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ABSTRACT 

Exploring electrode materials with high effective surface and abundant active sites takes on a critical 

significance in achieving high-energy supercapacitors. Herein, the oxygen vacancies (Ov) and 𝑃-doping 

enriched NiMoO4 nanosheet arrays were synthesized through the combination of phosphorization and 

N2 plasma treatment. The combination strategy makes it possible to sharply increase and modulate 

the Ov content. The optimized 𝑃-NiMoO4-N2 is found with the highest Ov content, and the capacitive 

activity is well consistent with the increase in the 𝑂v content among all samples. As revealed by 

experimental results, rich Ov increases the electrochemically accessible active-sites while enhancing 

the intrinsic conductivity. Thus, the optimized 𝑃-NiMoO4-N2 is enabled to reach a high capacity of 2180 

F g-1 at a current density of 1 A g-1 and remains 83.9 % at 10 A g-1 with high cycling stability. After being 

assembled with activated carbon as the negative electrode, the asymmetric supercapacitor exhibits a 

high energy density of 56.8 Wh kg-1 at 0.75 kW kg-1 and maintains 41.6 Wh kg-1 at 15 kW kg-1. This work 

may create a novel path to enrich and adjust Ov in metal oxides for high-capacity and high-power 

supercapacitors. 
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1. Introduction 

Supercapacitors have been generally accepted as one of the most essential energy storage devices for 

the application of renewable energy sources. In accordance with the energy storage mechanism, 



supercapacitors can fall into two types, including, electric double layer capacitances (EDLCs) via 

adsorption/desorption of electrolyte ions on/ from the electrode surface and pseudocapacitors 

through the fast reversible faradaic reactions [1,2]. In general, EDLCs exhibit the advantage of ultrahigh 

power density and excellent stability, while pseudocapacitors are capable of leading to a higher energy 

density. Developing electrode materials with high capacity is of great urgency and significance in 

further increasing the energy density of supercapacitor [3,4]. A wide variety of electrode materials 

involving advanced carbon materials with doped heteroatoms as redox-active sites [5,6], electroactive 

porphyrin polymers [7], metal oxides [8], metal hydroxides [9,10], and metal phosphides [11] have 

been investigated in terms of high-performance supercapacitors. Among a range of metal oxides, 

binary transition metal oxides have recognized as promising candidates for their superior specific 

capacitance and synergistic effect between binary metal ions [8,12]. For example, NiMoO4 has aroused 

wide attentions for its abundance, strong chemical stability, as well as high theoretical capacity [13-

16]. However, NiMoO4 is subjected to intrinsic problems (e.g., low electrical conductivity, sparse active 

sites, and large volume changes during cycling), thus hindering the practical application of NiMoO4 

[17]. 

To solve the above problems of NiMoO4, great endeavors have been taken to construct proper 

nanostructures with a high specific surface area and abundant pore structures, thus increasing the 

electrode/elec-trolyte contact area and the ion diffusion rate, while exposing more electrochemical 

active sites to increase the capacity [18-20]. However, the morphological design does not enhance the 

intrinsic properties of NiMoO4, making it difficult to further increase the capacity. First principle 

calculations have demonstrated that defect engineering is capable of building atomic level defects (e.g. 

oxygen vacancy) on metal oxides, resulting in lattice distortions and the regulation of electron 

structure, which can increase the intrinsic activity, conductivity and active sites number [21]. For 

example, Wang et al. creates oxygen vacancies (𝑂v) in the NiMoO4 nanosheets using a P-doping 

strategy [22]. Minakshi et al. have combined theoretical and experimental methods to confirm that 

the appropriate amount of Zn dopant in NiMoO4 could increase the storage capacity due to 𝑂v 

interactions [12]. The as-prepared electrode with significantly increased intrinsic activity and 

wettability exhibits a high area specific capacity. Although 𝑂v-enriched NiMoO4 has been proven to be 

more efficient than the counterpart without 𝑂v, the tunability of 𝑂v amounts in NiMoO4 and the effect 

arising from the concentration of 𝑂v in NiMoO4 on the supercapacitor performances have been rarely 

investigated. Thus, the correlation of energy storage performances of NiMoO4 with the concentration 

of 𝑂v remains unclear, and the development of a feasible preparation strategy to modulate amounts 

of 𝑂v is still difficult task. 

