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Abstract: New type of cations storage materials would show tremendous potential in the 

development of high-performance rechargeable energy storage devices. Herein, we develop 

layered double hydroxides (LDHs) as promising cations supercapacitor materials in aqueous 

and neutral operation, via an effective electrochemical activation strategy, for a reversible 

intercalation of a wide range of metal cations (e.g., monovalent Li+, Na+, K+ and divalent Ca2+, 

Mg2+, Zn2+). These activated LDHs materials exhibit overwhelming metal-ions storage 

capacities in aqueous electrolytes, owing to the phase transformation of LDH (repulsive to 

cations) to hydrogen-vacancy-enriched LDH (LDH-HV, attractive to cations) induced by the 

electrochemical activation process. The activated LDH-HV phase provides a two-dimensional 

open channel with abundant active sites (HV) for a reversible intercalation of metal-ions, 

accounting for the siginificantly enhanced energy storage performance. This vacancy induced 

cation intercalation into LDHs builds up a general approach for developing earth-abundant 

transition-metal resource as a prospective energy storage material toward a large variety of 

cation supercapacitors. 
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Introduction 

Electrochemical energy storage devices (e.g., batteries and supercapacitors (SCs)) are 

critical to achieve the important goal of clean sustainable energy for portable electronics, 

electric vehicles and electricity grid systems1−3. For instance, lithium-ion batteries (LIBs) have 

helped powered the revolution in various portable and smart devices due to their high energy 

density and long lifetime4−6. However, the high cost and limited terrestrial reservation of lithium 

have raised great concerns with a continuous growing demand for LIBs in large-scale 

applications. Recently, developing new type of metal-ions storage materials (suitable for 

various cations intercalation) has attracted considerable attention, which provide a large 

utilization extension of metal-ions in energy storage field7−10. Moreover, the use of more 

abundant, lower cost, and electrochemically comparable cations (such as Na+11,12, Mg2+13,14 and 

Al3+15,16) has also emerged as one of the most promising approaches for the discovery and 

optimization of high-performance rechargeable batteries and SCs. Despite of large potential, up 

to date, only a few electrode materials have been successively identified for cations (single- and 

multi-valent) intercalation, such as metal carbides (MXenes)17,18, metal sulfides (MoS2)19,20 and 

metal oxides (Bi2O3)21,22. Consequently, exploitation of earth-abundant, cost-effective and 

efficient electrode materials for promising energy storage devices remains a critical challenge. 

Layered double hydroxides (LDHs), described by the general formula 

[M2+
1−xM3+

x(OH)2]x+(An−)x/n·yH2O, are typical two-dimensional materials composed of 

positively-charged brucite-like host layers and charge compensating interlayer anions23. 

Previously, LDHs have been proven as faradaic pseudocapacitive materials for alkaline SCs 

based on the redox property of host layers, but suffer from a low potential window (<0.5 V) and 
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poor stability due to the strong oxygen evolution reaction in a high pH media24,25. If LDHs can 

be efficiently cultivated to serve as host matrix for the intercalation of various earth-abundant 

cations, a new family of electrochemical energy storage materials can be obtianed. However, 

due to the occupation of interlayer gallery by anions and the charge repulsion between 

positively-charged LDH laminate and cations, the intercalation of cations from aqueous solution 

into the domain of LDHs has neither been theoretically predicted nor experimentally 

demonstrated. 

Herein, we report an electrochemical strategy for the activation of two-dimensional LDHs, 

which demonstrates overwhelming metal-ions storage properties. Surprisingly, the 

electrochemically-activated LDHs exhibit largely enhanced performance in the intercalation of 

various metal cations (e.g., monovalent Li+, Na+, K+ and divalent Ca2+, Mg2+, Zn2+) with a wide 

potential window of 0−1.0 V vs. SCE and relatively large capacitances in aqueous and neutral 

electrolytes. For instance, the activated CoFe-LDH nanoarray shows a remarkably improved 

specific capacitance for Li+ (552 F g−1), Na+ (545 F g−1), K+ (714 F g−1), Ca2+ (620 F g−1), Mg2+ 

