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ABSTRACT 

Low-cost and highly active electrocatalysts are attractive for Li-O2 applications. Herein, a 3D 

interconnected plate architecture consisting of ultra-small Co-Ni grains embedded in lithium 

hydroxide nanoplates (Co2Ni@LiOH) is designed and prepared by a lithiation strategy at room 

temperature. This catalyst exhibits a remarkably reduced charge potential of ~ 3.4 V at 50 µA cm-

2, which lead to the high roundtrip efficiency of ~ 79%, among the best levels reported and a cycle 

life of up to 40 cycles. The well-aligned network facilitates the oxygen diffusion and the electrolyte 

penetration the electrode. The enhanced electronic conductivity network improved the charge 

transport. More active sites are introduced which speed up adsorption and dissociation of oxygen 

during the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) reaction. This 

new catalyst design inspires the development of effective non-noble metal catalyst for Li-O2 

batteries to replace the noble metal catalyst.  
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Li-O2 batteries have emerged as one of the most promising electrochemical energy storage 

technologies due to their exceptionally high theoretical specific energy of 3600 Wh/kg.1-4 

However, there are technical challenges including the sluggish kinetics of the OER in non-aqueous 

media. Catalysts play a very significant role in the OER process, which could reduce the over 

potential during charge.5-10 So far, attractive performance are mostly reported for catalyst using 

expensive noble metals such as Ir, Ru, Pt, and Pd, which limit the large scale development of Li-

O2 batteries.11-15  Hence, it’s desirable to explore low cost and highly effective alternative catalysts 

for OER.16 

Transition metal based catalysts (Co3O4, NiO, Co(OH)2 and Ni(OH)2) have got much 

attention for OER due to their low cost, environmental benignity and earth abundancy.17-19 The 

electrocatalytic activity is closely related to the surface active sites, gas diffusion and charge 

transport. Various approaches have been adopted to improve the OER catalytic ability by reducing 

the particles size or designing porous electrode.20-23 However, the size control, dispersity and 

electrochemical conductivity are still the challenges for the existing approaches (sol-gel, 

hydrothermal and solvothermal etc.).  

Here, for the first time, we prepared ultra-small cobalt and nickel nanoparticles, which 

dispersed in porous LiOH porous structure (denoted as Co2Ni@LiOH) by a simple lithiation 

strategy as shown in Figure 1a. Different from the other catalyst designing method, we lithiated 

cobalt-nickel layered double hydroxide (Co-Ni LDH) layer structure by a discharge process under 

argon  in the Swagelok cell, which leads to the formation of cobalt and nickel metal nanoparticles 

and LiOH composite (Co2Ni@LiOH). Then the Co2Ni@LiOH composite based electrode was 

directly employed as the cathode in the Li-O2 cell after filling the glass chamber with pure oxygen. 

The metal particles exhibit ultra-small size (~ 2 nm) and the Co2Ni@LiOH composite shows 
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uniform 3-D porous structure with high active surface area and good electrical conductivity. As 

the oxygen cathode for the Li-O2 cell, the Co2Ni@LiOH exhibits a high discharge voltage of 2.7 

V and a very low charge potential of 3.4 V at a current density of 50 µA cm-2, which results a high 

roundtrip efficiency (~ 79%) comparing with that of pristine Co-Ni LDH (~ 59%). This high 

roundtrip efficiency is comparable to that of the well-known noble metals (PtAu: ~ 66%,24 

Pt/Co3O4: ~ 71%,25 Pd: ~ 71%,26 Ir-rGO: 85%13). The Co2Ni@LiOH based Li-O2 cell is stable, 

which can last 40 cycles with a 3.6 V charge potential at the current density of 50 µA cm-2.   
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Figure 1. (a) Schematic of the experimental process. SEM of (b) the pristine Co-Ni LDH electrode 

and the Co2Ni@LiOH electrodes which were discharged to (c) 0.7 V, (d) 0.5 V, (e) 0.3 V and (f) 

