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Abstract.

The global energy crisis and environmental pollution requires an urgent shift to renewable energy sources.

Electrochemical water splitting is an emerging and promising method to generate hydrogen which is clean and sustainable
energy carrier. To facilitate the sluggish Oxygen Evolution Reaction (OER), contemporary society has been actively searching
for an electrocatalyst that can be synthesized easily, exhibits remarkable catalytic activity and maintains extraordinary stability
over time. In this paper, solvothermal method was used to synthesize a Zr-MOF and DNA encapsulated-MOF in context of
making the best use of the synergistic behavior of the material. To further confirm the synthesized samples various
characterization techniques like PXRD, SEM, BET and FT-IR were performed. The electrochemical results show that
synthesized DNA encapsulated Zr-MOF have small Tafel value of 59 mV/dec, a lower value of onset potential of 1.49 V, a
lower over potential value of 294 mV and had high electrochemical surface area of 411.25 cm?. The Chronoamperometry test
also shows the high structure stability of material over 50 hours. This work highlights the potential of Zr-MOF based materials
as effective and robust catalyst for electrochemical water splitting to replace the electrocatalysts that are based on noble metals

for energy conversion and storage.
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1. Introduction

Currently, the primary challenges confronting global
society include environmental degradation, the energy
crisis, and resulting economic concerns. By 2050, the global
population is expected to rise by 26% to around 9.7 billion
leading to a roughly 50% increase in the world's total
primary energy consumption (Jones and Warner, 2016).
There is an urgent need to develop more sustainable and
efficient renewable energy sources. In order to secure a
sustainable and environmentally aware future, we need to
discover a renewable energy source to reduce our
dependence on fossil fuel (Szeberényi et al. 2022).

Scientists proposed investigating an alternative energy
source that is sustainable and environmentally friendly.
Solar, tidal, wind, hydro energies and lithium-ion batteries
were utilized to give abundant and cost-effective energy to
humanity although each has its own limitations (Rahman et
al. 2022). Researchers shifted their focus to chemical
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energy and discovered that hydrogen is an exceptionally
attractive chemical energy source (Abdin et al. 2020).
Hydrogen is the most environment friendly and
uncontaminated energy source with the capability to
outperform all current sources in terms of effectiveness and
accessibility (Ahmed Malik et al. 2022). It serves as an
energy source for several reasons (Ghazi et al. 2022). It has
a high energy level of around 142 MJ/kg which is
significantly more than gasoline's 44 MJ/kg (Masuk et al.
2021). It is renewable, non-toxic, storable, and does not
produce combustion-related greenhouse gas emissions due
to its zero-carbon content. The cars using hydrogen as fuel
can operate with maximum output because of its
exceptional energy efficiency. The fuel cells which used
hydrogen gas as fuel are two to three times more effective
than combustion engines driven by petrol and do not have
any negative side effects (Abdelkareem et al. 2021). It only
generates warm air and water vapor and it can also expand
in the transportation and electricity generation (Sazali,
2020). Although the hydrogen economy is projected to be
the most favored sustainable energy option, most
technologies for producing hydrogen are still in the early
stages of being brought to market. Nowadays, fossil fuels
are the primary source of large-scale hydrogen production
in industry. Approximately 96% of the world's hydrogen
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production arises from coal gas, steam reforming of oil and
natural gas which goes against the aim of depending on
renewable energy sources. To completely remove the need
for fossil fuels, hydrogen should be generated from plentiful
and clean sources using environmentally friendly methods
(Megia et al. 2021).

Electrochemical water splitting converting power into
storable hydrogen is a practical and effective method to
address significant energy shortages and reduce greenhouse
gas emissions (Hayat et al. 2023). Water comprises 70% of
the Earth's surface, making it the most plentiful resource.
The water-splitting technique can produce hydrogen
without any environmental consequences by utilizing water
as a feedstock that is renewable (Acar et al. 2016). Oxygen
produced as a byproduct has no adverse environmental
impacts and can increase the economic efficiency of the
electrolysis  process  through  many  applications
(Mohammadpour et al. 2021). Water splitting theoretically
necessitates a thermodynamic Gibbs free enthalpy of 237.2
kJ mol~* which corelate with a standard potential of 1.23 V
comparative to reversible hydrogen electrode (Cavaliere
2023). This enables reaction to proceed in electrolyzer
thermodynamically. The major problems to the extensive
use of water in water splitting for producing hydrogen gas
are the adverse thermodynamics and high value of over
potential (Wang et al. 2015). Currently, just 4% of hydrogen
production worldwide is generated using water electrolysis
(Mergel et al. 2013).

