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S1. Preparation of different modified working electrodes (GCE, RDE, RRDE, NF and

air cathodes)

GCE, RDE, RRDE, NF and air cathodes were prepared with reference to the reports in the
literatures[S1-S31] RDE, RRDE, GCE was first polished using alumina slurries (0.3 and 0.05
micron-sized), nickel foams and carbon clothes were consecutively acid washed, and then
treated by successive ultrasonic cleaning using absolute deionized water, and ethanol. The
activated electrodes were modified with the electrocatalysts ink dispersion. The 4 mg-mL"!
electrocatalyst ink was used to drop-cast onto the electrodes surface. Accordingly, a mixture
of 4 mg electrocatalyst powder, ethanol (300 puL), deionized water (650 uL), and 5 wt%
Nafion solution (50 puL) was ultra-sonicated for 30 min. Hence, the electrocatalyst loading on
electrode surface was controlled at 0.0142 mg/cm? and essentially each modification was
dried in air. All the experiments were demonstrated in KOH alkaline media, such as 0.1 M,
IM and 6M+0.5M ZnOAc for ORR, OER and ZAB respectively. In a typical procedure, all
the calculations such as, Koutecky-Levich (K-L) for electron transfer number, hydrogen
peroxide % calculation, and were mentioned in Supporting informations (S.1.) Herein, the
glassy carbon electrodes (GCE) with d= 2.4 mm was working electrode, and the carbon rod
was counter electrode for OER and reference electrode (saturated mercury oxide electrode
(Hg/HgO)) was same for both OER and ORR; in this, Pt/C and Fesas-PFN-CNTs modified
nickel foam electrodes were used for OWS. Overall, intrinsic catalytic response, electro-
kinetics, interference measurement, electron/mass transfer analysis and charging-discharging
of the electrocatalysts were investigated using various electroanalytical techniques

(Cyclic/linear sweep Voltammograms (CV/LSV), electrochemical impedance spectroscopy



(EIS), Chronoamperometric I-T test, open circuit potential (OCP) and chronopotentiometry

(CP) and discussed in brief.

Crystallite domain size calculations

A4
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Where, A=532 nm (the laser wavelength), and ID/IG is the disorder decree of D and G bands.

Crystallite domain size = (2.4 x 10719)

S2. Electrochemical characterizations

Electrochemical ORR measurements were carried out in O2- and N2-saturated 0.1 M KOH by
using an electrochemical workstation (Pine, WaveDriver20) equipped with three electrodes.
Wherein the catalyst-loaded rotating disc electrode (RDE, Pine, 5 mm; for CV, LSV, CSCA, CV
cycling, i-t, and methanol poisoning) and a rotating-ring disc electrode (RRDE, Pine, N = 0.37;
for electron transfer number and H20: yield) were used as working electrodes, while the Hg/HgO

electrode and Pt wire were used as the reference and counter electrodes, respectively.

Working electrodes were prepared by sonicating 5 mg of catalyst powder in 1 mL of mixed
solvents (Vwater : Vethanol = 3: 1) for 5 minutes. To which, 50 pL of Nafion ink was injected and
ultrasonicated for an additional 30 min. afterwards, 15 pL of catalyst ink was loaded on RDE and
RRDE. The loading amounts of all the catalysts, including 20 wt. % Pt/C for ORR, were 0.29 mg
cm. All measured potentials were corrected versus the reversible hydrogen electrode (RHE) using
the Nernst equation (Erue = Emg/mgo)+ 0.0591 x pH + 0.098). The cyclic voltammetry (CV) curves
were detected from 0.2 to 1.0 V on RDE (50 mV s7!). The linear sweep voltammetry (LSV) curves
were investigated from 0.2 to 1.1 V (10 mV s™!, 400-2500 rpm). Cyclic step chronoamperometry

