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Abstract: Using low and optimized magnetic field along with electric field is a novel strategy to
facilitate electrochemical nitrite reduction. Here, we report for the first time on the synthesis of
ammonia via magneto-electrocatalytic methods that use spin-thrusted B-MnPc in a magnetic field of 95
mT. The calculated rate of ammonia generation was 16603.4 pug h™* mgear?, which is almost twice that
of the non-polarized MnPc catalyst. Additionally, the faradaic efficiency at —0.9V vs. RHE was found to
be 92.9%, significantly higher compared to the non-polarized MnPc catalyst. In presence of external
magnetic field, MnPc catalysts provide a better electron transfer channel which results in a lower charge
transfer resistance and hence better electrochemical performances. DFT result further verifies that
magnetic field induced B-MnPc has a lower potential barrier (0.51 eV) for the protonation of NO*
(PDS) than non-polarized B-MnPc (1.08 eV), which confirms the enhanced electrochemical nitrite

reduction to ammonia aided by external magnetic field.
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Introduction

Ammonia (NHs) serves as a highly essential prized chemical ingredient in various agricultural and
industrial applications, including fertilizers, textiles, and pretended fibers.>3 However, the current
industrial production of ammonia predominantly relies on the energy-intensive Haber-Bosch process,
which is accompanied by significant greenhouse gas emissions.*® In recent years, electrocatalytic
ammonia synthesis has emerged as a promising alternative to the Haber-Bosch process.® Furthermore,
the increasing industrial development has resulted in more frequent emissions of NOy, particularly
nitrate (NO3") and nitrite (NO2"), which contribute to environmental pollution.”®° Exploring the use of
non-precious metals as catalysts for the reduction of nitrite (NO2") to ammonia (NH3) has gained more
attention in recent years.2%8112 \While noble metal-based materials like Ag®3, Pd*4® Ru'®'’ Mo?8, Ir'®,
Au®, and Pt have demonstrated activity for NO2RR, their scarcity makes them costly for industrial
applications. Instead of using ordinary experimental methods, using a common permanent magnet can
have a substantial impact on a variety of chemical processes.?? At a very low magnetic field intensity of
55 mT (600 times the Earth's magnetic field), for example, catalyst-based adenosine 5-triphosphate
(ATP) synthesis rose by 50%.%3 Changes in reaction rates, which cause transitions between the triplet
and singlet states of the reactant, are thought to be the cause of this magnetic field effect.?* Additionally,
when using ferromagnetic electrodes like Ni, Co, etc, the introduction of a modest magnetic field has
demonstrated substantial improvements in the water-splitting kinetics.?>?® Magnetohydrodynamics
effects caused by the Lorentz force, which affect ionic currents and the formation and release of oxygen
and hydrogen bubbles, can be used to explain the increase in catalytic efficiency independently of
magnetism.2"?® Consequently, magnetic field-assisted electro reactions have emerged as a state-of-the-
art technique for electrochemical reactions linked to energy conversion, such as the OER?6?°, HER®0-32,
ORR?*, CO2RR.*% On the other hand, there hasn't been any research on using an external magnetic
field to boost electrochemical ammonia synthesis as of yet. Mn, a transition metal, has exhibited
exceptional catalytic activity in the oxidation and reduction of nitrogen because it has unpaired
electrons in the d-orbital.® By leveraging the unpaired electron in the d-orbital in transition metal Mn
and taking advantage of the paramagnetic intermediates of nitrite ions, electrocatalytic ammonia
production during NO2RR can be significantly enhanced. Reactant electronic structures and energy
levels are modified as a result of this alignment, changing the pace at which reactions occur. These
elements support the reaction’s catalytic activity and efficiency, which makes it a viable route for the
production of ammonia in a sustainable manner.

Using manganese phthalocyanine, or MnPc, as a high-performance electrocatalyst for the reduction of
NO2-to-ammonia production is advised in light of this knowledge. Our investigation's primary focus is
the employment of MnPc in 0.2 M Na>SO4 and 0.1 M NO2" solutions following a specific optimized
magnetic field. MnPc exhibits a noteworthy NH3 production of 16603.4 pug h™* mgea. *at —0.9V vs RHE
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in the presence of a 95 mT external magnetic field, together with an unexpectedly high Faradaic
efficiency (FE) of 92.9% of the sample. The efficiency of the Mn Centre of MnPc catalyst (host surface)
as a potential determination step (PDS) is demonstrated by the reduction of NO2", which occurs there

with a low energy barrier of 0.51 eV, according to density functional theory (DFT) calculations.