Water splitting involves the oxygen and hydrogen
evolution reaction which occur on anode and cathode
correspondingly in a electrolyzer and these are considered
as two crucial half-cell reactions (McHugh et al. 2020).
Based on kinetic and thermodynamic studies, these
reactions are slow processes that necessitate a high value of
voltage (1.23 V) to proceed (Martinez et al. 2020). Metal
oxides (Vedrine, 2017), metal selenides (Cai et al. 2021),
metal tellurides (Gautam et al. 2023), metal sulphides
(Barman and Nanda, 2016), metal phosphides (Kibsgaard et
al. 2015), MOFs and other catalysts were utilized to reduce
energy barriers of this process (Lamiel et al. 2023). Pt, Ru
and Ir oxides exhibited enhanced electro-catalytic activity
in overcoming energy hurdles of OER (Oxygen Evolution
reaction) and HER (Hydrogen Evolution reaction) (Tian et
al. 2021). However, since these catalysts were composed of
noble metal elements that were not commercial for
industrial application, the issue persisted. Due to their
limited quantity, these metals were highly valued and not
used on industrial scale (Habib et al. 2023). Efforts are
underway to build a catalyst that can replace present noble
metal catalysts and may exceed their catalytic activity and
that catalyst should be abundant on Earth (Wang et al.
2015), environmentally friendly (Lu et al. 2021), durable
(Shin et al. 2022) and cost-effective.

The porous nanostructure of catalyst would play a
crucial role in exposure of active sites to the both electrolyte
and substrate which is essential for attaining the high
catalytic activity. Metal Organic Frameworks (MOFs)
known for their well-organized structures seem particularly
suitable for this purpose (Long and Yaghi 2009). Both
MOFs and Metal Organic Polyhedras (MOPSs) have attained

a significance attraction in research world due to their
exceptional properties. MOFs have built-in features of both
meso-porous as well as micro-porous materials inside a
single frame (Hou et al. 2020), excellent feature of long-
lasting porosity (Zhang et al. 2020), high crystallinity
(Amaro-Gahete et al. 2019), regular pore sizes (Wu et al.
2021), stable frame-work (Baburin et al. 2008), uniform and
well-organized morphologies (Nandiyanto and Okuyama
2011), outstanding thermal stability (Liang et al. 2022),
remarkably larger surface areas (Farha et al. 2012), tunable
pore size (Bonnett et al. 2020), enhanced pore dimension-
ality (98 A) (Deng et al. 2012) with lesser density of 0.13 g
cm3 (Furukawa et al. 2011), flexible host-guest interactivity
(D. Gao et al. 2021) and functionality (Kim and Hong
2021).

MOFs are a distinctive category of very porous
compounds known for their exceptional long-range
organization and crystallinity (Bennett and Cheetham,
2014). They are composed of organic linkers and metal ions
(Yuan et al. 2015). MOFs have found their effectiveness in
wide array of that include in adsorption (Dhaka et al.
2019), as sensors (Gao et al. 2021), in gas storage (Cai et al.
2021), in gas separation (Rodenas et al. 2015), in pesticides
assay (Shi et al. 2023), in drugs loading (Falsafi et al.
2021), photo-catalytic reduction of Carbon dioxide (COy)
(Gulati et al. 2023), in electrochemical application (Ding et
al. 2019) and in inquisitory the alternate source for energy
production. In their pure form, MOFs can be applied in a
wide range of sectors.

Many MOFs have been utilized in electrochemical water
splitting because of their inherent characteristics like as
extensive surface areas (Abdelkareem et al. 2021), pore
designs (Ding et al. 2019), flexible chemical components
(Nemiwal et al. 2021) and various topologies (Cai et al.
2021). Moreover, the features of MOFs can be enhanced by
adding other functional elements including metal
compounds (Cui et al. 2016), biopolymers (Nadar et al.
2019), carbon nanotubes (CNTs) (Wang et al. 2015),
polyoxometalates (POMs) (Miras et al. 2014) and other
conductive substances to create MOF/substrates or
guests@MOFs. Enhanced electrochemical results in
electrolysis can be attained by increasing the number of
porous active sites and enhancing conduction through
different functionalization. Moreover, the Metal Organic
based framework tolerates for molecular and atomic
rearrangement during pyrolysis, enhancing its versatility
and effectiveness (Wang and Astruc 2019). Derivatives of
MOFs that undergo pyrolysis exhibit improved features
such high stability, large surface area, high conductivity,
porosity and catalytic activity, making them highly efficient
for water splitting (Abdin et al. 2020). Over the past five
years, various materials based on MOFs and their
derivatives have been analyzed that were used as
electrocatalyst.

