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Kinetic Current Calculation

For oxygen reduction reaction

. _ Jp (E) jpL
) = i E)

where,
jk(E) = Kkinetic current
Jjpr = limiting disk current (taken at 0.4 V vs. RHE for all catalysts)

Jjp(E) = disk current (taken at 0.8 V vs. RHE for all catalysts and 0.9 V vs. RHE for Pt/C)

ECSA calculation
Car
ECSA = —
C

S
where,
Cq; 1s the double-layer capacitance of the system, determined from the slope of linear fits to

the graph of current (averaged from cathodic and anodic charging currents measured at 1.05 V

vs. RHE) vs. scan rate.

C; is the specific capacitance of the electrode; a typical value of 0.04 mF ¢cm™ is taken in

alkaline solutions. 5! 52

Mass-specific and area-specific AE calculations

The kinetic current per real surface area can be calculated using the electrochemical surface

area (ECSA) of the coated electrode as shown below

I (nA)

i (WA cmgésp) = ECSA (em?)

Similarly, the mass-specific kinetic current density can be calculated from the equation as given

below
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I, (A)
W (g)

ir(Ag™) =

Here, the amount of catalyst coated was 4.95 pgy: for Pt/C and 99 ug for other catalysts.

The OER kinetic current densities were estimated assuming that the onset region is purely
under kinetic control. Unlike ORR, the OER LSV does not exhibit a well-defined diffusion-
limited region; therefore, the Koutecky-Levich (K-L) equation cannot be applied to determine
the kinetic current. However, we make sure that the reaction is kinetically controlled using the
rotational speed study. And here, the amount of catalyst coated was 99 pg for RuO, and other

catalysts.

Therefore, to evaluate the catalytic performance, we fixed 10 A g, and 10 pA cmgésy, as
the reference current density for mass-specific and area-specific AE calculations for both ORR
and OER. The potential difference (AE) was determined from the difference between the
potentials required to reach 10 A g! (mass-specific current density) and 10

10 pA cmgés, (area-specific current density) for the OER and ORR, respectively

TOF calculation

Turn over frequency (TOF): The TOF of the materials are calculated as previously reported

procedure based on the following formula,?

where J is the current density at a fixed potential, N, is the Avogadro number, and 7 is the
number of electrons transferred (n is taken as 2 for HER and 4 for OER), F is the Faraday
constant (96485 C mol ™), and 7 is the number of active sites involved in the reaction, which

can be calculated using the following relation.

_ area of CV curve
"~ scan rate X 1.601 x 101

The area of the CV was estimated at a scan rate of 0.04 V s™! in the non-faradaic region of the

voltammogram.
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Specific Capacity measurement

he specific capacity of the zinc-air battery was calculated based on the total discharge time and

the mass of consumed zinc, using the relation:

Ixt
Wzn

Specific Capacity =

I- Current passed, t- Service hours, Wy, - Zinc consumed

Wy, = Initial weight of Zinc plate — Final weight of Zinc plate
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Synthesis of YC003

Yttrium cobalt oxide with the perovskite structure was synthesised by a high-energy dry ball-
milling strategy using a Retsch PM 100 Planetary Ball Mill. The 1:1 mixture of yttria and cobalt
oxide powder was placed in one-third of the SS jar volume. Another one-third of the jar was
filled with stainless-steel 3 mm diameter balls, and the jar was sealed tightly. The mixer was
ball-milled at 500 rpm for 12 h. Further, the ball-milled sample was pyrolysed in air at 900 °C

for 5 h to obtain yttrium cobalt oxide with the perovskite structure.
Synthesis of Graphene oxide (GO)

Graphene oxide (GO) was synthesised through the oxidation of graphite with a modified
Hummers Method.%* Concisely, 2 g each of NaNO; and graphite powder were introduced to
90 mL of concentrated H2SO4 in an ice bath, and the mixture was stirred for 4 hours. 12 g of
KMnO4 was added to the mixture, maintaining the temperature below 15 °C. The components
were diluted with 184 mL of distilled water and stirred at 35 °C for 2 hours. The mixture was
then refluxed at 98 °C for 15 minutes and subsequently cooled to room temperature. 40 mL of
H>0O> was added to eliminate unreacted KMnOs4, followed by centrifugation and repeated
washing with 0.1 M HCI and DIW. The resulting black residue was vacuum-dried at 60 °C for
8 hours to yield GO powder.

Preparation of PVA gel for solid-state ZAB

PVA gel was prepared using the previously reported procedure.>® Briefly, 2 g PVA was
dispersed in 20 mL of DIW, and the mixture was refluxed at 90°C for 1.5 hours while being
vigorously stirred. The aforementioned dispersion was mixed with 2 mL of 18 M KOH and
0.02 M zinc acetate solution, then added dropwise to obtain a transparent solution, which was
then agitated for 30 minutes. After 12 hours of freezing, the finished gel was thawed at normal
temperature. To improve its ionic conductivity, it was submerged in a solution of 0.2 M zinc

acetate and 6 M KOH.
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Figure S1. Powder XRD patterns of (a) YCoO3, (b) heteroatoms-doped YCoO3 (YCoO3/N&S-
rGO), (c) individual and physically mixed Y203 and Co304 and (d) YCO.

