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Ultrathin and high-ordered 2D CoO nanosheet arrays (NSAs) 

composed of nanocrystals were fabricated via a facile 

galvanostatic electrodeposition technique. The as-prepared 

CoO NSAs exhibit excellent cycleability (retain 1000 mA h g-1 

after 100 cycles at 1 A g-1) and rate capability (520 mA h g-1 at 10 

10 A g-1) when they are directly used as an anode for LIBs. 

Lithium storage of the anode is one of the key technologies to 

develop next generation high-performance lithium-ion batteries 

(LIBs).1 Currently, the commercialized graphite-based anode 

materials exhibit excellent charge and discharge cycling 15 

performance, but their low specific capacity can’t satisfy the 

demand for high energy density batteries.2 So it is necessary to 

develop new anode materials with higher capacity to replace the 

low specific capacity of graphite. Up to now, various materials, 

such as non-graphitic carbon,3, 4 metal oxides,5, 6 chalcogenides,7 20 

nitrides,8 lithium alloys and their composites,9 have been 

exploited as potential anode materials for high-performance LIBs. 

Among them, metal oxides, such as CoOx,
10-14 FexOy,

15, 16
 

InVO4,
17 SnO2,

18 TiO2,
19 Fe3BO6

20
 and CuO,21, 22 are considered 

as the most promising anode materials because of their high 25 

theoretical specific capacities (in general multiple times higher 

than those of carbon/graphite-based materials).5 Especially CoO, 

owing to its completely reversible electrochemical reaction 

mechanism, is becoming one of the most appealing anode 

materials for LIBs.11, 14, 23, 24 30 

However, the practical use of metal oxides as anodes in LIBs is 

also facing some intractable problems. Most of the studied metal 

oxides belong to semiconductors, which usually exhibit poor 

ion/electrical transport kinetics and quite detrimental as electrode 

materials. Moreover, metal oxides inevitably suffer from 35 

pronounced volume change during the Li+ insertion/extraction 

processes, and consequently resulting in a large irreversible 

capacity loss and poor cycling stability.6 In order to overcome 

these barriers, many appealing strategies have been proposed, 

including the use of carbon-based nanocomposites12, 25-27 and 40 

unique nanostructures such as core-shell nanoparticles,28 

nanorods,29 nanotubes,30 nanowires,31 and nanosheets,15, 32 etc. 

Although these efforts can signally shorten the paths for lithium 

ion diffusion and offer more active surface for electrode reaction, 

they only play a very limited role in improving the electronic 45 

conductivity of metal oxides due to the weak interfacial 

connection among nanomaterials and the addition of ancillary 

materials. In addition, the easily damaged structure of 

nanomaterials during the cycle processes would inevitably lead to 

a degree of capacity fading. As a result, their rate capability and 50 

cycling stability are still not satisfactory. Therefore, it is 

imperative to further enhance the electron conduction and 

structural stability of metal oxides to achieve their practical 

application in LIBs. 

