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Abstract 1 

Transition metal oxides and hydroxides are typically applied as electrode materials 2 

for supercapacitors, but it is often difficult to achieve both their high power density 3 

and energy density simultaneously. Herein, electrodes of flower-like Zn doped 4 

Ni(OH)2 combined with carbon nanotubes (i.e., Zn doped Ni(OH)2@CNTs) were in-5 

situ synthesized using a colloidal synthesis method at room-temperature, assisted by 6 

cetyltrimethyl ammonium bromide (CTAB) and NaBH4. This electrode exhibits an 7 

excellent electrochemical performance, achieving a high specific capacity of 750.5 C 8 

g-1 at 0.5 A g-1 and maintaining 72.9% of its initial value when the current density is 9 

increased from 1 A g-1 to 10 A g-1. A hybrid supercapacitor (HSC) assembled using the 10 

Zn doped Ni(OH)2@CNTs as the positive electrode and an active carbon as the 11 

negative electrode exhibits a capacity of 201.7 C g-1 at 1 A g-1 and an energy density 12 

of 51.3 Wh kg-1 at a power density of 409.6 W kg-1. After running for 50,000 cycles at 13 

a current density of 6 A g-1, the capacity of the HSC becomes 115.8% of its initial 14 

value. Moreover, this HSC maintains a high energy density of 29.33 Wh kg-1 at a high 15 

power density of 16.5 kW kg-1 after cycling for 50,000 times, which indicates its 16 

suitability for energy storage applications. 17 

Key words: Ni(OH)2, CNTs, Colloidal method, Supercapacitors, Rate capability 18 

 19 
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 21 

 22 
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 1 

1 Introduction 2 

Due to the reduced production of fossil fuels and severe environmental pollution, 3 

people are trying to search for green, efficient and environment-friendly energy storage 4 

technologies [1]. Among them, supercapacitors (SCs) receive substantial attention 5 

owing to their low-cost, short charging time, prominent power density, long cyclic life 6 

and environmental friendliness [2, 3]. Furthermore, hybrid supercapacitors (HSCs) [4], 7 

which combine battery-type and capacitive-type electrodes, exhibit a better 8 

electrochemical performance compared with the conventionally asymmetric 9 

supercapacitors (ASCs), and can also achieve a higher energy density. Therefore, it has 10 

been a hot topic to explore new electrode materials for the HSCs. 11 

Transition metal oxides (TMO) or hydroxides (TMH) have attracted significant 12 

attention as the battery-type electrode materials. Among these, Ni(OH)2 has been 13 

studied extensively due to its low-cost and a high theoretical capacity of 2082.0 F g-1, 14 

which makes Ni(OH)2 an ideal electrode material for HSCs [5-7]. However, there are 15 

various issues of Ni(OH)2 based electrodes such as poor electrical conductivity and rate 16 

capability. One of the effective strategies to improve the electrochemical performance 17 

of these electrode materials is to change their morphologies, for examples, the Ni(OH)2 18 

based materials can be synthesized into various structures and morphologies, including 19 

flower-like [8], nanorods [9], nanoparticles [10] and microspheres [11]. However, these 20 

special morphologies are generally synthesized by growing directly on the substrates 21 

of collectors, or using a template method. For example, flower-like Ni(OH)2 was grown 22 
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directly onto graphene via a microwave heating method, and the obtained electrode 1 

showed a large specific capacitance of 1735.0 F g-1 at a scan rate of 1 mV s-1, with a 2 

rate capability of 30% at 50 mV s-1 [12]. Microspheres of α-Ni(OH)2 were grown via 3 

a solvothermal method and then made into an electrode, which achieved a specific 4 

capacitance of 1087.1 F g-1 at 1 A g-1, with a rate capability of 54.7% at 10 A g-1 [11]. 5 

Flower-like microspheres of Zn-doped Ni-based metal-organic frameworks (MOFs) 6 

were synthesized using a hydrothermal method, and the corresponding electrode 7 

displayed a high specific capacitance of 1620.0 F g-1 at 0.25 A g-1 [13]. Among these 8 

various structures, flower-like one can shorten the diffusion paths of ions, provide more 9 

active sites for full contacts with the electrolyte, and achieve a high capacity. However, 10 

its poor rate capability and stability need to be improved. 11 

Addition of heterogeneous elements such as Co [14], Mo [15], Cu [16], Zn [17] and 12 

Mn [18] into the electrodes can further improve the electrochemical performance of the 13 