S7



(a) —GO (b) — YCONGO

——N-rGO ——YCO/S-rGO

N&S-rGO YCOIN-rGO
S -]
« «
2 2
£ £
c c
2 2
£ v £

A A
10 20 30 40 50 60 10 20 30 40 50 60 70 80
20/ degree 20/ degree

Figure S2. The powder XRD recorded for the control samples (a) undoped and heteroatom-

doped carbon materials, and (b) YCO with heteroatom-doped carbon materials.
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Figure S3. XRD patterns of YCO/N&S-rGO obtained from various parameter optimizations

(a) at different ramp rates, (b) at different temperatures, and (c) at different dwelling time, of
heat treatment in the N> atmosphere.
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Figure S4. Thermogravimetric analysis of (a) YCO/N&S-GO precursors in N atmosphere and
(c)YCO/N&S-rGO in air atmosphere, (b) and (d) PXRD taken after the TGA analysis of (a)

and (c), respectively.
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Figure S5. Raman spectra of (a) metal oxides (b) metal oxide/ nitrogen doped composites and

(c) other control samples.
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Figure S6. SEM images of (a) Yttrium oxide (YO), (b) cobalt oxide (CoO), (c) Yttrium cobalt
oxide (YCO), (d) YO/N&S-rGO and (¢) CoO/N&S-rGO.
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Figure S7. SEM images of (a-b) GO, (c-d) N&S-rGO, (e-f) YCO/N-rGO, and (g-h) YCO/S-
rGO
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Figure S8. HRTEM and SAED pattern of (a,b,c) YO/N&S-rGO, (d,e,f) CoO/N&S-rGO and
(g,h,1) YCO/N&S-rGO respectively.
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Figure S9. HAADF-STEM EELS elemental mapping of (a) C, (b) N, (¢) Sand (d) Y, Co & O
in YCO/N&S-rGO.
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Figure S10. (a) HAADF-STEM image and the corresponding EELS elemental mapping, (b)
Y, (c) O, (d) C, (e) S and (f) N. (g) Overlap of (g) Y and O and (h) all elements in YO/N&S-
rGO.
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Figure S11. (a) HAADF-STEM image and the corresponding EELS elemental mapping, (b)
Co, () O, (d) C, (e) S and (f) N. (g) Overlap of Co and O and (h) overall elements in CoO/N&S-
rGO.
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Figure S12. Pore size distribution of synthesized materials (a) YCO, (b) YO/N&S-rGO, (c)
CoO/N&S-rGO and (d) YCO/N&S-rGO by NLDFT method.
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Figure S13. (a) XPS survey spectra of YCO, YO/N&S-1GO, CoO/N&S-rGO and YCO/N&S-
rGO, Core level deconvoluted spectra of (b) C-1s and (c) N-1s XPS of YCO/N&S-rGO.
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Figure S15. Core level deconvoluted spectra of (a) Y-3d & S-2p, (b) O-1s, (c) C-1s and (d) N-
Is of YO/N&S-1GO.
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Figure S17. The RRDE voltammograms of ORR in Os-saturated 0.1 M KOH on (a) yttria
carbon composites, (c) cobalt oxide carbon composites and (e¢) YCO carbon composites. (b),
(d) and (f) are the potential dependent number of electrons and % H>O: of the yttria, cobalt
oxide and YCO carbon composites, respectively. The electrode rotational speed is 1600 rpm,

and the scan rate is 10 mV s™'. The Pt-ring electrode was kept at a constant potential of 1.2 V.

S23



o
()

Ig/ mA cm?
e

14

Ip / mA cm-?

Figure S18. (a) The RRDE voltammograms of ORR (O; saturated 0.1 M KOH) on control
samples (varying the precursor content) at 1600 rpm (scan rate 10 mV s) and (b)

24
34

No.of electrons

(a) —— YCOIN&S-2rGO
1 & —— [YCO+N&S-rGO]-900
2YCOIN&S-rGO
—— YCOIN, ;&S-2rGO
\ YCOIr-GO
A \
0.2 0.4 0.6 0.8 1.0

Potential vs. RHE /| V

corresponding number of electrons and % H2Ox.

S24

4.0
@ P—
3.5. —_— e _/
~—n ——YCOIN&S-2rGO
—— [YCO+N&S-rG0]-900
2YCO/N&S-rGO
30, ~——YCO/N;3&S-4rGO
) YCOMm-GO
% H,0, ==== 5>
2.51 1202022200000 0epnnnsatt S IINNNILLL e,
L LI TTPeN " 'llo...
2.0 v r r r r
0.2 0.3 0.4 0.5 0.6

Potential vs RHE /V

100

75

k25

% H,0,



o
w
=
Q
~|

Ig | mA cm2
o o
- N

——YO0-CoO/N&S-rGO
—— YC,0/N&S-rGO

Y, ;COIN&S-rGO

Ip / mA cm2

No.of electrons

0.2

04 06 08 1.0
Potential vs RHE /V

4.0 .
(b)
=
3.54 —YO-CoO/N&S-rGO
—YC,0/N&S-rGO
-+—n
. == Y15COIN&SGO
3.0 T
s s’ el
2.5 % HyOpeeee
2.0 T T

02 03 04 05 06
Potential vs RHE /V

100

- 75

(¢
o
% H,0,

-25

Figure S19. (a) The RRDE voltammograms of ORR (O saturated 0.1 M KOH) on control

samples (varying the metal content) at 1600 rpm (scan rate 10 mV s™') and (b) corresponding

number of electrons and % H>0O,.