(CSCA) was conducted to measure the solution resistance by adding an instantaneous 50 mV step



potential at 8 ms. The final LSV data was obtained by subtracting the background current measured
in N2-saturated electrolyte and performing iR compensation using the CSCA results. The CV
cycling tests were carried out from 0.6 to 1.0 V for continuous 3,000 cycles (100 mV s™'). The
long-term durability experiments were executed by a chronoamperometry test on RDE at 0.6 V
for 6 h (at 1600 rpm). Methanol tolerance tests were carried out by adding 20 mL of methanol to
90 mL of 0.1 M KOH electrolyte for Fesas-PFN-CNTs, while 5 mL of methanol was added to 90

mL of 0.1 M KOH for commercial Pt/C.

The H20:2 yield and ‘n” were further detected on RRDE. The LSV was obtained from 1.1 to
0.1 V(5mV s, 1600 rpm). And its ring potential was set at 1.3 V. Used the subsequent equations

to calculate their specific values:

I
o — N
H,0,(%) = 200 X i
Id+Nr
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n=4x dI
Id+Nr

Wherein, /;: ring current; /: disk current; N: collection efficiency of the Pt ring (N = 0.37).

The Koutecky—Levich equation was provided to evaluate the values of electron transfer

number (7).
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Wherein, j: measured current density; jk: kinetic current density; jz: diffusion-limited current

density; w: the angular velocity of the disk (rad s™); F: Faraday constant (96485 C mol™); Co: bulk



concentration of O2 (1.2 x 10 mol cm™); Dy: diffusion coefficient of O2 in 0.1 M KOH (1.9 x 10-

> em? s71); V: kinematic viscosity of the electrolyte (0.01 cm? s™).

Similarly, the same catalyst ink was loaded (5 puL) on a glassy carbon working electrode (GCE;
3 mm diameter) to evaluate the OER performance tests on a CHI 660D electrochemical
workstation in 0.1 M KOH. The reference RuO: catalyst ink was also prepared in the same manner
and loaded on polished GCE (5 pL on 3 mm GCE; loading amount was 0.26 mg cm™). Herein, the
three-electrode system is assembled by a catalyst-loaded GCE working electrode, a graphite
counter electrode, and a Hg/HgO reference electrode. LSV curves were acquired by scanning the
potential from 0 to 0.8 V versus the Hg/HgO electrode with a scanning speed of 5 mV s™'. The
electrochemical impedance spectroscopy (EIS) tests were performed from 0.1 to 100 kHz. CV
cycling was carried out using catalysts modified GCE and the i-¢ tests were performed on nickel

foam current collectors (2 cm x 1 cm; catalyst loading was 1 mg cm™).

A Zn-O2 battery was constructed in a 6 M KOH aqueous electrolyte consisting of 0.5 M
Zn(Ac)2using a CHI 660D electrochemical workstation. Polished zinc sheet was used as a metal
anode (thickness of 0.3 mm), and the bifunctional electrocatalyst-loaded carbon paper was
employed as air cathode. Electrocatalyst ink preparation is the same as above, and the obtained
homogeneous link was loaded on carbon paper and dried in a 50 °C electric oven before assembling
the Zn-air battery. While Pt/C-RuO2 mixed catalyst ink was also prepared in the same method by
dispersing 5 mg of both catalysts (1:1 wt.%) in a mixed solution of 750 uL of water, 250 puL of
deionized water, and 50 pL of Nafion ink by ultrasonication for 30 min. The homogenous ink was
dropped onto the carbon paper, and the mass loading of the catalysts was 1.5 mg cm™. All the
electrochemical data of the as-prepared electrocatalysts presented in this article has been tested

twice to make sure all the results are reliable and reproducible.