In this work, to increase the intrinsic conductivity of NiMoO4 and further develop high-performance 

NiMoO4 supercapacitors, a facile phosphorization and subsequent 𝑁2 plasma treatment were 

experimentally established to dramatically increase the content of 𝑂v and provide insight into how 

the content of 𝑂v affects the electrochemical performances of NiMoO4. A self-supported electrode of 

𝑂v-rich NiMnO4 nanosheets arrays (𝑃-NiMoO4-N2) on cobalt (Co) foam was obtained based on the 

developed strategy. It is found that the electrochemical performance of 𝑃-NiMoO4-N2 is in 

accordance with the increase of the concentration of Ov, which is superior to that of its counterparts 

with fewer 𝑂v. As a result, a high specific capacitance of 2180 F g-1 at 1 A g-1 was achieved and 

maintained 83.9 % at 10 A g-1 with high cycling stability of 𝑃-NiMoO4-N2. The experimental results 

verify that the high concentration of 𝑂v accounts for the improvement of inherent conductivity and 

increase of active sites number in NiMnO4. Moreover, the simultaneous 𝑃 doping and the nanosheet 

morphology facilitate the surface wettability and electrolyte permeation, leading to the high 

utilization of active materials. 



Fig. 1. (a) Schematic illustration of the preparation process of the P-NiMoO4-N2 nanosheets arrays, (b) XRD patterns of 

NiMoO4, P-NiMoO4 and P-NiMoO4-N2, (c) SEM image, (d) TEM image, (e) HRTEM image and (f) TEM-EDS mapping of P-

NiMoO4-N2.  

 

An asymmetric supercapacitor (ASC) with as-prepared P-NiMoO4-N2 as the positive electrode and 

activated carbon as the negative electrode was well constructed. The optimal ASC delivers a high 

energy density of 56.8 Wh kg-1 at 0.75 kW kg-1, which was maintained as 41.6 Wh kg-1 at 15 kW kg-1. 

The findings provide a promising strategy to adjust and maximize the Ov content in the metal oxide 

electrode for developing efficient supercapacitors and other relevant electrochemical applications. 

 

 

2. Experimental 

2.1. Material synthesis 

Synthesis of NiMoO4 nanosheet arrays: 0.291 g of Ni(NO3)2-6H2O and 0.242 g of Na2MoO4-2H2O were 

mixed in a solution composed of 15 ml water and 15 ml ethanol. After that, the above solution and 

one acid-treated cobalt foam (2 cm x 3 cm x 0.3 mm) were added into a 50 ml Teflon-lined stainless 

autoclave and then heated at 160 °C for 6 h. The choice of Co foam rather than nickel (Ni) foam is to 

avoid the effect of Ni metal inside Ni foam on the characterization of Ni elements in NiMoO4. The 

processed Co foam was taken out from the solution, washed and dried. Finally, the precursor was 

heated to 450 ° C at 1 ° C min-1 for 2 h in the inert gas. The active material weight of the NiMoO4 on Co 

foam was found to be 0.5 mg cm-2. 



Fig. 2. High-resolution XPS spectra of (a) Mo 3d, (b) O 1s, (c) Photoluminescence (PL) spectra and (d) EPR spectra (inset 

shows schematic illustration of oxygen vacancy) of NiMoO4, P-NiMoO4 and P-NiMoO4-N2. 

 

Preparation of P-NiMoO4 electrode: 0.5 g of NaH2PO2 and as-prepared NiMoO4 nanosheet arrays were 

put in separate positions in a porcelain boat with NaH2PO2 at the upstream side of the furnace. When 

the porcelain boat was heated to 300 ° C for 2 h under the Ar atmosphere, NaH2PO2 decomposed into 

Na4P2O7 and PH3. Then, the PH3 gas reacted with as-prepared NiMoO4 electrode to form 𝑃-NiMoO4 

electrode. 

Preparation of 𝑃-NiMoO4-N2 electrode: The as-prepared 𝑃-NiMoO4 electrode was placed in the N2 

atmosphere and heated up to 450 °C. During N2 plasma treatment, the N2 pressure is kept at 60 Pa and 

reacted with 250 W plasma source for 10 min to obtain 𝑃-NiMoO4-N2. 