(780 F g−1) and Zn2+ (488 F g−1), which is 48, 23, 35, 29, 60 and 45 times larger than that of 

unactivated CoFe-LDH, respectively. Furthermore, other kinds of 2D hydroxides (e.g., 

Co(OH)2) have also been activated by using this method with satisfactory cations storage 

properties. In addition, both experimental studies and DFT calculations reveal that the hydrogen 

vacancy in the activated LDH material (LDH-HV) plays a key role in the intercalation chemistry 

and energy storage performances. The intercalation induced capacitance in this work, to the best 

of our knowledge, keeps the highest level compared with other transition metal 

hydroxides/oxides materials so far in neutral aqueous media.  

app:ds:monovalence
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Results and discussion 

Enhanced cations intercalation performance 

As a representative example, CoFe-LDH nanoarrays were first studied as a SC material 

for the intercalation and storage of metal-ions. The hierarchical CoFe-LDH nanoplatelet arrays 

were synthesized on the surface of foam nickel substrate via a facile electrosynthesis method. 

As shown in Fig. 1a, a uniform coating of CoFe-LDH nanoplatelets (250−300 nm in lateral 

length and ∼8 nm in thickness) are perpendicularly grafted on the substrate to form an 

interconnected network with an open and porous structure (Fig. 1b and Supplementary Fig. 1a). 

EDX mapping analysis (Supplementary Fig. 1b) displays a homogeneous distribution of both 

cobalt and iron. The XRD pattern shows typical peaks at 2θ 11.59° and 22.68°, which can be 

indexed to the (003) and (006) reflections of the LDH material (Fig. 1c). Subsequently, an 

electrochemical activation (ECA) process was carried out by using a facile cyclic voltammetry 

(CV) method at a scan rate of 100 mV s−1 with different operation potential windows in 1 M 

KOH solution (Supplementary Fig. 2). It can be seen that the CV curve of CoFe-LDH enlarges 

gradually with the increase of potential window until a voltage of 0.6 V vs. SCE. When the 

applied potential is larger than 0.6 V, the CV curve shows no expansion and the increased 

current is due to the electrocatalytic H2O splitting. For a given ECA potential window, the CV 

curve reaches a stable level after about 5-cycle tests (Supplementary Fig. 3), implying the 

complete activation of CoFe-LDH. The cations intercalation properties of the as-obtained ECA-

CoFe-LDH electrode within different activation potential ranges were investigated by CV 

measurement in 2 M LiNO3 aqueous solution. As shown in Fig. 1d, the CV curve of the ECA-

app:ds:cyclic
app:ds:voltammetry
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CoFe-LDH in neutral LiNO3 electrolyte enlarges gradually along with the increase of activation 

potential and reaches a maximum with a potential window of 0−0.6 V vs. SCE (denoted as 

ECA(0.6V)-CoFe-LDH), indicating a largely enhanced capacitance. In contrast, the initial 

CoFe-LDH without ECA treatment is almost electrochemically inactive in the LiNO3 solution. 

It should be noted that there is no assistance to improve the supercapacitive properties of CoFe-

LDH by just immersing this material in 1 M KOH solution for 24 h (Supplementary Fig. 4).  

Fig. 1e shows the galvanostatic (GV) charge/discharge curves of ECA-CoFe-LDH 

electrode at a current density of 2 A g−1 in LiNO3 electrolyte. The ECA(0.6V)-CoFe-LDH 

exhibits a specific capacitance of 552 F g−1 (55.2 F cm−3) at 2 A g−1, which is 48 times larger 

than that of initial CoFe-LDH electrode (11.5 F g−1). Rate capability is a key parameter for the 

evaluation of supercapacitors, which was determined by using the GV technique at different 

charge/discharge current densities. Within the whole current density range (Supplementary Fig. 