Results and Discussion

Magnetic field interaction on g-MnPc

The aromatic macrocycle molecule manganese phthalocyanine (MnPc) has a core metal ion (Mn) that
extends within and connects to the organic framework through four nitrogen centers. The d-orbitals of
Mn in MnPc (Scheme 1a) change to: aig(dz2), big(dx2-y2), €g(dzx, dyz), and bzg(dxy).3" In contrast, below a
certain temperature (T¢), B-MnPc forms exhibit long-range ferromagnetism driven by feeble interactions
between the chains.*” Barraclough et al.®® observed that intrachain ferromagnetic interactions
predominate inside -MnPc, with a value of J/kB = 11K for Mn (Il) S = 3/2. In Fig. 1a, B-MnPc showed
ferromagnetism below T. ~ 8.6 K, as demonstrated by the magnetization curves obtained with a
superconducting quantum interference device (SQUID).*® The M vs. H diagram for MnPc also shows
that the saturation magnetization at 4K is ~9.6 emu/g (SI). Through magnetic exchange (Scheme 1b-1c),
which creates low electronic repulsion and imparts a specific spin orientation to the adsorbed N species,
spin polarization promotes the primary electron transfer step.*®** Numerous studies exist describing the
tuning of intermediate radical pairs by an external magnetic field.*>*® These radicals can exist in two
different forms: singlet or triplet. Singlet and triplet radical pairs are in dynamic equilibrium [S<T]
with one another in the absence of an external magnetic field, preserving a constant statistical ratio.**
The external magnetic field tuned this equilibrium from triplet to singlet.#>4*4* The generation of the
excess reactive singlet radical pair increases the catalytic yield. A greater likelihood exists that the
increase of the NO2RR process in the presence of an external magnetic field is due to this spin
modulation of the intermediate radical pair. Along with this effect, the magnetohydrodynamic effect
(MHD) may also play a dominant role in the enhancement of the ammonia yield. Magnetic field-
assisted bubble removal frees up catalytic active sites and also hastens the catalytic process. All these
effects, either separately or together, work to further boost NO2RR activity. Due to this additional
support by the magnetic field, the current density rises from NO>" to NH3 at the same potential, which is

known as the magneto-current effect (MCE).*®

Synthesis and Characterization of p-MnPc

MnPc was synthesized by solvothermal technique; details are given in supporting information. X-Ray
diffraction XRD curves (Fig. 1b) reveal that MnPc exhibits prominent diffraction peaks on the (100)
and (102) planes, fully consistent with literature values (matched with ICDD card no #02-063—
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3894).3946 High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
shows the presence of Mn, C, and N elements in the MnPc system (Fig. 1c). FTIR (SI) and UV-vis
spectroscopy (SI) measurements further confirmed several chemical bonds and distinct bands present in
MnPc. Preliminary XPS survey scans (Sl) clearly revealed the elemental composition of the catalyst,
which consists of manganese (Mn), nitrogen (N), and carbon (C). A deeper dive into the high-resolution
C 1s XPS spectrum (SI) revealed a prominent peak at 284.2 eV, indicating the presence of C1s in MnPc.
The Mn—N bond of the pyridinic-N species at 398.4 eV and the pyrrolic-N species at 399.5 eV are the N
species observed in the high-resolution N 1s XPS spectrum (Fig. 1d). In the high-resolution Mn 2p XPS
spectrum (Fig. 1e), the Mn 2ps2 species appeared as a peak at 641.8 eV, while the Mn 2p1/> species was
detected at 653.4 eV.4
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Scheme 1 | Schematic representation of effect of magnetic field on MnPc. a. MO of MnPc. b.
Plausible spin exchange process during applied magnetic field. c. Spin magnetic effect under a magnetic
field in MnPc electrocatalyst

Using synchrotron X-ray absorption spectroscopy (XAS), the catalyst's atomic-level structure was fully
investigated, with a particular emphasis on the Mn K-edge X-ray absorption near-edge structure
(XANES). The Mn-phthalocyanine (MnPc) catalyst displayed distinct spectral features akin to those

observed in the reference samples of pure Mn foil and MnO..
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Fig. 1 | Structural characterization of MnPc. a. M-T plot of MnPc. b. XRD plot of MnPc. c.
HAADF-STEM of MnPc. d. High resolution XPS N1s spectra of MnPc. e. High resolution XPS Mn 2p
spectra of MnPc. f. XANES spectra at Mn K-edge. g. EXAFS spectra at Mn K-edge. h. WT of Mn foil,
MnPc (before electrolysis), MnPc (after electrolysis), and MnO: (from up to down).