HSCs. Among these heterogeneous elements, Zn has attracted much attention due to its 14 

low-cost, wide availability and large concentration of holes if replacing the other metal-15 

ions [19]. Moreover, adding a proper amount of Zn element can accelerate the electron 16 

transfer, and improve the electrochemical activity and stability of TMHs [20]. For 17 

examples, Wu et al. prepared ultrathin ZnNi layered double hydroxide nanosheets 18 

through a zeolitic imidazolate frameworks-8 derived approach, which achieved a high 19 

capacitance of 3967.0 mF cm-2 at 2.0 mA cm-2 [21]. Ni-Zn-Fe layered mesoporous 20 

double hydroxide was prepared by a method combining ionic layer adsorption and 21 

reaction [22]. The electrode made of this double hydroxide achieved a good specific 22 
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capacitance of 1452.3 F g-1 at a scan rate of 5 mV s-1 and the assembled HSC achieved 1 

an energy density of 14.9 Wh kg-1 at a power density of 1.07 kW kg-1 [22]. Although 2 

addition of Zn element has greatly improved the specific capacity, but the value is still 3 

far too low for the practical applications which demand both high energy density and 4 

high power density. 5 

In this work, with the help of cetyltrimethyl ammonium bromide (CTAB) and sodium 6 

borohydride (NaBH4), a flower-like Zn doped Ni(OH)2 electrode material was in-situ 7 

synthesized using a colloidal method at room temperature. Meanwhile, CNTs with their 8 

tubular and porous structures were further integrated into the above electrode material, 9 

and improve the electrical conductivity of the electrode [23, 24]. The electrode was 10 

prepared by coating flower-like nanomaterials on a nickel foam, which showed large 11 

specific capacity and good rate capability. Furthermore, the Zn doped 12 

Ni(OH)2@CNTs//AC HSC achieved a high energy density of 51.3 Wh kg-1 at the power 13 

density of 409.6 W kg-1 and a remarkable long-term stability. 14 

 15 

2 Experimental details 16 

2.1 Preparation of ZNC nanosheets 17 

Chemicals information for this work is provided in the supplementary information. 18 

In a typical experiment, 0.130 g of Zn(CH3COO)2 · 2H2O, 0.590 g of 19 

Ni(CH3COO)2·4H2O and 1.800 g CTAB were successively added into a beaker of 80 20 

ml in volume, with deionized (DI) water. The solution was stirred for 10 min at room 21 

temperature of 25°C, and marked as Solution A. 50 mg CNTs were ultrasonically 22 
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dispersed into 20 ml DI water for 30 min. Then the formed CNTs solution was added 1 

into Solution A and stirred for another 10 min until the mixed solution became 2 

homogeneous. This solution was labelled as Solution B. NaBH4 of 0.378 g was 3 

dissolved in 5 ml DI water and added into Solution B. Many bubbles were formed, and 4 

the solution was stirred until the bubbles were disappeared. The formed black 5 

precipitate was then collected, and cleaned three times with a mixed solution of DI 6 

water and ethanol. Finally, the black precipitate was dried at 60 ºC for 12 h to obtain 7 

the ZNC-8.4% sample. For this sample, the molar ratio of Zn and Ni is 1:3.8, and the 8 

mass of CNTs was 8.4%. To study the effect of different mass ratios of CNTs, CNTs of 9 

0, 20 and 80 mg were added into the solution using the same synthetic process, and the 10 

obtained samples were named as ZN, ZNC-5.6% and ZNC-14.6%, respectively. 11 

2.2 Physical characterization 12 

Crystalline structure of the material was analyzed using an X-ray diffractometer 13 

(XRD, Cu Kα, Rigaku D/max-2400). Morphology of the material was observed using 14 

a scanning electron microscope (SEM, Inspect F50) and its internal microstructure was 15 

characterized using a transmission electron microscope (TEM, JEM-2200FS, Japan). 16 

Chemical states of elements were characterized using an X-ray photoelectron 17 

spectroscope (XPS, Al Kα radiation, ESCALAB 250Xi). Specific surface area of Zn 18 

doped Ni(OH)2@CNTs was characterized using a N2 physisorption apparatus (JW-19 

BK122W, JWGB SCI. TECH.), and was determined using the Brunauer-Emmett-Teller 20 

(BET) theory. Barrett-Joyner-Halenda (BJH) method was used to calculate the  21 

volume and size distribution of pores. 22 
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2.3 Electrochemical characterizations 1 

