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ABSTRACT
The limited energy density of the current Li-ion batteries restricts the electrification of transportation to small- and medium-
scale vehicles. On the contrary, Li-O2 batteries (LOBs), with their significantly higher theoretical energy density, can power 
heavy-duty transportation, if the sluggish electrode kinetics in these devices can be substantially improved. The use of solid 
electrocatalysts at the cathode is a viable strategy to address this challenge, but current electrocatalysts fail to provide sufficient 
discharge depths and cyclability, primarily due to the formation of the film-like discharge product, Li₂O₂, on catalytic sites, 
which obstructs charge transport and gas diffusion pathways. Here, we report that a triphase heterogeneous catalyst comprising 
NiCoP, NiCo2S4, and NiCo2O4, assembled into a hierarchical hollow architecture (NC-3@Ni), efficiently modulates the morphol-
ogy and orientation of the discharge product, facilitating the sheet-like growth of Li2O2 perpendicular to the cathode surface. 
These modifications enable the assembled LOB to deliver a high discharge capacity of 25 162 mAh g−1 at 400 mA g−1, along with 
impressive cycling performance, achieving 270 cycles with a discharge depth of 1000 mAh g−1, exceeding 1350 h of continuous 
operation. This promising performance is attributed to the presence of individual electrophilic and nucleophilic phases within 
the heterogeneous microstructure of the triphase catalyst, collectively promoting the formation of sheet-like Li2O2.

1   |   Introduction

The evolution of high-performing secondary batteries is a neces-
sity for achieving sustainable goals such as electrifying trans-
portation [1]. Uprising metal-sulfur [2] and metal-air batteries 
[3] with superior capacity retention capabilities have the po-
tential to make these goals more realistic. Among them, Li-air 
(or Li-O2) batteries received significant attention due to their 
extraordinary theoretical energy density of 11.6 kWh kg−1 [4]. 

Nevertheless, this is challenging to achieve the theoretical ca-
pacity due to certain complexities, despite years of promising re-
search. Sluggish oxygen kinetics at the battery cathode and the 
parasitic reactions were identified as the major culprits hinder-
ing the performance of Li-O2 batteries (LOBs) [5].

During the LOB discharge in an aprotic medium, O2 from the 
environment diffuses into the battery and reacts electrochem-
ically with Li ions at the surface of the cathode, forming an 
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intermediate solid product of LiO2 [6]. The intermediate product 
has a high tendency to disproportionately form the final prod-
uct of Li2O2, while a second electrochemical reduction or the 
stabilization of the intermediate product at the defective sites 
of the cathode cannot be completely ruled out [7]. However, 
the structural properties and the crystallinity of the discharged 
product rely upon the features of the electrolyte and the cath-
ode. Solid electrocatalysts integrated cathodes with high affin-
ity to intermediate discharge products are known to support the 
surface-mediated mechanism, allowing the film-like growth of 
Li2O2, covering the surface of the cathode [7]. On the contrary, 
electrolytes with high donor number(mostly with redox medi-
ators) facilitate the LiO2 diffusion into the electrolyte, forming 
toroid-shaped Li2O2, generally known as the solution-mediated 
process. Despite achieving high discharge capacities, LOBs 
operating under solution-mediated processes are commonly 
suffocating with higher charging overpotentials and extended 
exposure to singlet oxygen upon charging as Li2O2 toroids are 
loosely in contact with the cathode, reducing the lifespan of the 
batteries [8]. Similarly, batteries with solid electrocatalysts suf-
fer from limited discharge capacity as the film-like growth of 
Li2O2 is fast passivating the cathode surface [9]. Hence, it is cru-
cial to identify strategies that could control the structural and 
morphological properties of the Li2O2, enabling faster and pro-
longed oxygen kinetics, and facilitating the achievement of high 
discharge capacity as well as extended cyclability.

Recently, many strategies were developed toward optimizing the 
catalytic properties of bifunctional electrocatalysts suitable for 
promoting both oxygen reduction reaction (ORR) that occurs 
during the LOB discharge, and oxygen evolution reaction (OER), 
which helps to evolve the oxygen out from the battery through 
the decomposition of the discharged intermediates during the 
charging step [10]. Special efforts were made to optimize the 
d-orbital electron occupancy of transition metal compounds 
promoting the adsorption of O2 and intermediate discharge prod-
ucts on the catalyst surface facilitating faster oxygen kinetics. 
Synthesis of binary multivalent compounds with optimized stoi-
chiometry [11], heteroatom doping [12], alloying [13], high-index 
facet growth [14, 15], and hybrid structures [16] are some of the 
recently studied techniques for altering the electronic structure 
of catalysts, resulting in improved LOB performances. Synthesis 
of hybrid catalysts with heterogeneous phases is identified as an 
effective strategy in redistributing the surface electron structure 
in electrocatalysts, well-backed by the density functional theory 
calculations-based theoretical studies [17]. The heterogeneous 
phases are known to generate in-built electric fields across the 
interfaces due to differences in conductivity, and provide volt-
age gradient across the interface, promoting the redistribution 
of the electron densities following the Faraday law [18]. Within 
the structure, certain phases with relative electron deficiencies 
could act as electrophilic domains promoting oxygen evolution, 
attracting the intermediate oxygen compounds, and facilitating 
an efficient decomposition of the discharged product, while the 
electron-rich neighboring domains could facilitate the oxygen 
reduction by acting as nucleophilic domains [19]. The abrupt 
electron transfer through the different domains reduces the 
coulombic losses, and the reversing of the fields and the gener-
ation of secondary electronic fields is also possible during the 
operation to facilitate the fast charge transfer [20]. Studies con-
ducted by Peng et al. [21] and Liang et al. [22] with dual-phase 