Interactions of MOFs and biopolymers occur in various
important areas (ElI Hankari et al. 2019). Due to their high
biocompatibility, adjustable structure and high loading
ability, MOFs have shown extensive usage in biological
application and interactions between lipids, nucleic acids,
peptides and MOF make them versatile in different
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applications (Morris et al. 2014, Peng et al. 2020, Sava
Gallis et al. 2022). From these, Deoxyribonucleic acid
(DNA) has become a significant molecule in nanomaterials
because of its accurate base-pairing properties and
customizable sequence (Abdelkareem et al. 2021). Compared
to MOFs which consist of several metal clusters or ions and
atoms capable of coordinating with different chemical
groups, DNA may provide a wide range of chemical groups
through its base with a deoxy ribose sugar and phosphate
group backbone. Interactions between MOF and Nucleic
acid can be strengthened due to the formation of chemical
bonds between metal clusters in MOFs and different
chemical sites in nucleic acids. MOFs can adsorb DNA via
hydrogen-bonding, electrostatic, n-stacking and coordination
interactions (Wang et al. 2017). Zr-O-P bonds enhance the
collaboration between Zr-based MOFs (Zr-MOF) and DNA
which is controlled by a phosphate-induced site-occupying
effect. DNA can stabilize MOFs by encapsulating the MOF
structure in a protective shell to prevent aggregation or
structural breakdown. This could lead to catalysts with
increased durability (Zhang et al. 2021). MOFs often
possess a substantial surface area which is beneficial for
catalyzing reactions. The extensive surface area of DNA
along with its ability to interact with water and facilitate
reaction site can be utilized in DNA-MOF (Wu et al. 2020).
Electron transfer is a vital step in the catalytic process of
water splitting and DNA can be used to assist in this process
(Karthick et al. 2020). DNA's non-toxic and biocompatible
nature makes it potentially valuable in applications like
water splitting systems (Dash et al. 2011).

MOF-801 is constructed of zirconium metal clusters and
fumarate acid linkers. (Rameesha et al. 2024) MOF-801 is
the smallest component of Zr-MOFs having a face-centered
cubic close-packing (fcu) topology and formula of
Zrs04(OH)4(fumarate)s (Furukawa et al. 2014). It was first
reported in 2012 and has a topology similar to UiO-66. Its
synthesis involved reacting ZrCl, with fumaric acid using
solvothermal process and in the presence of modulator
formic acid (Wilmann et al. 2012). Since its initial
discovery, there has been a prominent increase in research
interest surrounding MOF-801.The Secondary building
Units (SBUSs) is a zirconium oxide [Zrs(p3-O)a(pz-OH)a]
octahedral group which comprise six Zirconium ions
positioned at vertices of six polyhedron of the octahedron
bounded through eight ps-oxygens. These eight equal faces
of octahedron are consecutively topped by four ps-Oxygen
groups and by four ps-OH. These Secondary sub units are
interconnected by organic ligands making a network
topology of ‘fcu’ (face centered cubic) type where every
secondary sub unit is attached to twelve carboxylates (coo™)
clusters from twelve different ligands.

In present work, we synthesized MOF-801 (Zr-MOF) by
utilizing fumaric acid as a ligand and zirconium dichloride
oxide octahydrate. DNAs were included into the MOF to
prepare the DNA encapsulated DNA encapsulated Zr-MOF.
The materials we studied showed excellent OER
performance in alkaline conditions because of the synergistic
effect of DNA encapsulated Zr-MOF. The DNA-based
metal-organic framework material on nickel foam exhibited
a lower onset potential of 1.49 V vs RHE (Reversible

M 1

Fig. 1 Electrophoretic patterns of DNA of rhizobacteria (M
= 1 Kb DNA marker/ladder. Lane 1DNA bands of
rhizobacteria)

Hydrogen Electrode) and a lower overpotential value of 294
mV at a 10 mAcm2 standard current density. Moreover, the
DNA encapsulated material exhibited minimum charge
transfer resistance and maximum chrono-stability in
chronoamperometry testing.

2. Experimental
2.1 Materials and physical measurements

ZrOCl, (Zirconium oxydichloride, purity 99.5%),
fumaric acid (Merck, purity 98%), ethanol (C;HsOH),
formic acid and nickel foam (Ni, Shanghai Co, purity95%)
were purchased from Alfa Acer and Sigma-Aldrich and
utilized without modifications. Deionized water from a
Millipore system was used in all experiments. Powder X-
ray Diffraction (PXRD) was measured employing Empyrean
utensil from the PANalytical by engaging monochromatic
Cu Ko under ambient conditions. Fourier Transform
Infrared Spectroscopy (FTIR) analysis of prepared samples
was done on PerkinElmer Spectrum One spectrometer.
Elemental composition was achieved on the Vario EL cube.
Scanning electron microscopy (SEM) images were executed
on JEOL (JSM-5610LV). Porosity measurements were
perceived with N sorption isotherms on the Micromeritics
instrument (ASAP 2020) at 77 K. Before Brunauer-Emmett-
Teller (BET) analysis, samples were activated by solvent
exchange method and were degassed overnight at 150 °C.
Electrochemical studies were conducted using a computer-
controlled AUTOLAB Potentiostat (PGSTAT-204).