 

2.2. Material characterization 

X-ray powder diffraction (XRD, Bruker D8 Advance, Cu Ka radiation), field emission scanning electron 

microscopy (FESEM, Hitachi, S-4800) and transmission electron microscopy (TEM; JEOL, JEM-2100F) 

with an X-ray energy dispersive spectrometer (EDS) at an accelerating voltage of 200 kV were 

employed to characterize morphology and structure of as-obtained products. For XRD samples, 𝑃-

NiMoO4-N2, P-NiMoO4, and NiMoO4 nanosheets arrays exfoliated from Co foams under the sonication 



were used. The surface characterizations were determined by the X-ray photoelectron spectroscopy 

spectra (XPS, AXIS Ultra DLD spectrometer, Al Ka X-ray radiation), photoluminescence spectra (PL, PE, 

LS-55) and electron paramagnetic resonance spectra (EPR, Bruker, EMX-8/2.7). 

 

2.3. Electrochemical measurements 

Electrochemical characterizations were carried out in 1 M KOH solution by a standard three-electrode 

system with as-prepared electrodes serving as the working electrode, the platinum foil counter 

electrode and saturated calomel electrode (SCE) reference electrode. All electrochemical experiments 

were tested and recorded on Autolab PGSTAT302N. Specific capacitance was calculated from the 

equation: 𝐶s = (𝐼 x ∆𝑡) / (𝑉 x 𝑚) according to GCD curves, where 𝐼 represents the applied current, ∆𝑡 

means the discharge time, 𝑚 is the mass of the active material within the active area, and 𝑉 is the 

voltage window. The impedance spectra were recorded at 0 V vs. SCE reference electrode from 0.01 

Hz to 100 kHz. 

The asymmetric supercapacitor (ASC) was assembled from P-NiMoO4_N2 positive electrode and 

activated carbon (AC) negative electrode, which is denoted as P-NiMoO4_ N2//AC. Especially, AC was 

mixed with carbon black (Super 𝑃) and polyvinylidene fluoride (PVDF) following the mass ratio of 8:1:1 

to obtain a slurry, and then coated on carbon paper to obtain the negative electrode. The prepared P-

NiMoO4_N2 was separated from the activated carbon with non-woven fabrics (NKK), supplemented 

with gaskets, shrapnel, positive and negative cell shells, then dripped with 1 M KOH as the electrolyte, 

and finally assembled into a button-type device to form the asymmetric device. The energy density (𝐸) 

of the asymmetric supercapacitor was calculated from the equation: 𝐸 = (𝐶s x 𝑉2) / (2 x 3600), and 

corresponding power density (𝑃) of the device was confirmed by the equation: 𝑃 = (3600 x 𝐸) / ∆𝑡, 

where 𝐶s represents the gravimetric capacitance, 𝑉 is the potential window, and ∆t means the total 

discharge time. 

Fig. 3. (a) CV curves at 5 mV s-1, (b) GCD curves in the potential window from — 0.05 to 0.45 V (vs. SCE) at 5 A g-1, (c) specific 

capacitances at various current densities of NiMoO4, P-NiMoO4 and P-NiMoO4-N2, and (d) cycling performance of the P-

NiMoO4-N2 at 10 A g-1. 



3. Results and discussion 

Fig. 1a illustrates the preparation process of 𝑃-NiMoO4-N2 nanosheets arrays. Firstly, the NiMoO4 

nanosheets arrays were obtained on Co foam through the hydrothermal method and calcination. 