heterogeneous catalysts already benefited from the optimized 
electronic properties yield discharged capacities of 10 050 mAh 
g−1 at 200 mA g−1 and 3530 mAh g−1 at 600 mA g−1, respectively. 
The study by Yan et al. with NiO and NiP phases on Ni foam 
further solidified the theoretical understanding of the working 
mechanism of the electrocatalyst with heterogeneous phases, 
while delivering decent battery performances [16]. Recent stud-
ies [22, 23] suggest that the interfaces between heterogeneous 
phases of binary transition metal compounds can be highly 
effective in promoting durable and rapid electrode kinetics, 
thereby enhancing the performance of LOBs.

Advancing from homogeneous and dual-phase heterogeneous 
catalytic compounds, in this study, we synthesized a versatile 
tri-phase heterogeneous electrocatalytic structure comprising 
binary phases of oxide, sulfide, and phosphide of Ni and Co. The 
interactions between heterogeneous phases, namely NiCo2O4, 
NiCoP, and NiCo2S4, along with electron transfer between their 
valence states, are found to be critical for the success of the re-
sulting cathodes in LOBs. This modified catalytic structure 
provides a suitable environment to promote the formation of 
sheet-like discharge products, growing into the electrolyte while 
well attached to the surface of the cathode. The morphology 
and orientation of Li2O2 support the battery to achieve an im-
pressive initial specific discharge capacity of 25 162 mAh g−1 at 
400 mA g−1, allowing the continuous diffusion of Li+ ions on the 
catalytic surface through the vertically growing pillars of Li2O2 
during the discharge. In addition to suitable catalytic properties, 
the direct contact between Li2O2 and the catalytic sites enables 
the swift decomposition of the discharge products achieving 
extended cycle durability with 270 cycles at 400 mAg−1 under 
a limited discharge depth of 1000 mAhg−1, exceeding 1350 h 
of continuous operation. The hollow microspherical structure 
of the catalytic particles was also beneficial toward achieving 
superior gravimetric capacities, Furthermore, the bottom-up 
grown self-assembled hierarchical network of catalytic struc-
tures on the Ni foam was supportive in achieving lower ohmic 
resistances as well as protecting the cathode from potential nu-
cleophile attacks, allowing a highly efficient and durable opera-
tion of the assembled LOBs.

2   |   Chemicals and Methods

2.1   |   Synthesis of Catalytic Structures

Catalysts were synthesized by a two-step process, involving a hy-
drothermal step to form intermediate phases, followed a sulfidiza-
tion/phosphorization step to fabricate the final catalysts.  The 
hydrothermal process was conducted in a well-sealed semi-filled 
Teflon-lined autoclave vessel to achieve the in situ growth of cat-
alytic microstructures on the inserted Ni foam. For this, the Ni 
foam was cleaned thoroughly with a deionized (DI) water/etha-
nol mixture to remove the surface pollutants using an ultrasonic 
bath cleaner (Elmasonic Easy 10 H, 37 kHz), followed by etching 
out of the surface oxide layer by dipping in a diluted HCl/HNO3 
for 3–4 h, before rinsing with DI water. The nutrient solution for 
the hydrothermal reaction was prepared by adding metal salts 
of 2.5 mmol Ni(NO3)2·6H2O and 5 mmol of Co(NO3)2·6H2O with 
10 mmol of urea into 100 ml DI water and continuously stirring the 
mixture for 4 h until the dispersed salts are fully dissolved in water. 
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In a typical synthesis, 70 mL of the nutrient solution was added 
along with a vertically placed Ni foam in the autoclave chamber, 
and the hydrothermal vessel was heated to 120°C at a 5°C/min 
rate. After enabling the crystal growth for 12 h at 120°C, the ves-
sel was cooled down at the same rate, and pink-gray colored hy-
drothermal product coated on the Ni foam was collected once the 
vessel reached room temperature. The loosely attached particles 
on the intermediate catalyst-coated Ni foams were removed by 
placing them in the ultrasonic bath for several minutes. The foams 
were further washed with DI water and dried overnight at 120°C 
before further processing, and the intermediate catalytic product 
is labeled as NC-OH@Ni for future reference.

The intermediate catalytic structures were placed downstream 
in a horizontal tube furnace (CARBOLITE CTF 12) with equally 
weighted NaH2PO2 · H2O and thiourea placed upstream. The 
partial phosphorization and sulfurization were achieved by heat-
ing the intermediate phases at 400°C for 3 h while maintaining a 
steady Ar flow. A constant temperature gradient of 5°C/min was 
maintained during both the heating and cooling phases of the 
calcination process, and the final catalyst (NC-3@Ni) was col-
lected and kept under inert conditions. For comparison, NCS@
Ni and NCP@Ni catalytic cathodes were prepared by replacing 
the upstream material with excessive amounts of thiourea and 
NaH2PO2 · H2O, respectively, while NCO@Ni was prepared by 
opening the chamber to air without any upstream precursor 
while keeping the other process conditions same. Figure 1 pres-
ents a graphical illustration of the synthesis process.