0.1 V respectively. (g) Discharge profiles of Co-Ni LDH in argon. 

Co-Ni LDH (with a molar ratio of Co/Ni = 2/1) with a lateral size of several micrometers 

are fabricated by a simple hydrothermal process (Experimental Methods in Supporting 

Information).27 The XRD patterns of the as-prepared Co-Ni LDH are consistent with that of α-

Ni(OH)2 (JCPDS Card No. 22-0444), which shows the Co-Ni LDH is isomorphous with the α-

Ni(OH)2 (Figure S1a, Supporting Information).27,28 Then the Co-Ni LDH was mixed with 

carbon black and casted on the carbon paper (Figure S1b). The Co-Ni LDH plates are distributed 

on the substrate randomly. SEM was carried out to monitor the structure evolution during lithiation 

(Figure 1b-f). As shown in Figure 1b, the original Co-Ni LDH is nanoplates in shape with lateral 

size of ~ 3 µm and thickness of ~ 200 nm, which interconnected to form a porous structure. When 

the cut-off voltage of the lithiation process is 0.7 V, the plate size reduces to be ~ 600 nm (Figure 

1c). Further lithiated to 0.1V, the size of the Co-Ni LDH continues to decrease to be ~ 300 nm 

(Figure 1d-f). The discharge profiles of our samples (Figure 1g) match well with the previous 

reported for Co-Ni LDH.29 With more lithium ion diffuse and react with Co-Ni LDH, the 

nanoplates crack into smaller ones. Meanwhile, ultra-fine metal grains form and are embedded in 

the LiOH matrix (Figure 3a). 
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Figure 2. (a) XRD patterns of Co2Ni@LiOH based electrodes which were discharged to 0.7 V, 

0.5 V, 0.3 V and 0.1 V respectively and (b) the first discharge-charge performance in Li-O2 

batteries of Co2Ni@LiOH under different discharge voltages. 

XRD was employed to analyze the crystallinity evolution of the Co-Ni LDH based 

electrodes during lithiation/discharge process (Figure 2a). During the electrochemical lithiation 

process, it is expected that the lithium ions can react with Co-Ni LDH, which results in the 

formation of nanometer sized cobalt and nickel grains embedded in LiOH matrix.30,31 So as 

electrode was discharged to lower voltage, the diffraction peaks of LiOH (JCPDS Card No. 96-

101-0302) become stronger due to LiOH crystal growing larger with good crystallinity. No peak 

related to Co or Ni was observed, which indicates Co and Ni could exist in very small size and is 

smaller than the x-ray coherence length or in an amorphous state.32,33 The LiOH matrix in the 

lithiation product could restrict the particle growth of metal and lead to formation of ultra-fine 

particles which can result in more catalytic active sites. Because the deeper lithiated Co-Ni LDH 

can produce more metal (Co and Ni) particles, the 0.1 V discharged one is expected to exhibit the 

best performance in Li-O2 batteries. 
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The Co-Ni LDH lithiated at different voltages (0.7V, 0.5V, 0.3V and 0.1V) and the pristine 

one were investigated as the oxygen cathodes and their first discharge-charge performances were 

compared. As shown in Figure 2b, the 1st discharge voltages of the four discharged Co-Ni LDH 

based cells are around 2.7V, which is higher than that of the pristine one (2.5V). The charge 

voltages of the Co2Ni@LiOH are obviously lower than that of the pristine one. Especially, the Co-

Ni LDH that was discharged to 0.1V (Co2Ni@LiOH-0.1V) exhibit best performance with the 

lowest charge voltage (3.4V), which is very close to the performance of noble metals.34-36 The 

charge overpotential could be reduced to 0.4V as compare to the O2/Li2O2 redox couple potential, 

which demonstrate the catalyst prepared by this lithiation strategy is a promising as oxygen 

cathode for Li-O2 batteries. 