2.2 Extraction of DNA

To extract DNA, we cultivate 1-3 mL of bacterial
culture overnight to collect bacterial DNA. To prevent
contamination, the culture must be completely separated
from the supernatant by careful centrifugation at 6,000 rpm
for two minutes. The bacterial pellet was disrupted and
subsequently mixed with 100 pL of buffer R1. The 20 pL of



588 Zohaib Ashraf et al.
DNA@Zr-MOF
] 4 {
Zr-MOF | ¥ ;?%;
‘ T SPETA .
} ‘ Z“\ o)y it pNa, (GRS O @
a 120°c HH m— —
. Metal ,[4 44 h
Linker Zirconium -4 l )

Fumaric Acid oxydichloride

Water Splitting

Scheme 1 Schematic representation for synthesis of Zr-MOF and DNA encapsulated Zr-MOF and their application as an

electro-catalysts for water splitting.

lysozyme (50 mg/mL) was added to Gram-positive bacteria
and the mixture was centrifuged to form a pellet after
incubated at 37 °C for three minutes. Afterward, 20 pL of
Proteinase K was added to bacterial pellet which was
previously suspended in 180 uL of Buffer R2. Then, this
mixture was incubated for 20 minutes at 60 °C. Then,
mixture was added with Ribouclease (RNAase) at a
concentration of 20 mg/mL and again incubated for about
twenty minutes at 37 °C temperature. The DNA was
purified after a comprehensive cleaning procedure and
assessed for purity through a sequence of washing
processes. DNA was stored in eppendorf at-20 °C. To
verify the effectiveness of the extraction, DNA was
examined on 1% agarose gel treated with ethidium bromide.
16S ribosomal Ribonucleic acid (RNA) gene was amplified
by using universal primer in PCR and gel image of 16S
ribosomal gene is depicted in Fig. 1 along with 1kb DNA
ladder. Quantity and purity of the sample were determined
using a spectrophotometer and the 260/280 ratio. This
technique ensures dependable outcomes for various
downstream applications due to its precision and
consistency.

2.3 Preparation of Zr-MOF

Zr-MOF (MOF-801) using a single linker and zirconium
metal source was prepared by solvothermal method with
minor changes in previously reported procedure (Jahan et
al. 2022, Lee et al. 2022). 0.7 mmol of fumeric acid (0.0812
grams) was added a Teflon carrier having 15 mL of N,N-
dimethylformamide (DMF). A clear and uniform solution
was obtained by constantly stirring the above solution on
the stirring plate until the fumaric acid had dissolved. Then,
0.7 mmol of zirconium dichloride oxide octahydrate
(0.2254 grams) was added along with 15 mL of formic acid
in above solution (Scheme 1). Teflon was placed in auto
clave and heated in oven at 120 «C for approximately 24
hours. After the synthesis was completed, the autoclave
having Teflon inside was cooled at room temperature.
Finally, product was filtered and then washed three times
with 10 mL DMF and dried at 100 €C. The dried sample
was used for characterization and electrochemical water
splitting.

2.4 Preparation of DNA encapsulated Zr-MOF

In order to make the DNA encapsulated Zr-MOF, 300
milligrams of Zr-MOF were added to 4.5 milliliters of

extracted DNA (suspension in eluting buffer) (Scheme 1).
The mixture was then sonicated at 25 <C for seven hours.
After that, it was centrifuged at 25 °C for five minutes at
10,000 revolutions per minute (to remove the free DNA)
until a pellet formed at the base of the tube. After collecting
the supernatant, we dried the material. Once dried, it was
preserved for further characterization and subjected to water
splitting experiments.

2.5 Electrode preparation

For electrochemical study, a standard three-electrode
system having a working electrode made of nickel foam
(NF), the counter electrode made of Pt wire and the
reference electrode of (Ag/AgCl) were used. The NF
substrate was cut into 1 cm by 1 cm pieces and then
underwent multiple cleaning procedures. The nickel foam
pieces underwent ultrasonic treatment for 15 minutes in
four separate solutions ethanol, de-ionized water, acetone
and 2 M HCI. The NF pieces were then warmed at 60 °C for
30 minutes to remove moisture. We prepared a homogenous
catalyst ink by finely grinding 1.5 mg of the synthesized
materials and added 100 pL of de-ionized water. The
catalyst ink underwent ultrasonic treatment for one hour.
The catalyst ink was applied on the dried and cleaned NF
by the drop-casting method. Precisely, 10 pL of the catalytic
ink was applied to the chosen area of the NF components
and dried at room temperature. Then, dried loaded NF
fragments were utilized to examine the Oxygen Evolution
Reaction (OER).