2.2   |   Material Characterization

Morphological and dimensional properties of the in-situ synthe-
sized catalytic microstructures were analyzed using a scanning 
electron microscope (SEM; HITACHI SU6600, JEOL JSM-6700F). 
The same technique was later used during the discharge/charge 

product analysis. The crystalline phases present in the synthesized 
catalytic structures and the discharged products were analyzed 
using an x-ray diffraction microscope (XRD; Siemens D5000 with 
Cu Kα). X-ray photoelectron spectroscopy (XPS; ESCALB 250Xi 
Thermo Fisher, USA) was used to understand the surface chemi-
cal composition and to determine the redistribution of the surface 
electronic structure due to the formation of  the heterostructure. 
The analysis was carried out in the constant analyzer energy mode 
by exposing the samples to a 2000 eV ion beam (sourced from an 
Al Kα target) for 30s with a 900 μm spot size. Thermo Avantage 
Version V5.9931 software was used for the detailed spectral pro-
cessing and the charge compensation effects were corrected by 
offsetting the binding energy relative to the intrinsic aliphatic 
component of the C1s spectrum to 284.8 eV. Further analysis of 
the nanocrystalline catalytic structures was carried out using a 
transmission electron microscope (TEM, JEOL JEM-2100, JEOL 
JEM-1400), and the high-resolution TEM images were further pro-
cessed by GATAN DigitalMicrograph software to determine the 
reveal the crystallographic phases present in the catalytic hetero-
structures. The samples' specific surface area and porosity char-
acteristics were measured using the Quanta Chrome Autoflow 
(BET) instrument using Barrett–Joyner–Halenda (BJH) mode.

2.3   |   Electrochemical Studies

Electrochemical measurements were conducted using the as-
sembled meshed CR2032-type LOB cells. All batteries were as-
sembled inside an Ar-filled glove box and during the assembly, Li 
metal chip, celguard 2500 membrane, and 13 mm diameter-sized 
disks of synthesized catalytic Ni foam were used as the anode, 
separator, and cathode of the battery, respectively, while 1 M 
LiTFSI in tetraethylene glycol dimethyl ether (TEGDME) was 
used as the battery electrolyte. Active material mass-loading in 
the catalytic cathodes was varied from 0.8 to 1.1 mg cm−2, and all 
freshly assembled LOBs were allowed to reach their equilibrium 

FIGURE 1    |    Schematic representation of the procedure used for the preparation of electrocatalysts.
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conditions before conducting any electrochemical analysis by 
keeping them in an O2-filled sealed container for 12 h under at-
mospheric pressure.

Catalytic performances of the as-synthesized catalysts inte-
grated cathode structures were analyzed using cyclic voltamme-
try (CV) studies, which were conducted in a potential window of 
2.0–4.5 V versus Li/Li+ at a scan rate of 0.2 mV/s, using IviumStat 
system. A 5 mV sinusoidal signal in the frequency range of 
1 MHz–0.01 Hz was used for the electrochemical impedance 
spectroscopy (EIS) analysis and the resultant spectrums were 
fitted for an equivalent electrical circuit representing the re-
ferred electrochemical system. Galvanostatic charge/discharge 
(GCD) analysis was used to determine the discharge/charge ca-
pacity, cycle stability, and rate performances of the assembled 
LOB cells. A Neware battery analyzer was used for all GCD 
studies. Current densities ranging from 100 to 800 mAg−1 were 
used during the analysis. The amount of active materials present 
in the individual cathodes was considered while determining 
the corresponding current densities and the specific capacities.

3   |   Results and Discussion

The synthesis of the network of specifically shaped 3D micro-
structures was achieved by hydrothermal synthesis, where 
the used hydrothermal conditions helped to form the obtained 
spherical morphology, and further details on synthesizing spe-
cific crystal morphologies via controlling the nucleation and the 
growth conditions can be found in our previous articles [11, 24]. 
As illustrated in Figure 1, hydrothermal synthesis was used as 
the first step of catalytical particle synthesis. In-situ phosphori-
zation and sulphurization were conducted in parallel during the 
second step to achieve both phosphide and sulfide phases in the 
final catalytic product of NC-3@Ni, and the full conversion to ei-
ther phosphide or sulfide phases was avoided by using a limited 
quantity of the phosphorous and sulfur sources in the upstream 
during the calcination.

During the hydrothermal synthesis, unidirectional crystal 
growth was noticed, where the formed individual nanon-
eedles assembled into groundsel flower-like microspheres. 
Furthermore, the individual microspheres were self-assembled 
hierarchically on the Ni foam as presented in Figure  S1. The 
particle shapes and the morphological features remain similar 
in the final catalyst as well, where the hierarchically grafted 
catalytic structures with 3–5 μm diameter were observed in the 
final catalyst of NC-3@Ni as depicted in Figure 2a,b. It is note-
worthy to mention that the catalytic microstructures were found 
to be hollow (see Figure 2c,d), and Figure 2d provides a graph-
ical overview of the 3D cross-section of an individual catalyst 
particle. Unlike Li-ion batteries, a hollow core is beneficial for 
LOB in obtaining high specific capacities, since only the cata-
lytic sites present at the surface of the cathode partake in the 
reaction process. The surface morphology of the catalytic cath-
ode is also pivotal in achieving higher discharge capacities since 
the mesoporous surface structure with a high surface area could 
provide a well-suited space to accumulate large quantities of the 
discharge products, and the NC-3@Ni catalytic particles with 
71.18 m2 g−1 BET surface area representing the type IV isotherm 
and H3 hysteresis characteristic behavior (see Figure S2) consist 

with adequate surface properties promoting higher discharge 
capacities. The energy-dispersive x-ray mapping of the catalyst 
surface confirms the presence of Ni-Co, P, S, and O elements 
on the surface with an approximate ratio of 7:4:6 between the 
respective phases of NiCo2O4, NiCo2S4, and NiCoP. The study 
further verified the uniform distribution of the elements over 
the surface of the synthesized microstructures as depicted in 
Figure 2e.