Subsequently, the phosphorization and N2 plasma treatment trigger the 𝑃-doping and create defective 

structures, through which abundant 𝑂v was formed in NiMoO4. Fig. 1b presents the XRD images of 

NiMoO4, 𝑃-NiMoO4 and 𝑃-NiMoO4-N2. The characteristic diffraction peaks of all three samples 

correspond to NiMoO4 (JCPDF No. 86-0361), which suggested that phosphorization and N2 plasma 

treatment would not change the crystal structure. Figs. 1c and S1 display the SEM images of 𝑃-NiMoO4-

N2, 𝑃-NiMoO4 and NiMoO4. They all exhibit the uniform nanosheets arrays on the Co foam. The TEM 

image of 𝑃-NiMoO4-N2 is illustrated in Fig. 1d, where nanosheets show a thickness of ~20 nm. And the 

HRTEM image (Fig. 1e) displays two lattice stripes indicating that different orientations of 0.30 and 

0.35 nm correspond to (—311) and (—112) of NiMoO4, respectively. Furthermore, the 𝑀𝑜, 𝑁𝑖, 𝑂 and 

𝑃 are uniformly distributed on the 𝑃-NiMoO4-N2 nanosheets (Fig. 1f-P), thus revealing that the 𝑃 

dopant was well introduced into NiMoO4. As-prepared nanosheets arrays with ultrathin thickness 

expose more active materials and reduce the ‘dead volume’, while the 𝑃 dopant could enhance the 

surface wettability [23]. 

XPS analyses were further conducted to analyze the elemental composition and chemical valence 

states of final products. The survey XPS spectra (Fig. S2a) depict that all samples include 𝑁𝑖, 𝑀𝑜, and 

𝑂 elements and the extra presence of the 𝑃 element in P-NiMoO4 and 𝑃-NiMoO4-N2, confirming 

effective incorporation of 𝑃 into 𝑃-NiMoO4 and 𝑃-NiMoO4-N2. Fig. 2a shows the XPS Mo 3d spectra of 

NiMoO4, 𝑃-NiMoO4, and P-NiMoO4-N2. All three materials exhibit the presence of Mo6+ peaks at 235.1 

and 232.0 eV [22]. After phosphorization, the 𝑃-NiMoO4 starts to show a small amount of Mo4+ at the 

peak position of 233.2 and 230.1 eV [24,25]. Furthermore, the Mo4+ peak intensity of 𝑃-NiMoO4-N2 

further increased after the subsequent N2 plasma treatment, certifying the gradual decrease of Mo 

valence. The 𝑁𝑖 2p XPS spectra of 𝑃-NiMoO4 and 𝑃-NiMoO4-N2 show the characteristic 2p3/2 and 2p1/2 

doublets with corresponding satellite peaks like those of NiMoO4, ascribed to Ni2+ species (Fig. S2b). 

Besides, new deconvoluted peaks centered at 853.2 eV are detected, which can be assigned to Nis+δ 

derived from the partial formation of Ni phosphides [26]. In the O 1s spectra (Fig. 2b), the peak at 532.0 

eV was ascribed to P—O bonds, confirming the presence of 𝑃-dopant within 𝑃-NiMoO4 and P-NiMoO4-

N2 [27]. The characteristic peak close to 531.1 eV is responsible to 𝑂v and its content is measured by 

dividing the peak area of 𝑂v to the total peak areas. NiMoO4 achieves only a small 𝑂v content of 34.3 

%. After phosphori-zation, the 𝑂v content of 𝑃-NiMoO4 increased to 47.2 %. N2 plasma treatment 

further increased the Ov content to 54.5 %. The elevated 𝑂v content might be ascribed to the partial 

structure transformation from NiMoO4 phase to Ni3(PO4)2 phase in the phosphorization process [22]. 

For the P 2p spectrum (Fig. S2c), two characteristic peaks with binding energies at 129.4 eV and 133.7 

eV are found for 𝑃-NiMoO4 and P-NiMoO4-N2, which correspond to negatively charged Pδ- and 

phosphates [28], while there is no observation of a P signal in NiMoO4. The photoluminescence spectra 

can also measure the change of 𝑂v content. As shown in Fig. 2c, the peak at 530 nm is in accordance 

with 𝑂v [29]. The peak intensity of three samples increases step by step with the phosphorization and 

N2 plasma treatment, revealing the gradual increase of Ov contents. Electron paramagnetic resonance 

(EPR) was also employed to measure 𝑂v. As shown in Fig. 2d, a paramagnetic transition at g = 2.002 

reflects the presence of 𝑂v [20,30], which suggested that NiMoO4, P-NiMoO4, and 𝑃-NiMoO4-N2 all 

have 𝑂v signals and P-NiMoO4-N2 possesses the highest 𝑂v content, consistent with the results of XPS 

and PL. The above results clearly suggest that 𝑂v contents follow the order: NiMoO4 < 𝑃-NiMoO4 < 𝑃-