3. Results and discussion
3.1 Material characterization

Numerous techniques were used to characterize Zr-
MOF and DNA encapsulated Zr-MOF. According to
powder XRD, Zr-MOF and DNA encapsulated Zr-MOF
have identical structure in good agreement with earlier
described data for the MOF-801 suggesting the successful
synthesis of Zr-MOF (Fig. 2). The PXRD pattern reveals
two main peaks of Zr-MOF at 8.5 and 9.9° two theta that
match to the planes (111) and (200) respectively (Aghajani
Hashjin et al. 2023). These two sharp and highly intense
peaks demonstrate that synthesized Zr-MOF has a high
order of crystallinity. All the peaks in revealed pattern are
efficaciously indexed which specifies the synthesis of the
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Fig. 2 XRD patterns of Zr-MOF

distinct structure of Zr-MOF by its space group of Pn-3
(#201) (Butova et al. 2021). The crystallite sizes of
synthesized powder Zr-MOF are in the range from 17 nm to
29 nm for these two main peaks, (111) and (200) planes
correspondingly and also in accordance with particle size
calculated via SEM micrographs. The crystal sizes are
calculated using Scherrer equation, p = kA / Lcos® where, 0
is Bragg angle, k = 0.9, A = 1.5406 A, L is the crystalline
size in angstroms (A) and B denotes FWHM (Full-Width at
the Half-Maximum) of diffraction peak measured in the
radians.

A diffractogram of DNA encapsulated Zr-MOF exhibit
distinctive peaks of Zr-MOF and its MOF-801 family at
8.5° and 9.9° indicating that DNA in situ does not interfere
with the Zr-MOF synthesis. It can be perceived from the
PXRD results that both Zr-MOF and DNA encapsulated Zr-
MOF have alike PXRD pattern that completely identical
with MOF-801. Though, it can be perceived that
comparative intensity of PXRD peaks of DNA encapsulated
Zr-MOF are lower related with Zr-MOF. The diffraction
peaks of the DNA encapsulated Zr-MOF are in good
agreement with the prepared Zr-MOF which displays well-
defined Zr-MOF units in the material suggesting that the
presence of DNA did not hinder the crystallization of the
Zr-MOF structure and the DNA encapsulated Zr-MOF
retained the structure of Zr-MOFs. The PXRD confirm that
DNA encapsulation occurs through metal phosphate
interaction preserving the porosity and structural integrity
of Zr-MOF.

The FTIR spectra of DNA, Fumaric acid, Zr-MOF and
the DNA encapsulated Zr-MOF are shown in Fig. 3. The
spectral data of DNA of bacterial specie was documented in
regions between 4000 and 400 cm™. Three distinct areas
have been familiar in FTIR spectra including 1250-
800 cm™, 1500-1250 cm™ and 1800-1500 cm™. In our
spectrum, a broad peak around 3298 cm was owing to —
stretching vibration of NH or O-H (Francioso et al. 2010) of

DNA nitrogen bases pyrimidine and purine ring. While a
strident intense peak at 1638 cm™ was due to existence of
carbonyl in amide I band (Liu et al. 2016). The region from
1515-1650 cm* assigned to the exocyclic bending of -NH;
and C=C, C=N, C=0 stretching in DNA bases. A band can
be also predictable as a high frequency at 1085 cm™ and
another band 1245 cm™ correspond to symmetric and a-
symmetric stretching vibration of phosphate groups (PO?")
(Mady et al. 2011) of the phosphor-di-ester-deoxyribose
backbone. The small bands in region from 1164 to 1085
cm™ and a sharp band at 1045 cm™* were due to backbone
from the C-O stretch and vibration of a sugar phosphate
backbone respectively (Doorley et al. 2009). The region
between 1000-800 cm™ are assigned to the diverse sugar-
phosphate backbone vibrations and nucleic acid S- and N-
type of sugar puckering (Banyay et al. 2003).

A small intensity broad peak at 3430 cm™ of MOF-801
can be credited to stretching vibration of hydroxyl group.
Fumaric has a sharp highly intense peak at 1747 cm™ due to
carbonyl group stretching. The band at 1248 cm™ could be
allocated to C-O vibration. The presence of a number of
bands in region 1002-670 cm™ indicates rocking vibration
of =CH group (Du et al. 2016).

The assignment of observed FTIR peaks in prepared Zr-
MOF is effectively done rendering to conforming
distinguishing peaks of MOF-801 (Aghajani Hashjin et al.
2023). Absorption bands at 1367 cm™ and 1539 cm™ are
due to symmetric and asymmetric stretching of fumaric acid
carboxylic group correspondingly (Fig. 3). The presence of
these two significant peaks is ascribed to extended conjugate
n-bonds of carboxylate group, originating from the carboxyl
anion. This leads to the both oxygen atoms being equivalent
resulting in symmetrical distribution of the electron cloud
density between them. The two prominent bands at 478 and
644 cm™ could be credited to Zr-O-C stretching and
vibration of Zrs(OH)4O4 cluster, correspondingly (Butova et
al. 2020). Furthermore, the peaks in region from 900-700
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Fig. 3 FTIR spectra of (a) DNA (b) Fumaric Acid (Linker)
(c) Zr-MOF (d) DNA encapsulated Zr-MOF

cm™! (791 cm™ %, 891 cm™! and 974 cm™1) are given to -C-
H bending vibration of carboxylic acid group of fumaric
acid.