Recently, self-supported and binder-free one-dimensional (1D) 55 

and/or two-dimensional (2D) metal oxide nanoarrays are of great 

interest in LIBs10, 33-35 and supercapacitors36-38 because of their 

enhanced electron transportation capability and low ionic 

diffusion resistance compared with their bulk counterparts. A 

typical example is the self-supported 1D/2D cobalt oxide 60 

nanoarrays including nanowires,10, 24, 39nanotubes40 and 

nanosheets41-46 have been successfully prepared and all exhibited 

enhanced electrochemical performance. Particularly, the 

nanoarray electrodes with porous configuration not only can 

accelerate lithium ion diffusion, but also can effectively buffer 65 

volume change during the charge/discharge processes.10, 40  Based 

on the above observations, it is reasonably deducible 

that cobalt oxide nanoarrays with ultrathin, polycrystalline and 

interconnected nanosheet structures possibly can endow better 

electrochemical characteristics, such as higher electroactive 70 

materials utilization, more convenient electronic transmission 

path and better electrochemical stability, which interestingly, 

correspond exactly to the requirement for metal-oxide-based 

electrode materials in LIBs. Thus, it is highly desirable to 

synthesize the mentioned cobalt oxide nanosheet arrays for LIBs 75 

application. Approaching this purpose, many synthesis methods 

have been used to prepare cobalt oxide/hydroxide nanosheet 

arrays electrode materials, such as hydrothermal,42 chemical 

precipitation,45 molten salt,47, 48 carbothermal reducation49 and 

electrodeposition.41, 43, 44 Among all these synthesis methods, 80 

researchers have demonstrated that electrodeposition is the most 

effective way to synthesise 2D metal oxides/hydroxide nanosheet 

arrays owing to its template-free and direct growth pattern on a 

conductive substrate. Nevertheless, the electrodeposition method, 

which has been reported in the literature, is mainly based on the 85 

use of potentiostatic electrodeposition technique. Due to the 

changing deposition current in the deposition process, the 

difficulties involved in controlling the homogeneous nucleation 

and growth direction of the nanosheets on a conductive substrate, 

it is difficult to obtain ultrathin (<10 nm) and highly ordered 90 

nanosheet arrays structure. So the development of simple and 

effective methods to synthesize the high-quality 2D nanosheet 

arrays is still considered to be a challenging task.  

Herein, we introduce a facile galvanostatic electrodeposition 

technique to controllable synthesize ultrathin and high-ordered 95 

2D CoO nanosheet arrays (NSAs) on a porous nickel foam 

substrate. The synthesis involves the galvanostatic electro-

deposition of Co(OH)2 on the substrate and subsequent thermal 

transformation to CoO, which is illustrated in Scheme 1. Notably, 

this high-quality hierarchical architecture as an attractive design 100 

for LIBs electrode can: i) provide a 3D highway network for fast 

Page 1 of 5 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

electron transport and thus obviously improve the electrical 

conductivity of the overall electrode; ii) provide large active 

surface area and rich nanopores for the high-efficiency 

electrochemical reaction and fast electrolyte 

penetration/diffusion; iii) form a pleasant flexible structure to 5 

resist the volume expansion-contraction during cycling; iv) grow 

directly on the porous nickel foam substrate and does not require 

the additional polymer binder and coating process. Due to the 

above-mentioned advantages which originated from the 

integration of the novel nanosheet arrays architecture, the as-10 

synthesized CoO NSAs exhibit superior electrochemical 

performance when they are directly used as an anode for LIBs. 

 

Scheme 1  Schematic illustration for the fabrication of CoO NSAs. 

Fig. S1 shows the EDX pattern of the initial dark green 15 

deposit. The strong spectral peaks of Co and O suggest that the 

cobalt or cobalt-oxide-based compounds have a successful 

deposition on the nickel foam substrate. The XRD result in Fig. 

1a demonstrated that the as-prepared deposits can be primarily 

identified as a pure phase of Co(OH)2 with a hexagonal structure 20 

(JCPDS no. 30-0443). Furthermore, it is also found that the 

diffraction peaks of Co(OH)2 disappeared in the XRD pattern 

(Fig. 1b) after a thermal treatment at 200 oC for 3 h, and the peaks 

at 2θ values of 37.0o, 43.4o appeared instead, which can be 

indexed to a face-centered cubic structure of CoO (JCPDS no. 25 

48-1719), showing a successful conversion of the precursor 

Co(OH)2 to CoO.  
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Fig. 1 XRD patterns of the as-prepared deposits (a) before and (b) after 
thermal treatment.    30 