From synchrotron X-ray absorption spectroscopy (XAS) (Fig. 1f), the MnPc (both before and after
electrolysis) absorption edge position fell between that of Mn foil and MnOy, indicating that the valence
state of manganese in MnPc is less than +4.44% A Mn pre-edge absorption peak in XANES is observed
at ~6541.5 eV due to the 1s to 3d electronic transition and the rising Mn edge peak is due to the 1s to 4p
transition at ~6562 eV in MnPc system. The Fourier transformed (FT) extended X-ray absorption fine
structure (EXAFS) analysis of MnPc (both before and after electrolysis) unveiled a prominent peak at
~1.49 A (as depicted in Fig. 1g), according to the manganese and nitrogen atoms' symmetrical
scattering interaction inside the MnPc molecule (SI). Surprisingly, the lack of a signal related to Mn-Mn
scattering at about ~2.3 A indicated that manganese was atomically distributed in MnPc. A peak at
~1.53 A confirmed the presence of Mn-O bond scattering in MnO,. The C scattering path in higher
coordination shells with Mn was identified as the cause of another peak, which was found at roughly
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~2.5 A4 Moreover, the results of wavelet transforms (WT), which are shown in Fig. 1h, offered
more proof that the MnPc catalyst has Mn-N bonding, which peaks at about 2 A™* and sets it apart from

Mn foil 4748

DFT Modulation of Electron Spin Exchange Interaction

Density functional theory (DFT) helps us comprehend the chemical reaction of NO2RR on MnPc
catalyst by computing the total energy of each and every possible intermediate, electronic structure,
charge density difference etc. The Mn centre on MnPc is confirmed by DFT investigations to be more
active towards NO2RR than other potential centres (SI). The transition metal atom's valence d-orbitals
give off charges to NO2, which reduces when it approaches and settles on the active metal core. The
quantitative approach of calculating the charges associated with the main active site (Mn), before and
after adsorption of NOy, are estimated to be 5.74e and 5.6e respectively. Accumulation and loss of
charges by respective atoms, have been presented through charge density difference plot (see Sl).
Analyse of the partial density of states (PDOS)*¢° plots, reveals that, following the adsorption of NO2,
the d-band centre shifts from 3.34 eV to 3.15 eV (see Sl), pointing to the charge transfer that took place
between Mn and the closest nitrogen (N) and the deposited NO2 molecule. One side reaction (HER),
which is a two-electron transfer process, might take into part and hamper the main reaction (NO2RR) by
getting adsorbed of H on the active sites. To suppress this parallel reaction, any of the two conditions®!
is to be satisfied for the main reaction to be occurred: (1) limiting potential of NO2RR must be less than
the HER and (2) AG*NO2H should be more negative than AG*H. Here, we have performed the
calculation for two different conditions for the same system (MnPc), one is without spin polarized
approach (named as condition A) and another one with spin polarized approach, taking into account the
initial magnetic moment (named as condition B). We have performed (under condition B) Crystal
Orbital Hamiltonian Population (COHP) calculation®®%® (Fig. 2b) of nearest single Mn-N contact to
examine NO: (Fig. 2c) adsorption over HER (Fig. 2d), where we found that the NO_ adsorption, based
on ICOHP (integrated crystal orbital Hamiltonian population) values® is stronger (ICOPH value
decreases from -1.27 to -1.24) than hydrogen atom adsorption (ICOPH value increases from -1.27 to -
1.29) (see Fig. 2a-2e). The experimental (gas chromatography) finding further demonstrates that, in
comparison to NO2RR, the HER is reduced when a magnetic field is provided at a specific distance
from the working electrode in MnPc (SI), which is similar to the prediction made by the theoretical

DFT calculation.
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Fig. 2 | DFT modulation study of *H and *NO2 adsorbed on Mn of MnPc. a. Mn-N contact shown
for the optimised structure of MnPc catalyst. b. COHP calculations to check the bond strength of Mn-N
contact for without any atom or molecule adsorbed on the active site. c. COHP for H adsorbed on Mn of
MnPc. d. COHP for NO2 adsorbed on Mn of MnPc. e. demonstration of COHP calculations with
ICOHP values. (Considering the system with spin polarized plus intrinsic magnetic moment).