FTIR was also used to interpret fingerprint of DNA
encapsulated Zr-MOF and the resultant spectra is presented
in Fig. 3. A small broad peak at 3440 cm™ (3680-3240) can
be recognized to O-H or -NH groups stretching of DNA
nitrogen bases. But it can also be detected that comparative
intensity of some peaks in DNA encapsulated Zr-MOF are
lower compared to Zr-MOF.

The enduring permeability of Zr-MOF and its (DNA
encapsulated Zr-MOF) were confirmed at 77 K using its N2
sorption isotherm. For activation, the Zr-MOF and DNA
encapsulated Zr-MOF were soaked in methanol for 3 days
and then in dichloromethane for 3 days. They were then
dried at room temperature for 1 hour to prepare activated
samples for analysis. The N sorption isotherm of the MOF
and its DNA@MOF showed a type 1l with pore condensation
and distinctive adsorption-desorption hysteresis as depicted
in Fig. 4. The results indicate the presence of mesopores in
DNA encapsulated Zr-MOF with a maximum N absorption
of 350 cm®g. The BET surface area observed was 74.2800
+ 3.2718 m?%g and the Langmuir surface area was 81.12
m2/g which was higher than that of Zr-MOF with 64.7525 +
3.1234 m?/g (BET surface area) and 71.15 m?/g (Langmuir
surface area). The DNA encapsulated Zr-MOF has pore
volume of 0.54 cm®/g and pore diameter of 29.22 nm which
are larger than the MOF (pore volume of 0.43 cm®/g and
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Fig. 4 Nitrogen sorption isotherm Zr-MOF and DNA
encapsulated Zr-MOF

pore diameter of 26.66 nm). The DNA encapsulated Zr-
MOF material's large pore volume and higher BET surface
area are indicating its suitability for electrochemical
applications.

3.2 Electro-catalytic OER

MOFs being distinctive catalysts have a proportion of
prospective, mainly in the essential electro-catalysis. The
coordinately unsaturated metal sites (Lewis’s acid centers of
the CUSs) and triggered functional groups on organic
ligands (basic or acidic sites) are key active catalytic sites
characteristically present in the MOFs. Electronic
arrangement of the metallic components which can be
influenced by the coordinated linkers has been shown an
effectual slant to modify catalytic performance of the MOFs
(Abazari et al. 2022, Pan et al. 2024, Wu et al. 2024).

Commonly, the metal center is contemplated as electro-
catalytic active site in the MOF framework. The electro-
catalytic activity towards the water splitting must be
expressively prejudiced by the organic linker for MOFs.
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Fig. 5 SEM mlcrographs with corresponding insets revealing enlarged view Zr-MOF (a- b) and DNA encapsulated Zr-
MOF d-e). Average particle sizes of Zr-MOF (c) and DNA@Zr-MOF (f)
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Fig. 6 a) CV Polarization Curves, b) LSV anodic linear scan, c) Tafel Plot, d) Overpotential Comparison, e) EIS
analysis, f) Chronoamperometric stability test for elongated period of time

Structure of the porous framework depends mainly on
organic linker which deeds as an essential building block to
intersect the metal centers. In divergence to enclosure of the
metal nodes, linker structure modification is another
effective technique to modify the microelectronic
arrangement of the active catalytic sites in MOFs to review
their electro-chemical water splitting activities.

Electrochemical investigation was conducted on bare
nickel foam (NF without catalyst loading), Zr-MOF and
DNA encapsulated Zr-MOF. A bench mark current density
of 10 mAcm2 is required to attain 10% efficiency in the
solar-to-fuel conversion systems. (Gao et al. 2021) This
value was used as a benchmark to evaluate the electro-
catalytic efficacy of the prepared materials. Electrochemical
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Fig. 7 Non-Faradaic region of CV polarization curves; (a) Zr-MOF, (b) DNA encapsulated Zr-MOF and (c) double layer
capacitance slope calculated (Zr-MOF, DNA encapsulated Zr-MOF)

tests using CV polarization analysis as depicted in figure 6a
revealed that the DNA encapsulated Zr-MOF has superior
electro-chemical performance with a larger current density
compared to Zr-MOF and Bare NF. Anodic linear scan was
performed on the materials depicted in Fig. 6b. The onset
potential was defined as follows: Bare NF had an onset
potential of 1.71V, Zr-MOF had an onset potential of 1.62V
and DNA encapsulated Zr-MOF showed an earlier onset
potential of 1.49V due to the strong synergy between DNA
and Zr-MOF. The DNA encapsulated Zr-MOF material
exhibited a reduced overpotential of 294 mV compared to
Zr-MOF (329 mV) and Bare NF (570 mV) to reach a
standard 10 mA/cm?current density, as illustrated in Fig. 6d.