To further probe the changes of the chemical composition and 

the valence state of the as-prepared deposits before and after 

thermal treatment. XPS measurements were carried out. Fig. 2a 

and b show XPS spectra of the Co 2p and O 1s core levels 

obtained from the initial Co(OH)2 deposit and the final CoO 35 

product, respectively. As shown in Fig. 2a, the Co 2p3/2 and Co 

2p1/2 peaks of the Co(OH)2 deposit are observed at binding 

energies of 781.6 and 797.3 eV, which are characteristic of a 

Co(OH)2 phase. Similarly, there are two major peaks also 

observed in the Co 2p spectrum of the CoO product. Here it is 40 

clearly seen that the two peaks can be deconvoluted into two 

pairs of doublets. Apparently, the peaks located at binding energy 

of 780.2 and 795.2 eV are assigned to CoO phase.50 Meanwhile, 

the presence of the two smaller shoulder peaks at 781.8 and 796.8 

eV should be attributed to the small amount of residual Co(OH)2. 45 

From Fig. 2b, it is seen that the O 1s XPS spectra of the two 

samples all can be deconvoluted into three sub-peaks. The peaks 

located at binding energy of 530.0 and 531.2 eV are assigned to 

O bond in CoO crystalline networks and OH bond in Co(OH)2 

crystalline networks, respectively, while the other three smaller 50 

peaks can be assigned to the weakly absorbed surface hydroxyl 

(531.8 eV) and structural water (531.8 eV).51 The significantly 

reduction of the intensity of OH bond peak at 531.2 eV and the 

new presentation of O bond peak at 530.0 eV further indicate that 

the precursor Co(OH)2 can be successful converted into the CoO 55 

by a thermal treatment at 200 oC for 3 h. 
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Fig. 2 XPS spectra of (a) Co 2p and (b) O 1s performed on the as-

prepared deposits before and after thermal treatment. 

The morphology of the as-synthesized CoO product was 60 

primarily examined by SEM. The typical SEM image viewed 

from the top is shown in Fig. 3a. It can be observed that the CoO 

nanosheets are uniformly grown on the nickel foam substrate and 

have an ordered growth behavior. The magnified SEM image in 

Fig. 3b shows that these CoO nanosheets are regularly 65 

interconnected with each other and are almost vertically grown 

on the nickel foam substrate, forming a typical 2D nanosheet 

arrays (NSAs) structure. The further magnified SEM image is 

shown in the inset of Fig. 3b, which shows that the CoO 

nanosheets have a smooth surface and the thicknesses of the 70 

nanosheet is about 10 nm. In addition, it should be pointed out 

that, compared to the precursor of Co(OH)2 nanosheets (Fig. S3), 

the morphology of the CoO nanosheets is almost not altered after 

the thermal treatment. 

The morphology and structure of the as-synthesized CoO 75 

NSAs were further investigated by TEM. Fig. 3c shows a typical 

TEM image of the as-synthesized CoO NSAs, which provides a 

relatively large range of top-view. The interconnected and 

uniform ridge-like characteristic with a clearly dark/light contrast 

are strongly suggested the existence of an ordered nanosheet-80 

array structure. Obviously, the observations were in accordance 

with the SEM images mentioned above. The magnified TEM 

images are shown in Fig. 3d and Fig. S4, which reveal that the 

CoO nanosheets are porous and consist of the homogeneous 

overlapped nanocrystals with a size ranging from 4 to 5 nm. 85 

Moreover, it can be seen that the thickness of the nanosheets is 

about 8 nm, which is in good agreement with SEM observations 

above. The selected area electron diffraction (SAED) pattern 

inserted in Fig. 3c shows a set of diffraction rings, which further 

indicate that CoO nanosheets are polycrystalline and small size 90 

characteristics. Examination of an individual nanocrystal with 

high-resolution TEM (Fig. 3d, inset) indicates that it is highly 

crystalline along its entire particle and a considerably lattice 
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fringe with spacing of 0.21 nm is very consistent with the value 

of the (200) plane of cubic CoO. The N2 adsorption/desorption 

isotherms of the CoO NSAs are shown in Fig.S5. The BET 

specific surface area of the CoO NSAs is calculated to be 179.5 

m2 g−1, which is much higher than that of previously reported Co-5 

oxides.48, 52 Moreover, a typical IV-type hysteresis loop is 

observed which indicates that the CoO NSAs has a porous 

structure. The pore size distribution curve (the inset in Fig. S5) 