 

Figure 3. (a) Low magnification TEM image, (b) HRTEM image and (c) SAED pattern of the 

Co2Ni@LiOH-0.1V. (d) EDS mapping of the Co2Ni@LiOH-0.1V for Co, Ni and C elements. 
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In order to analyze the relationship between the morphology and the performance of the 

Co2Ni@LiOH-0.1V in detail, TEM was carried out to investigate the composition, morphology, 

and the particle size of the Co2Ni@LiOH-0.1V. As shown in the TEM image (Figure 3a), the 

discharge products were composed of fine grains with ultra-small sizes of ~ 2 nm, which are 

uniformly distributed. The lattice fringes of the grains with spacing around 0.20 nm can be indexed 

as the (111) plane of cobalt or nickel (Figure 3b). As shown in the diffraction ring, the lattice 

calculated at around 0.20 nm and 0.18 nm can be assigned to the facets of (111) and (200) of cobalt 

or nickel (Figure 3c). In addition, three rings can be indexed to (011), (112) and (121) phase of 

LiOH (Figure 3c) which is consistent with the XRD characterization (Figure 2a). Elemental 

mapping also confirms the existence of cobalt, nickel with atomic ratio of ~ 2 and distributed 

homogeneously (Figure 3d). The ultra-small size and uniform distribution of cobalt and nickel 

may explain that no signal related to metals can be found in the XRD patterns and also exhibit the 

advantage of this lithiation strategy for the preparation of ultra-small sized metal catalyst at low 

temperature. 
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Figure 4. Normalized XANES spectra at the (a) Co K-edge and (b) Ni K-edge. (c) Nyquist plots 

obtained by EIS of pristine Co-Ni LDH and Co2Ni@LiOH-0.1V, and the equivalent circuit. (d) 

CV of two kinds of cathode in Li-O2 cells with a scan rate of 0.1 mV s-1. 

In order to further confirm the oxidation state of Ni and Co, the Co2Ni@LiOH-0.1V were 

investigated by XANES via comparing the Co and Ni K-edge positions with the standard Co(0), 

Co(∥), Ni(0) and Ni(∥) (Figure 4a-b). All the K-edge spectrums were collected in transmission 

mode. The freshly Co2Ni@LiOH-0.1V shows the same Co and Ni K-edge positions with the 

standard Co(0) and Ni(0), indicating the exist of reduced Co and Ni after lithiation.37,38 And the 

Linear combination fittings the oxidation states of Co and Ni after resting 30 min in Li-O2 cell and 
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after the 1st discharge were also investigated, which indicates the metal nanoparticle surface is 

partially oxidized. Calculation shows the proportions of oxidized Co and Ni in the relative species 

are 15.3.0% and 5.2%, respectively, after resting 30 min and increased to 32.5% and 20.5% after 

the 1st discharge (Table 1, Supporting Information). 

As demonstrated by the XAS analysis, the oxidized metals were converted into the reduced 

one and it has been well known that lower charge transfer resistance can increase the catalytic 

performance.39 Thus, EIS was performed on the pristine and the Co2Ni@LiOH-0.1V (Figure 4c). 

The Nyquist profiles were collected in the frequency range from 0.01 Hz to 100 KHz. The diameter 

of the semicircle at high frequency is ascribed to the charge transfer reaction at the electrolyte and 

electrode interface and decreases after lithiation. This means an improvement in the charge transfer 

kinetics of the Co2Ni@LiOH-0.1V based electrode, which is attributed to the conversion of Co-Ni 

LDH into metal Co and Ni with lower resistance than the hydroxide. In addition, the formation of 

smaller sized nanoplates may increase the surface area and enhance the electrode/electrolyte 

interaction.  