5), the ECA(0.6V)-CoFe-LDH yields substantially higher specific capacitance than samples 

pretreated with a small ECA potentials (Supplementary Table 1). At a high current density of 

40 A g−1, the specific capacitance of ECA(0.6V)-CoFe-LDH maintains 45%, whilst only 23% 

is found for the initial CoFe-LDH (Fig. 1f). To elucidate the occurrence of either cations or 

anions insertion, we used two different lithium salt solution (1 M Li2SO4 and 2 M LiNO3) as 

electrolytes, and the corresponding CV curves are shown in Supplementary Fig. 6. Clearly, the 

CV responses in these two solutions (containing different anions) are rather identical, 

confirming the intercalation of cations other than anions. Furthermore, the ECA(0.6V)-CoFe-

LDH electrode shows a linearly enhanced redox current in CV curve upon increasing Li+ 

concentration, indicating the intercalation of Li+ (Supplementary Fig. 7). In addition, we studied 
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the cyclability of the ECA(0.6V)-CoFe-LDH by performing more than 10,000 cycles by GV at 

a current density of 24 A g−1 in LiNO3 electrolyte. As shown in Fig. 1g, a capacitive retention 

of 99 % is obtained, and the electrode surface remains its original hierarchical architecture after 

10,000 charge/discharge cycles (Supplementary Fig. 8), indicating a satisfactory stability.  

 

Figure 1 | Enhanced Li+ intercalation properties of the ECA-CoFe-LDH materials. SEM 

images of CoFe-LDH nanoplatelet arrays grafted on the foam nickel substrate with (a) low and 

(b) high magnification, respectively. (c) XRD pattern of the CoFe-LDH array. (d) CV curves of 

ECA-CoFe-LDH at a scan rate of 50 mV s−1 in 2 M LiNO3 solution. (e) GV charge/discharge 

measurements of ECA-CoFe-LDH at a current density of 2 A g−1 in 2 M LiNO3 solution. (f) 

Rate capability of ECA-CoFe-LDH with different ECA process. (g) Capacitive retention of 

ECA(0.6V)-CoFe-LDH in 2 M LiNO3 electrolyte after 10,000 cycles at a current density of 24 
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A g−1.  

 

To study the multi-metal-ions storage property of ECA-CoFe-LDH, CV measurements in 

different metal salt solutions (e.g., NaNO3, KNO3, Ca(NO3)2, Mg(NO3)2 and Zn(NO3)2) were 

performed. As shown in Fig. 2a, the initial CoFe-LDH is almost electrochemically inactive in 

the above aqueous solutions. In contrast, the ECA(0.6V)-CoFe-LDH shows a significantly 

improved intercalation property for these cations. Based on the GV charge/discharge curves at 

a current density of 2 A g−1, the specific capacitances of ECA(0.6V)-CoFe-LDH for Na+, K+, 

Ca2+, Mg2+ and Zn2+ give 545 F g−1, 714 F g−1, 620 F g−1, 780 F g−1 and 488 F g−1, respectively, 

which are 23, 35, 29, 60 and 45 times larger than the initial CoFe-LDH electrode (Fig. 2b). 

Moreover, cations intercalation-induced capacitances in this work, are significantly larger than 

those of previously reported transition metal hydoixdes/oxides materials in benign and neutral 

aqueous electrolyte (Supplementary Fig. 9). The corresponding rate capabilities of ECA(0.6V)-

CoFe-LDH determined by GV technique at different charge/discharge current densities also 

show a satisfactory and comparable intercalation results for these cations (Supplementary Fig. 

10). Furthermore, this ECA method is also successfully demonstrated in other two-dimensional 

Co-based hydroxides, such as: CoNi-LDH, CoAl-LDH and β-Co(OH)2 nanoplatelets (Fig. 2c, 

Supplementary Fig. 11), which proves the universality of this method. It is also found that the 

hydroxide nanoarrays anchoring to conducting substrate exhibit superior energy storage 

capacity in comparison with corresponding hydroxide nanoparticle samples (Supplementary 

Fig. 12), which is mostly attributed to the sufficient exposure of active sites and enhanced mass 

transportation in this hierarchical architecture. In order to confirm the active site in ECA-CoFe-

LDH material, we tested the supercapacitive performance of LiFe-LDH electrode in LiNO3 
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electrolyte, which showed no any electrochemical activation in metallic salt solutions before 

and after ECA treatment (Supplementary Fig. 13). This indicates that the Co species play a more 

important role in the ECA-CoFe-LDH material. It has been reported that the Fe-containing 

LDHs possess better conductivity than other types of LDHs26,27; therefore, we believe the 

existence of Fe species would be beneficial to the electron transfer and facilitate the metal-ions 

migration. 