shows that the majority pore size is about 2.7 nm. Therefore, 

from the composition and structural analysis, it is certain that a 10 

temperature of 200 oC is enough for the conversion of Co(OH)2 

to CoO and make it well-crystallized. Notably, the unique 2D 

nanoarray architecture of the CoO nanosheets along with their 

polycrystalline and porous structure characteristics will be able to 

provide enormous opportunities for enhancing their functions and 15 

application performance. For instance, the provided large open 

space and convenient channels which are very beneficial to 

accelerating species diffusion and electron transportation, and 

thus enhancing their electrochemical performance.  

 20 

Fig. 3 (a, b) SEM; (c) TEM and SAED (inset); and (d) HRTEM images of 
CoO NSAs. 

Inspired by the attractive 2D nanosheet arrays architecture, the 

CoO NSAs were tested as an electrode for LIBs. Fig. 4a shows 

cyclic voltammograms of the CoO NSAs at a scanning rate of 0.2 25 

mV s-1 in a voltage range of 0.01-3.0 V vs. Li/Li+. It is clear from 

the CV curves that there is a sharp peak at 0.8 V in the first 

cathodic scan. While in the subsequent cycles, the peak has a 

positive shift of the potential about 0.1 V and a decrease of 

density, in additional, a new cathodic peak appears at 1.4 V. The 30 

difference of the cathodic peaks between the first and subsequent 

cycles is mainly related to the irreversible reactions with the 

electrolyte. In the anodic scans, two peaks at 1.5 and 2.2 V are 

recorded. The peak at 2.2 V is corresponded to the oxidation of 

Co to form cobalt oxide accompanying Li+ extraction which is in 35 

agreement with the previous reports,53 and the peak at 1.5 V is 

due to the oxidation of Ni.54 

Fig. 4b shows the galvanostatic discharge/charge voltage 

profiles of the CoO NSAs electrode cycled at a current density of 

1 A g-1 within the voltage range of 0.01-3.0 V vs. Li/Li+. A broad 40 

plateau around 1.0 V is observed in the first discharge curve, 

which shifts to higher voltage and becomes less well-defined in 

the subsequent cycles. Meanwhile, two sloping plateaus at the 

range of about 1.2-1.7 V and 2.0-2.5 V appear in the first charge 

curve, and are stable in the subsequent cycles. Notably, these 45 

features are in good qualitative agreement with the CV results in 

Fig. 4a. In addition, it is also observed that the first 

discharge/charge capacities are 1062.0 and 836.5 mA h g-1, 

respectively, indicating the irreversible capacity loss of about 

21%. It is well accepted that the irreversible capacity is attributed 50 

to the formation of a solid electrolyte interphase films during the 

first discharge process.55, 56 Moreover, the discharge/charge 

capacities are higher than the theoretical capacity of CoO (715 

mA h g-1) which have been reported by some papers, 57, 58 due to 

the participation of excess oxygen in the nano-sized CoO 55 

sample， 57and extra interfacial Li storage and the reversible 

decomposition of the electrolyte with the formation of SEI while 

cycling.5 It is noticed that the CoO NSAs electrode exhibits a 

relatively high initial discharge/charge capacities and a smaller 

irreversible capacity loss compared with the reported cobalt-60 

oxide-based LIBs anode materials,11, 14 which indicate the CoO 

nanosheets with a 2D array structure have a significantly 

improved lithium-storage performance. 
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Fig. 4 (a) CV curves of the CoO NSAs at a scan rate of 0.2 mV s-1. (b) 
Discharge and charge voltage profiles of the CoO NSAs at a current 

density of 1 A g-1. (c) Cycling performance of the CoO NSAs at a current 

density of 1 A g-1 and (d) at various current densities of 0.5, 1, 2, 5, 10 A 
g-1. All carried out in the voltage range 0.01-3.0 V vs. Li/Li+. 70 

Fig. 4c gives the cycling performance of the CoO NSAs 

electrode at a constant current density of 1 A g-1. It is found that 

the reversible capacities show an upward trend with the cycles 

and reach 1000 mA h g-1 after 100 discharge/charge cycles. 