The cyclic voltammetry (CV) was taken to investigate the electrochemical redox process 

of oxygen with Co2Ni@LiOH-0.1V in Li-O2 cell comparing with the pristine Co-Ni LDH. Figure 

4d shows the 1st cycle CV response of the two cells between 2.2 and 4.5 V with a scan rate of 0.1 

mV s-1. Obviously, the Co2Ni@LiOH-0.1V exhibits higher oxidation current density compared 

with the pristine Co-Ni LDH. The reduction onset potential is higher and oxidation onset potential 

is lower than the pristine one. These results reveal the Co2Ni@LiOH-0.1V possess superior 

electrochemical performance towards both the formation and decomposition of discharge 

product.39 
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Figure 5. (a) First 40 cycles of Li-O2 batteries with the Co-Ni LDH cathode and (b) First 12 cycles 

of Li-O2 batteries with the pristine Co-Ni LDH cathode. Rate performance of (c) the 

Co2Ni@LiOH-0.1V cathode and (d) the pristine Co-Ni LDH cathode. 

The discharge-charge profiles of the pristine Co-Ni LDH and Co2Ni@LiOH-0.1V are 

shown in Figure 5a-b with the capacity limited to 1400 mAh g-1 at a current density of 50 µA cm-

2. With the activation phenomena during the initial cycle,40 the Co2Ni@LiOH-0.1V based batteries 

present stable discharge voltages with no obvious variation for 40 cycles while the pristine one 

based batteries show reduction in the discharge voltage after only 12 cycles. For the charge 

process, both of batteries show increase in the charge potential. However, the charge potential for 
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the Co2Ni@LiOH-0.1V one is 3.4 V during the 1st charge, which rises to 3.6 V over 40 cycles 

with a high roundtrip efficiency of 79%. The pristine Co-Ni LDH shows a larger charge potential 

of 4.2 V leading to a lower roundtrip efficiency of 59%. The Co2Ni@LiOH-0.1V as oxygen 

cathode show outstanding performance, which is close to the noble metal catalyst.38,39,41  

To check the rate performance, the Li-O2 cells were discharge/charged at different current 

densities with capacity limited to 2800 mAh g-1. Figure 5c shows that the discharge potential for 

the Co2Ni@LiOH-0.1V are 2.54, 2.48 to 2.31V at current densities of 50, 150 to 250 µA cm-2, 

respectively. The related charge voltages are 3.40, 3.60 and 3.60 V, with the roundtrip efficiency 

of 75%, 69% and 64%, respectively. While the pristine one shows high charge potentials of 4.38, 

4.44 and 4.58 V and low discharge potentials of 2.58, 2.35 and 2.30 V at current densities of 50, 

150 to 250 µA cm-2 (Figure 5d), with the roundtrip efficiency of 59%, 53% and 50%, respectively. 

Figures 5c-d show larger overpotential at higher current densities. However, even at high current 

density (250 µA cm-2), the Co2Ni@LiOH-0.1V electrode exhibits much low charge potential (3.6 

V) which demonstrate it can operate efficiently at high rates with limited polarization. These 

advantages might be attributed to the following factors: the highly porous structure of metal/LiOH 

with more active sites; the improved electrochemical conductivity due to the existence of reduced 

metal embedded in the network plate which facilitates the charge transfer in the electrode; the 

interconnected network facilitate the diffusion of oxygen in and out of the cathode.       
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Figure 6. SEM of (a) the 1st discharge and (b) charge products in Li-O2 batteries with the 

Co2Ni@LiOH-0.1V cathode. (c) XRD of the 1st, 20th, 30th, 40th discharge and the 1st charge 

products in Li-O2 batteries with the Co2Ni@LiOH-0.1V cathode. (d) Raman of the 1st discharge 

and charge products in Li-O2 batteries with the Co2Ni@LiOH-0.1V cathode. 