The catalytic structures provided weak X-ray diffraction signals 
due to their nanocrystalline nature. Hence the catalyst parti-
cles detached from the Ni foam substrate were used during the 
XRD analysis to obtain a higher clarity. The XRD analysis pre-
sented in Figure 3a indicates the existence of multiple heteroge-
neous crystal phases in the final catalyst. The peak positions of 
2Ɵ = 40.25°, 45.02°, 47.57°, 54.42°, 66.45°, and 72.92° are closely 
overlapped with the peak structure in JCPDS# 071-2336 which 
are assignable to (111), (201), (210), (002)/(300), (310), and (212) 
phases of NiCoP, while the peaks found at 2Ɵ = 26.79°, 34.23°, 
37.85°, 51.18°, 56.63°, 62.63°, and 78.39° provide evidence of the 
presence of the binary cubic spinel structure of NiCo2S4 (JCPDS# 
020-0782). Overlapping of the remaining peaks of the XRD spec-
tra at 2Ɵ = 35.75°, 38.79°, 45.02°, 60.36°, and 77.47° with the peak 
structure of JCPDS# 020-0781 indicates the presence of NiCo2O4 
as well in the synthesized heterogeneous catalytic structure.

The TEM image in Figure 3b shows the assembly of nanoclus-
ters forming into petal-like nanoneedles which are further as-
sembled into hierarchical hollow spheres. High-resolution TEM 
(HRTEM) studies helped to realize that individual nanoclusters 
were comprised of phosphide, sulfide, and oxide facets of Ni 
and Co as depicted in Figures 3f,g and S3. As demonstrated in 
Figure  3c, the identified lattice fringes with an interlayer dis-
tance of 0.21 nm correspond with the (111) characteristic facet 
of NiCoP [25]. Similarly, the crystal facets with 0.25 and 0.30 nm 
are assignable to the (311) phases of NiCo2O4 [24] and NiCo2S4 
[26], respectively. The realization of the co-existence of three 
heterogeneous phases (typically with different binding energies 
to O2 and intermediate discharge products) is critical in un-
derstanding the discharging and charging mechanisms of the 
LOB. Placing a limited quantity of NaH2PO2 · H2O and thiourea 
upstream during the calcination is pivotal in achieving partial 
phosphorization and partial sulphurization, and the remaining 
portions of the material were converted to metal oxide phases as 
observed during both XRD and HRTEM studies. The XPS stud-
ies analyzed interactions between the identified heterogeneous 
domains.

XPS studies presented in Figure 4 were used to identify the el-
emental composition and the interaction between different el-
ements in the synthesized NC-3@Ni. The high-resolution XPS 
spectra were also studied for comprehensive understanding of 
the chamical states of elements in the sample. Mechanically sep-
arated catalyst particles were used during the experiment and 
the survey spectra depicted in Figure 4a identify the presence of 
Ni-Co, O, S, and P elements on the surface of the heterogeneous 
catalyst of NC-3. The spectra detect the presence of C, which 
could be sourced from the contaminations or adventitious car-
bon. The deconvoluted Ni 2p high-resolution narrow band spec-
tra of NC-3@Ni and NCO@Ni are shown in Figure 4b, and both 
samples are well-fitted into spin doublets with shake-up satellite 
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peaks. Ni2+ and Ni3+ valances related to Ni 2p3/2 were positioned 
at 853.7 and 855.2 eV, respectively, in NCO/Ni [11]. However, a 
significant shift in the binding energies was observed with Ni2+ 
red shifting by 1.0–852.7 eV, while Ni3+ was blue-shifted by 1.2–
856.4 eV in the heterogenous catalyst of NC-3@Ni. Considerable 
shifts in binding energies indicate the presence of other Ni-
involved chemical phases and possible interactions between the 
phases. Similar observations were made during Co 2p spectral 
analysis. Co 2p spectra can also be deconvoluted into well-fitted 
spin doublets and related shakeup peaks. The Co2+ valance of 
Co 2p3/2, originally placed at 779.4 eV for NCO@Ni, was moved 
by 0.3 eV toward higher binding energies in the NC-3@Ni (see 
Figure  4c), supplementing the observations made on Ni 2p 

spectra. The presence of P was identified in the heterogeneous 
catalyst during the P 2p spectral analysis (see Figure 4d), and as 
commonly observed during XPS analysis of metal phosphides, 
surface phosphide phases were oxidized in contact with atmo-
spheric air [27]. It was observed that the phosphate peak shifted 
toward higher binding energies (133.2 eV) in the heterostructure 
compared with the peak position in the pure phosphide phase 
(132.8 eV), indicating electron transfer from the phosphide phase 
to neighboring oxide or sulfide phases. The higher binding en-
ergies in the phosphate phase reflect the influence of stronger 
bonds in adjacent insulating oxide or sulfide phases, contribut-
ing to the overall electronic modulation within the heterostruc-
ture [28]. Figure 4e presents O 1 s spectra, and three peaks O1, 