To further evaluate the hydrogenation ability with NO>™ with and without a magnetic field, we
performed an EPR experiment. The H:-trapping agent 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
was used for better understanding. MnPc in the presence of a magnetic field (with 0.2 M SO4 and in a
NO.-free electrolyte), shows a stronger TEMPO-H signal than MnPc without any magnetic field (SI),
suggesting that MnPc (with 95 mT) is more effective than MnPc (with 0 mT) in dissociating H-O and
generating H radicals.>>®" Nevertheless, the TEMPO-H signal intensity of MnPc (with 0 mT) decreased
when 0.1 M NO; was added to the system, whereas the TEMPO-H signal of MnPc (with 95 mT)
highest decreased (SI), suggesting MnPc (with 95 mT) increases the hydrogenation in NO2~ by
consumes H radicals to form ammonia.

From the perspective of adsorption free energy, we observed that in conditions A and B, the NO>
molecule is more advantageous than the hydrogen atom on the Mn centre of the MnPc catalyst,
indicating that the reaction selectivity shifts in the direction of NO2RR as shown in Fig. 3a. We can see
the values of adsorption free energy changes of NO> in the two conditions are -2.12 eV (for A) and -
1.18 eV (for B). To explain the protonation of NO2RR, for both the cases (without and with spin
polarized), we have investigated H-adsorption on five probable potential sites including Mn-centre (see

Fig. 3b) which may help in the hydrogenation for the same. In case of “without spin”, we have 1.08V as
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the limiting potential for NO2RR where Mn-centre is chosen as promising active site for the reaction
mechanism. As NO: is already adsorbed, because of higher binding energy (see Fig. 2) than H-atom,
the chance of H-adsorption on the Mn-centre is less or blocked by pre-adsorbed NO2. Therefore, other
four sites: pyrrolic N1, pyrrolic N2, Pyridinic N and nearest C to Mn-centre may help in the protonation
having adsorption free free energies -0.53, -0.53, -0.51 and 0.11eV respectively. Out of four sites C site
near to Mn-centre, having positive H-adsorption free energy (0.11eV), also will be good enough to
adsorb H and help in the protonation for NO2RR mechanism, because NO2RR requires 1.08eV as
activation energy to be happened. On the other hand, for spin polarized case (see Fig. 3c), we have
0.51V as the limiting potential for NO2RR and Mn-centre is the main active site. Herein, also NO> is
bound on Mn-centre and blocked the H-atom like “without spin” case. For other four probable sites:
pyrrolic N1, pyrrolic N2, Pyridinic N and nearest C to Mn-centre having free energies 1.18, 1.18, -0.12
and 0.46eV respectively, we observed that out of four sites pyrrolic N1 and N2 having more positive
free energy even greater than the limiting potential of NO2RR, indicating these two sites will be unable
to adsorb H-atom even at the applied activation potential of 0.51V. So, in case of spin polarized system,
pyridinic Nitrogen and C-site near to Mn-centre may help in the protonation for NO2RR as having less
H-adsorption free energy than the limitng potential of NO2RR mechanism.

In order to understand the thermodynamics of the non-electrochemical reaction mechanism of NO2RR
on the provided catalyst, we have selected three known potential pathways (SI), which have been
reported in the literature® for metal surfaces, single atom catalysts, etc., where the protonation step has
been identified as the second step of the potential reaction pathway, i.e., NO2 — *NO, — NO2H.
Stability of all the intermediate states are checked with DFT and corresponding free energy values are
improved through correction term (Ezre-ts) (given in the Sl). Through Path I, the most advantageous
method determined by the lowest AG of potential determining step among all conceivable pathways for
NO:2RR, we have shown the whole free energy profile along with optimised intermediates (Fig. 3e).