 
Figure 2 | Multi-metal-ion storage property of 2D Co-based hydroxides. (a) CV curves of 

ECA(0.6V)-CoFe-LDH and initial CoFe-LDH in different metal salt solutions at a scan rate of 

10 mV s−1. (b) Corresponding GV curves of ECA(0.6V)-CoFe-LDH and initial CoFe-LDH in 

different metal salt solutions at a current density of 2 A g−1. (c) Ions storage property for CoFe-

LDH, CoNi-LDH, CoAl-LDH and Co(OH)2 electrode before and after ECA treatment, 

respectively.  

 

Discussion  

To elucidate the intercalation mechanism, we first studied the changes in structure and 

composition of CoFe-LDH during the ECA process. The color of CoFe-LDH turns from yellow 

to dark brown gradually with the increased ECA treatment potential (Supplementary Fig. 14), 
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implying the oxidation of Co atom in CoFe-LDH. The XRD patterns display a shift of (003) 

reflection to large angle (Fig. 3a, Supplementary Fig. 15 for full XRD pattern and 

Supplementary Table 2), indicating a gradual shrinkage in the interlayer distance of ECA-

CoFe-LDH along with increased ECA treatment potential. The FTIR spectra show that both 

the stretching of hydroxide group and interlayer carbonate species decrease gradually (Fig. 3b), 

illustrating the reduce of hydroxyl group in the CoFe-LDH host layers and the loss of interlayer 

carbonate. Moreover, the typical broad stretching band of Co−OH (798 cm−1) vanishes 

gradually, accompanied with the appearance of O−Co−O vibration at 568 cm−1. This 

demonstrates the conversion of Co in CoFe-LDH from Co(OH)2 to CoOOH. Furthermore, X-

ray photoelectron spectroscopy (XPS) was also employed to examine the changes of the surface 

chemical states. As shown in Fig. 3c, the initial CoFe-LDH displays a Co 2p3/2 peak located at 

782.38 eV, indicating the existence of Co2+ (ref. 29). A new peak at 780.08 eV attributed to 

Co3+ arises after the ECA process29,30, whose intensity enhances gradually with the 

increasement of ECA potential. The content of Co3+ increases from 0.4 % to 92.1 % via XPS 

spectra (Supplementary Table 3), demonstrating the conversion from Co2+ to Co3+. The same 

result is also obtained in the Co 2p1/2 XPS spectra (Supplementary Fig. 16). Fig. 3d shows the 

binding energy of O 1s. The initial CoFe-LDH exhibits an OH− peak at 531.3 eV31; after the 

ECA process, a new peak at 529.5 eV assigned to O2− is observed with increasing intensity31,32, 

indicating a transition process of O species from OH− to O2−. Based on the results above, it is 

concluded that the ECA process leads to the transformation of Co in CoFe-LDH from Co(OH)2 

to CoOOH. As for the Fe element, the binding energies of Fe 2p3/2 (711.0 eV) and Fe 2p1/2 

(724.9 eV) are observed for the initial CoFe-LDH (Supplementary Fig. 17), corresponding to 

app:ds:intensity
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the Fe(III) oxidation state33. After the ECA process, a slight shift to lower energy level (~0.5 

eV for ECA (0.6V)-CoFe-LDH) is observed, suggesting an electron-accepter property due to 

the changes of surface electronic environment34. The Co/Fe ratios of the CoFe-LDH and ECA-

CoFe-LDH are 1.96, which was studied by inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES). 

 
Figure 3 | Structure and composition changes of CoFe-LDH after different ECA process. 