We investigated the discharge and charge products in the Li-O2 cell during different cycles 

at a current density of 50 µA cm-2. After the 1st discharge, SEM image (Figure 6a) shows the 

Co2Ni@LiOH-0.1V electrode is covered by toroidal structures, which is the common morphology 

for Li2O2.
39 After charging the cell, all the toroidal structures disappeared and the inter-connected 

structure is exposed, which is the Co2Ni@LiOH-0.1V (Figure 6b). Comparing with the freshly 
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Co2Ni@LiOH-0.1V electrode (Figure 1f), the surface of the same electrode is much rougher after 

the 1st cycle in the Li-O2 cell. This should be due to the partially decomposition of the electrolyte 

and covered onto the Co2Ni@LiOH-0.1V-based electrode surface. In sharp contrast, the 

morphology of the discharge products of the pristine Co-Ni LDH electrode is completely different, 

which show irregular film with no obvious toroidal structure (Figure S2a). The discharge products 

of Co2Ni@LiOH-0.1V electrode were further confirmed by HE-XRD as shown in Figure 6c. After 

the discharging (1st, 20th, 30th, 40th), new peaks at around 2.61º and 4.27º were observed, which 

can be assigned to the (201) and (220) peaks of Li2O2 crystal (JCPDS Card No. 96-151-

4084).13,42,43 The two peaks disappeared after the 1st charge, which suggests the discharge product 

Li2O2 is decomposed. However, no XRD evidence of Li2O2 was obtained from the pristine Co-Ni 

LDH electrode (Figure S2b). The Co2Ni@LiOH-0.1V electrode was analyzed by Raman, which 

shows two peaks at 1330 cm-1 and 1580 cm-1 belonging to the D band and G band of the graphitized 

carbon fiber paper substrate (Figure S3a). After the 1st discharge in Li-O2 cell, new peaks arise: 

one at 780 cm-1 belongs to Li2O2 (Figure 6d);44 the peaks at around 1040 and 1080 cm-1 are due to 

the decomposition of the electrolyte45 and the bands near 1130 and 1480 cm-1 should be attributed 

to the degradation of the cathode binder (PVDF) as reported previously.46 The PVDF related peaks 

(1130 and 1480 cm-1) disappeared when the binder was replaced by PTFE (Figure S3b). This result 

indicates the products after the 1st discharge in Li-O2 cell are mainly Li2O2 for the Co2Ni@LiOH-

0.1V electrode, which is consistent with the SEM and XRD analysis. After the 1st charge, Raman 

data shows the peak of Li2O2 disappeared, which indicates it was decomposed after charging. 

However, the peak at 1040 cm-1 still exists, which indicates the by-product from electrolyte 

decomposition is difficult to be decomposed under this low voltage charge condition. The 

accumulation of the side reaction on the cathode will hinder the charge transportation, which could 
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be another reason that cause the gradual increase of the charge potential during cycling in the Li-

O2 cell.47 For the pristine Co-Ni LDH electrode, the peak from Li2O2 (780 cm-1) was also obtained 

using Raman spectroscopy (Figure S4), which exist in the irregular film in amorphous state based 

on the SEM and XRD analysis. These results demonstrate the Co2Ni@LiOH-0.1V cathode could 

enhance the crystallization and growth of the toroidal Li2O2 during discharging process and this 

ability could sustain till 40 cycles.  

In summary, we applied the lithiation strategy in the formation of Co2Ni@LiOH cathode for Li-

O2 cells. The Co2Ni@LiOH-0.1V cathode exhibited excellent catalytic activity, which decreased 

the charge potential to 3.4 V with the discharge-charge roundtrip efficiency of ~ 79% and showed 

improved cycling/rate performance compared to those of the pristine Co-Ni LDH cathode. The 

Co2Ni@LiOH-0.1V electrode possesses ultra-small metal grains with size ~ 2 nm with more 

catalytically active sites. The reduced metal enhanced the electrochemical conductivity of the 

electrode. The interconnected porous structure could facilitate the oxygen diffusion and charge 

transfer through the electrode. This work provided a strategy to construct excellent catalytic 

oxygen cathode for Li-O2 battery application. 
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