FIGURE 2    |    (a–c) SEM images, (d) graphical illustration of the hollow core, (e) EDX elemental mapping of the NC-3@Ni catalyst structure.
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O2, and O3 represent lattice oxygen, low oxygen coordination 
sites/P  O bond or S  O bond (further confirmed in S 2p spectra 
in Figure  4f), and surface adsorbed hydroxyl groups in water 
molecules, respectively [28]. The figure provides strong evidence 
of chemical modification on the catalytic surface structure 
upon the conducted in situ phosphorization and sulfurization. 
Compared with the pure oxide phase, the O1/O2 peak ratio is 
substantially reduced in the heterogeneous structure of NC-3@
Ni, suggesting significantly fewer lattice-oxygen bonds of metal 
oxide domains are presented in the heterogeneous structure 
implying the successful phosphorization [29] and sulfurization 
[30, 31]. Moreover, the binding energy of the lattice-oxygen bond 
shifted by 0.4 eV toward a lower value of 529.3 eV (compared with 
its position on the pure metal oxide phase), providing further 
evidence of interactions of Ni-Co oxide phases with neighbor-
ing Ni-Co sulfide and Ni-Co phosphide phases. Overall, the XPS 
studies confirm the presence of Ni-Co oxide, Ni-Co sulfide, and 
Ni-Co phosphide heterogeneous phases in the synthesized cat-
alytic microstructure. These shifts in binding energies suggest 

strong interphase interactions, where the electronic structure of 
NC-3@Ni is effectively modulated by charge redistribution be-
tween the heterogeneous phases.

3.1   |   Electrochemical Analysis

All electrochemical analyses for the derived catalytic struc-
tures were conducted using assembled CR2032-type meshed 
LOB coin cells. The disks cut into 13 mm diameter of the NC-3-
integrated catalyst heterostructure on the Ni foam were used as 
the binder-free cathode, while Li foil, celgard 2400 membrane, 
and 1 M LiTFSl in TEGDME were used as the anode, separator, 
and the electrolyte of the battery, respectively. LOBs assembled 
with NCO@Ni, NCS@Ni, and NCP@Ni were used for the com-
parative analysis.

As presented in Figure 5a, CV studies were used to analyze the 
electrocatalytic activity of the catalytic cathodes, which were 

FIGURE 3    |    (a) XRD spectra, (b) TEM image, (c) identified 111 facet of NiCoP, (d) identified 311 facet of NiCo2O4, (e) identified 311 facet of NiCo2S4 
from the HRTEM images (f, g) of the heterogeneous catalyst of NC-3@Ni.
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conducted at a rate of 0.2 mV s−1 within the voltage window of 
2.0–4.5 V. All catalytic cathodes indicate ORR and OER activi-
ties during the respective cathodic and anodic cycles. CV studies 
reveal possibly the most conductive phases of all, the phosphide 
phases are highly electrochemically active, where the respective 
reduction and oxidation peaks of NCP@Ni presented at 2.23 and 
4.05 V were found to be least shifted from the equilibrium of 
2.96 V. Overall, the weakest activity was provided by the NCO@
Ni, and the peak positioning and the current density of NCS@
Ni was marginally better, compared with NCO@Ni. The hetero-
geneous cathode provided improved catalytic activity compared 
with pure oxide and sulfide counterparts, and its peak current 
densities and peak positioning were only second to the NCP@Ni. 
The oxidation peak present at 3.47 V, in addition to the peak at 
4.24 V in NC-3@Ni, indicates the early decomposition of amor-
phously form Li2-XO2 [11], which could be beneficial during the 
LOB operation to achieve lower charging overpotential under a 
limited discharge depth.

The low contact and interfacial resistance are essential for ef-
ficient and durable battery operation. The bottom-up crystal 
growth approach is known for engineering catalytic cathodes 

with superior interfacial properties compared with the tape-
casted electrodes with non-conductive binders [32]. As antici-
pated, all the derived self-standing catalytic electrodes exhibited 
a small series ohmic resistance during the EIS analysis con-
ducted with 5 mV sinusoidal signals for a frequency range of 
0.01–1000 Hz. The well-fitted equivalent circuits for the Nyquist 
plots provided in Figure  5b confirm the lowest series ohmic 
resistance (Rs) of 10.73 Ω is provided by the NCP@Ni cathode-
based LOB, while the hybrid, sulfide, and oxide cathodes pro-
vide, respectively, lower conductivities with the highest Rs of 12. 
65 Ω was reported by the NCO@Ni-based system. Alike Rs, the 
charge transfer resistance (Rct), which were calculated by the 
diameter of the semi-circle, was also found to follow the same 
order, where the lowest initial charge transfer resistance of 178. 
20 Ω was provided by the NCP@Ni cathode. The observations 
align closely with the results of the cyclic voltammetric analysis, 
where the NCP@Ni cathode exhibited the lowest polarization 
and highest current densities, followed by the NC-3@Ni cathode.

