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SUMMARY

We have investigated the role of ligand-isomerism in modulating the
mechanisms and kinetics associated with charge/discharge-chemistry of an
aqueous metal-air battery. The dominant electron-withdrawing inductive
effect (-1 effect) and the diminished electron-withdrawing resonance effect (-R
effect) in the a-NO, isomer noticeably diminishes the rate of oxygen reduction
(ORR) and oxygen evolution reactions (OER) on the catalytic Co-centre. In
their B-counterpart, the cumulative —|I and —R effects noticeably enhance the
OER and ORR kinetics on the same catalytic Co-centre. Therefore, the
regioisomerism of the -NO, functionality amplifies the kinetics of ORR/OER
without influencing their mechanistic pathways. When isomeric
electrocatalysts are integrated to aid the charge-chemistry of a Zn-air battery,
the overpotential could be decreased by ~250 mV with B-NOisomer leading to
a round-trip efficiency as high as 60%. This work contributes to the design of
novel molecular platforms to target the overall round-trip efficiency of energy
storage and conversion devices.

INTRODUCTION

The ever-increasing demands for energy and awareness about climate change have made the
transition from a fossil fuel-based energy economy to an alternative clean energy economy
inevitable(Davidson, 2019)(Gao et al., 2021)(Ledendecker et al., 2015). This gradual process
has been accelerated by recent research worldwide on sustainable energy harvesting,
conversion and storage(Chinnam et al., 2015)(Indra et al., 2018)(Liberman et al., 2020). In this
context, various types of batteries have been developed with myriads of applications ranging
from portable electronic devices, grid-scale energy storage to electric vehicles(Zhao et al.,
2022)(Harper et al., 2019)(W. Li et al., 2019)(Zhang et al., 2022)(Tabassum et al., 2019).
Among these, metal-air battery technologies such as Zn-air batteries (ZABs) are projected as
promising candidates for long driving range electric vehicles (EVs) mainly because of their high
gravimetric energy densities in the range of 470 W h kg(Bruce et al., 2012)(Lee et al.,
2011)(Jung et al., 2016)(Li et al., 2021). However, there are several challenges associated with
aqueous rechargeable metal—air batteries. Firstly, it suffers from high charge/discharge
overpotential due to the high overvoltage for oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) which consequently leads to low round trip efficiency typically in
the range of ~50-60 %(Liu et al., 2019)(Guo et al., 2018)(Liu et al., 2016). As far as ORR is
concerned, the reaction is catalyzed by benchmark Pt based noble metal electrocatalysts,
which has several issues associated with cost and availability(Fu et al., 2017)(Peng et al.,
2022). This necessitates exploration of durable electrocatalysts based on earth abundant non-
noble metals. Secondly, ORR can proceed through variety of pathways and hence catalysts
catalyzing the 4 electron ORR is often preferred for aqueous air-batteries(Ozen et al.,
2016)(Xu et al., 2019). Besides, the higher charge voltage associated with OER often results in
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the degradation or corrosion of the air electrode, thereby, greatly reducing the cycle life of
agqueous air batteries(Li et al., 2022)(Lee et al., 2014). Moreover, the benchmark OER
electrocatalysts like IrO,, RuO, etc., are low in abundance and consequently have high cost
and are not very stable in strongly alkaline electrolytes which is often encountered in aqueous
metal air batteries(Cherevko et al., 2016)(Ghareghashi and Mohebbi, 2020). In this context,
the need of the hour is to develop alternative oxygen reduction reaction (ORR) / oxygen
evolution reaction (OER) catalysts based on earth-abundant metals with high activity and
durability for rechargeable ZABs(Ozen et al., 2016)(Xu et al., 2019)(Bhowmick et al.,
2020)(Anju et al., 2016).

Herein, we aim to explore ligand isomerism in molecular electrocatalysts like phthalocyanines
for the ZAB discharge/charge reaction (ORR/OER) to target their overall round-trip efficiency.
The choice of phthalocyanines is mainly based on the fact that these molecules are among
the prime candidates that are being explored for various electrochemical applications
because of their robustness, stability and highly tuneable optoelectronic properties(Sobbi et
al., 1993)(Bottari et al.,, 2010)(Complexes, 2007)(Sorokin, 2013). Among these
phthalocyanines, we have explored the Co based systems as they have been found to be
electrocatalytically active towards ORR/OER(Kottaichamy et al., 2020)(Cong et al., 2005)(Fu
et al.,, 2020)(C. Li et al., 2019). Interestingly, when nitro substituted cobalt phthalocyanines
(TNCoPc) were explored for ZAB discharge/charge reaction, we found that the ligand
isomerism (o and B-TNCoPc isomers) significantly tunes their respective kinetics without
altering the mechanistic pathways of the reaction. The present work demonstrates an
alternative approach in the design of efficient molecular electrocatalysts to target
electrochemical reactions relevant to energy storage and conversion.

