
stretching vibrations.*® The thermal stability of MOF 1 was
assessed through TGA: it showed thermal stability up to 380 °C
(Fig. S31).

Crystallographic studies revealed that 3D MOF 1 crystallized
in the tetragonal space group I4,/a. The basic structural unit of
MOF 1 is shown in Fig. 1a. Structurally, MOF 1 showed two
features. The first feature was a linear Ni atom bonded octa-
hedrally to four oxygen atoms from four pdaa ligands, and the
two O atoms from two non-identical OH™ gave a slightly dis-
torted octahedral geometry. The second feature was distorted Ni
cubane units bridging linear chains. The nickel center was
attached to three O atoms of the bridging -OH™ groups of
cubane, one O atom of the pdaa ligand, one O atom of the water
molecule, and one O atom that linked the nickel center to linear
chains (Fig. 1b). The coordination environment of Ni sites with
O atoms is shown in Fig. S4.1 The 3D network was formed by the
bridging of cubanes with linear Ni chains coordinated by flex-
ible pdaa ligands (Fig. 1c). The oxidation state of +II for Ni was
confirmed by bond-valence sum analysis (X}, (Ni(u) = 1.993-
2.168)).%

Electrocatalytic studies on urea oxidation

Several electrocatalytic methods were used via a three-electrode
arrangement to determine the electrocatalytic performance of
MOF 1 for urea oxidation. Fig. 2a depicts the LSV of MOF 1
fabricated on FTO in different electrolyte setups at a sweep rate
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of 5 mV s~ . The estimated urea concentration in human urine
is 0.33 M, so this concentration was used for the UOR.* Fig. 2a
depicts that the OER occurred in KOH (1 M) with an onset
potential of 1.84 V (vs. RHE), which was reduced greatly to 1.18 V
(vs. RHE) by urea addition. The current density also enhanced
markedly. The as-synthesized MOF 1 exhibited better perfor-
mance for urea oxidation (1.24 V @ 10 mA cm™ %) than most of
the recently reported Ni-based electrocatalysts given in Table 1.
LSV of MOF 1 at various scan rates is shown in Fig. S6.1 The
extraordinary UOR catalysis of MOF 1 could be studied further
by Tafel plots calculated from LSV curves. The lower Tafel slope
of 38.8 mV dec™' (Fig. 2b) compared with the OER (188 mV
dec™") indicated favorable kinetics, which is a preferable feature
for commercial applications. This value (in mV dec™") is lower
than that reported previously: Ni(OH), (40),* IrO, (70),** Pt/C
(187),* aggregated Ni-MOF ultrathin nanosheets (52)* and
NizN NA/CC (57).*' The excellent performance for urea oxidation
can be attributed to the 3D porous structure, which facilitates
electrolyte diffusion and mass transport.

The overall performance of a catalyst is dependent upon two
major factors: the abundance of active sites and the intrinsic
activity of each active site. We used Cq4; to measure the electro-
chemical active-surface area (ECSA) to gain understanding
about the intrinsic surface activity. Cq, was calculated by
carrying out CV (Fig. 2d and S5t) in a non-faradaic region
(1.065-1.165 V). The straight line acquired by plotting current
density vs. scan rate (2-14 mV s~ ') at a constant potential of
1.11 V gave Cq,. Fig. 2e shows Cg; (mF cm™2) of MOF 1, Ni(OH),,
Pt/C, and bare FTO to be 47, 13, 11, and 0.9, respectively. A Cyq; of
47 mF cm~” indicates a high ECSA, thereby revealing a high
density of active sites of MOF 1 responsible for phenomenal
UOR activity. Thus, the enhanced electrochemical activity could
be credited to the intrinsic high activity of MOF 1. The corre-
sponding ECSA was calculated as ECSA = Cq/C; (Where specific
capacitance (Cy) = 60 uF cm™?)).** The highest value of ECSA (in
cm?®) was 783 for MOF 1, followed by 216, 183, and 15 for
Ni(OH),, PT/C, and bare FTO, respectively. A higher ECSA more
catalytic sites which, in turn, depicts a higher catalytic perfor-
mance. The ECSA (in cm?) of MOF 1 was much higher than that
for materials reported, such as NiS,-MoS, (1.45), NiS, (0.44),>®
Ni/Ni(OH), (54), B Ni(OH), (14),"* Li;Ni;O;, (8.98), Li,NiO,
(5.55), and Li;Ni, 0 (6.33).°> The mass activity was calculated by
J m~* (where J is the current density (10 mA cm™2) at potential
(1.24 V) and m is the mass loading (0.32 mg cm ™ 2) on an elec-
trode surface.” The mass activity of MOF 1 (31.25 A g~ ') was
estimated to determine the intrinsic activity. The mass activity
of MOF 1 was 2.6- and 4.5-times greater than that of Ni-MIL-53-
NH, (12 A g ') and Fe-MIL-53-NH, (6.8 A g '), respectively.>*
Thus, the outstanding activity of MOF 1 for the UOR was
credited to a high intrinsic activity and large ECSA. Recently, it
has been reported that introduction of readily oxidizable metals
in catalysts promotes oxidation reactions.”® Thus, the ease of
oxidation of Ni*" to Ni** by application of potential during the
UOR is correlated to its efficient activity.