(a) XRD patterns of the (003) reflection of CoFe-LDH with different ECA process. (b-d) FTIR 

spectra (b), high-resolution Co 2p3/2 XPS spectra (c) and O 1s spectra (d) of ECA-CoFe-LDH 

with different ECA process.   

 

X-ray absorption spectroscopy (XAS) was performed to investigate the structural change 

of ECA-CoFe-LDH. Fig. 4a displays the X-ray absorption near edge structure (XANES) results 

of ECA-CoFe-LDH with various treatment potential. The white line of initial CoFe-LDH 

almost coincides with the Co(OH)2 reference (Supplementary Fig. 18a), indicating that the Co 

element in CoFe-LDH is predominant as Co(OH)2 phase. As the ECA potential increases from 

0 V to 0.6 V, a shift of the white line toward higher binding energy occurs and a significant 
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energy shift of 6.3 eV is obtained between ECA(0.6V)-CoFe-LDH and unactivated CoFe-LDH 

(Supplementary Fig. 19), corresponding to the oxidation of hydroxide Co2+-OH to 

hydroxyloxide Co3+-OOH35−37. Furthermore, the Fourier transform of Co K-edge EXAFS 

oscillations was further used to study the detailed atomic configuration of ECA(0.6V)-CoFe-

LDH (Fig. 4b). In the R-space spectrum of initial CoFe-LDH, the peak centered at 2.10 Å and 

3.10 Å are attributed to the Co−O and Co−Co bond distance of Co(OH)2 (Supplementary Fig. 

18b: Co(OH)2 reference). In contrast, the peak positions of Co−O and Co−Co in ECA(0.6V)-

CoFe-LDH shift to 1.90 Å and 2.85 Å, respectively, indicating the formation of Co3+ 

oxyhydroxide35−37. Based on the XRD, FTIR, XPS, ICP and XAS results, the activation process 

of CoFe-LDH and the corresponding structures can be illustrated in Fig. 4c. During the ECA 

process, Co2+(OH)2 in CoFe-LDH is gradually oxidized to Co3+-OOH, which results in a large 

amount of hydrogen vacancies in the host layers of CoFe-LDH and the removal of carbonate 

ions from the interlayer region. The corresponding structure formula changes from 

[Co2+
1−xFe3+

x(OH)2]x+(CO3
2−)x/2·mH2O (x≈1/3) for the initial CoFe-LDH to 

[Co3+
1−xFe3+

xO(OH)]·nH2O for the ECA-CoFe-LDH. 

 



13 
 

 

Figure 4 | Structure change investigation and illustration. (a,b) Co K-edge X-ray absorption 

near-edge structure (XANES) spectra (a) and the corresponding k2-weighted Fourier 

transforms of Co K-edge EXAFS spectra (b) for CoFe-LDH with different ECA potentials. (c) 

Schematic illustration for the structure and composition change of CoFe-LDH during the ECA 

process.  

 

The metal ion storage mechanism for ECA-CoFe-LDH was further studied. XRD was 

used to study the change of interlayer distance during the discharge-charge cycle. It’s 

interesting that the fresh ECA(0.6V)-CoFe-LDH gives a d003 of 0.69 nm; while it enlarges to 

0.73 nm after the discharge process in LiNO3 solution and then shrinks to 0.69 nm after a 

further charge process (Fig. 5a). This demonstrates that the intercalation/extraction of Li+ leads 



14 
 

to a reversible expansion/shrinkage of the interlayer distance. A similar phenomenon is also 

observed in other cations discharge-charge cycle (Na+, K+, Ca2+, Mg2+, Zn2+; Supplementary 

Fig. 20). In addition, XPS spectra of ECA(0.6V)-CoFe-LDH show signals of Li+, Na+, K+, Ca2+, 

Mg2+, Zn2+, respectively, after a dischanging process toward these cations (Supplementary Fig. 