RESULTS
Synthesis and characterization of isomeric molecules

In our previous work, we have shown that isomerism of -NO, functionality leads to an
oxidative activation of catalytic metal centre which in turn aids oxidative electrocatalysis.
However, whether the isomerism of the functionality influences the reaction mechanism or
reaction kinetics with respect to a specific reaction pathway is still uncertain. To shed light
into these issues, we have explored nitro substituted phthalocyanines containing earth
abundant central metals like Co to target oxygen reduction (ORR) and oxygen evolution (OER)
reactions. This is because, the complexity of ORR/OER is the limiting factor which dictates the
round-trip efficiency of aqueous metal-air batteries and reversible fuel cells(Liu et al.,
2019)(Guo et al., 2018)(Liu et al., 2016). To explore the implications of ligand isomerism in
ORR/OER; we have synthesized and characterized the regioisomers of tetra-nitro cobalt
phthalocyanine (TNCoPc) with -NO, substitution at the a (a-TNCoPc) and B (B-TNCoPc)
positions, Scheme 1 as reported previously(Sobbi et al., 1993)(Bottari et al., 2010)(Complexes,
2007)(Sorokin, 2013)(Kottaichamy et al., 2020)(Cong et al., 2005)(Fu et al., 2020)(C. Li et al.,
2019). High-resolution mass spectrometry (HRMS) demonstrated the parent ion peak at m/z
value of ~751 for the o and 3 isomers and at ~573 for unsubstituted cobalt phthalocyanine
(CoPc) which are close to their molecular masses, (Figure Sla, b and c). UV-vis, FTIR and
Raman spectroscopy further demonstrate the formation of isomeric molecules in line with
the literature (Figure S2a, b, c, Table S1 and Table S2) (Kottaichamy et al., 2020)(Cong et al.,
2005)(Li et al., 2006)(Kobayashi et al., 2002)(Panwar et al., 2015)(Topuz et al., 2013)(Zhu et
al., 2014)(Georgescu et al., 2015). 1D and 2D NMR spectroscopic analysis further confirm the
formation of isomeric molecules, (Figure S2d, e and f) (Kottaichamy et al., 2020).

The primary aim of this investigation is to understand how the isomerism of the -NO,
functionality influences the reaction mechanism /reaction kinetics of ORR/OER so as to
explore their potential to improve the overall energy efficiency of a Zn air battery. Toward
this, isomeric molecular catalysts were first anchored on carbon nanotubes (CNT) because of
its known capability to aid electron transport(Zhang and Gorski, 2005)(Abbaspour and
Mirahmadi, 2013)(Chidembo et al., 2010)(Zhu et al., 2011)(Zhang et al., 2017). a and B-
TNCoPcs and unsubstituted CoPc anchored on CNT (a-TNCoPc/CNT, B-TNCoPc/CNT and
CoPc/CNT) were synthesized(Kottaichamy et al., 2020) and characterized by FTIR, Raman
spectroscopy, UV-visible spectroscopy along with Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) techniques, (Figure S3, Figure S4, Figure S5 and
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Table S3). The features of CNT in the TNCoPc/CNT catalytic system in the FTIR, Raman spectra
and SEM images suggest the formation of CNT composite catalytic systems, (Figure S3a, and
Figure S3b) as provided in Supplemental Information. The EDS data (Figure S5 and Table S3)
confirm the amount of Co present in all the three composite catalytic system is maintained
more or less the same.