Table S1: Bifunctional_activity of Fesa,-PFN-CNTs performance and other compared
transition-metal-based materials
Activities Tafel slope
n@10 mA/cm? Electrolyte Ref.
Materials (mV/ dec)
Co9Ss/CD@NSC 390 mV 113 1.0 M KOH S2
Co, N, P-PCNS 319 mV 91.1 1.0 M KOH S19
Co@CoOx 289 mV 68.9 1.0 M KOH S20
Co2P@NCNT 470mV 35.49 1.0 M KOH S21
Co@CoOxN-C 322 mV 73.3 1.0 M KOH S22
SS-Co-SAC NSAs 348 mV 94.2 1.0 M KOH S23
Co-Ni-Se/C 290 mV 143 1.0 M KOH S24
Co@NCNTs 351 mV 180.7 1.0 M KOH S25
NiSe2/CsN4 300 mV 58 1.0 M KOH S26
CoNi-OCNC 346 mV 67 1.0 M KOH S27
310 mV 63.8 1.0 M KOH This
Fesas-PFN-CNTs
work




Table S2: ORR performance of Fesas-PFN-CNTs in comparison with few more synthesized

catalysts in 0.1 M KOH solution.

Activities Eonset Eip Jaat 0.6 V Jkat0.8V
Materials %) W) (mA cm?) (mA cm)
PFN-CNT 0. 87 0.815 3.89 2.4
Fe@P-CNT 0.95 0.82 5.15 9.6
Fe@N-CNT 0.934 0.835 5.97 36.3
Pt/C 0.957 0.828 5.21 19.4
Fesas-PFN-CNTs 0.98 0.885 6.32 144.2




Table S3: ORR performance of Fesas-PFN-CNTs in comparison with the other reported non-noble

metal electrocatalysts.

Activities Onset Half-wave (E1/2)

Materials potential potential Electrolyte Ref.
(V vs RHE) (V vs RHE)

FC@NCs-4.15 0.1 M KOH 0.94 0.1 M KOH S1
Co9S8/ CD@NSC 0.933 0.84V 0.1 M KOH S2
Fe-HNC 0.93 0.85 0.1 M KOH S3
Fe/Co @NC-WO2x 0.93 0.87 0.1 M KOH S4
FeCo-N-HCN 0.91 0.86 0.1 M KOH S5
Fe SAs@S/N-C 0.96 0.84 0.1 M KOH S6
Fe-N-C-S 0.99 0.90 0.1 M KOH S7
Fe-N/P-C-700 0.941 0.867 0.1 M KOH S8
NPS-G-2 0.96 0.85 0.1 M KOH S9
Fe/OES 1.0 0.85 0.1 M KOH S10
CoFe-CB / 0.86 0.1 M KOH S11
Fe@SNDC-950 0.98 0.83 0.1 M KOH S12
NSCHCT1000 1.02 0.84 0.1 M KOH S13
Fe-N-DSC 1.03 0.84 0.1 M KOH S14
Conp/Cosa-N-C 0.95 0.83 0.1 M KOH S15
Co-N-PCNF 0.95 0.81 0.1 M KOH S16
Fe-Co-N-C-900 0.97 0.86 0.1 M KOH S17
Fe/Mn-NIHPC 0.95 0.86 0.1 M KOH S18
Fesas-PFN-CNTs 0.98 0.885 0.1 M KOH This work




Table S4. Comparison of the performance of Fesas-PFN-CNTs based Zn-Air battery with

other reported electrocatalysts.

Activities Maximum Specific capacity
Open-circuit
power density (mAh g") @J Ref.
voltage (V) ,
Materials (mW em) (mA cm?)
Co9S8/CD@NSC - 92.7 - S2
Fe sas@S/N-C 1.51 156 794@10 S6
Fe-N-C-S 1.49 201 854@10 S7
Fe-N/P-C 1.42 133.2 723.6@100 S8
NPS-G-2 1.372 151 686@10 S9
Fe/OES 1.5 186.8 807.5@5 S10
FeCo/NC 1.472 130 725.6@10 S15
Co,N,P-PCNS 1.498 101.3 - S19
FeCo@HOMNCP 1.619 134 786.5@10 S28
FeMn-DSAC 1.45 181 734@?2 S29
Co/Co09Ss-NCL-
1.485 112 674@10 S30
30
Fenr@Fe-N-C 1.45 106.5 711@10 S31
FeP/NPC-DNA 1.394 111.2 789.4@10 S32
NP-CosaNC 1.42 158.1 768.4@20 S33
This
Fesas-PFN-CNTs 1.49 241 781@20