The prepared active electrodes and HSC devices are summarized in the 2 

supplementary information. For the three-electrode testing system, the synthesized 3 

active electrode, platinum foil electrode and Hg/HgO electrode were used as the 4 

working electrode, counter electrode and reference electrode, respectively. All the 5 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical 6 

impedance spectroscopy (EIS) were tested in a 2 M KOH electrolyte solution. 7 

The specific capacity Cs (C g-1) of working electrode can be calculated according to 8 

the following formula [25]: 9 

Cs=
I×∆t

m
                            (1) 10 

where I, Δt and m represent the discharge current (A), discharge time (s) and mass (g) 11 

of the corresponding active electrode, respectively. 12 

The specific capacity (CHSC, C g−1), energy density (E, Wh kg−1), and power density (P, 13 

W kg−1) of the HSC devices were calculated based on the total mass (M, g) of the two 14 

electrodes using the following equations [27]: 15 

CHSC=
I×∆t

M
                       (2) 16 

E=
CHSC×∆V

2×3.6
                       (3) 17 

P =
E×3600

∆t
                        (4) 18 

3 Results and discussion 19 

3.1 Structure characterization of ZNC samples 20 
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 1 

Fig. 1 (a) XRD spectra of Ni(OH)2, ZN, ZNC-5.6%, ZNC-8.4% and ZNC-14.6% 2 

samples, (b) SEM, (c) TEM, (d) HR-TEM images (the inset is the corresponding 3 

SAED pattern) and (e) EDX elemental mapping of ZNC-8.4%, (f) N2 4 

adsorption/desorption isotherms of ZNC-8.4% and the pore size distributions image. 5 

Crystallographic structures of the synthesized ZNC samples were characterized 6 

using XRD and the obtained spectra are shown in Fig. 1a. The diffraction peaks of all 7 

the ZNC samples (located at 11.3°, 22.7°, 34.4° and 59.9°) are associated to the (003), 8 

(006), (012) and (110) planes of the α-Ni(OH)2⋅0.75H2O (JCPDS No. 38–0715) [20, 9 

28-30]. This indicates that the structure of Ni(OH)2⋅0.75H2O has not been changed 10 

obviously after doped by Zn ions. Compared with that of α-Ni(OH)2, the (003) 11 

diffraction peaks of ZNC are shifted to the lower two theta angle, suggesting that the 12 

lattice spacing of the crystals are increased after doped with Zn ions [13, 31]. The 13 

expansion of the (003) crystal planes indicates that more ions can be accommodated to 14 

promote the rapid transfer of electrons [18]. Based on the Scherrer equation [25], the 15 

average diameter of active material can be estimated as ~3.6 nm. In addition, there is a 16 

diffraction peak at ~26.0°, which is corresponding to the (002) crystal plane of CNTs 17 
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(JCPDS, 65-6212) [32, 33]. 1 

Figs. 1b and 1c display SEM and TEM images of the ZNC-8.4%. Flower-like 2 

structures can be observed and are composed of nanosheets and CNTs, which are 3 

uniformly dispersed inside the sample. Fig. 1d shows the HR-TEM image, in which the 4 

lattice fringes of 0.779 nm match well with the (003) plane of α-Ni(OH)2⋅0.75H2O. 5 

Selected area electron diffraction (SAED) pattern shown in inset of Fig. 1d reveals the 6 

polycrystalline nature of the ZNC-8.4% nanosheets. EDX elemental mapping results of 7 

ZNC-8.4% are shown in Fig.1e, which proves the elements of Zn, Ni and O are 8 

uniformly distributed and the CNTs are uniformly embedded within the sample. 9 

Fig. 1f shows the N2 adsorption/desorption isotherms of ZNC-8.4% and the pore size 10 

distributions. The obtained curve of N2 adsorption/desorption isotherms shows a type-11 

IV isotherm and a hysteresis loops [34], demonstrating the existence of mesoporous 12 

structure in the flower-like ZNC-8.4%. The pore sizes distribution (PSD) are ranged 13 

from 1.5 nm to 100 nm but mainly centered at ~3 nm with a large pore volume of 0.104 14 

cm3 g−1 (see the blue curve). The surface area was calculated based on the N2 adsorption 15 

isotherms, and the BET surface area was estimated to be 28.354 m2 g-1. The sample has 16 

a uniquely mesoporous structure and a high specific surface area, which can effectively 17 

shorten the ion transport paths and promote the faradic reactions in the charge and 18 

discharge processes. 19 
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 1 

Fig. 2 (a) XPS survey spectrum of the ZNC-8.4%. High-resolution XPS spectra of (b) 2 