Kinetic and mechanistic investigations of ORR/OER

Linear sweep voltammograms (Figure 1a), suggest that the activity of B-TNCoPc isomer
towards the half-cell ORR/OER is superior to its o counterpart which is clear from the onset
potential and potential required for achieving a particular rate (Table S4), (refer to
experimental section for details). Since the catalytic domain is the central metal ion (cobalt
ion), voltametric investigation reveals that ligand isomerism can tune the catalytic metal
center with the ‘B’ isomer demonstrating enhanced ORR/OER activities compared to the
corresponding ‘o’ isomer, (Figure 1a). This will be beneficial for improving the round-trip
efficiency in metal-air batteries as ORR/OER is their discharge/charge reactions respectively(Li
et al.,, 2022)(Lee et al., 2014)(Cherevko et al., 2016)(Ghareghashi and Mohebbi, 2020).
Hydrodynamic voltammetry for ORR shows that, the number of electron transferred is close
to 3 and % of peroxide is close to 50 % for both the isomeric molecules, suggesting that ORR
proceeds with the intermediacy of peroxide, (Figure 1b). The Tafel analysis (Figure 1c and
Figure S6) suggest a lower Tafel slope for the 3 isomer indicating a facile kinetics in this isomer.
The long-term stability is then subsequently investigated on isomeric electrocatalysts in the
half-cell modes by chronopotentiometric analysis. Clearly, the potential required to achieve
the same current density is substantially lower in B-isomer compared to a-isomer, (Figure
1d). This indicate that isomerism of -NO, functionality does not change the ORR reaction
mechanism. However, it does change the kinetics of ORR substantially, with a higher activity
in favour of the B-isomer compared to the a-isomer, (Figure 1). Secondly, this pathway with
the intermediacy of peroxide is desirable for the electrosynthesis of peroxide but detrimental
for energy conversion devices, as peroxide is known to poison the electrocatalytic domains.

Though water oxidation is superior in B-isomer over the corresponding a-isomer (Figure 1a
and Figure S7), it is known that water oxidation can lead to the formation of peroxide (2e"
pathway) or O, (4e pathway, OER) as the products(Shi et al., 2021)(Xia et al., 2020)(Gill et al.,
2021). The former is desirable for peroxide electrosynthesis but the latter for energy
conversion devices(Malali et al., 2020)(Zhang et al., 2020)(Wu et al., 2020). To prove this
unambiguously, rotating ring disk electrode (RRDE) measurements were carried out by
performing linear sweep voltammetry at the disk for OER and biasing the ring (Au ring) at ORR
potential (0.7 V vs. RHE) and peroxide oxidation potential (1 V vs. RHE), (Figure 2a). The
corresponding potentials were determined from the cyclic voltammogram, (Figure S8) for
oxygen reduction reaction and peroxide oxidation on Au electrodes. When the ring is biased
at ORR potentials (0.7 V vs. RHE), the ring current appears as soon as the disk potentials cross
the water oxidation regime. However, no ring current is seen when it is biased at peroxide
oxidation potential, (Figure 2a). This clearly suggests O, is the primary product during water
oxidation at the disk and not the peroxide. The Tafel plot, (Figure 2b), shows a facile kinetics
on the B-isomer compared to a-isomer and unsubstituted CoPc. The long-term stability with
a higher activity is observed on the B-isomer compared to the a-isomer, (Figure 2c). All these
indicate that, the isomerism of the -NO, functionality does not change the reaction
mechanism of OER, however, it rather influences the reaction kinetics. Taken together, the
ligand isomerism via the isomerism of -NO, functionality in the secondary sphere does not
change the reaction dynamics of OER/ORR but it significantly influences their respective
electrochemical kinetics. The data outlined in (Figure 1 and Figure 2) further demonstrate that
ligand isomerism via the regio-isomerism of -NO, functionality can be utilized for aiding the
charge reaction of an aqueous metal air battery and not the discharge chemistry due to the
involvement of peroxide intermediacy in the latter.