Tafel slope tests were done to investigate the electro-
catalytic activity of the Zr-MOF and DNA encapsulated Zr-
MOF by examining the electrochemical kinetics of the slow
OER. All these tests were conducted in linear area of the
steady state polarization curve. The Tafel slope values are
349 mVdec for bare NF, 89 mVdec™ for Zr MOF and 59
mVdec™ for DNA encapsulated Zr-MOF as illustrated in
figure 6¢. The DNA encapsulated Zr-MOF Tafel slope value
was superior to that of many previously reported MOF-
based electro-catalysts and was similar to the leading
materials for OER such as 80 mV dec™ for IrO; and 92.7
mV dec™? for RuO,@NF. This decreased value provided
additional confirmation of the efficient and rapid transport
of electrons and protons at the interfaces between the
electrode and electro-catalyst. The Tafel slope value of 59
mVdec? indicates that the mechanism for Oxygen
Evolution Reaction is proton-coupled electron transfer
(PCET) (Weinberg et al. 2012). Throughout this process,
the oxidation of single electron occurs simultaneously with
the transfer of single proton. A rapid and early transfer of
electrons during electrocatalysis results in higher catalyst
efficiency and a lower Tafel slope. OER typically involves
creation of hydroxyl ion (OH") intermediates and follows a
4-step proton-electron transfer pathway as depicted in Egs.
(1) to (4).

OH™ +7Zr —» ZrOH + e~ 1)
OH™ 4+ ZrOH -» H* + ZrO + e~ 2
OH™ +ZrO0 - ZrOOH + e~ 3)

OH™ +ZrOOH - Zr+ 0,(g) + HT + e~ 4)

Overall reaction: 40H™ — 2H,0 + 4e + O,

Currently, there are two commonly predictable OER
methods; Lattice Oxygen-mediated Mechanism (LOM) and
Adsorbate Evolution Mechanism (AEM). There are tranquil
two divergent ways by which the oxygen is formed in the
alkaline medium because catalytic centers first interact with
the OH to form predecessors MO (M = Zr) and MOH. AEM
is four electron methods wherever diverse intermediates
(MOOOH, MOO and MOH) react to yield an O, as shown
in Fig. 8. Entirely of these facts presented above your head
favored outstanding collaboration of the electrocatalyst-
electrolyte contacts for the duration of OER.

Aside from the Tafel slope, Electrochemical Impedance
Spectroscopy (EIS) was conducted in frequency range of
10%-0.1 Hz with varying current amplitude of 5 mV to
clarify the charge transfer Kkinetics process. A small
semicircle diameter of DNA encapsulated Zr-MOF is
visible on the Nyquist plot in figure 6e indicating the lowest
charge transfer resistance (Rct) of 1.2 Q at the electro-
catalyst-electrolyte interface compared to Zr MOF (Rct) of
2.2 Q and bare NF (Rct) of 9.4 Q. The lower Rct value and
smaller semicircle diameter of the DNA@MOF compared
to Zr-MOF and NF indicate a quicker electron transport.
The data showed that adding DNA to MOF significantly
improved the conductivity of the DNA encapsulated Zr-
MOF and reduced resistance facilitating maximum electron
transmission.

Material physical and chemical stability is crucial for
evaluating electrochemical performance and long-term
stability leads to the potential for high-performance devices.
The stability of the produced samples was assessed using an
elongated chronoamperometric stability test. The test
showed that DNA encapsulated Zr-MOF shown exceptional
stability, maintaining consistent performance without any
decline for 50 hours as shown in Fig. 6f. This has the
potential to be a dependable energy conversion technique.

Integrating DNA into MOF significantly decreased
resistance, enhanced conductance and notably increased the
active Electrochemical Surface Area (ECSA) of the DNA
encapsulated Zr-MOF. Electrochemical surface area was
determined for Zr-MOF and DNA encapsulated Zr-MOF by
analyzing the non-faradaic portion of Cyclic Voltammetry
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Table 1 Evaluation of electrochemical demonstration of various electrocatalysts

Zr-MOF

S. Electrocatalvsts Over potential (mV)  Tafel slope Stability Chrono- Ref

No. Y (n) at 10 mA/cm? (mV/dec) CVI/LSV cycles amperometery (hrs) )

1 3D-CNTA 360 89 3,000 11.11 (Wang et al. 2017)
2 NiCoOS 470 - 800 -- (Bai et al. 2019)
3 Co-NC@Mo2C 347 61 1,000 20 (Hossain. 2023)