Electrochemical impedance spectroscopy (EIS) was under-
taken to obtain further insights about kinetics on the electrode/
electrolyte interface during the UOR. Nyquist plots along with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Linear sweep voltammetry for MOF 1, UOR, OER, and comparative materials vs. RHE. (b) Corresponding Tafel plots. (c) Dependence of

the TOF in KOH (1 M) with urea (0.33 M). (d) Cyclic voltammetry in a non-faradaic region with an incremental sweep rate of 2 mV s™2. (e) Current
density (/) as a function of the sweep rate to determine Cg. (f) Comparative Nyquist plots and equivalent circuits.

equivalent circuits are displayed in Fig. 2f in a frequency range
of 100 kHz to 0.1 Hz. The smaller semi-circular diameter for
MOF 1 revealed the strikingly small resistance to charge transfer
and, thus, high performance compared with that of Ni(OH),, Pt/
C and bare FTO. The turnover frequency (TOF) was evaluated
from the surface concentration of coated FTO to evaluate cata-
lytic performance further. Assuming that all metal sites were
electrocatalytically active, a potential of 1.24 V was required for
aTOF of 5 x 1072 s™' at 10 mA em ™2 (Fig. 2c), which is greater
than the TOF for Ni(OH), (1.3 x 10*>s™")and 2.9 x 10~* s~ " for
Pt/C. The TOF for MOF 1 was also higher than that reported for
Ni-MIL-53-NH, (1.2 x 10~° s') and Fe-MIL-53-NH, (6.5 x 10"
sfl)'54

Another critical factor for the efficiency of a catalyst is its
stability and durability for commercial applications. CPE was

carried out for MOF 1 at a potential of 1.41 Vfor 17 h (J = 30 mA
cm™2). MOF 1 exhibited strong durability with retained UOR
activity after 17 h continuously (Fig. 3a). The slight increment in
current may be due to conversion of Ni(u) to Ni(ur) during pre-
oxidation to acquire high-valence, catalytically active Ni(u)
species.' The electrochemical stability of MOF 1 is compared to
that of other Ni-based electrocatalysts from the literature. The
stability of MOFs such as Ni-MOF-0.5,*> 2D Ni-MOF,* Ni-MOF-
100,°* NiO@Ni-MOF,* NiMn,_,-BDC MOF,*” and 3% CeO,/Ni-
MOF has been documented.®® LSV was undertaken after
a long-term stability test. There was no noticeable change in the
position of the curve for the initial scan and after the stability
test. Fig. 3b shows the robustness of the catalyst. Taken
together, these results suggest that MOF 1 could be a potent
electrocatalyst for the UOR.

Table 1 Comparative studies on reported UOR electrocatalysts with the present work

Material Electrolyte (1 M KOH) Onset-potential (V) Ref.
MOF 1 +0.33 M urea 1.18 Present work
NiFe-MIL-53-NH, +0.33 M urea 1.36 54
Ni-MOF®@NiO/Ni +0.33 M urea 1.40 (10 mA Cmfz) 59
Aggregated Ni-MOF nanosheets +0.5 M urea 1.38 (10 mA cm ?) 42
NizN nanosheets +0.33 M urea 1.33 60
NigoFe, 10 +0.33 M urea 1.35 32
Ni(OH), +0.33 M urea 1.36 15
Ni-Mo nanotubes +0.1 M urea 1.36 33
Ni-MOF nanosheets +0.1 M urea 1.33 50
Ni,P/Fe,P +0.5 M urea 1.33 61
MnO,/MnCo0,0,/Ni +0.5 M urea 1.33 33
Ni(OH),@NF +0.33 M urea 1.33 62
Ni-B; +0.33 M urea 1.34 63
Ni-WO,@C/NF +0.33 M urea 1.30 64