The reason for this fascinating behaviour with respect to regioisomerism can be primarily
attributed to the electron withdrawing resonance effect (-R) and electron withdrawing
inductive effect (-I) of the nitro groups (-NO,) in the isomeric molecules(Kottaichamy et al.,
2020)(Cong et al., 2005). The closeness of ‘O’ of -NO, group and the iminic ‘N’ atom in the
macrocyclic ring of the a-isomer may prompt repulsive field effects between these groups
which may force the —NO; group to go out of the molecular plane. This might lead to a
reduction in the —R effect between —-NO, group and the macrocycle plane and the electron
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withdrawing effect may mainly originate from the -l effect. Whereas, for the B isomer,
repulsive filed effect between the groups can be negligible as they are well separated
spatially. This might favour an in-plane confirmation of -NO, group in B isomer leading to a
dominant —R and —I effect in the molecule. This is in fact responsible for the broadening and
red shifting of Q band in the B-TNCoPc isomer with respect to the Q band of a-TNCoPc isomer
molecule (Figure S2a). Nevertheless, due to these circumstances the central metal ion should
be more electron deficient in the B-isomer compared to the a-isomer. This should enhance
the contribution of the oxidized Co species in the B-isomeric molecule compared to the a-
isomeric molecule. This is reflected in the X- ray photoelectron spectroscopy (XPS) data of
these molecules, (Figure 2d) wherein the binding energy peak corresponding to Co3* (2ps/2)
species demonstrated a positive binding energy shift of 0.6 eV in the B-isomeric molecule
compared to the a-isomeric molecule. These suggest that the contribution of oxidized cobalt
species is noticeably enriched in the B-isomer molecule compared to the corresponding a
counterpart, (Figure 2d), which in turn indicates a positive shift in the redox energy of
Co3*/Co?* in the former(C. Li et al., 2019)(Gu et al., 2016)(Phys et al., 2019)(Thapa et al., 2021).
This should lead to a better overlap of Co3*/Co?* redox energy level with the oxygen redox
level in the B-isomer molecule which can amplify the oxygen redox reactions. This will be
beneficial to boost the round-trip efficiency of ZABs as demonstrated below.

Evaluation of Zinc-air battery performance

In order to validate the performance of isomeric catalysts in Zn air battery, these molecules
anchored on CNT were utilized as the OER catalysts during the charge chemistry in tri-
electrode ZAB configuration as shown in (Scheme S1)(Cao et al., 2013)(Tran et al., 2020)(Hong
et al., 2016). The discharge chemistry was carried out between Zn electrode and a Pt/C based
ORR catalyst and the charge chemistry was carried out between the Zn electrode and the
isomeric catalysts. The Zn half-cell and ORR/OER half-cells were separated by a Nafion 117
membrane. The discharge polarization curve demonstrated a peak power density of 90
mW/cm? at a current density of 150 mA/cm? (Figure S9), which is in line with the literature
with Pt based catalysts(Yu et al., 2016)(Yu et al., 2016). The charge polarization curves show
that the B-isomer outperforms the corresponding a-isomer and the charging reaction at all
current densities occurs at a lower operating potential in the B-isomer than the a-isomer,
(Figure 3a). The long-term stability was investigated by chronopotentiometry at a current
density of 20 mA/cm? and it further show a lower operating potential in B-isomer than the
corresponding a-isomer, (Figure 3b). In order to investigate the stability of metal air battery
during repeated charge discharge, cyclic stability of the battery was investigated at a
discharge and charge current density of 20 mA/cm?, (Figure 3c), which further demonstrates
that B-isomer requires a lower driving force than the corresponding a-isomer for achieving
the same rate. Therefore, the round-trip efficiency is noticeably improved in the B-isomer
compared to the a-isomer, (Figure 3d). In-situ electrochemical mass spectrometric data with
the best performing B-isomer OER catalyst, show that when the cell is ON, the catalyst evolves
oxygen and the oxygen signal decays to the base line when the cell is OFF, and the process is
sustainable for several cycles, (Figure 3e). Further, we have carried out the cycling stability
test of ZAB with the B isomer and it shows a stable charging profile for large number of cycles
(70 cycles are shown), (Figure 3f). All these studies clearly suggest the B-isomer is an efficient
material for improving the round-trip efficiency of rechargeable zinc air batteries. Further, we
have made a comparison of the performance of our Zn-air battery employing the B-isomer
with the Zn-air batteries reported in the literature (Table S5), which show the charging voltage
and round-trip efficiency are comparable to the literature.

In order to investigate the durability of the B-isomer catalyst, post electrochemical
characterization were carried after cycling the battery for 70 hours. X-ray photoelectron
spectroscopy studies show that the Co signals are intact in the molecule before and after the
long-term analysis and no signals of cobalt oxides were observed, (Figure 4a). UV-visible, FTIR
and Raman spectroscopy reveal that the chemical identity of the molecular catalysts is well
preserved even after prolonged electrocatalysis. These spectroscopic characterizations also
rule out the possibility of CoOx formation by the degradation of the molecular catalysts. If it
would have been formed, FTIR and Raman spectra would have shown characteristics peaks
of CoOx which were not observed in the present case (Figure 4c and Figure 4d)(Li et al.,
2016)(Tang et al., 2008)(Barakat et al., 2008). Taken together, we have demonstrated that
ligand isomerism can be utilized to design non-precious molecular electrocatalysts for
targeting the round trip efficiency of ZABs. This demonstration is expected to contribute to
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the design of future molecular catalysts with improved activities for various electrochemical
applications.