Ni 2p; (c) Zn 2p; (d) C 1s. 3 

Chemical states and elemental compositions of ZNC-8.4% sample were 4 

characterized by XPS analysis. The survey spectrum shown in Fig. 2a proves the 5 

existence of the elements of Ni, Zn, O and C in ZNC-8.4% sample. For the high 6 

resolution XPS spectra of Ni 2p shown in Fig. 2b, two peaks around 856.7 and 874.4 7 

eV are corresponding to the Ni 2p3/2 and Ni 2p1/2 levels, respectively, suggesting the 8 

presence of Ni2+ [35, 36]. While the other two peaks at 862.6 and 880.5 eV are the 9 

satellite peaks. The two peaks at 1022.8 and 1045.9 eV in Fig. 2c are attributed to Zn 10 

2p3/2 and Zn 2p1/2, suggesting the presence of Zn2+ and confirming the doped Zn 11 

samples [37]. Fig. 2d shows high-resolution C 1s spectrum, in which two peaks at 284.7 12 

and 285.7 eV are attributed to the C=C groups in the CNTs and C-O groups on the 13 

surfaces of CNTs [38], respectively. 14 
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3.2 Electrochemical properties of ZNC-8.4% sample 1 

 2 

Fig. 3 (a) CV curves at the scan rate of 10 mV s-1 and (b) GCD curves from 0 to 0.5 V 3 

at the current density of 1 A g-1 of Ni(OH)2, ZN, ZNC-5.6%, ZNC-8.4% and ZNC-4 

14.6% samples, (c) CV curves at different scan rates, and (d) GCD curves from 0 to 5 

0.5 V at different current densities of ZNC-8.4%, (e) specific capacities of ZN, ZNC-6 

5.6%, ZNC-8.4% and ZNC-14.6% samples at different current densities, and (f) 7 

Nyquist plots of ZN and ZNC-8.4% samples at the potential of 0.358 V (inset is the 8 

corresponding equivalent circuit). (Three-electrode testing system was used with 2 M 9 

KOH electrolyte and the sample loading of 2.1 mg) 10 

We have changed different mole ratios of Zn and Ni, and studied electrochemical 11 

performance of the synthesized ZNC samples. When the mole ratio of Zn and Ni is 1:4, 12 

the specific capacity can reach the maximum value of 606.8 C g-1 at a current density 13 

of 1 A g-1, as shown in Fig. S1. However, the rate capacity is quite low (57.5% with the 14 

current density from 1 A g-1 to 10 A g-1). It is noted that adding appropriate CNTs can 15 

enhance its rate capacity. 16 



12 
 

In order to optimize the percentage of CNTs, CV and GCD curves of α-1 

Ni(OH)2⋅0.75H2O, ZN and ZNC electrodes were obtained and investigated. Fig. 3a and 2 

Fig. S2 show the CV curves and the repeat results obtained in a 2 M KOH aqueous 3 

electrolyte at 10 mV s-1 with a potential range of 0~0.75 V, and the Fig. 3b shows the 4 

GCD curves tested at a current density of 1 A g-1. All the CV curves show a pair of 5 

redox peaks with an obvious separation between them. There is also an obviously large 6 

potential plateau in all the GCD curves during the charging and discharging processes, 7 

suggesting the battery-type characteristics of ZNC electrode materials. The loop areas 8 

of these CV curves for the ZNC electrode material are obviously larger than those of 9 

the ZN electrode materials. According to the discharge time of GCD curve, the addition 10 

of CNTs is beneficial for the improvement of capacity. Furthermore, the CV and GCD 11 

curves of ZNC electrode show the largest capacity value with the content of CNTs of 12 

8.4%. 13 

As the ZNC-8.4% electrode has the largest capacity than the other compounds, its 14 

electrochemical performance was further investigated in details. Fig. 3c shows the CV 15 

curves of ZNC-8.4% at different scanning rates from 5 to 50 mV s-1. Their similar 16 

shapes indicate a good reversibility in the charging and discharging processes. 17 

Moreover, their redox peaks are shifted toward both sides of positive and negative 18 

voltages with the increase of scanning rate. This is mainly due to the increase of 19 

electrode polarization at higher scanning rates and the increased internal resistance of 20 

the electrodes [39, 40]. The redox peaks are mainly dependent on the reaction of 21 