In the free energy diagram, we can see step 1 — step 2 is exothermic in nature for both conditions (A
and B) which tells us NO2 approaches onto the metal site and gets adsorbed without facing any
difficulties, forming the intermediate *NO. Next to it, protonation starts taking place and reaches to the
step 4 by releasing a water molecule (*NOzH + 2H™ + 2e- — *NO + H20) possessing a -0.02 eV shift in
free energy (step 2 for A), -0.51 eV (step 2 for B) and 1.74 eV (step 3 for A), -2.31 eV (step 3 for B),
respectively. At step NO* — *NOH creates positive variation of thermodynamic free energy
(endothermic process) which is measured to be the highest uphill in the free energy profile, known as
limiting potential or potential determining step (PDS) of the NO2RR, with free energy change of 1.08
eV and 0.51 eV for the conditions A and B respectively. The results indicate that the intrinsic magnetic
moment helps lowering (from 1.08 eV to 0.51 eV) the electrochemical limiting potential barrier of

NO2RR. In the next, a series of intermediates follow downhill trend up to step 9 caused by serially
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interaction with (H* + e) pair, for both conditions (A and B). At last, for spin polarized plus
magnetism-based approach (condition B), NHs released through desorption process (exothermic), from
the surface of catalyst, in much faster way than the without spin polarized based approach (condition A)

having an endothermic barrier.
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Fig. 3 | DFT modulation study on ammonia formation. a. Represents the optimized structure of
MnPc having red marked circles for NO. and H-adsorption as probable active sites, b. represents the
comparison of NO> adsorption free energies under condition A and condition B respectively, c. and d.
show the comparison of H-adsorption on MnPc for the mentioned two conditions, e. displays the full
free energy profile along with most favourable pathway under condition A and condition B.

Electrocatalytic performance for ammonia synthesis

With an electrolyte of 0.1 M NaNOzand 0.2 M NazSOg, all electrochemical experiments were tested in
a basic H-type cell using a traditional three-electrode electrochemical setup. MnPc was coated on
carbon paper, Pt foil, and Ag/AgCI for the working electrode, counter electrode, and reference electrode,
respectively. The ammonia yield rate and Faradaic efficiency were determined by running the
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experiments for thirty minutes. Chronoamperometry measurements were conducted across a range of
electrode potentials, as shown in Sl. In the presence of NaNOy, the current density (linear sweep
voltammetry, Fig. 4a) was increased in tandem with external magnetic field. Electrochemical
impedance spectroscopy (EIS) data were used to further investigate the reasons for the exceptional
performance of MnPc for selective nitrite reduction to ammonia. The equivalent circuit, which consists
of a solution resistance (Rs) connected to the R—C circuit (Rct and Cai), was used to match the Nyquist
plots (Fig. 4b). It shows that with increasing magnetic field up to 95 mT, the semicircle corresponding
to the charge transfer (CT) resistance (Rct) of the electrolytic medium decreases (Fig. 4c, Sl), which
facilitates the nitrite conversion reaction on the catalyst surface. This result is further supported by the
car value calculated from the cyclic voltametric diagram (SlI). The levels of ammonia (NH3) and
hydrazine (N2Hs4, potentially by-products) in the electrolyte solution were measured using the
indophenol blue technique and the Watt and Chrisp method, respectively (SI). Notably, both the NH3
yield and the Faradaic efficiency (FE) increase with increasing cathodic potential, eventually reaching
their maximum values of 8266.5 pgh™*mger* and 74.55% at —0.9 V vs RHE, respectively (Fig. 4d).
The results were increased almost 2-fold when 95 mT magnetic field was applied at —0.9 V vs. RHE
reaching an ammonia yield rate of 16603.4 pug h™*mgc* and FE of 92.9%, respectively (Fig. 4e) (SI).
lon chromatography was used to further confirm the ammonia result, and the results indicated no
discernible difference between the two (SI). The results obtained are comparable to the literature (SI).
We have also observed that after removing the external magnetic field after some magnetic incubation
time (SI), the MnPc catalyst shows slightly better catalytic performance than the non-magnetized MnPc
catalyst. We also examined the turnover frequency (TOF) (Fig. 4f, SI) and long-term stability (SI) of
MnPc for real-life application of the catalyst. The findings demonstrate that when an external magnetic
field of 95 mT was applied to MnPc, the TOF value increased from ~0.15 s to ~0.3 s (SI). Also, the
MnPc catalyst showed 50-h stability without much fluctuation of the current density during NO2RR @-
0.9V with 95 mT. After the NO2RR test, we tested the catalyst stability using XPS analysis and the
results show that the results are almost identical to the pre-NO2RR test (SI).
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Fig. 4 | Electrochemical performance. a. LSV plot of MnPc with varying magnetic field. b. EIS
spectra after simulation of MnPc with varying magnetic field. c. Rct vs. Magnetic field diagram of MnPc.
d. Ammonia yield rate and FE at various potential without applying magnetic field. e. Ammonia yield
rate and FE with applying magnetic field @—0.9 V vs. RHE. f. TOF (s!) plot of MnPc for NO2RR at
various applied magnetic fields @—-0.9V. g. Various control experiment of MnPc @-0.9V vs RHE. h.
ATR-FTIR spectroscopy of electrolytes solution @-0.9V vs RHE. i. Isotopic labelling experiment of
the electrolyte’s solution after electrolysis @—0.9V vs RHE (50-time dilution).