S25



+ 0643) G0 4016y —reo 100
E 0.4 S —N-rGO —N-rGO
al N&S-rGO N&S-rGO % H, O, --eeei
£ N\ 2 3.5 r T s
~ 0.2 ¥ ° I g —
] 15 ........................... ...... |
]
%= ————— o 3.0 ~r 50
‘S
“.‘E A - 2 —
G 2.5 -25
i -
ﬁn -3- L) T T T T 2.0 T T T T T 0
0.2 0.4 0.6 0.8 1.0 0.2 0.3 04 0.5 0.6
Potential vs RHE / V Potential vs RHE /V

Figure S20. (a) The RRDE voltammograms of ORR (O saturated 0.1 M KOH) on control
samples (undoped and heteroatom atom(s) doped carbon materials) at 1600 rpm (scan rate 10

mV s!) and (b) corresponding number of electrons and % HO.
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Figure S25. RDE voltammograms of YCO/N&S-rGO at 1600 rpm rotational speed (scan rate
10 mV s!) in O,-saturated in 0.1 M KOH and 10 mM KSCN+0.1 M KOH electrolyte.
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Figure S26. The linear sweep voltammograms (with 80 % iR compensation) of OER on (a,c,e)
heteroatom-doped metal oxides in 1 M KOH at 2000 rpm (scan rate 10 mV s™') and (b,d,f) the

corresponding Tafel plots.
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Figure S27. (a) The linear sweep voltammograms of OER (with 80 % iR compensation) on
control samples (varying the metal content) in 1 M KOH at 2000 rpm (scan rate 10 mV s™') and
(b) corresponding Tafel plot.
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Figure S28. The linear sweep voltammograms of OER (with 80 % iR compensation) on YCO
and YCO+rGO in 1 M KOH electrolyte at 2000 rpm (scan rate 10 mV s™') and their (b) Tafel
plots.
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Figure S29. (a) The linear sweep voltammograms of OER (with 80 % iR compensation) on

control samples (varying the precursor content) in 1 M KOH at 2000 rpm (scan rate 10 mV s~
1 and (b) corresponding Tafel plot.

S35



300

——YCOI/N&S-rGO
—— YCO/N&S-rGO-AW

N

(3))]

o
1

N

o

o
1

E 100 51 mV shift
100 -

Current density / mA cm™
o
o

(3)]
o
1

36 mV shift

1.0 1.2 1.4 1.6 1.8
E - iR vs.RHE | V

Figure S30. (a) The linear sweep voltammograms (with 80 % iR compensation) of OER of
acid-washed YCO/N&S-rGO in comparison with YCO/N&S-rGO in 1 M KOH at 2000 rpm

(scan rate 10 mV s™).
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Figure S31. The linear sweep voltammograms of OER (with 80 % iR compensation) on by
varying the parameter (a) at different ramp rates, (b) at different temperatures, and (c) at
different dwelling times, of heat treatment in the N> atmosphere in 1 M KOH at 2000 rpm (scan
rate 10 mV s).
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Figure S32. The complete UPS spectra (a) without the application of bias voltage and (b) with
the application of bias voltage of -17.9 V with enlarged spectral parts near the Fermi edge and

near the cut-off edge as an inset.
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Figure S33. The AFE values calculated for the synthesised materials in comparison with the
benchmark (Pt/C+RuQ:) catalyst. The ECSA- specific (estimated at 10 nA cm™ of OER and
ORR), conventional (AE = E{p~ - EP3®) and mass-specific kinetic current densities (estimated

at 10 A g! for OER and ORR).
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Figure S34. RDE voltammograms of the synthesized materials in the ORR and OER regions,
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required to reach (a) 10 A g (mass-specific current density) and (b) 10 uA cm? (ECSA-
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Figure S35. The linear sweep voltammograms of HER (with 80 % iR compensation) on (a,c,e)
heteroatom doped metal oxides in 1 M KOH at 2000 rpm (scan rate 10 mV s!) and (b,d,f) the

corresponding Tafel plots.
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Figure S36. (a) The linear sweep voltammograms of HER (with 80 % iR compensation) on the

control samples (varying the precursor content) in 1 M KOH at 2000 rpm (scan rate 10 mV s~
1) and (b) corresponding Tafel plot.
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Figure S37. (a) The linear sweep voltammograms of HER (with 80 % iR compensation) of
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Figure S38. The performance of the liquid electrolyte zinc-air battery using (a) open circuit

potential, and (b) charging and discharging profiles of synthesised materials.
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Figure S39. The PXRD pattern of Zn plate measured after the specific capacity measurement
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Figure S41. (a) Galvanostatic charge-discharge cycling performance of YCO/N&S-rGO and