Ni(OH)2 [41], based on the following equation (5): 22 
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Ni(OH)2 + OH- ↔ NiOOH + H2O + e-                 (5) 1 

Meanwhile, we also studied the reaction mechanism of active materials by fitting log i- 2 

log v curve, according to formula (6) [42]: 3 

𝑖 = 𝑎𝑣𝑏                               (6) 4 

where i (A) is the redox peak current, v (mV s-1) is scan rate from the CV curves in Fig. 5 

3c, a and b are adjustable parameters. The energy storage behavior of the active 6 

materials can be assessed by calculating the value of b (e.g., the fitted slope of the curve). 7 

When the b value is 0.5, the electrode material behaves as a diffusion-controlled battery 8 

type, whereas when the b value is 1, it behaves as a surface-controlled capacitive type 9 

[27]. As shown in Fig. S4, the b value of the ZNC-8.4% is 0.44, which indicates that 10 

the energy storage type is the battery-type, and the energy storage mechanism is mainly 11 

the diffusion-controlled one. 12 

Fig. 3d shows the GCD curves of ZNC-8.4% at various current densities of 0.5~10 13 

A g-1 with a potential window of 0~0.5 V. Due to the faradaic redox reaction between 14 

Ni(OH)2 and electrolyte [43], the potential plateaus can be clearly seen in the charge-15 

discharge process of all GCD curves. Moreover, the symmetry of GCD curves shows 16 

that the electrode material has a good coulomb efficiency in the charging and 17 

discharging processes. 18 

The specific capacity of electrode can be obtained using the GCD curves according 19 

to formula (1). As shown in Fig 3e, the ZNC-8.4% electrode has the best 20 

electrochemical performance, and its specific capacity values are 750.5, 726.5, 689.2, 21 

641.2, 601.2, 564.8 and 530.0 C g-1 at different current densities of 0.5, 1, 2, 4, 6, 8 and 22 
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10 A g-1, respectively. Furthermore, the capacity of the ZNC-8.4% electrode can 1 

maintain 72.9% from 1 to 10 A g-1, which is much higher than that of the ZN electrode 2 

(which is 57.5%). Therefore, we can confirm that the CNTs can be used to improve its 3 

rate capacity. In addition, the DC conductivity of ZNC samples at different CNT 4 

loadings were tested, and the conductivity was increased with the increase of CNT 5 

loadings (see in Fig. S3). 6 

Table 1 lists electrochemical properties of the reported nickel oxide based electrodes 7 

in literature, along with the data obtained from this study. The specific capacity and rate 8 

performance of ZN electrode have been improved effectively by the addition of CNTs. 9 

As listed in Table 1, the ZNC-8.4% composite exhibits higher capacity and better rate 10 

performance than those of other nickel oxide based electrode materials reported in 11 

literature. 12 

Table 1. Comparisons of electrochemical properties of ZNC-8.4% with the reported 13 

nickel oxide based electrode materials 14 

Materials Method Capacity Rate Capacity Ref. 

Ni(OH)2/nitrogen-doped GO hydrothermal 896.0  F g-1 at 0.5 A g-1 56.2% at 12 A g-1 [44] 

Zn doped Ni-based MOFs solvothermal 298.0 C g-1 at 0.5 A g-1 34.8% at 10 A g-1 [45] 
 

NiO@Ni(OH)2-α-MoO3 

Ni-Zn/rGO 

hydrothermal 

hydrothermal 

445.0 F g-1 at 1 A g-1 

615.4 C g-1 at 1 A g-1 

8.3% at 5 A g-1 

62.3% at 30 A g-1 

[15] 

[20] 

ZnO/NiO:rGO hydrothermal 622.3 F g-1 at 1 A g-1 54.4% at 5 A g-1 [46] 

Co(OH)2@Ni(OH)2 electrodeposition 355.2 C g-1 at 1 A g-1 65.9% at 17 A g-1 [7] 

Mn/Ni-MOF solvothermal 793.6 F g-1 at 1 A g-1 51.9% at 20 A g-1 [47] 
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Zn-doped NiCo2O4 hydrothermal 1499.0 F g-1 at 0.5 A g-1 66.7% at 10 A g-1 [48] 

Zn/Ni-MOF hydrothermal 878.0 F g-1 at 1 A g-1 61.0% at 10 A g-1 [49] 

ZnO/NiO MOF solvothermal 435.1 F g-1 at 1 A g-1 69.3% at 10 A g-1 [50] 