Additionally, control experiments (Fig. 4g) confirmed that ammonia is not formed in the electrolyte
without nitrite ions @—-0.9V vs RHE or during OCP experiments when nitrite ions are present @95 mT
magnetic field. However, when nitrite ions were present in the electrolyte, we observed certain
ammonia production. Additionally, ATR-FTIR spectroscopy confirmed that a notable vibrational bond
signal was present at 1528 cm™, indicating the existence of *NHs. Main intermediate products are
assigned as *NO at 1790 cm™ and *NH at 1396 cm™ (Fig. 4h).*6%8 A vibrational band was detected at
1635 cm as a result of H,O's O-H bending. The presence of nitrite in the medium is supported by an
FTIR vibrational band at 1237 cm™.%° In the *H-NMR spectrum, when we use °®NO;~, we observe the
characteristic double peak of ®NH4*. On the other hand, when *NO;~ was used, the *H-NMR spectra
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exhibited triple peaks of ¥NH." (Fig. 4i) and no such peak was observed in the NO2~ free electrolyte
@-0.9V vs RHE.

Methods
Synthesis of MnPc

MnPc were synthesized using a solvothermal technique. For this method, the precursor solution was
made up of 8.64 mmol of phthalonitrile, 30 mg of ammonium heptamolybdate tetrahydrate, 2.16 mmol
of manganese acetate, and 72 mL of solvent made of ethylene glycol. To guarantee complete mixing
prior to nucleation, the liquid mixture was agitated for ten to fifteen minutes at 60 °C. Subsequently, the
solution was moved into a 100 mL Teflon autoclave cup and heated to 180 °C for a full day (24 Hours)
of solvothermal treatment. Whatman 41 filter paper was used to filter the solution after it cooled in
order to get rid of any leftovers. After that, all contaminants were completely removed from the residual
precipitate by extensively washing it in hot water, ethanol, and 0.1 M HCI. In order to get a dry powder

that was ready for use again, the acquired MnPc sample was finally dried for 12 hours at 65 °C.

Characterization technique

X-ray diffraction (XRD) was used to analyse the synthesised MnPc's crystal structure and phase purity.
XRD analysis was performed using a Bruker D-8 X-ray powder diffractometer equipped with an
advanced Eco X-ray system. Cu-K, monochromatic radiation with a wavelength of 0.15404 nm was
used. The voltage and current used to run the X-ray tube were 40 kV and 25 mA, respectively. To
investigate the electronic structure and chemical composition of MnPc, X-ray photoelectron
spectroscopy (XPS) analysis was conducted using an OMICRON-0571 framework. This technique
provides valuable information about the oxidation states and bonding environments of the elements in
the material. Through the use of Fourier-transform infrared (FTIR) research, the different kinds of
chemical bonds found in MnPc were determined. This analysis was carried out using a Shimadzu
IRAffinity-1S instrument, which allows for the characterization of molecular vibrations and the
determination of functional groups. The morphology of the synthesized MnPc was observed using a
Thermo Scientific Apreo-S field emission scanning electron microscope (FE-SEM). This instrument
enables high-resolution imaging of the sample surface, providing insights into the size, shape, and
surface morphology of the MnPc nanostructures. For electrochemical nitrogen oxidation analyses, the
CHI 760E equipment was utilized. The Metrohm Echo IC (ion chromatography) instrument and Agilent
8860 GC system were used for the detection of ammonium ions and Hz gas. A neodymium block
magnet (NdFeB) was used as a permanent magnet for the magneto-reduction process. The magnetic
field was measured using a Digital Gauss Meter instrument (DGM-102). A Quantum Design MPMS3

superconducting quantum interference device (SQUID) magnetometer was used to measure the MT and
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MH diagrams of MnPc. This instrument allowed for the measurement and analysis of the

electrochemical behavior of MnPc, particularly its performance in nitrite reduction reaction.