Pt/C + RuO: at a current density of 5 mA c¢cm™, and (b) galvanostatic charge-discharge cycling
of the YCO/N&S-rGO-based zinc-air battery under 1 h discharge and 1 h charge cycles at a

current density of 5 mA cm, showing a comparison between the first and last charge-discharge

cycles.
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Figure S42. (a) The open circuit potentials of a solid-state ZAB with a YCO/N&S-rGO coated
air electrode, and (b) the real-time application of a solid-state ZAB when it is connected with
a load (in this case, an LED), (c) The open circuit potentials of two solid-state ZABs with a
YCO/N&S-rGO coated air electrode connected in series and (d) the real-time application of a

solid-state ZAB when it is connected with a load (in this case, three LEDs in series).
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Figure S43. (a) Open-circuit potential of the solid-state zinc-air battery with the synthesized
materials coated on the air electrode, and (b) galvanostatic charge-discharge cycling
performance of the solid-state zinc-air battery using YCO/N&S-rGO as the air cathode catalyst
under 1 minute discharge and 1 minute charge cycles at a current density of 1 mA cm™, showing

a comparison between the first and last charge-discharge cycles.
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Figure S45. (a) P-XRD and (b) Raman spectra of YCO/N&S-rGO after GCD cycles.
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Figure S46. (a) XPS survey spectra, Core level deconvoluted spectra of (b) Co 2p, (c)Y 3d-S
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S52



Figure S47. (a) TEM, (b) HR-TEM, (¢ & d) HAADF-STEM, and the corresponding EDS
elemental mapping of (e) O, (f) C, (g) N, (h) S, (i) Y & Co and (j) all elements of YCO/N&S-
rGO after GCD cycles.
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Figure S48. Electrochemical impedance spectroscopy (EIS) measured at 0.8 V in the
frequency range of 10 MHz-1 mHz using an AC perturbation amplitude of 10 mV with the
corresponding equivalent circuit as an inset for YCO/N&S-rGO loaded carbon paper in an

aqueous electrolyte zinc-air battery configuration.
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Table S1. Nomenclature of the synthesised catalysts

S. No. Compound Precursors Synthesis method
1 YO Y(NO3)3.6 H20 Hydrothermal, 200 °C, 24 h
900 °C, 5h, air
2 CoO Co (NO3)2.6 H20 Hydrothermal, 200 °C, 24 h
900 °C, 5h, air
3 YCO Y(NO3)3.6 H20 Hydrothermal, 200 °C, 24 h
Co (NO3)2.6 H20 900 °C, 5h, air
(1:1)
4 YC20 Y(NO3)3.6 H20 Hydrothermal, 200 °C, 24 h
Co (NO3)..6 H20 900 °C, 5h, air
(1:2)
5 Y15CO Y(NO3)3.6 H20 Hydrothermal, 200 °C, 24 h
Co (NO3)..6 H20 900 °C, 5h, air
(3:2)
6 YCoO:; YO, CoO (1:1) Dry ball milling
900 °C, 5h, air
7 GO (graphene oxide) Graphite Modified Hummer’s
method
8 YO/N-rGO YO, GO, Melamine Dry ball milling
(1:2:1) 900 °C, 2h, N>
9 CoO/N- GO Co0, GO, Melamine Dry ball milling
(1:2:1) 900 °C, 2h, N»
10 YCO/N-1rGO YCO, GO, Melamine Dry ball milling
(1:2:1) 900 °C, 2h, N»
11 YO/S-rGO YCO, GO, Sulphur Dry ball milling
(5:10:2) 900 °C, 2h, N»
12 CoO/S-rGO YCO, GO, Sulphur Dry ball milling
(5:10:2) 900 °C, 2h, N2
13 YCO/S-rGO YCO, GO, Sulphur Dry ball milling
(5:10:2) 900 °C, 2h, N»
14 YO/N&S-rGO YCO, GO, Melamine, Dry ball milling
Sulphur (5:10: 5:2) 900 °C, 2h, N>
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15

16

17

18

19

20

21

22

23

24

26

27

28

CoO/N&S-rGO

YCO/N&S-rGO

YCO/N&S-2rGO

N&S-rGO

[YCO+N&S-rGO]-900

2YCO/N&S-rGO

YCO/No.s&S-2rGO

YCO/r-GO

YO-CoO/N&S-900

YC20/N&S-rGO

Y 15CO/N&S-rGO

YCoO3/N&S-rGO

YCO + GO

YCO, GO, Melamine,
Sulphur (5:10:5:2)
YCO, GO, Melamine,
Sulphur (5:10: 5:2)
YCO, GO, Melamine,
Sulphur (5:40:10:2)
GO, Melamine, Sulphur
(10:5:2)

YCO, N,S-rGO
(1:1)