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Controlled potential electrolysis at a potential of 1.41 V. (b) LSV curves of pristine and post-catalytic samples. Physiochemical structure

of MOF 1 after 17 h of continuous UOR electrolysis. (c) XRD spectrum of pristine and post-catalytic samples. (d) High-resolution spectra for Ni 2p

(e) and C 1s (f) O 1s in post-catalytic samples.

The structural integrity of the catalyst was assessed before
and after stability tests through PXRD, SEM, and X-ray photo-
electron spectroscopy (XPS). A noticeable dissimilarity in the
diffraction pattern for MOF 1 before and after catalysis was not
observed (Fig. 3c), which indicated the stability of the crystal
structure after the UOR. The surface morphology of MOF 1
remained intact after a 17 h stability test (Fig. S7). To obtain
information about the chemical composition and surface elec-
tronic state of MOF 1, XPS was employed in a post-catalytic
sample. In the high-resolution Ni 2p spectrum, peaks at 855.6
and 873.2 eV were assigned to the core levels of Ni 2p;/, and Ni
2p1/2, Whereas shoulder peaks at 861.8 and 879 eV indicated the
Ni** oxidation state (Fig. 3d).® The absence of Ni(0) and NiO
peaks suggested that the catalyst was stable and was not con-
verted to metallic nickel or its oxides. The XPS patterns for C 1s
and O 1s are in accordance with the literature. The high-
resolution C 1s spectrum showed distinctive peaks at
284.81 eV for C-C,* 286.5 eV for C-O, and 289.18 eV for O-C=
0. In the XPS pattern for O 1s, the deconvoluted peak at
530.81 eV corresponded to M-O, the peak at 532.1 eV was
ascribed to C=0, and unavoidable adsorbed H,O appeared at
534 eV.%® The XPS survey is given in Fig. S8.1

Proposed mechanism

To understand the structure-activity relationship of MOF 1 with
abundantly exposed active sites we propose a mechanism
involving fast transfer of electrons and low resistance to charge
transfer. In an indirect or electrochemical-chemical (EC)
mechanism, urea is oxidized to N,, CO,, and H,O with catalyst
regeneration:*>”°

28392 | RSC Adv, 2022, 12, 28388-28394

6Ni(OH), + 60H™ — 6NiOOH + 6H,0 + 6¢~

6NiOOH + CO(NH,), + H,O — CO, + N, + 6Ni(OH),

OH™ coordinated with Ni(u) in linear chains and dangling
OH™ groups attached to Ni,O4 cubane makes Ni---OH™ prone to
conversion to NiOOH under an applied potential during the
UOR. Due to electrostatic interaction, the urea molecule is
adsorbed on the active NiOOH surface via O-C and Ni-O coor-
dination bonds.” As a result, urea is oxidized and NiOOH is
reduced back to Ni---OH™ to complete the catalytic cycle, and
reacts with OH™ to repeat the process.

Conclusions

We identified MOF 1 as a unique electrocatalyst that exhibits
excellent activity, strong durability, and stability along with
favorable kinetics towards the UOR. The low onset potential of
1.18 V and Tafel slope of 38.8 mV dec™ "' was due to an intrinsic
high TOF of 0.005 s~ . A lowest overpotential of 1.24 V to attain
a catalytic current density of 10 mA cm™ > makes MOF 1 a highly
efficient electrocatalyst for the UOR. No considerable change in
comparative PXRD patterns of a pristine sample and post-
catalytic sample signified the structural stability of MOF. MOF
1 could be a competent candidate for urea-associated applica-
tions such as hydrogen production, treatment of urea in
wastewater, and urea-based fuel cells. Most importantly, our
work provides insights for designing heterogenous catalysts at
the molecular level. Thus, by incorporating suitable linkers, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electronic environment around metals could be altered to make
it conducive to the design of exceptional catalysts having high
oxidation states for various oxidation reactions.
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