21), and the peak intensity decreases significantly after the subsequent charging process 

(Supplementary Fig. 22), further indicating the insertion/removal of metal-ions in ECA(0.6V)-

CoFe-LDH during the electrochemical discharge-charge cycling. Futher studies over 

ECA(0.6V)-CoFe-LDH reveal that Co 2p XPS peaks display a reversible shift to a higher 

energy level (discharging) and recover to its original energy level (charging). This demonstrates 

that the intercalation of cation causes the decrease of cobalt valence state in ECA-CoFe-LDH 

and it can be recoverd to original valence state (Co3+) after the cation extraction (Fig 5b). 

Correspondingly, as for the O 1s XPS spectra of the discharged ECA(0.6V)-CoFe-LDH, a new 

peak at higher binding energy (532.9 eV) is observed with the disappearance of O2− peak at 

529.5 eV (Fig. 5c) because of the interaction between oxygen species and the inserted metal-

ions, implying the exposed oxygen on the activated LDH layers is the acitive site for the cations 

storage. 

Density functional theory (DFT) calculations were carried out to further elucidate the 

adsorption site and adsorption energy of metal-ions (Li+, Na+, K+, Ca2+, Mg2+, Zn2+) in ECA-

CoFe-LDH (see computational details in the Supplementary Information). The models are built 

based on the cations adsorb over LDH host layer with terminal hydrogen or oxygen. The 

calculated adsorption energies are summarized in Fig. 5d and Supplementary Table 4. It is 

found that most of the adsorption energies are positive for cations adsorb over the terminal-H, 



15 
 

suggesting that the hydroxide group is unfavorable for the adsorption of metal-ions. In contrast, 

the LDH layer with O-termination gives negative adsorption energies toward Li+, Na+, K+, Ca2+, 

Mg2+, Zn2+, which indicates a thermodynamically favorable process. According to the results 

above, the charging-discharging electrochemical reaction in ECA-CoFe-LDH electrode can be 

described as follows:  

(charge) [Co3+Fe3+
0.5O1.5(OH)1.5]·nH2O + (y/z)Mz+ + ye−↔ 

[Co3−yFe3+
0.5O1.5(OH)1.5]−y(Mz+)y/z·nH2O (0 < y < 1) (discharge)      (1) 

where y/z denotes the number of reversibly intercalated cations (Mz+). As shown in Fig. 5e, 

cations (Mz+) insert into the gallery of ECA-CoFe-LDH during discharge process accompanied 

with the expansion of interlayer distance and the decrease of cobalt valence state. During the 

charging process, a reversible shrinkage of interlayer distance and recovery of Co valence state 

can be achieved along with the cations extraction. The H-vacancies adjacent to oxygen in the 

host matrix of ECA-CoFe-LDH serve as active site for cations embeding.    
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Figure 5 | Study on metal-ions storage mechanism for ECA-CoFe-LDH. (a) XRD patterns 

for (003) reflection of ECA(0.6V)-CoFe-LDH during Li+ discharge-charge process. (b,c) High-

resolution Co 1p spectra (b) and O 1s spectra (c) of ECA(0.6V)-CoFe-LDH during Li+ 

discharge-charge process. (d) Adsorption energies of metal ion over OH-terminated and O-

terminated LDH laminate. (e) Schematic illustration for the intercalation/extraction of metal-

ions during the discharge/charge cycle over ECA-CoFe-LDH. 

 

Conclusions 

In summary, an electrochemical activation strategy has been developed to largely improve 

the cation storage performances of two-dimensional LDHs materials. The results show that the 
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ECA process induces the formation of H-vacancies on LDH host layers and extravasation of 

interlay anions, which effectively eliminates the electrostatic repulsion between LDHs and 

cations. Consequently, the activated CoFe-LDH exhibits a reversible cations 

intercalation/extraction property with remarkably high capacity and cycling stability; the 

capacities dependent on cations intercalation in this work keep the highest level among 

previously reported transition metal hydroxides/oxides materials in neutral aqueous electrolyte. 

This work opens a new avenue for the exploration of universal, promising and cost-effective 

electrochemical energy storage materials based on 2D transition-metal hydroxides.  
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