Experimental Setup

The electrochemical measurements for the nitrite reduction reaction (NO2RR) were performed using the
CHI 760E electrochemical workstation. An H-type cell configuration was employed, with a Nafion 117
membrane serving as the separator between the anode and cathode compartments. The components of
the reference electrode, counter electrode, and working electrode were Ag/AgCl, a platinum foil, and
MnPc (1 x 0.8 cm? in carbon paper) respectively. The electrolyte solution utilized in the experiments
consisted of Na2SO4 with and without NO2™ solutions. This allowed for the investigation of the NO2RR
under different conditions and concentrations. To ensure accurate comparisons, the geometric area of

the electrode surface was utilized to normalize the current density.

Catalyst ink/working electrode preparation

2 mg of synthesized MnPc and 100 pL of Merck-sourced 2-propanol were mixed to prepare the
catalytic ink for magneto-electrochemical nitrite reduction, which was then sonicated for one minute.
Next, to ensure even mixing, 10 pL of Sigma Aldrich's 5 weight percent Nafion 117 solution was added
to the mixture and vortexed for five minutes. Next, 25 uL of the applied ink was placed on a 1 x 0.8 cm?

carbon paper substrate for NO2RR application.

Formulas for calculation
The NH3 yield rate was calculated using the following equation:

NHs yield rate = (Cy, xV)
(rnNH3 x t )

Here, C,,, represents the concentration of NHs, V is the volume of the reaction electrolyte, m,,

denotes the catalyst mass loaded on working electrode, t represents the electrolysis time.

The Faradaic efficiency (FE) was determined using the following equation:

(6% FxCy, xV)
FE (%) = d x 100 %
(M, x Q)

Here, F corresponds to the Faraday constant (96,485 C mol™), M, denotes the molar mass of

ammonia, and Q signifies the total charge.
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Computational Details

Density functional theory based VASP computational code is used for the required findings in our
theoretical studies. A maximum Kinetic energy cut-off of 450 eV is selected for the plane wave®
expansions that are under consideration. Convergence criteria for ionic and electronic optimisations are
fitted to be 1E™ eV, meaning that the computation converges when the energy difference between two
successive electronic or ionic steps is 1E™ eV, in order to obtain the ground state energy of all feasible
intermediates. For the finding of ZPE of free molecules and adsorbed molecules it is 1E eV. lonic
convergence criteria for stability checking of each intermediate are -0.001 eV/A and the same for ZPE,
we have used as -0.00001 eV/A. The General Gradient Approximation of PBE functional is used to
treat the existence of exchange and correlation forces among electrons in the given system. ! The
Projected Augmented Wave technique is used to demonstrate the interactions between the freezing core
and the valence electrons. By introducing the Grimme DFT-D2 dispersion scheme, we have also taken
into account the effects of long-range weak Van der Waal forces among atoms in the system in order to
obtain accurate energy estimates.®” We have used Gamma centre K-point sampling for the zero-
dimensional system in order to optimise and perform PDOS computations.

Conclusion

In conclusion, theoretical calculations as well as experimental results confirm that exoteric magnetic
field-induced spin-polarised MnPc has tremendous NO2RR activity. MnPc, in presence of 95 mT
external magnetic field shows a significantly higher ammonia yield rate of 16603.4 pg h™* mge* and
Faradaic efficiency of 92.9% at —0.9V vs. RHE, which is almost twice that of the MnPc catalyst. A
spin-polarized Mn-N centre was argued to be able to specify spin electrons to interact with the reaction
intermediates and, as a result, strengthen adsorption to produce the desired ammonia, so enabling the
hydrogenation of *NO. Besides, we can infer that the diligence of magnetic spin-polarisation system
facilitate the electron transfer, which results in enhancement of the reaction kinetics not only for
NO:2RR but also for various other electrochemical reactions.
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