DISCUSSION

We have demonstrated the role of ligand isomerism in -NO, substituted molecular catalysts
in tuning the reaction kinetics and reaction mechanisms of half-cell ORR and OER reactions.
Oxidative activation in the B-isomeric electrocatalyst due to the combined presence of —R and
—| effects as compared to the only —I effect in the a-isomeric electrocatalyst noticeably
enhance the ORR and OER kinetics in the former, however, without altering their respective
reaction mechanism. With respect to ORR on isomeric electrocatalysts, the number of
electrons transferred were close to 3 and the percentage of peroxide was close to 50% on
both the electrocatalysts, yet with an improved kinetics in the B-isomer. As far as OER is
concerned, a 4 electron pathway was always preferred on both the isomeric electrocatalysts,
however with a noticeably higher activity in favor of the B-isomer. To show the practical
applicability in metal- air batteries, we have further shown how the the isomeric
electrocatalysts influence the round-trip efficiency of Zn-air batteries by tuning the
electrochemical kinetics associated with the OER charge chemistry. The results show that the
B-isomer outperforms the a-isomer in terms of charging voltage and round-trip efficiency
with excellent cycling stability. Nevertheless, the isomerism of -NO, functionality does not aid
the discharge chemistry of Zn-air batteries because of the intermediacy of peroxide in the
ORR pathway. However, this can be utilized as an electrocatalyst in peroxide
electrosynthesising metal-air batteries and fuel cells(Shi et al., 2021)(Xia et al., 2020)(Gill et
al., 2021)(Malali et al., 2020)(Brillas et al., 2002)(Li et al., 2013)(Li et al., 2013).

Limitations of the study

Overall, the work outlined shows a novel strategy towards the design of efficient molecular
electrocatalysts to target the overall energy efficiency of future generation energy storage
and conversion devices. We note that in the present work, the effect of isomerism of
secondary sphere substituents on the charging chemistry is only demonstrated. In the future,
the focus will be towards the development of bifunctional electrocatalysts based on earth
abundant metal based phthalocyanines to aid the discharge as well as charge reactions. This
is expected to help in the development of precious metal free air batteries.
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Main figure titles and legends:

Scheme 1. Structures of ligand isomerism directed electrocatalysts.
Unsubstituted CoPc (Left), and isomeric a-TNCoPc (middle) and B-TNCoPc (right) molecules.

Figure 1. Mechanistic investigation of ORR on isomeric electrocatalysts.



(A) Linear sweep voltammograms for ORR as well as OER on a-TNCoPc and B-TNCoPc isomeric
molecules.

(B) Plot showing the number of electrons and % of H,0, formed with a-TNCoPc and B-TNCoPc
isomeric molecules at a potential of 0.79 V vs. RHE.

(C) Tafel slopes for ORR with a-TNCoPc and B-TNCoPc isomers.

(D) Chronopotentiometric measurements for ORR at a constant current density of 0.5
mA/cm? for a-TNCoPc isomer and B-TNCoPc isomeric molecules.

Figure 2. Mechanistic investigation of OER on isomeric electrocatalysts.

(A) RRDE measurements during OER at the disk (red trace and violet trace) using a and B-
TNCoPc isomeric molecules by biasing the Au ring at 0.7 V vs. RHE (pink and green trace) for
ORR and at 1 V vs. RHE (orange and blue trace) for peroxide oxidation at 1600 RPM.

(B) Tafel plots along with their Tafel slopes for OER with unsubstituted CoPc, a-TNCoPc and
B-TNCoPc isomers.

(C) Chronopotentiometric measurements at a constant current density of 10 mA/cm? for
oxygen evolution reaction in pH=14 electrolyte at a rotation rate of 1600 RPM for
unsubstituted CoPc, a-TNCoPc isomer and B-TNCoPc isomer.

(D) XPS spectra of pristine CoPc, a-TNCoPc and B-TNCoPc isomeric molecules.

Figure 3. Performance of a Zn-air battery charging chemistry with isomeric
electrocatalysts.