NiMoO4-N2, and their 𝑂v contents could be increased and modulated through the combination of phos-

phorization and N2 plasma treatment. The inset in Fig. 2d demonstrates a schematic illustration of the 

𝑂v in the crystalline structure. In previous literatures, the increase of 𝑂v in the material could enhance 



the conductivity and increase the active sites of the material, thus improving redox reaction kinetics 

[31]. The conductivity of the different materials was calculated by dry-environment CV tests (Fig. S3). 

The electron transfer process affects the voltage-current response, and the slope of the straight line is 

positively correlated with the conductivity of the material. The P-NiMoO4-N2 electrode achieves the 

highest conductivity of 72.3 S cm-1, indicating the increase of intrinsic conductivity derived from the 

introduction of more 𝑂v. 

 

Fig. 4. (a) Nyquist plots, (b) relationships between peak currents and sweep rates for determining b value of the anodic 

peaks of NiMoO4, P-NiMoO4 and P-NiMoO4-N2, (c) the capacitive contribution to the total charge storage for P-NiMoO4-N2 

at 20 mV s-1, and (d) normalized contribution proportions of the capacitive at various sweep rates with kinetics and 

quantitative analysis for P-NiMoO4 and P-NiMoO4-N2. 

 

The electrochemical performance was measured in a three-electrode system containing a platinum 

foil counter electrode and a SCE reference electrode. The as-prepared NiMoO4, P-NiMoO4, and P-

NiMoO4-N2 directly served as the free-standing working electrodes. Fig. 3a presents the comparison of 

the CV curves of NiMnO4, P-NiMoO4, and 𝑃-NiMoO4-N2 at a scan rate of 5 mV under an operating 

potential ranging from —0.05 to 0.45 V. A pair of redox peaks could be observed in the respective CV 

curve, which can be attributed to the faradaic redox reaction of Ni2+/Ni3+ on the electrode surface [32]. 

Notably, the CV curves of 𝑃-NiMoO4 and 𝑃-NiMoO4-N2 exhibit larger integral areas than that of 

NiMoO4, and 𝑃-NiMoO4-N2 shows the largest enclosed CV area among the above three electrodes. The 

increase in the current density of 𝑃-NiMoO4-N2 could be primarily ascribed to the modulation of 𝑃 



dopant as well as the improvement of intrinsic conductivity derived from Ov, which synergistically 

promote the electrochemical activity. GCD tests are conducted at 5 A g-1 (Fig. 3b). Among three 

samples, 𝑃-NiMoO4-N2 possesses the longest discharge time (198.5 s), in accordance with CV results. 

As revealed by the calculation of the specific capacity at several different current densities (Fig. 3c), 𝑃-

NiMoO4-N2 is found with a high rate capability. It can reach 2180 F g-1 at 1 A g-1 and remains 1830 F g-1 

when the current density raises to 10 A g-1. In contrast, the specific capacities of NiMoO4 and 𝑃-NiMoO4 

at 1 A g-1 are much lower (778 and 1400 F g-1) and decrease to 83.5 % and 79.7 % at 10 A g-1, 

respectively. The electrochemical contribution of bare Co foam was also confirmed via CV and GCD 

(Fig. S4). And it is therefore shown that Co foam itself has negligible current response. It is clear that 

the capacitance performance of these free-standing electrodes follows the same order as that of Ov 

contents obtained from XPS, PL, and EPR, thus confirming that increased 𝑂v contents result in 

enhanced energy storage performances. Subsequently, 𝑃-NiMoO4-N2 with the highest 𝑂v content and 

superior supercapacitor performances was further investigated for its cycling stability. After 5000 

cycling tests (Fig. 3d), the capacity retention of 𝑃-NiMoO4-N2 is 86.2 % at 10 A g-1, outperforming those 

of NiMoO4 (81.7 %) and P-NiMoO4 (76.3 %) (Fig. S5). The last 5 charge and discharge curves still 

maintain good symmetry, demonstrating that the Ov-enriched 𝑃-NiMoO4-N2 is a robust electrode for 

supercapacitors. Furthermore, for the purpose of practical application, the long-term cycling 

performance of 𝑃-NiMoO4-N2 was further evaluated for up to 1.000 cycles at a high current density of 