ZNC-8.4% colloidal method 750.5 C g-1 at 0.5 A g-1 72.9% at 10 A g-1 This work 

Fig. 3f represents the corresponding Nyquist plots of the ZN and ZNC-8.4% 1 

electrodes in the frequency range of 0.01 Hz ~ 100 kHz with an amplitude of 5 mV. The 2 

EIS curves are consisted of a semicircle in the high frequency region and a linear section 3 

in the low frequency region [51]. At the high frequency region, the intercept between 4 

the semicircle and the real axis (Z’) replicates the internal resistance (Rs) of the 5 

electrode, and the diameter of the semicircle represents the charge transfer resistance 6 

(Rct) of the electrode. At the low frequency region, the slope of the straight line reveals 7 

the Warburg resistance (Rw) of the electrolyte diffusion, which is attributed to the ion 8 

diffusion/transport of the electrolytes into the electrode [52]. The pseudo-capacitance-9 

type shows a small semicircle followed by a straight line of 90°, while the battery-type 10 

shows a larger semicircle followed by a straight line of nearly 45° [54]. 11 

In Fig. 3f, the EIS image shows a large semicircle and a straight line close to 45°, 12 

confirming that it is a battery-type material. The Rs and Rct values of ZNC-8.4% 13 

electrode are 0.89 Ω and 3.92 Ω, respectively. Compared with those of ZN electrode 14 

(Rs=0.88 Ω, Rct=4.34 Ω), the ZNC-8.4% electrode has a smaller value of Rct and less 15 

significantly changed internal resistance, indicating that the addition of CNTs can 16 

effectively reduce the charge transfer resistance. 17 

3.3 Electrochemical performance of ZNC-8.4% //AC HSC 18 
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 1 

Fig. 4 (a) CV curves of ZNC-8.4% and AC at 10 mV s-1, (b) CV curves at 10 mV s-2 

1and (c) GCD curves at 1 A g-1 of ZNC-8.4%//AC HSC at various voltage range, (d) 3 

CV curves of ZNC-8.4%//AC HSC at various scan rates, (e) GCD curves and (f) 4 

corresponding specific capacity values of the ZNC-8.4%//AC HSC at various current 5 

densities in 2 M KOH solution. 6 

To further study the performance of ZNC-8.4% electrode, a ZNC-8.4%//AC hybrid 7 

supercapacitor (HSC) was assembled with the ZNC-8.4% electrode as positive 8 

electrode and the AC electrode as negative electrode. The CV curves of ZNC-8.4% and 9 

AC at the scan rate of 10 mV s-1 are shown in Fig. 4a. The obtained maximum potential 10 

of ASC device is 1.75 V. The CV and GCD curves of ZNC-8.4%//AC HSC devices 11 

under different potential ranges are shown in Figs. 4b and 4c. It is obvious that 12 

polarization has occurred when the potential reaches 1.65 V, and the range of the 13 

optimal potential window of HSC device is 0~1.65 V. Fig. 4d displays the CV curves 14 

of the HSC device at different scanning rates. The obtained CV curves at the scanning 15 

rates from 5 to 50 mV s-1 maintain stable shapes without apparent distortion, which 16 
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shows that the ZNC-8.4%//AC HSC has a good reversibility. Fig. 4e exhibits the GCD 1 

curves of the ZNC-8.4%//AC HSC at different current densities ranging from 0.5 to 10 2 

A g-1. All the GCD curves shows good symmetrical triangle shapes, indicating the 3 

capacitive characteristics of the ZNC-8.4%//AC HSC. As shown in Fig. 4f, the 4 

corresponding specific capacity values of the ZNC-8.4%//AC HSC calculated based on 5 

GCD curves using equation (2) are 224.1, 201.7, 180.6, 161.5, 151.2, 142.4 and 135.0 6 

C g-1 at various current densities of 0.5, 1, 2, 4, 6, 8, 10 A g-1, respectively. 7 

 8 

Fig.5 Cycle performance of ZNC-8.4%//AC HSC at 6 A/g (inset: GCD curves of first 9 

and last 5 cycles). 10 

Long-term cycling stability tests of ZNC-8.4%//AC HSC was conducted at 6 A/g and 11 

the obtained results are shown in Fig. 5. At the initial stage, the capacity of the ZNC-12 