work




S2. Characterizations

Fig S1. Additional HRTEM images
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Fig. S3. (a-d) The plots of cyclic voltammograms operated in a non-Faradaic capacitive current
range to estimate the ECSA in 0.1 M KOH electrolyte.
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Fig. S4. LSV curves of Fesas-PFN-CNTs with different iron citrate loading amount in presence
of Oz purging
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Fig. SS. I-T stability test and, b) CSCA plot obtained for Pt/C in Oz-saturated and c) CV plots
obtained for commercial Pt/C in N»- and Oz-saturated 0.1 M KOH.
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Fig. S6. (a) CSCA plot and (b) CV plot obtained for PFN-CNTs in Oz-saturated 0.1 M KOH.
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Fig. S7. (a) CSCA plot and (b) CV plot obtained for Fe-N-CNTs in Oz-saturated 0.1 M KOH.
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Fig. S8. (a) CSCA plot and (b) CV plot obtained for Fe-P-CNTs in Oz-saturated 0.1 M KOH.
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Fig. S9. (a) I-T stability test and (b) cycling stability obtained using LSV plot at initial and after

1000 and 3000 cycles, respectively and ¢) CCSA study of Fesas-PFN-CNTs in Oz-saturated 0.1 M
KOH.
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Fig. S10. (a) Methanol poisoning test obtained using CV plot for Fesas-PFN-CNTs in Oz-saturated
0.1 M KOH in presence and absence of stirring a) 1600 rpm B) no stirring.
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Fig. S11. (a) LSV plots obtained by varying the rotation speed from 400-2500 rotations per minute
(RPM) for Fe-N-CNT, and (b) the corresponding Koutecky—Levich (K—L) plots.
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Fig. S12. (a) LSV plots obtained by varying the rotation speed from 400-2500 rotations per minute
(RPM) for Fe-P-CNT, and (b) the corresponding Koutecky—Levich (K—L) plots.
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Fig. S13. (a) LSV plots obtained by varying the rotation speed from 400-2500 rotations per minute
(RPM) for commercial Pt/C, and (b) the corresponding Koutecky—Levich (K—L) plots.

S3. Computational details



All calculations are performed in the Vienna Ab-initio Simulation Package (VASP) using spin
polarized density functional theory®*. Projected Augmented Wave (PAW) method is used to
describe the potentials of the atoms with Generalized Gradient Approximation (GGA) is
considered for exchange and correlation effects at Perdew-Burke-Ernzerhof (PBE) level®.
Grimme’s correction is used with PBE for Van der Waal’s correction’. Plane wave cut-off energy
of 450 eV is used for the calculations. 3 x 1 x 1 K-point grid is used for the brillouin zone sampling
with Monkhorst Pack scheme. Structural optimizations were done until the total energy converged
less than 107 eV per atom and the maximum force converged less than 0.02 eV/A.

S3.1. Modelling

Fig. S14. Structure of FesC with (110) crystal face constructed on CNT for theoretical calculation
in this work.

To construct the Fe active site model, a (8,8) carbon nanotube (CNT) was used ina 1 x 5
supercell. The computational models were optimized with cell dimensions of @ = 12.12 A, b =
24.187 A, c =30 A, and lattice angles o= B =y = 90°.

A

Fig. S15. Top and side view of an optimized structures of (a) Fe-N4CNT. (b) FesC-Fe-N4-CNT
(Fesas-N-CNTs). (c) FesC-PF-Fe-N4-CNT (Fesas-PFN-CNTs).