20 A g-1 (Fig. S6). Impressively, 79.7 % of the specific capacitance can be maintained after 11.000cycles. 

Fig. S7 shows the SEM image of P-NiMoO4-N2 after the long-term cycling stability test, which reveals 

the well-maintained nanosheet feature without structural deformation. The O 1s XPS spectrum of 𝑃-

NiMoO4-N2 after the stability test demonstrates that the Ov content (52.1 %) is almost unchanged (Fig. 

S8), indicating an excellent 𝑂v stability of P-NiMoO4-N2. 

The enhanced electrochemical performance of 𝑃-NiMoO4-N2 is further verified by electrochemical 

impedance spectroscopy (EIS) tests (Fig. 4a). It is noteworthy that the series resistance (𝑅s) confirmed 

from the intersection of the semicircle with the real axis of NiMoO4, 𝑃-NiMoO4, and 𝑃-NiMo4-N2 is 

3.91, 3.89 and 3.51 Ω. And charge-transfer resistance (𝑅ct) obtained from the diameter of the 

semicircle of NiMoO4, 𝑃-NiMoO4, and 𝑃-NiMoO4-N2 is 1.17, 0.68, and 0.65 Ω, respectively. The 𝑃-

NiMoO4-N2 with the smallest Rs and 𝑅ct has the best conductivity, consistent with the result based on 

the dry-environment CV tests. Moreover, P-NiMoO4-N2 shows the largest slope in the Nyquist plots, 

indicating its low charge transfer resistance. These results suggest that the high 𝑂v concentration can 

enhance the conductivity and provide more active sites for charger-transfer reaction. The CV curves 

are also adopted to analyze the electrochemical kinetics. Fig. S9 displays CV curves of 𝑃-NiMoO4-N2, P-

NiMoO4, and NiMoO4 at different scan rates from 1 to 5 mV s-1. Typically, the peak anode current (𝑖) 

obeys a power-law relationship of scan rate (𝑣): 𝑖 = aV1, where the 𝑏 value of 0.5 or 1 implies that 

the kinetics of the electrode is diffusion-controlled or capacitance-controlled processes [33-35]. Figs. 

4b and S10 show that the 𝑏-value of oxidation peaks of 𝑃-NiMoO4-N2 was fitted to be 0.94, closer to 1 

than that of 𝑃-NiMoO4. The fitted results of the reduction peak are consistent with these of the 

oxidation peak. Those result indicates that 𝑃-NiMoO4-N2 manifests significant capacitance-controlled 

processes, guaranteeing faster reaction kinetics and better rate performances. The percentage of 

capacitive contribution is further quantified and calculated based on the equation: 𝑖 = 𝑘4𝑣 + 𝑘2 𝑣
1

2, 

where the kyv or 𝑘2𝑣2 represent the capacitive-controlled or diffusion-controlled current. The ratio of 

𝑘1𝑣 to 𝑖 indicates the capacitive contribution [36,37]. Figs. 4c and S11 reveal that the capacitive 

contribution of 𝑃-NiMoO4-N2 (85.6 %) is higher than that of 𝑃-NiMoO4 (77.2 %) at a sweep rate of 20 

mV s-1. Fig. 4d further collects the capacitive contribution of 𝑃-NiMoO4-N2 and P-NiMoO4 at different 

sweep speeds, which clearly shows P-NiMoO4-N2 always possesses higher capacitive contributions 



than that of 𝑃-NiMoO4, indicating that the high 𝑂v content is responsible for the excellent rate 

performance. 

 

Fig. 5. (a) CV curves of P-NiMoO4-N2 and AC, (b) CV curves with different potential windows, (c) CV curves at different scan 

rates and (d) GCD curves at various current densities of the P-NiMoO4-N2//AC ASC, (e) Ragone plots for the comparison of 

P-NiMoO4-N2//AC ASC with literature reports, (f) cycling stability test at 5 A g-1 (inset shows GCD curves in the first and the 

last 5 cycles). 