8.4%//AC HSC decreases and reaches its minimum at about 2,500 cycles. This is 13 

mainly because the structure of ZNC-8.4% was damaged during the charge/discharge 14 

processes, probably related to wettability issues [27]. After this stage, the structure was 15 

reassembled and the wettability between the surface of electrode and electrolyte was 16 

increased, which caused the increase of capacity [12]. After 50,000 cycles, the capacity 17 
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reaches 115.8% of the original value, and has a very good Coulomb efficiency of 99.4%.  1 

3.4 Electrochemical performance of ZNC-8.4%//AC HSC after 50,000 2 

cycles 3 

 4 

Fig. 6 (a) XRD spectrum of ZNC-8.4% after 50000 cycles, SEM images of ZNC-5 

8.4% (b) before 50,000 cycles and (c) after 50,000 cycles. 6 

The electrochemical performance of ZNC-8.4%//AC HSC after long-term cycling 7 

stability tests have been performed by testing the ZNC-8.4% electrode for ~50,000 8 

cycles. XRD analysis (see in Fig. 6a) shows that there are no obvious diffraction peaks 9 

other than those of nickel foam, indicating that the α-Ni(OH)2⋅0.75H2O crystalline 10 

structure becomes amorphous after 50,000 cycles. Figs. 6b and 6c shows the SEM 11 

images of the active electrode before and after 50,000 cycles. Before cycling process, 12 

the sample shows a stacked flower-like clusters structure with nanosheets. Whereas 13 

after 50,000 cycles, the nanosheets become much clearer and the flower-like structures 14 

are stretched. These structural changes are kinetically controlled, which generally occur 15 

during nucleation and growth processes [55]. This can increase specific surface areas 16 

and provide more active sites for full contact with the electrolyte, thus showing good 17 

electrochemical performance. The changes of crystalline structures and morphology of 18 

ZNC-8.4% samples after 50,000 cycles lead to the decreases of the capacity firstly, but 19 
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then increases during the charge/discharge processes. 1 

 2 

Fig. 7 (a) CV curves at the scan rate of 10 mV s-1, (b) the contribution of diffusion and 3 

capacitive at different scan rate, (c) GCD curves from 0 to 0.5 V at different current 4 

density, (d) specific capacity for ZNC-8.4% electrode after 50,000 cycles tested in 5 

three electrode system, (e) CV curves and (f) GCD curves from 0 to 1.65 V, (g) 6 

specific capacitance and (h) Nyquist plots for the ZNC-8.4%//AC HSC after 50,000 7 

cycles. All electrochemical tests in 2 M KOH electrolyte. 8 

The three-electrode test of the ZNC-8.4% electrode and the test of ZNC-8.4%//AC 9 

HSC after 50,000 cycles were further conducted and the obtained results are shown in 10 

Fig. 7. From the obtained CV curves shown in Fig. 7a, the ZNC-8.4% electrode has two 11 

obvious redox peaks after 50,000 cycles, showing its battery-type behavior. Fig. S6 12 

shows the calculated b value, which is 0.62 after the 50,000 cycles. Compared with that 13 

before the cycles (b=0.44), the b value is significantly increased, indicating that surface-14 

controlled capacitance behavior plays a dominant role. The ratio between surface-15 

controlled capacitance and diffusion-controlled battery-type behavior can be calculated 16 

based on the formulas [56-58]: 17 

𝑖(V) = 𝑘1𝑣 + 𝑘2𝑣
1 2⁄                          (7) 18 
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𝑖(V) 𝑣1 2⁄⁄ = 𝑘1𝑣
1 2⁄ + 𝑘2                       (8) 1 

where i (V) and v (mV s-1) are corresponding to the current density and sweep rate, 2 

respectively. The total capacitance is composed of the surface-controlled one and 3 

diffusion-controlled ones. By a linear fitting of 𝑖 𝑣1 2⁄⁄  and 𝑣1 2⁄ , the value of k1 and 4 

k2 can be obtained. Therefore, these capacitance contributions at different scanning 5 

rates can be determined. As the scanning rate increases, the capacitance proportion is 6 

gradually increased, and the capacitance contribution reaches 79.9% of its original 7 

value at 50 mV s-1 from 37.2% at 5 mV s-1 (see in Fig. 7b). This is mainly because the 8 

diffusion-controlled process is relatively slow, and much longer time is needed for 9 

intercalation and migration of ions at a low scanning rate. However, for the surface-10 

controlled one, its reaction is mainly concentrated on the surface of electrode material, 11 

thus it can respond much faster even at higher scanning rates [20]. Based on the data of 12 