(A) Charge-discharge profiles of rechargeable zinc—air batteries, discharge (black) and charge
(blue, red, green) polarization curves obtained with Pt/C (0.5 mg/cm?) as the ORR catalyst and
B-TNCoPc, a-TNCoPc and unsubstituted CoPc as the OER catalysts (2 mg/cm?) respectively.
(B) Chronopotentiometric traces at a constant current density of 20 mA/cm?2.

(C) Charge-discharge cycling data for ZAB with the isomeric molecular electrocatalysts at a
current density of 20 mA/cm?2.

(D) Comparison of the round-trip efficiency at a current density of 20 mA/cm? for
unsubstituted CoPc, a-TNCoPc and B-TNCoPc isomers.

(E) In-situ electrochemical mass spectrometry with B-TNCoPc isomer during the charge
reaction.

(F) Long-term cycling with B-TNCoPc isomer at a current density of 20 mA/cm?2.

Figure 4. Post-electrochemical characterization of isomeric electrocatalysts.

(A) XPS spectra of B-TNCoPc composite electrode before (violet) and after (red) long term
polarization for 70 hours.

(B) UV-visible spectra before (violet) and after (red) long term polarization for 70 hours.

(C) FT-IR spectra before (violet) and after (red) long term polarization for 70 hours.

(D) Raman spectra before (violet) and after (red) long term polarization for 70 hours.
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METHOD DETAILS
Electrochemical measurements

The electrochemical experiments were done using the Biologic potentiostat (VMP 300) at
25¢°C and 1 atm pressure. For the electrochemical measurements, a three-electrode cell (10
ml volume, 2 mm electrode distance) configuration was used with a 3 mm diameter glassy
carbon disk as the working electrode, a platinum wire as the counter electrode and an
Ag/AgCl/Cl- (3.5 M KCl) as the reference electrode. All the potentials were finally converted
to reversible hydrogen scale (RHE scale) based on the redox potentials for hydrogen redox
reactions obtained on a Pt disc working electrode. Electrochemical investigations were
performed in 1 M KOH alkaline solution (pH 14) at a rotation rate of 1600 rpm with (CoPc),
(a-TNCoPc) isomer and (B-TNCoPc) isomer modified glassy carbon electrodes. The catalyst ink
was prepared by dispersing a known amount of catalyst in isopropyl alcohol with 5 wt %
Nafion as the binder followed by sonication for 1 hour. The prepared ink was then drop casted
on the glassy carbon electrode for preparing the working electrode. The glassy carbon
electrode was cleaned each time by polishing with 0.005 um alumina powder followed by
electrochemical cycling in the supporting electrolyte prior to its usage. Before starting the
experiment, the solutions were purged with nitrogen gas for about 15 minutes. Rotating Ring
Disk Electrode (RRDE) method with GC disk and Au ring electrode was used to calculate
number of electrons and H202 percentage. Linear sweep voltammetry was carried out on the
disc electrode whereas ring was biased at H,0, oxidation potential (1V vs RHE)(Zhou et al.,

2016).
The number of electron (n) is calculated using the following equation:
Iq
=4
n x Iq + I{Trc

and the % of peroxide (p) produced was calculated with the following equation:
Ir
Ne

p=2x

s
where lg, I, and N, represents the disk current, ring current and collection efficiency of the
RRDE respectively. N was found to be 0.37 which was calculated by measuring the ratio of
disk current to ring current in equimolar concentrations of potassium ferrocyanide and
potassium ferricyanide. Polarization and constant current tests for the battery were
performed in a tri-electrode two-compartment flood cell configuration in full cell mode
(Scheme S1) at 25°C and 1 atm pressure. The two half-cells were separated by a Nafion-117
membrane. The anodic compartment contained zinc metal dipped in 0.2 M Zn (OAc), solution
dissolved in 6 M KOH solution (30 mL). Cathodic compartment contained oxygen purged (100
ml/min) 6 M KOH solution (30 mL). The cathodic compartment housed both the ORR catalyst
i.e., Pt/C with a catalyst loading of 0.5 mg/cm? as well as the OER catalyst i.e., B-TNCoPc, a-
TNCoPc and unsubstituted CoPc with a catalyst loading of 2 mg/cm?2on a carbon paper. The
catalyst inks were prepared by dispersing a known amount of the phthalocyanine/CNT (30:70)
in iso propyl alcohol with 5 wt % Nafion dispersion as the binder.