YCO, GO, Melamine,
Sulphur (10:5:5:2)
YCO, GO, Melamine,
Sulphur (5:40:5:2)
YCO, GO (1:2)

YO, Co0, GO, M¢lamine,

Sulphur (5:5:20:10:4)
YC20, GO, Melamine,
Sulphur (5:10: 5:2)
Y15CO, GO, Melamine,
Sulphur (5:10: 5:2)

YCO(P), GO, Melamine,

Sulphur (5:10:5:2)
YCO, rGO (1:1)

Dry ball milling
900 °C, 2h, N»
Dry ball milling
900 °C, 2h, N»
Dry ball milling
900 °C, 2h, N»
Dry ball milling
900 °C, 2h, N2
Dry ball milling
900 °C, 2h, N>
Dry ball milling
900 °C, 2h, N>
Dry ball milling
900 °C, 2h, N>
Dry ball milling
900 °C, 2h, N>
Dry ball milling
900 °C, 2h, N»
Dry ball milling
900 °C, 2h, N»
Dry ball milling
900 °C, 2h, N»
Dry ball milling
900 °C, 2h, N»

Physical mixing
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Table S2. Summary of parameters obtained from BET adsorption isotherms

Compound BET S.A (m?/g) Pore Size (nm)  Pore volume (cm’/g)
YCO 11.83 5.32 0.02
YO/N&S-rGO 27.19 6.98 0.05
CoO/N&S-rGO 89.00 6.18 0.14
YCO/N&S-rGO 63.78 7.64 0.12
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Table S3. The ORR activity descriptors of the synthesised compounds.

S. No. Compound Eonset (V) E12(V) n@joL JjoL (mA/cm?)
1 YO/N-rGO 0.93 0.78 34 2.72
2 CoO/N-rGO 0.92 0.83 3.5 4.01
3 YCO/N-rGO 0.93 0.81 3.5 3.40
4 YO/S-rGO 0.85 0.71 2.8 2.71
5 CoO/S-rGO 0.88 0.74 3.7 3.34
6 YCO/S-rGO 0.92 0.74 3.4 3.99
7 YO/N&S-rGO 0.98 0.76 3.1 3.09
8 CoO/N&S-rGO 0.93 0.82 3.6 3.79
9 YCO/N&S-rGO 0.97 0.85 3.6 3.95
10 YCO/rGO 0.77 0.59 3.1 1.79
11 YCO +rGO 0.90 0.78 2.6 3.10
12 N&S-rGO 0.94 0.74 2.8 2.31
13 Pt/C 1.00 0.86 3.94 5.52
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Table S4. ORR activity comparison with the similar materials reported in the literature

Compound Method Eonset (V)  E12(V) n References
vs. RHE vs. RHE
PAY/NCNT Wet chemical method 0.98 0.865 3.9 S6
Cos2FeosN/MN 500 °C, 2h, NH; 0.89 0.75 - S7
C
YF;@NC 1100 °C, 3 h, Ar 0.94 0.82 3.8 S8
NiY/C@Co/C Hydrothermal process, 0.93 0.83 32 S9
150°C, 10 h
600 °C, 4 h, N,
900 °C, 0.5 h, N2
YN,-Cl 900 °C, 0.5 h, N, 0.93 0.85 3.85 S10
Y-N-C 1000 °C, 1 h, N> 0.93 0.77 3.99 S11
Co/Ce@NC 1000 °C, Ar 0.89 0.79 3.9 S12
Pt-Y,05/C 400°C, 2 h, N, 0.99 0.86 3.85 S13
FeY-NC Impregnation method 1.02 0.93 3.93 S14
950°C, 2 h, N»
LagoY0.1MnO; Sol-gel method 0.91 0.75 3.97 S15
700 °C, 2 h, air
FeCo.Cr@CN 700 °C, 2 h, N, 0.80 0.70 ~4 S16
YCO/N&S- Dry ball milling, 12 h 0.97 0.85 3.6 This work
rGO 900 °C, 2 h, N;
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Table S5. Mass-transport corrected kinetic current densities of the ORR synthesised materials

Catalysts Eonset/ V' Ein/V  jx(uA cm™ecsa) ik (A g™

YO/N&S-rGO 0.98 0.76 18.07 4.75
CoO/N&S-rGO 0.93 0.82 253 14.67
YCO/N&S-rGO 0.97 0.85 214.23 33.12
Pt/C*at 09V 1.00 0.86 147.85 78.70

*ECSA of the Pt/C is calculated from hydrogen under potential deposition (HUPD)
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Table S6. OER activity comparison of reported compounds from the literature.