A vacuum of 15 A was introduced along the z-axis to prevent any unintended interactions
between the periodic images. Three distinct configurations were considered: (i) FeNa supported on
carbon nanotubes (Fe-NsCNT), (i1) FesC embedded in the CNT structure with its (110) lattice plane
(see Fig.S14) exposed to FeNs active sites (Fesas-N-CNTs), and (iii) a similar FesC insertion with
phosphorus (P) and fluorine (F) dopants in the FeNs-CNT matrix (Fesas-PFN-CNTs). Optimized
structures for each configuration are illustrated in Fig. 15a-c, 16.

S3.2. Steps for Oxygen Evolution Reaction (OER):

AG1=*+40H — OH* + 30H + ¢ 1

Surface reacts with hydroxide ions to form surface-bound hydroxyl species (OH) and releases one
electron.

AG2=0OH* +30H +e— O*+ H20 +20H +2 ¢ 2
Surface-bound OH* reacts, releasing water and forming surface-bound oxygen (O*).
AG3 = 0* +20H + H20 + 2¢— OOH* + H20 + OH™ + 3¢ 3
O* reacts with hydroxide ions to form surface-bound peroxide species (OOH*).
AG4=0OO0OH* + H20 + OH™ + 3e— O2 + 2H20 + 4e° 4
OOH* releases oxygen gas (O2) and additional water.
S3.3. Steps for Oxygen Reduction Reaction (ORR):
AG1 =02+ 2H20 + 4e- — OOH* + H20 + OH™ + 3¢ 5
Oxygen gas reacts with water to form surface-bound peroxide (OOH*).
AG2 =0OO0OH* + H20 + OH + 3e— O* + 20H™ + H20 + 2¢ 6
Surface-bound peroxide reacts to form surface-bound oxygen (O*).
AG3; =0* +20H + H20 + 2¢e— OH* + 30H + ¢ 7
Surface-bound oxygen reacts to form surface-bound hydroxyl (OH*).
AG4=OH* +30H + e— * + 40H" 8
Surface-bound hydroxyl returns to the initial state, completing the ORR cycle.

Free energy difference AG is calculated by following ¥/,



AG = AEprr + AZPE — TAS —neU 9

* denotes the active site on a surface, while molecules marked with * represent those in an adsorbed
state. The terms Eprr and ZPE refer to the total energy from DFT calculations and the zero-point
energy of free molecules, respectively. The variables TS, n, and U represent the entropy obtained
from vibrational frequency calculations, the number of electrons transferred, and the applied
potential on the electrode, respectively. At the equilibrium potential of U = 0.4 V, the potential-
determining step (PDS) is the one with the highest uphill energy difference in the free energy
profile, from which the overpotential (1)) is calculated for the active site. A lower overpotential
indicates a more efficient site.
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Fig. S16. Optimized structures of the ORR and OER intermediates on Fesas-PFN-CNTs.
S3.4. d-band center
The d-band center is calculated using formula

f_ pqE dE

f_(x padE
Here, p is depicted as the density of d and E is depicted as the energy eigen value.

d-band center= =%—— 10

S4. DFT studies: Results and discussion

First-principles Density Functional Theory (DFT) calculations were carried out to investigate
the roles of phosphorus (P), iron (Fe), and iron carbide (FesC) species in enhancing the bifunctional
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) activities within the Fe-
N4-CNT structure. It is widely recognized that transition metal centers in single-atom catalysts
(SACs) often exhibit strong binding to O> molecules, coupled with high energy barriers for the
four-electron ORR and OER processes. This results in suboptimal bifunctional catalytic activity.
However, based on electrocatalytic experiments, it was anticipated that the introduction of FesC at
the interface would reduce the energy barriers for both ORR and OER on Fesas-PFN-CNTs active
sites, potentially improving their overall performance.