GCD curves of ZNC-8.4% electrode shown in Fig. 7c, the calculated specific capacity 13 

values after 50,000 cycles are shown in Fig. 7d. The specific capacity value is 944.8 C 14 

g-1 at the current density of 1 A g-1, which is 130.0% of the previous value. 15 

After 50,000 cycles, the ZNC-8.4%//AC HSC was tested with the optimal voltage 16 

window of 1~1.65 V again. The obtained results are shown in Figs. S7a and S7b. In Fig. 17 

7e, all the CV curves at different scanning rates show a rectangle-like shape with redox 18 

peaks and no obvious changes in curve shapes with the increase of scan rate. Fig. 7f 19 

shows the GCD curves of HSC, and the symmetry of the shape indicates good 20 

reversibility. The specific capacities of ZNC-8.4%//AC after 50,000 cycles are 201.9, 21 

184.5, 172.8, 162.7, 156.0, 150.4, 146.0, 128.0 and 114.0 C g-1 at current densities 22 
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ranging from 0.5 to 30 A g-1, respectively (see in Fig. 7g). Therefore, the capacity of 1 

ZNC-8.4%//AC HSC maintains a good retention rate, e.g., a value of 61.7% at 30 A g-2 

1. Fig. 7h displays the EIS test results before and after the ZNC-8.4%//AC HSC cycles. 3 

It can be observed that the EIS curve after the cycles has a smaller semicircle and a 4 

larger slope than those before the cycle. Through resistance fitting, Rs is slightly 5 

increased to 1.6 Ω after 50,000 cycles from 1.4 Ω. However, the Rct value of 0.9 Ω is 6 

much smaller than that before cycles (6.9 Ω). These results show that the electrode 7 

displays a better capacitive value after a long charge-discharge cycles. 8 

 9 

Fig. 8 (a) Ragone plots of ZNC-8.4%//AC HSC and other previously reported SCs, 10 

(b) photo of a LED bulb lit up by the ZNC-8.4%//AC HSC. 11 

The energy density and power density of HSC were calculated according to the 12 

formulae (3) and (4), and the results are shown in Fig. 8a. Before the cycling, the energy 13 

density of ZNC-8.4%//AC HSC is 51.3 Wh kg-1 at the power density is 409.6 W kg-1. 14 

After 50,000 cycles, the maximum energy density of the HSC remains 46.2 Wh kg-1. 15 

At a high power density of 16.5 kW kg-1, it becomes 29.33 Wh kg-1. Furthermore, the 16 

ZNC-8.4%//AC has both a larger energy density and a larger power density, when 17 

compared with those of the nickel based nanomaterials reported in literature, such as 18 
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Ni/ZnO//AC (30.6 Wh kg-1 at 398 W kg-1) [17], ZnO/NiO:rGO//rGO (16.7 Wh kg-1 at 1 

737.6 W kg-1) [46], Zn/Ni-MOF//RGO (30.5 Wh kg-1 at 800 W kg-1) [49], Ni(OH)2/ 2 

Nitrogen-enriched graphene //AC (28.7 Wh kg-1 at 360 W kg-1) [44], NiS2/ZnS//AC 3 

(28.0 Wh kg-1 at 478.9 W kg-1) [57] and ZnO@NiO// graphene (35.7 Wh kg-1 at 380.9 4 

W kg-1) [51]. Therefore, the ZNC-8.4%//AC HSC prepared in this work shows excellent 5 

performance as energy storage device. For a demonstration, Fig. 8b shows a photo in 6 

which a LED bulb has been effectively lit up using the ZNC-8.4%//AC HSC.  7 

 8 

4 Conclusions 9 

The flower-like Zn doped Ni(OH)2@CNTs with excellent electrochemical 10 

performance were directly synthesized by the colloidal method at room temperature. 11 

The specific capacity of the ZNC-8.4% electrode reaches 726.5 C g-1 when the current 12 

density is 1 A g-1, and remains 72.9% of its original value at 10 A g-1. The assembled 13 

ZNC-8.4%//AC HSC can achieve a high energy density of 51.3 Wh kg-1 at the power 14 

density of 409.6 W kg-1. After 50,000 cycles, the ZNC-8.4% shows an increased 15 

specific capacity of 944.8 C g-1 at 1 A g-1. Moreover, the energy density of ZNC-16 

8.4%//AC HSC can still keep 29.33 Wh kg-1 at the high power density of 16.5 kW kg-1. 17 

Therefore, ZNC-8.4% has a promising practical application as energy storage electrode 18 

materials. 19 
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