MOF derived .
4 ZnCoSe 340 43 - -- (Liang et al. 2022)
5 CoP/rGO 340 66 3,000 22 (Lu et al. 2021)
(Ahmed Malik

6 CDs@MOF 320 62 1,000 40 et al. 2022)

7 Co/C09Ss@NSOCsno 373 80 - 10 (Du et al. 2019)
g  DNAencapsulated 294 59 - 50 Current work

(CV) curves as shown in Fig. 7(a, b). The analysis resulted
in delta j values displayed against scan rate which were
used to calculate the slope value by linear regression to
determine the double layer capacitance. The Electrical
Double layered Capacitance (Cdl) value for Zr-MOF was
determined to be 4.9 mF while for DNA encapsulated Zr-
MOF it was 16.45 mF. A larger Cdl value indicates a greater
electrochemical surface area when divided by the specific
capacitance of the substrate material (0.04 mF/cm?) (7(c)).
ECSA was calculated as 1225 cm? and for DNA
encapsulated Zr-MOF it was 411.25 cm?. Increased active
surface area leads to greater adsorption of active substances
onto the electrode's surface.

Higher surface area led to improved electrochemical
performance and water splitting. DNA encapsulated Zr-
MOF shows improved performance due to lower Tefol,
reduced over potential of 294 mV and decreased resistance
of 1.2 Q resulting in superior electrochemical performance.

3.3 Durability of Zr-MOF and DNA encapsulated Zr-
MOF electrocatalyst after OER

PXRD analysis has also been carried on the Zr-MOF
and DNA encapsulated Zr-MOF material collected after the
water splitting and this gave a conclusive proof that the
structure of the MOFs is well maintained. Analysing the
PXRD patterns obtained before and after OER reaction, it
can be concluded that MOFs as well as DNA encapsulated
Zr-MOF exhibit very high chemical stability. The results
showed that the Zr-MOF and DNA encapsulated Zr-MOF
are robust and have long-lasting amenity in facilitating
sustainable and efficient electro-catalysis.

3.4 Comparison of Zr-MOF and DNA encapsulated Zr-
MOF OER activity with other reported electro-catalysts

Analyzing the detailed literature data about electro-
catalyst for OER, one can state that Zr MOF and DNA
encapsulated Zr-MOF are exceptionally better than the
other material to act as an electro-catalyst for the process of
electrochemical water splitting. This gives an efficiently
low overpotential (n) of 294 mV at 10 mA/cm? current
density and much better than the performances of NiCoOS
(470 mV), Co-NC@MoC (347 mV) and CDs@MOF (320

Fig. 8 Proposed mechanism for the OER catalyzed by Zr-
MOF

mV). This lower overpotential is indicative of the high
efficiency of ZrMOF and DNA encapsulated Zr-MOF in the
catalysis of the electrochemical reaction; this implies that
less energy will be used during operation which means
lower operational costs. In addition, the Tafel values of the
Zr-MOF and DNA encapsulated Zr-MOF are found to be 89
mV/dec and 59 mV/dec respectively that is relatively lesser
than many of its counterparts and signifies for higher
reaction Kinetics. This characteristic is especially important
to increase the performance of a reaction in terms of
conversion rate and reaction rate in practice.

As much as endurance is concerned, Zr-MOF and DNA
encapsulated Zr-MOF again shows a long term
chronoamperometric stability which lasts up to 50 hours
and this greatly exceed the other catalysts given in table 1.
Such a stability guarantees longer and stable operation
under severe electrochemical processes and thus enhances
its suitability of the material in industries and research.
These attributes show the promising role of Zr-MOF and
DNA encapsulated Zr-MOF for the advancement of
electrocatalysis technology and more efficiency, economical
and reliable in all the electrochemical processes.
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4. Conclusion

In Summary, DNA encapsulated Zr-MOF and Zr-MOF
(Zr-based single linker MOF) containing fumaric were
successfully synthesized using a solvothermal process and
investigated for their electrocatalytic performance in OER.
The DNA encapsulated Zr-MOF exhibited a lower onset
potential of 1.49 V relative to RHE for the OER and an
overpotential of 294 mV vs. RHE that shows better results
as associated to other advanced Metal Organic based
electro-catalysts. Thus, when the DNA encapsulated Zr-
MOF was run for a stability test over a long period of time
i.e., 50 h, it was found to have stability with a little decay in
comparison with the initial values attained. Additionally, it
achieved a high electrochemical surface area (ECSA) of
411.25 per cm? and a small charge transfer resistance of 1.2
Q and small Tafel slope 59 mV dec?. Due to all these
exceptional parameters, our DNA encapsulated Zr-MOF
material was a best option for harnessing the earth’s richest
resource water for power generation.
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