Meanwhile, the coulombic efficiency has been maintained at 96% 75 

after the second cycle, indicating the high lithium storage 

capability and the excellent cycling stability of the CoO NSAs. 

These desirable results can be ascribed to the unique nanosheet 

arrays structure which is benificial to increase the electrochemical 

activity and effectively resist the volume expansion during 80 

cycling. Moreover, the phenomenon of the gradual increased 

capability of the CoO NSAs, which has been well-documented in 

the literature, is attributed to the extra interfacial Li storage and 

the reversible decomposition of the electrolyte with the formation 

of polymeric gel-like film.11 85 

To further demonstrate very high electrochemical performance 

of the CoO NSAs, the rate capability of the CoO NSAs is also 

investigated. Fig. 4d shows the rate capability of the CoO NSAs 

at the current densities between 0.5 and 10 A g-1, which clearly 

indicate that the synthesized CoO NSAs exhibit a favourable 90 
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reversible capacity at every current density. In particular, even the 

current density reaches 10 A g-1, the CoO NSAs still exhibits a 

considerable specific capacity of 560 mA h g-1, 52.8% of the 

initial capacity, indicating the excellent rate capability. To our 

knowledge, this is the best reported rate capability for cobalt-5 

oxide-based LIBs anode materials. Here we also find that, after 

the high current density measurements, the specific capacity of 

the as-prepared CoO is very similar to the cycling performance at 

the current density of 1 A g-1 (Fig. 4c), showing a clear increasing 

trend with the cycles. After the 100 cycles, the reversible capacity 10 

of 1495 mA h g-1 is achieved, which further corroborates the 

excellent rate capability and cycling stability of the synthesized 

CoO NSAs.  

The excellent electrochemical performance of the synthesized 

CoO NSAs, especially the excellent rate capability and cycling 15 

stability, should be associated with not only the efficient nickel 

foam current collector, but also the designed morphology. More 

specifically, the establishment of the interconnected nanosheets 

array directly grown on the high-quality nickel foam current 

collector with a good solid contact can form a stable and highly 20 

conducting 3D highway network that will make the electrons 

rapidly conducted back and forth from the CoO nanoparticles to 

the current collector, and thus markedly improving the rate 

performance. Besides, the ultrathin CoO nanosheet with the 

polycrystalline and small size characteristics can provide high 25 

electrochemically active surface area, as well as a large number 

of nanopores, which will facilitate electrolyte diffuse into the 

inner of the CoO nanosheets and make almost all of CoO 

nanoparticles expose as electroactive sites. Meanwhile, the 

formation of the uniform nanopores in CoO nanosheets can 30 

provide lots of elastic buffer space to accommodate the volume 

changes during the lithium ion insertion/extraction, which is in 

favor of the cycle stability. 

Conclusions 

In summary, the ultrathin and high-ordered CoO NSAs were 35 

successfully fabricated on nickel foam substrate using a facile 

galvanostatic electrodeposition technique with subsequent 

thermal transformation process. The as-prepared CoO NSAs as 

an advanced anode material for LIBs exhibited superior 

electrochemical performance, especially the excellent cycleability 40 

(retain 1000 mA h g-1 after 100 cycles at 1 A g-1) and rate 

capability (520 mA h g-1 at 10 A g-1), making CoO NSAs a 

promising anode material for high power LIBs. The superior 

electrochemical performance should be attributed to the 

combination of several favourable factors of the designed 45 

morphology including fast electronic transportation highways, 

high stability flexible structure and large active surface area. 

Furthermore, the results of this study also provide new insight 

into the use of galvanostatic electrodeposition technique to 

controllable synthesize high-quality metal-oxide-based electrode 50 

materials, which can be used to achieve improved performance in 

LIBs. 
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