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Fig S1: Schematic illustration of the growth of different Ni-Co oxide morphologies on Ni 
foam under different reaction environments



Fig S2: particle size distribution of NCO 120 catalyst



Figure S3: SEM image of NCO 150

50 µm



Figure S4: SEM image of NCO 180

200 nm



Figure S5: HR-TEM image of NCO150

111 

(d=0.47 nm)



Fig S6: XPS survey scans for NCO 150 and NCO 180



Figure S7: (A) Linear sweep voltammetric curves of NCO 120; NCO 150 and NCO 180 for 
OER in 0.1M KOH at a scan rate of 5 mV s−1, and  (B) respective Tafel slopes, (C) ORR 

polarisation curves at O2 saturated  0.1M KOH at a scan rate of 5 mV s−1, and  (D) respective 
Tafel slopes



Fig S8: Galvanostatic Chronopotentiometry at current density of 10 mAg-1 for NCO 120



Figure S9: ORR CV for NCO 120, NCO 150, and NCO 180 under Ar- saturated and O2-
saturated environments



ORR Performance Analysis

The ORR performance of NCO 120 also outperforms many other reported catalysts in the 
literature 1,2. It is even higher than the commercial Pt/C catalyst, which was reported to have 
0.89 V, 0.836 V, and 0.38 mA cm-2 of ORR onset potential, halfwave potential, and the current 
density at 0.9V, respectively.3 The Tafel plots in Figure S7 (d) show a two-step gradient. The 
smaller gradient at lower current densities closer to the equilibrium is mostly kinetically driven, 
while the larger gradients at higher current densities are further away from the equilibrium, 
where the diffusion effects also contribute to the gradient of the Tafel plot.4 The lowest Tafel 
slopes of -31 mV dec -1 and 135 mV dec -1 were obtained with NCO 120, at least two times 
smaller than NCO150 and NCO 180 catalysts. Although the ORR Tafel slopes can vary with 
the catalyst loading and the region of interest, it is safe to mention that NCO 120 is one of the 
most active ORR catalysts reported so far, where it's exposed 311 and 111 facets, allowing fast 
adsorption of O2 into its surface, supporting fast oxygen reduction kinetics. The Pt 
nanoparticles, commonly believed to be amongst the best catalysts, are reported with the Tafel 
slopes of -65 to -82 mV dec−1 at lower current densities and in -100 to -300 mV dec−1 at higher 
current densities.5 Further, NCO 120 exhibits only a 0.62 V gap between OER and ORR onset 
potential with lower Tafel slopes, suggesting it can serve as an efficient bifunctional catalyst, 
whereas NCO 150 and NCO 180  exhibited larger potential gaps of 0.75 V and 0.77V. 



Cyclic voltametric result analysis

The O2 approaching the cathode-electrolyte interface will undergo a single electron reduction, 
forming superoxide radicals, and it will subsequently be coupled with Li-ion, forming LiO2 as 
denoted in equation 1. The cathodic peak at  2.2 V is associated with the mentioned reduction ~

of O2 forming LiO2. 
    (1)  𝐿𝑖 +

(𝑠) +  𝑂2(𝑔) + 𝑒→𝐿𝑖𝑂2(𝑠)                                 

The diffusivity of the LiO2 into the electrolyte is determined by the properties of the cathode 
and the electrolyte, where the electrolytes with the high donor number (DN) have a higher 
solubility of LiO2 in the electrolyte. In such scenarios, since LiO2 is an unstable superoxide in 
the electrolyte with a small countercation, it is quickly disproportionate, producing low-soluble 
insulating toroidal-shaped Li2O2 as presented in equation 2, which accommodates at the pores 
of the cathode. It requires higher charging overpotentials to decompose Li2O2 toroids upon 
charging since its crystalline nature, the weak coupling between the cathode surface, and the 
oxidation peak presented at and above 4.0V during the anodic scan is correlated with the 
decomposition of such bulk and dense Li2O2.6  

            2𝐿𝑖𝑂2(𝑠𝑜𝑙)⇌  𝐿𝑖2𝑂2  (𝑠) + 𝑂2(𝑔)                              (2)                         

The produced oxygen reduction intermediates as LiO2 have a high tendency to stay in contact 
with the cathode surface on occasion at the cathode surface supporting high adsorption of O2 
and LiO2. In such scenarios, LiO2 could undergo a second electrochemical reduction (see 
equation 3) in addition to the mentioned disproportionation-producing surface adsorbed 
amorphous Li2O2. Further, the identified crystal defects/ oxygen vacancies could stabilise LiO2 
on the surface without further reduction. 7

𝐿𝑖 + + 𝐿𝑖𝑂2(𝑎𝑑𝑠) + 𝑒→𝐿𝑖2𝑂2(𝑎𝑑𝑠)                        (3)         

The presented additional anodic peaks at 3.19 V and 3.53 V related to NCO 120 cathode 
suggest the decomposition of the surface adsorbed LiO2 and amorphous and non-stochiometric 
Li2-xO2 during the battery charging, which is significantly less for NCO 180 cathode. Even 
though NCO 180 exhibits good bifunctional catalytic activity, the NCO 120 cathode 
demonstrates superior performance with more positive ORR peak positions, less positive OER 
peak positions, and higher current densities. As was explained, it is noteworthy to mention that 
the stochiometric changes engineering a favourable surface electronic structure with plentiful 
unsaturated eg orbital coordinates could lead to the high adsorption in NCO 120, supporting 
the formation of well-adsorbed reaction intermediates allowing an easy decomposition of the 
discharged products which is possibly in weakly crystalline nature. The ability to decompose 
a higher portion of Li2O2 at a lower overpotential could suppress the amount of singlet oxygen 
(1O2) that could be generated during the decomposition of the discharged products at higher 
potentials, where the singlet oxygen was identified as the main culprit causing parasitic 
reactions during Li-O2 battery cycling. 8 



Details on characteristic behaviour in potential gap, coulombic efficiency and energy efficiency 
in NCO 120 and NCO 180 based LABs along with cycle number

To gain more insights into the characteristic behaviour of the constructed batteries, the potential 
gap, coulombic efficiency, and energy efficiency of the batteries were also evaluated during 
the cyclability study. The NCO 120-based LAB exhibits smooth operation, where the potential 
gap remains mostly stable at  V for the first 60 cycles after the initial rise from 0.92V, ~1.23 

and later, a gradual rise of the potential gap is observed with  5mV/cycle until the terminal ~

voltages reach the cut-off limits. The energy efficiency of the NCO 120-based LAB exhibited 
similar behaviour, where the initial efficiency of 74.3% was more or less gradually decreased 
to 52.1% as the cut-off potentials were reached. Throughout the study, NCO 120 and NCO 180 
LABs maintained good cyclability by maintaining the coulombic efficiency >99 %. However, 
a faster decay in battery performance was observed with the NCO 180-based LAB, where 
energy efficiency reduced faster after  50th cycle owing to the large potential gaps during the ~

period.



Figure S10: Ex-situ SEM analysis of the free-standing NCO 120 cathode (a, d) initially 
before discharge, (b, e) fully discharged, and (c, f) recharged.



Figure S11: Schematic illustration of the surface-adsorbed growth mechanism of Li2O2 on 
free-standing NCO 120 cathode during the LAB operation
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