As illustrated in Figure 5c, GCD profiles of the assembled batter-
ies with different self-standing catalytic cathodes were analyzed 
to reveal the depth of maximum discharge and the decomposition 

FIGURE 4    |    XPS (a) survey spectra of NC-3@Ni, and narrow spectra of (b) Ni 2p, (c) Co 2p, (d) P 2p, (e) O 1 s, and (f) S 2p.
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capabilities at 400 mAg−1 under the voltage window of 2.0–4.5 V. 
During the study, exceptionally good initial specific discharge 
capacity was shown by the LOB assembled with the hybrid cath-
ode of NC-3@Ni, showing 25 162 mAhg−1 discharge capacity. 
The battery was able to well decompose the discharge product 
by achieving a specific charging capacity of 22 590 mAhg−1, 
which is roughly 90% of the discharge capacity. In comparison, 
the LOBs with NCP@Ni, NCS@Ni, and NCO@Ni were only able 
to achieve the respective specific discharge/charge capacities of 
8030/7916, 4910/4892, 5068/2493 mAhg−1. The highest capac-
ities achieved by the catalysts with homogeneous phases were 
less than 1/3rd of the initial capacities achieved by the heteroge-
neous catalyst system, showcasing the superiority of the NC-3@
Ni cathode-based LOBs operating under high current densities 
as 400 mAg−1. The measured charging overpotential of 1.05 V in 
NC-3@Ni cathode-based LOB is also the lowest, which is 0.21 V 
lower than the next best-performing cathode of NCP@Ni, ver-
ifying the stable catalytic performances in the heterogeneous 
catalyst. We reveal the morphology and the orientation of the 
discharge product are responsible for the greater charge storage 
performances, and the contribution of its surface charge distri-
bution for the advantages of discharge product properties will be 
discussed in the following sections. The heterogeneous catalyst 
produced healthy discharge/charge capacities even as the cur-
rent rate increased considerably as depicted in Figure 5d, show-
casing the capabilities of the heterogeneous catalyst to adapt at 
faster reaction kinetics. The specific discharge/charge capacities 
were reported as 16 730/14 085, 7510/6376, 3128/2819 mAhg−1 at 
respective current rates of 600, 800, and 1000 mAg−1, indicating 

the heterogeneous catalyst can deliver similar capacitive depths 
at twice higher current rates, compared with the second-best 
performing catalyst of NCP@Ni.

Further delving into the electrocatalytic activities, the cycle 
performance of the assembled LOBs with the heterogeneous 
and the individual catalyst phases were studied under a cur-
rent density of 400 mAg−1 with a limited discharge capacity of 
1000 mAhg−1.

Figure 6a depicts overlapped voltage-time profiles of the studied 
LOBs. In which, by far the longest cycle stability was provided 
by the NC-3@Ni heterogeneous cathode-based LOB, surviving 
over 1350 h of continuous operation. The heterogeneous LOB 
system provides a steady performance with a small overpoten-
tial of around 0.7 V and 100% coulombic efficiency throughout 
its operation of 270 cycles, without any noticeable signs of degra-
dation, where Figure 6d,e provides information on the selected 
discharge/charge cycles during NC-3@Ni catalyst-based LOB 
operation and the energy efficiency during the LOB operation, 
respectively. Following the trend observed during the deep-
discharge studies, the LOB assembled with bimetallic phos-
phide cathode delivered the second-best cycle performances. 
The NCP@Ni cathode-based LOB was active for a continuous 
675 h operation, completing 137 cycles, before reaching the 
threshold conditions. The battery performances started to de-
teriorate after the first 200 h (40 cycles) of steady operation as 
indicated in Figure 6a, which is verified as the charging overpo-
tential of 0.95 V observed after 50 cycles jumped to 1.15 V by the 

FIGURE 5    |    Electrochemical performances of different catalytic cathodes in the assembled LOBs: (a) cyclic voltammetry study conducted at scan 
rate 0.2 mV s−1 in between 2.0 and 4.5 V, (b) EIS analysis of LOBs prior operation, (c) specific discharge/charge capacity at 400 mAg−1, (d) specific 
discharge/charge capacity of NC-3@Ni cathode-based LOB under different current densities.
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100th cycle, as observed in Figure 6c. These observations imply 
that even the best-performing individual catalyst of NiCoP is 
struggling to reach the designated discharge depths and the 
decomposition of the discharge products without considerable 
overpotential rises over 50 cycles.

Comparatively, weak catalyst phases of NiCo2S4 and NiCo2O4 
identified during the CV studies were only able to survive 32 and 
17 cycles, respectively, with the full energy efficiency. Inherent 
low conductivity in the transition metal oxide and sulfide phases 
[28] could also account for the sluggish kinetics display by the 
NCO@Ni and the NCS@Ni (see Figure  6b), as those catalysts 
failed to deliver under a current density as high as 400 mAg−1. 
The superior cyclic performance of the heterogenous phases-
based cathode was verified again as the cyclic capabilities of the 
LOBs were assessed under an increased current density (800 
mAg−1). As exhibited in Figure 6e, the NC-3@Ni cathode-based 
LOB survived for 213 h completing 85 cycles with a 100% cou-
lombic efficiency, while the NCP@Ni cathode-based LOB was 
only able to last 28 cycles operating for 71 h.