Compound Precursors Synthesis Method EJER References
\)
Co3,FeosN/MNC Fe(NO3)3-9H,O and 500 °C, 2h, NH3 1.67 S7
Co(NO3),-6H,0, ZIF-67- AE =0.92
derived carbon
NiY/C@Co/C (Ni(NO), 6H,0), Hydrothermal 1.62 S9
(Co(NO), 6H,0), polyvinyl process, 150 °C,  AE=0.79
pyrrolidone, 1,3,5- 10 h
Benzenetricarboxylicacid, 600 °C, 4 h, N,
YCl;3-6H,0, 2- 900 °C, 0.5 h, N,
methylimidazole
Fe—Co—Y oxide FeCl;, CoCl,, YCl3-6H,0, Sol-gel 1.47 S12
propylene oxide
NiYCe-MOF/NF Naphthalenedicarboxyli acid, Ultrasonic 1.48 S16
Ni(Ac)2-4H-0, treatment

CC(NO3)3'6H20,
Y(NO3);-6H,0

YP-Co(OH)F Co(NO3),2-6H-0, Hydrothermal 1.47 S17
Y(NO3)3-9H,0, NH4F, KOH, process,
NaH,PO, Phosphidation
300°C, 1 h, Ar
Y1.75C00.25Ru2 O7-5 Y(NOs)s3-6H>0, citric acid- 1.505 S18
Co(NOs), 6H,0, RuCls, ethylene glycol
citric acid, ethylene glycol complexing
method.
1100 °C, 4 h, air
Ceo.12C02.8804/NF Co(NO3)2, Ce(NO3)s, urea 350 °C, 2 h, air 1.49%* S19
Co(OH),—CeO,/Co/NF CoCly6H;0, sodium citrate, Hydrothermal 1.43 S20
NaOH, N,H4-H,O process,
160 °C,2 h
DSA-Y-Co(OH), Co(NOs),:6H,0, Hydrothermal 1.54 S1
Y(NO3)3-6H,0, Suberic acid, process,
NaOH 150 °C, 12 h
Co/Ce@NC. Zn(NOs)2, Ce(NOs);- 6H,0, 1000 °C, Ar 1.57 S22
dimethylimidazole, AE=0.78

CO(NO3)2'6H20
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YCMO Y(NO»);.6H>0, Hydrothermal 1.82 S23
Co(NO3),6H,0, and method
Mn(acetate),.6H,O 200°C, 12h
1000 °C, 4 h, air
FeCo,Cr@CN Co(acac)y, Fe(acac)s, and Cr 700 °C, 2 h, N, 1.544 S24
(acac)s, toluene, melamine AE =
0.844
YCO/N&S-rGO Co(NOs3)2:6H:20, Dry ball milling, 1.535 This work
Y(NOs3)3:6H20, Graphene 12 h AE =0.69

oxide, melamine, sulphur

powder

900 °C, 2 h, N2
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Table S7. Kinetic current densities for the OER of the synthesised materials (at 1.55 V vs
RHE).

Catalysts ik (MA) Jk (RA cm™gcsa) ik(Agh
YO/N&S-rGO 0.30 11.6 3.1
CoO/N&S-rGO 1.13 19.8 11.5
YCO/N&S-rGO 3.45 226.7 35.1

RuO> 3.50 423 35.6
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Table S8. The estimated OER turnover frequency for the synthesised catalysts at 1.60 V vs

RHE
Catalyst TOF (s)
YO/N&S-rGO 0.15
CoO/N&S-rGO 0.71
YCO/N&S-rGO 2.97
RuO; 0.77
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Table S9. The OER, bifunctional activities and Tafel slope of OER of the synthesised

compounds.
S. No. Compounds En (V) En(V) AE (V) Tafel slope (mV dec™)
of OER of ORR
1 YO/N-rGO 1.94 0.78 1.16 520
2 CoO/N-rGO 1.61 0.83 0.78 114
3 YCO/N-rGO 1.63 0.81 0.82 195
4 YO/S-rGO 2.10 0.71 1.39 641
5 Co0O/S-rGO 1.6 0.74 0.86 154
6 YCO/S-rGO 1.54 0.74 0.80 113
7 YO/N&S-rGO 1.73 0.76 0.97 169
8 CoO/N&S-rGO 1.57 0.82 0.75 75
9 YCO/N&S-rGO 1.54 0.85 0.69 94
10 YCO/rGO 1.60 0.59 1.01 123
11 YCO +rGO 1.68 0.78 0.90 118
12 N&S-rGO 1.68 0.74 0.94 206
13 RuO; & PY/C 1.53" 0.86° 0.67* 76"

*AE calculated from the EQER (RuO»)- Elo/%R(Pt/C)

# E10 and tafel slope of RuO;

$E1nof Pt/C
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Table S10. The potential difference (AE) was determined from the difference between the
potentials required to reach 10 A g™ (mass-specific current density) and 10 uA cmpésa (area-

specific current density) for the OER and ORR, respectively.

Catalyst AE
Conventional Mass specific ECSA
YO/N&S-rGO 0.97 0.92 0.69
CoO/N&S-rGO 0.75 0.73 0.69
YCO/N&S-rGO 0.69 0.65 0.44
Pt/C+RuO» 0.67 0.53 0.50
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Table S11. The HER activity descriptors of the synthesised compounds.