Materials characterization

UV-Visible measurements of the molecules were carried out using a Perkin Elmer Lambda 950
instrument. FTIR spectra of the pristine CoPc, a-TNCoPc isomer and B-TNCoPc isomer as well
as the molecules anchored on CNT were done using a Bruker Alpha ATR-FTIR spectrometer.
Raman spectra were recorded using a Raman microscope (LabRAM HR, Horbia Jobin Yvon).
Scanning electron microscopy with energy dispersive X-ray spectrum was carried out with
Zeiss Ultraplus-4095 instrument for checking the morphology and elemental analysis. Nuclear
magnetic resonance (NMR) spectra of isomeric molecules were recorded with Bruker 400
MHz spectrometer. In-situ electrochemical mass spectrometry was carried out with an HPR-
40 R&D (Hiden analytical) Quadruple mass analyzer with a standard QIC inlet. The intensity
count is represented as relative pressure with respect to a carrier gas. X-ray photo electron
spectroscopy (XPS) measurements were obtained with a ThermoKalpha* spectrometer using
a monochromated Al Ka (1486.6 eV) X-ray source having 72 W power. The spot size of the X-
rays was kept at 400 um. 180° double focusing hemispherical analyzer with 128 channel
detector was used for electron energy analysis. Charge compensation was done with ultra-
low energy co-axial electron and Ar+ ion beam and was always switched on during the spectral
acquisition and final spectra were cross verified for charge accumulation with C1s standard
value at 284.6 eV. The base pressure of the spectrometer was always better than ~5x10-°



mbar and ~1x107 mbar during data acquisition with flood gun on. The survey scan was
collected at 200 eV pass energy and individual core-levels at 50 eV.

SUPPLEMENTAL INFORMATION

Document S1. Supplemental experimental procedures, Figures S1-S9, Tables S1-S5 and
Scheme S1
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Ligand isomerism tunes the activity of the catalytic centre.

Repulsive non-covalent interactions are responsible for the catalytic
activation.

Ligand isomerism can improve the round-trip efficiency of a Zn-air

battery.



KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Ammonium molybdate, 99.99% (metal basis) Alfa Aesar https://www.alfa.com/en/catalog/043206/
N, N-Dimethylformamide, 99% Alfa Aesar https://www.alfa.com/en/catalog/A13547/
Hydrogen peroxide, 35% Alfa Aesar https://www.alfa.com/en/catalog/L14000/
3-Nitrophthalimide, 98% Alfa Aesar https://www.alfa.com/en/catalog/A15291/
4-Nitrophthalimide, 98% Alfa Aesar https://www.alfa.com/en/catalog/A12040/
Phthalimide, 99% Alfa Aesar https://www.alfa.com/en/catalog/A12584/
Cobalt (Il) chloride hexahydrate, 98% Alfa Aesar https://www.alfa.com/en/catalog/A16346/
Zinc chloride hydrate, 99.99% (metal basis) Alfa Aesar https://www.alfa.com/en/catalog/041247/
Urea, 99.0-100.5% Alfa Aesar https://www.alfa.com/en/catalog/036428/
Ammonium chloride, 98+% Alfa Aesar https://www.alfa.com/en/catalog/A15000/
Nitrobenzene, 99% Alfa Aesar https://www.alfa.com/en/catalog/A10585/
2-Propanol, 99.5% Alfa Aesar https://www.alfa.com/en/catalog/036644/
Ethanol, 94-96% Alfa Aesar https://www.alfa.com/en/catalog/033361/
Methanol, 99% Alfa Aesar https://www.alfa.com/en/catalog/L13255/
Toluene, 99% Alfa Aesar https://www.alfa.com/en/catalog/L10967/
n-Hexane, 99% Alfa Aesar https://www.alfa.com/en/catalog/L09938/
Potassium hydroxide, pellets, 85% Alfa Aesar https://www.alfa.com/en/catalog/A18854/
Potassium hexacyanoferrate (ll1), 98+% Alfa Aesar https://www.alfa.com/en/catalog/A16946/
Potassium hexacyanoferrate (ll) trihydrate, 98+% Alfa Aesar https://www.alfa.com/en/catalog/A15736/
Zinc acetate dihydrate, 97+% Alfa Aesar https://www.alfa.com/en/catalog/A12909/
Hydrochloric acid, 37% Sigma Aldrich SKU: 258148-100ML

Perfluorinated resin solution containing Nafion Sigma Aldrich SKU: 274704-100ML

Carbon nanotube, multi-walled

Sigma Aldrich

SKU: 698849-1G
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