Over the years, most of the arguments were against the suit-
ability of cathodic solid electrocatalysts, citing the catalysts 
will become inaccessible and useless as a film-like discharge 
product grows on top of the cathode surface, covering the cat-
alytic sites [7, 33]. However, the electrochemical performances 
of the heterogenous triphase catalyst have shown considerably 
improved outcomes, overcoming the key limitations identi-
fied with the single-structure catalysts. We believe the swift 
charge transfers between the heterogeneous phases as identi-
fied during the XPS studies are playing a pivotal role in the 
enhanced catalytic performances, and its impact on the dis-
charge product morphology and orientation is discussed using 
the SEM images of the dissembled LOB cathode as presented 
in Figure 7, obtained once the batteries were fully discharged 
at 400 mAg−1.

The SEM images of the disassembled battery cathodes obtained 
after the full discharge provide invaluable information on the 
battery discharging mechanism. During the LOB discharge, 
initially, O2 gas diffusing into the battery will electrochemically 

FIGURE 6    |    (a) Votage versus time profile of different catalytic cathodes, selected cycles of (b) NCS@Ni, (c) NCP@Ni, (d) NC-3@Ni cathode-based 
LOBs, (e) Coulombic efficiency during the cycling process conducted at a rate of 400 mAg−1 under a limited discharge depth of 1000 mAhg−1 (f) 
Voltage versus time profile of heterogeneous and NCP@Ni cathode-based LOBs cycled at 800 mAg−1 under a limited discharge depth of 1000 mAhg−1.
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reduce at the surface of the cathode forming an unstable dis-
charge product of LiO2, as presented in the following equation [3].

The solid electrocatalysts tend to keep the intermediate dis-
charge product and the final discharge product of Li2O2 to the 
surface of the cathode, irrespective of the formation mechanism 
of Li2O2, either through the more common reaction pathway of (1)Li+(s) + O2(g) + e→ LiO2(ads)

FIGURE 7    |    SEM images of discharged LOB cathodes and relevant graphical representations of (a, b) NCO@Ni, (c, d) NCS@Ni, (e, f) NCP@Ni, 
and (g, h) heterogeneous cathode of NC-3@Ni.
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disproportionation (see Equation 2) or through a second electro-
chemical reduction as indicated in Equation (3) [3].

Once the produced Li2O2 stays well-attached to the surface, it 
grows as a surface coating covering the surface of the cathode. 
Previous studies concluded that porosity and the electrical con-
ductivity of the cathode reduce as the thickness of the Li2O2 layer 
increases, and the cathode surface becomes mostly passivated 
once the Li2O2 layer becomes 9 nm thick, terminating the fur-
ther discharge [34]. In such scenarios, the volumetric discharge 
capacities achieved are rather limited, even though the LOBs 
could charge with relatively lower overpotentials compared with 
the ones using redox mediators since the discharge product is 
kept well intact with the surface of the cathode. Hence, irrespec-
tive of the catalytic activity, the discharge depths that could be 
achieved by a solid electrocatalyst were limited, which makes an 
indistinct future for solid electrocatalysts in LOBs. In addition to 
the previously discussed cycle stability and discharge capacity 
studies, the observation made during the SEM studies mostly 
followed up with the above-mentioned rationale. Because the 
catalytic particles provide a similar catalytic activity through-
out the catalytic microstructure, NCO@Ni supports the growth 
of a film-like discharge product morphology forming a coating 
covering the surface of the cathode, as depicted in Figure 7a,b, 
including a graphical representation of surface coating of Li2O2 
(black) covering the catalytic particles, represents in red color. 
Unsurprisingly, similar morphological features were presented 
by the discharge cathode of NCS@Ni, which also confirms the 
growth of a film-like Li2O2 as presented in Figure  7c,d. Even 

though the NCP@Ni cathode acquired a thicker coverage of 
Li2O2 upon discharge, mostly due to better conductivity and 
better catalytic activity, the growth mechanism of the discharge 
product was still the same as displayed in Figure 7e,f. However, 
a different discharge product morphology was observed in the 
NC-3@Ni discharge battery cathode, which is a slightly curved 
sheet-like structure, grown parallel to the surface of the cathode 
as presented in Figure 7g,h with relevant graphical illustrations. 
Unlike a similar catalytic activity observed throughout the mi-
crostructure in homogeneous catalytic phases, the identified 
heterogeneous phases of NiCoP, NiCo2S4, and NiCo2O4 have 
produced a different catalytic activity in individual domains, 
producing a non-homogenous catalytic activity within the het-
erogeneous catalyst microstructures, which continues through-
out the hierarchical network. Herein, certain high conductive 
and electron-rich domains such as NiCoP could provide addi-
tional support for oxygen reduction by acting as local nucleop-
hilic domains, while the inherently low conductive metal oxide 
domains as NiCo2O4 could promote the decomposition of the 
Li2O2 by acting as local electrophilic domains, as previous re-
ports suggest [17, 23]. Hence, the growth of the discharge prod-
uct was not uniform throughout the catalytic surface, and the 
induced local electric fields from the local charge concentrated 
domains toward the local charge deficient domains could ensure 
a fast charge transport while modulating the surface electron 
structure as observed during the XPS studies.

The respective ex-situ Raman and XRD spectroscopies of 
the discharged and charged cathodes provided in Figures S4 
and S5 further verified the formation of Li2O2 during the dis-
charge, and the full decomposition of it upon charging, con-
firming the successful operation of the tri-phase heterogenous 
cathode-based LOBs. Upon discharge, the appearance of the 

(2)2LiO2(sol) ⇌ Li2O2(s) + O2(g)

(3)Li+(s) + LiO2(ads) + e→ Li2O2(ads)

TABLE 1    |    The electrochemical performance of the Li-O2 battery using the triphase heterogeneous catalyst (NC-3@Ni), in comparison with 
alternatives extracted from the literature.