S. No. Compounds E1w (mV) Tafel slope (mV dec™)
1 YO/N-rGO -0.39 -171
2 CoO/N-rGO -0.24 -195
3 YCO/N-rGO -0.24 -158
4 YO/S-rGO -0.66 -214
5 CoO/S-rGO -0.34 -159
6 YCO/S-rGO -0.35 -179
7 YO/N&S-rGO -0.35 -153
8 CoO/N&S-rGO -0.26 -156
9 YCO/N&S-r1GO -0.23 -121
10 YCO/rGO -0.58 -109
11 YCO +rGO -0.38 -120
12 N&S-rGO -0.55 -198
13 Pt/C -0.05 -84
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Table S12. Kinetic current densities of the HER of the synthesised materials (@-0.2 V vs.
RHE)

Catalysts ik (MA) Jc(RA ecm?ecsa) k(A gl
YO/N&S-rGO 0.30 11.6 3.1
CoO/N&S-rGO 0.97 17.0 9.9
YCO/N&S-rGO 1.50 98.6 15.2
Pt/C* 2.37 904.6 481.5

*Kinetic current for Pt/C calculated at 0.05 V vs. RHE.
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Table S13. The HER turnover frequency was calculated for the synthesised catalysts at -0.28
V vs RHE.

Catalyst TOF (s)
YO/N&S-rGO 0.15
CoO/N&S-rGO 0.71
YCO/N&S-rGO 2.97
Pt/C 1.69
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Table S14. Co-based materials reported in the literature reported materials and their ORR<

OER and HER activity comparison (all potentials referenced to RHE)

AE = EJ§R - AE = EQ§R -
S. No. Catalyst En2/V EXR/IV ORR EYER/ HER Ref.
EYS EGRNV
1 Co/N-CNFs 0.86 1.61 0.85 -0.24 1.85 S25
2 Co-N-C 0.84 1.58 0.74 -0.15 1.73 S26
3 FeCo—N,S-G 0.88 1.58 0.70 -0.26 1.84 S27
Nixcol—x@
4 NiCoi- 0.79 1.61 0.82 -0.07 1.68 S28
+O/NCNT
5  CoP/NPG 0.81 1.55 0.74 -0.24 1.79 S29
6 Co@N-CNTF 0.81 1.58 0.77 -0.22 1.80 S30
7 Co@NC-G-700  0.83 1.55 0.72 -0.14 1.69 S31
8  Co/VNNPs@C  0.83 1.51 0.69 -0.09 1.60 S32
9 CoSA/N,S-HCS  0.85 1.58 0.73 -0.16 1.74 S33
10  NC@Co7Ni2 0.87 1.58 0.71 -0.28 1.86 S34
11 Co-CNT@NHC  0.88 1.53 0.65 -0.18 1.71 S35
nanoCo@bmGr-
12 0.81 1.57 0.76 -0.22 1.79 S36
EG
Co09Ss/CoNSC-
13 0.89 1.57 0.68 -0.23 1.80 S37
900
14 Co9Ss-HCT 0.86 1.51 0.65 -0.13 1.64 S38
YCO/N&S- This
15 0.85 1.54 0.69 -0.23 1.77
rGO work
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Table S15. ORR and OER activity comparison of control samples by varying the heat

treatment parameters

Condition  EORR /vy Ei3,/V ESR /v AE/V n
Temperature
800 °C 0.95 0.82 1.58 0.76 34@04V
900 °C 0.97 0.85 1.54 0.69 3.7@ 0.6 V
950 °C 0.91 0.76 1.62 0.86 3504V
Time
1 hr 0.93 0.77 1.61 0.84 34@04V
2 hr 0.97 0.85 1.54 0.69 3.7@ 0.6 V
4 hr 0.93 0.78 1.65 0.87 3504V
Ramp rate

3 °C min™! 0.94 0.81 1.62 0.81 36@04V
5 °C min! 0.97 0.85 1.54 0.69 3.7@ 0.6 V
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Table S16. ORR and OER activity comparison of control samples by varying the precursor

content.

Compound M:C:N:S* EORR /v Eyp/V EY%R/V AE/V n

onset

YCO/N&S-rGO 5:10:5:2 0.97 0.85 1.54 0.69 3.7
YCO/N&S-2rGO  5:20:10:2 0.93 0.81 1.53 0.72 39
YCO/N&S-4rGO  5:20:5:2 0.92 0.78 1.59 0.81 3.6
2YCO/N&S-rGO  10:5:5:2 0.9 0.75 1.64 0.89 3.8

YCO/r-GO 5:10:0:0 0.79 0.58 1.60 0.92 3.1

*Ratio between YCO (M): GO (C): Melamine (N): Sulfur powder (S)
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Table S17. ORR and OER activity comparison of control samples by varying the metal

content.