 

The superior capacitive performances of P-NiMoO4-N2 might be attributed to following three points: 

(1) abundant 𝑂v created by the phosphorization and N2 plasma treatment acts as extra active sites and 

effectively improves the intrinsic properties of NiMoO4; (2) the simultaneous incorporation of 𝑃 

dopants enhances the surface wettability; (3) the morphology of nanosheets arrays and their ultrathin 

thickness are of benefit to the electrolyte mass transfer and avoid ‘dead volume’. To further investigate 

the 𝑃-NiMoO4-N2 electrode for practical application, a button-type asymmetric supercapacitor (ASC) 

was assembled using activated carbon (AC) and 𝑃-NiMoO4-N2. Fig. 5a shows CV curves of AC and 𝑃-

NiMoO4-N2 at 5 mV s-1, through which the voltage window of the ASC device can be roughly determined 

to be 1.5 V without obvious polarization curves (Fig. 5b). The CV curves at different sweep rates in 0 

to 1.5 V are exhibited in Fig. 5c. Notably, a pair of redox peaks could still be clearly observed at high 

sweep rates, indicating the contribution of pseudocapacitance exists at all scan rates. The GCD curves 

for different current densities (Fig. 5d) also exhibit the little nonlinearity at high current densities, 

which is congruent with CV results. Moreover, all the charge/discharge curves possess good symmetry, 

suggesting the high reversibility of the as-prepared button ASC device. The calculated specific 

capacitance of button ASC device as a function of the discharge current density is plotted in Fig. S12. 

The specific capacitance of ASC device can reach a maximum of 181.8 F g-1 at a current density of 1 A 

g-1. More importantly, ASC reveals excellent rate capability with 73.2 % of capacitance retention even 

at a current density as high as 20 A g-1. Fig. 5e shows the energy density (𝐸) and power density (𝑃) of 



ASC calculated from the discharge curves. An energy density reaching 56.8 Wh kg-1 can be achieved at 

a power density of 750 W kg-1. Impressively, the energy density maintains 41.6 Wh kg-1 even at high 

power density of 15,000 W kg-1, demonstrating that this ASC is advantageous over many previously 

reported materials such as Ni-based complex//AC [38], NiMoO4//AC [39], CoS/graphene//AC [40], 

Co(OH)F/Ni(OH)2// AC [41], and RM NPs@ RGO//RuO2 [42]. In terms of cycling performance, 𝑃-

NiMoO4-N2//AC achieves the long-term cycling stability, which retains ~96.1 % of its initial capacitance 

after 5000 cycles at 5 A g-1 (Fig. 5f). 

 

4. Conclusions 

In summary, the 𝑂v enriched 𝑃-NiMoO4-N2 nanosheet arrays were constructed by two-step 

phosphorization and N2 plasma treatment. The surface chemical-state characterization shows the 𝑂v 

was formed by 𝑃-doping during gas-phase phosphorization. Subsequently, N2 plasma treatment 

creates abundant defective structure, further increasing the 𝑂v content. The combination strategy of 

phosphorization and N2 plasma treatment successfully tune the 𝑂v content in NiMoO4, and the 

optimized 𝑃-NiMoO4-N2 possesses the highest 𝑂v content, as proved by XPS spectra, PL spectra and 

EPR spectra. Electrochemical measurements suggest that the high 𝑂v content in the 𝑃-NiMoO4-N2 

results in the increase of electrochemical active sites and intrinsic conductivity, which are beneficial 

for the electrochemical performance. Consequently, 𝑃-NiMoO4-N2 electrode reaches a high capacity 

of 2180 F g-1 at 1 A g-1 and maintains 83.9 % at 10 A g-1 with an excellent cycling stability. ASC device is 

assembled by using AC negative electrode. The fabricated device shows the high energy density as high 

as 56.8 Wh kg-1 at 0.75 kW kg-1 and remains 41.6 Wh kg-1 at 15 kW kg-1. It also exhibits outstanding 

cycling stability with capacity retention of 96.1 % after 5000 cycles. This work provides an efficient way 

to introduce and modulate a considerable number of 𝑂v in oxide electrode materials for excellent 

supercapacitors. 
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