Catalyst

Discharge 
capacity 

(mAhg−1)

Current 
density 
(mAg−1)

Number 
of cycles

Current 
density 

(mAhg−1)
Discharge product 

morphology

RuO2 [9] 7900 300 173 300 Film

NiCoFeO [12] 16 727 100 197 500 Film

NiCoP [38] 9320 100 150 500 Film

Ag2Mo2O7 [39] 15 898 500 817 500 Film

CoSe2@NiSe2 [22] 3530 100 60 100 Flower-like

Ni-Co-Fe-O [40] 3111 50 125 50 —

NiCo2S4@NiO [21] 10 050 200 300 200 Peasecod-like

Fe-RuO2 [41] 23 628 200 134 200 Toroid and Sheet

Mn2O3 [42] 21 070 500 180 500 Film

2D Ti0.87 O2/MXene [43] 11 120 200 407 200 Film

CoP/Co2P [28] 14 632 100 161 200 Porous boxes

NiO@NiP [16] 18 254 500 240 500 Sheet-like

NC-3@Ni 25 162 400 270 400 Sheet-like

Note: Values in bold are related to the current study.
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peaks at 261 and 796 cm−1 in the Raman spectra confirmed 
the formation of Li2O2 [35]. The detection of sharp peaks of 
Li2O2 indicates the less-crystalline nature of the discharged 
product, whereas the shorter O  O bond length and the com-
parably defective nature in less crystalline nature (compared 
with toroidal Li2O2) make it easily detectable with Raman 
spectroscopy [36]. The initial cathode of NC-3@Ni was free 
from any apparent peak in the area of interest, while a peak 
around 710–730 cm−1 appeared in all of the tested battery cath-
odes, which is assignable to [TFSi]−, a residual peak from the 
electrolyte [37]. Importantly, the peaks associated with Li2O2 
were found to have disappeared from the charged cathode, in-
dicating a successful decomposition. The absence of any peak 
related to LiOH or Li2CO3 helps to conclude that the minimal 
side reactions occurred during the LOB operation, and their 
presence could trigger a premature death of the battery. As ex-
pected, some residual Li2O2 was detected from the long-cycled 
cathode after 100 cycles, indicating the typical aging of the 
catalyst. Compared with the RAMAN study, the ex-situ XRD 
study has less clarity. The strong signals from the Ni foam and 
the void full rough morphology of the electrode surface make 
ex-situ XRD analysis more challenging. However, the disap-
pearance of the peaks presented at 2Ɵ = 21.4, 31.9, 34.2, and 
59.1 on the discharged cathode assignable to Li2O2 (JCPDS 01-
073-1640) from the charged cathode as presented in Figure S4, 
suggests the successful decomposition of the discharge prod-
uct from the NC-3@Ni cathode upon charging.

The observations made during the ex-situ SEM study of the 
discharged cathode of NC-3@Ni heterogeneous cathode fur-
ther justified the observations made during the electrochem-
ical studies. Unlike a film-like layer, the parallelly grown 
sheet-like morphology of the discharge product will not block 
the Li-ion diffusion into the cathode or passivate the cata-
lyst sites, in favor of achieving a higher discharge depth as 
reported, more than 3 times over the studied homogeneous 
catalyst phases. Furthermore, the presence of heterogeneous 
phases overcomes the reaction kinetic limitations that could 
occur in the systems with individual phases, allowing the 
LOBs to perform well in higher current densities. Essentially, 
since the produced Li2O2 deposited in contact with the bat-
tery cathode, significantly low charging overpotentials were 
reported, allowing the constructed LOB system to outperform 
the homogeneously distributed single catalyst systems and 
dual-phase heterogeneous catalyst systems reported in recent 
years as presented in Table 1.

4   |   Conclusion

In summary, we have synthesized and integrated a triphase het-
erogeneous catalytic microstructure as the O2 cathode in LOB. 
The catalyst material comprises the domains of binary oxide, 
sulfide, and phosphide phases of NiCoP, NiCo2S4, and NiCo2O4 
within the hollow microstructures, which are assembled in a 
hierarchical order on Ni foam. While the hollow core benefits 
in achieving higher gravimetric performances, the major con-
tribution was made by the heterogeneous phases towards the 
superior LOB performances, by modulating the discharge prod-
uct morphology and the orientation. The phases with different 

electronic properties were found to be promoting the growth of 
sheet-like Li2O2, assembled vertically on the cathode surface. 
The mechanism advocates fast reaction kinetics, higher dis-
charge depths, and longer cyclability, where the heterogeneous 
catalytic cathode-based LOB achieved 25 162 mAhg−1 of first 
discharge capacity at 400 mAg−1, and 270 cycles at 400 mAg−1 
under a limited discharge depth of 1000 mAhg−1, exceeding 
1350 h of continuous operation. In comparison, the NiCoP-used 
cathode-based LOB performed best among the individual cata-
lytic structures explored on the heterogeneous catalytic system. 
However, the performances of NiCoP are less than one-third and 
half of the produced respective specific capacity and cyclability 
by the heterogeneous catalyst-based LOBs, exhibiting the effec-
tiveness in the explored strategy.
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