The d-band center, a key descriptor for the catalytic activity of metal atoms, was calculated
using eq 10°%*°, In comparison to the Fe-N+—CNT system, where the d-band center of Fe is -2.63
eV, the values shift upward to -2.12 eV in the Fesas-N-CNTs system and -2.31 eV in the Fesas-
PFN-CNTs system (Fig. S17). This shift indicates that the incorporation of FesC, along with
phosphorus (P) and fluorine (F) dopants, modifies the electronic structure of the Fe atoms,
promoting more favourable O: adsorption and thereby enhancing bifunctional catalytic activity.
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Fig. S17. Projected density of states (PDOS) of Fe d-band in (a) Fe-N4-CNT (b) FesC-Fe-N4-CNT
(Fesas-N-CNTs) and (c¢) FesC-PF-Fe-N4-CNT (Fesas-PFN-CNTs).

From the Fig. S18, the O>—*0OOH step in Fe-N4-CNT requires overcoming a 0.19 eV energy
barrier, which hinders smooth oxygen activation. Similarly, the *OH—*O step in OER requires a
higher energy barrier of 0.86 eV. Upon integrating FesC into the Fe-N4-CNT, the ORR barrier is
significantly reduced to 0.02 eV, improving the ORR activity. However, the OER step requires a
much higher energy barrier of 1.18 eV, indicating a less favorable condition for OER activity. In
contrast, when Fe3C is integrated into the Fesas-PFN-CNTs structure, the ORR and OER
performance becomes more balanced. The ORR energy barrier is lowered to 0.11 eV, and the OER
barrier is reduced to 0.53 eV, making it more optimal for dual-function catalytic activity. These
findings highlight that FesC, P and F integration can significantly enhance the ORR/OER
performance of single-atom Fe-based catalysts, especially in improving both ORR and OER
activities.
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Fig. S18. Gibbs free energy changes of ORR and OER on Fe-N4+-CNT, Fe3C-Fe-N4-CNT and
Fe3C-PF-Fe-Ns-CNT.

To understand these changes in the energy barrier, we studied the bader charge calculations. Fig.
S19 shows the Bader charge transfer analysis for three systems, Fe-N4CNT, Fesas-N-CNTs and
Fesas-PFN-CNTs systems. The bader charge for Fe in the Fesas-PFN-CNTs, the electron-rich Fe;C
serves as an electron donor, transferring 0.066 (see Fig. S19a) electrons to the electron-
withdrawing Fe-N+~CNT site which is agrees with previous report®’. This electron donation
results in a decrease in the Fe (+ve) charge value from 0.948 to 0.882e. In case of Fesas-PFN-
CNTs, the charge transfer is 0.141¢e (see Fig. S19b). This electron donation results in a decrease
in the Fe (+ve) charge value from 1.092¢ to 0.951e. Hence, Upon incorporating PF into the Fe—
N+—CNT system, our calculations reveal an increase in the Fe charge value to 1.092e, indicating
that P and F functions as an electron donor (0.073¢) and acceptor (0.217), from the Fe center (see
Fig. S19¢). When both P and F and FesC are introduced into the Fe-N+—CNT system, the charge
on the Fe site stabilizes at 0.95e, suggesting a compensatory effect between the electron-donating
Fes;C and the electron-accepting P and F. This dual modulation of charge density-electron donation
from FesC and electron withdrawal by P and F-likely plays a crucial role in regulating the
adsorption and desorption of oxygen-related intermediates on the Fe—N4CNT catalytic sites. This
modulation enhances the catalytic efficiency by facilitating reversible ORR and OER, making the
system a promising candidate for applications in energy conversion technologies.



Fig. S19. Bader charge transfer analysis for e- transfer in the (a) FesC-Fe-Ns-C, (b) side and (c)
top view of Fe3C-PF-Fe-N-C system.
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