Compound M:C:N:S* EORR /V Eq,/V EY%R/V AE/V  n
YCO/N&S-rGO 5:10:5:2 0.97 0.85 1.54 0.69 3.7
(Y:Co=1:1)

YC20/N&S-rGO 5:10:5:2 0.96 0.84 1.60 0.76 3.7
(Y:Co=1:2)

Y15CO/N&S-rGO  5:10:5:2 0.95 0.82 1.62 0.8 3.6
(Y:Co=1.5:1)

*Ratio between YCO (M): GO (C): Melamine (N): Sulfur powder (S)
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Table S18. Summary of liquid electrolyte ZAB performance

Power density Jj Specific Capacity Energy density
Compound OCP (V)
(mW cm?)  (mA em?) (mA h g7,) (mW h g7,)
YO/N&S-1GO 1.46 10.48 16.25 446 192
CoO/N&S-rGO 1.45 26.37 48.74 688 556
YCO/N&S-rGO 1.40 89.95 129.98 778 782
Pt/C 1.54 76.05 129.99 674 738
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Table S19. The recalculated specific capacity, after accounting for the discrepancy in weight

of zinc consumed.

Recalculated Specific

Weight Specific Capacity Corrected .
Compound loss (g) (mA h gzl weight loss (g) Capacity
(mA hgz7)
YO/N&S-1GO 0.1740 454 0.1773 446
CoO/N&S-rGO 0.3523 789 0.4039 688
YCO/N&S-rGO 0.4298 877 0.4847 778
Pt/C 0.4831 744 0.5336 674
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Table S20. Comparison ZAB performance of synthesised materials with the literature

Compounds OCP (V) Power density Specific Capacity Cycling stability Ref.
(mW cm?) (mA h gz.) (h) @ current
@ current density @ current density density
(mA ecm?) (mA cm?) (mA cm?)
PAY/NCNT - 236 @ 420 700.58 @ 10 - S6
YF;@NC 1.48 75 620 @ 10 - S7
@ 124
NiY/C@Co/C 1.39 102.2 899.6 @ 5 - S9
@ 170
YN4-Cl - 162 @ 277 770 @ 200 mA 20 @ 20 S10
Co/Ce@NC 1.45 206 798 @ 5 450 @ 5 S12
@ 329.2
FeY-NC 1.48 233 @ 325 772 @ 200 25 @ 20 S14
Lag9Y0.1MnO; - 167.4 - - S15
@ 225
FeCoCr@CN 1.36 121.6 - 100 @ 5 S16
@ 209.6
Co- 1.51 262 800 @ 10 12 @ 10 S39
NTMCs@NSC @ 350
Co/CeOr— 1.47 123 7844 @ 5 40 @5 S40
NCNA@CC @ 217
NCO/CO-500 1.34 - - 120 @ 10 S41
C0304/CoNGDY  1.50 128 746.8 5000 @ 2 S42
1667 @10
Co@NC-800 1.44 244.16 721.67 420 @ 5 S43
FeCoOx/Fe—N—C - 184.8 @ 300 811.8 @ 10 30@ S S44
CMMCO 1.50 179 @ 315 779.8 @ 10 490 @ 10 S45
FeCo/Fe- 1.63 164.7 @ 210.01 793 @ 10 120 @ 10 S46
CoS/NSC
NCO/CO-500 1.34 - - 120 @ 10 S41
C0304/CoNGDY 1.50 128 746.8 5000 @ 2 S42
1667 @10
Co@NC-800 1.44 244.16 721.67 420 @ 5 S43
FeCoOx/Fe—N—C - 184.8 @ 300 811.8 @ 10 30@ S S44
CMMCO 1.50 179 @ 315 779.8 @ 10 490 @ 10 S45

S76



FeCo/Fe-
CoS/NSC
CoSn@NC
CoL 2:1
Co/N-CNF-800
Co/Co304@NC
Co-NC500

Cu Co NHCS

(Y1Lal)O/Co-NC

YCO/N&S-rGO

1.63

1.44

1.57
1.51
1.61
1.44
1.40

164.7 @ 210.01

282 @ 463
161 @ 320
156.5 @ 200
150.6 @ 190.6
176 @ 376
90
@ 130

793 @ 10

817 @ 10
804 @ 5

809.6 @ 10
781 @5
955.73 @ 10
877 @ 20

120 @ 10

99 @ 10
200 @ 10
50 @ 10
220 @ 10
136 @5
200 @ 5
128 @ 10
1420 @ 5

S46

S47
S48
S49
S50
S51
S52
S53
This

work
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Table S21. Summary of solid-state zinc air battery performance.

Power density Current density
Compound OCP (V)
(mW cm?) (mA cm?)
YO/N&S-rGO 1.40 6.7 11.7
CoO/N&S-rGO 1.46 14.4 233
YCO/N&S-rGO 1.43 21.75 33.65
Pt/C 1.51 20.5 28.3
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Table S22. The fitted parameters for the equivalent circuit of Nyquist plots measured at 0.8 V
in the frequency range of 10 kHz—10 mHz using an AC perturbation amplitude of 10 mV for
of YCO/N&S-rGO loaded carbon paper in an aqueous electrolyte zinc—air battery
configuration before and GCD cycling.

Rs(©Q) R (Q) CPE;(Q21S"™ ni Rw(Q) CPE2(Q1S™) m e
Before 2.09 2.55 0.10 0.69 441 0.05 0.80 2.106e-04
After  1.68 12.38 0.006 0.8  58.08 0.009 0.08 2.118e-02
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