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Abstract 

We have developed a high performance supercapacitor cathode electrode composed 

of well dispersed MnCO3 quantum dots (QDs, ~ 1.2 nm) decorated on  nickel 

hydrogen carbonate-manganese carbonate (Ni(HCO3)2-MnCO3) hedgehog-like 

shell@needle (MnCO3 QDs/NiH-Mn-CO3) composites directly onto a 3D macro-

porous nickel foam as a binder-free supercapacitor electrode by a facile and scalable 

hydrothermal method. Due to different growths of Ni(HCO3)2 and  MnCO3, MnCO3 
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segregation gave rise to the formation of MnCO3 QDs on the NiH-Mn-CO3 

nanoneedles surface. The MnCO3 QDs/NiH-Mn-CO3 composites electrode exhibited 

a remarkable maximum specific capacitance of 2641.3 F g
-1

 at 3 A g
-1

 and 1493.3 F 

g
-1

 at 15 A g
-1

. Moreover, the asymmetric supercapacitor with MnCO3 QDs/NiH-

Mn-CO3 composites as the positive electrode and graphene as the negative electrode, 

showed an energy density of 58.1 Wh kg
-1

 at a power density of 900 W kg
-1

 as well 

as excellent cycling stability with 91.3% retention after 10000 cycles, which 

exceeded the energy densities of most previously reported nickel or manganese 

oxide/hydroxide-based asymmetric supercapacitors. The ultrahigh capacitive 

performance is attributed to the presence of high surface area core-shell 

nanostructure, the well dispersed MnCO3 quantum dots, high conductivity of 

MnCO3 quantum dots as well as the synergetic effect between multiple transition 

metal ions. The superior supercapacitive performance of the MnCO3 QDs/NiH-Mn-

CO3 composites makes it become a promising cathode materials for high energy 

density asymmetric supercapacitors. 

 

 

Introduction 

With the sharp increase in the world energy-use over the past few decades, there has 

been considerable interest in searching for high-performance energy storage systems, 

such as lithium ion batteries
1
 and supercapacitors (SCs). SCs have attracted 
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considerable interest over the past few decades owing to their fast charge and 

discharge rates, high power density, long cycle life, and higher reliability than that 

of lithium ion batteries.
2-4

 Generally, SCs can be divided into two types, which rely 

on different electron storage mechanisms: electrical double layer capacitors (by ion 

adsorption) and pseudocapacitors (by rapid surface redox reactions). 

Pseudocapacitors normally utilize transition metal oxides/hydroxides as electrode 

materials,
5, 6

 producing capacitances exceeding those of double-layer carbonaceous 

materials. Therefore, the pseudocapacitive performance has been studied 

extensively.
7, 8 

 

Among metal oxide materials, nickel or manganese based oxides are used widely to 

prepare electrodes for supercapacitors because of their high theoretical specific 

capacitance (2583 F g
-1

 for NiO and 1370 F g
-1

 for MnO2),
9, 10

 the relatively low cost, 

high redox activity, and environmentally friendly nature.
11-13

 In particular, binary Ni-

Mn compounds, such as oxides, hydroxides, and sulfides,
14-16

 have been reported to 

exhibit superior electrochemical performance to that of single metal components 

owing to their richer redox reactions from both nickel and manganese ions. Thus far, a 

large variety of binary nickel-manganese compounds with different morphologies, 

such as nanoparticles,
17

 nanoneedles,
16

 nanosheets,
18

 nanowires,
19

 and porous plates
20

 

have been reported. H. Jiang et al. reported a Ni(OH)2 nanowire-MnO2 nanoflake 

core-shell nanostructure electrode material, showing a specific capacitance of 355 F g
-
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1
 (at 0.5 A/g).

21
 Rusi et al. reported a MnO2/NiO binary metal oxide film as an 

electrode materials, exhibiting a specific capacitance of 681 F g
-1

 (at 1 A/g).
22

 H. Wan 

et al. synthesized hedgehog-like hollow Ni-Mn oxides for supercapacitor electrodes 

that showed a high capacitance of 1016 F g
-1

 (at 0.5 A/g).
16

 Recently, J.Sun et al. 

fabricated a 3D core/shell structure composed of MnOOH/NiO nansheets for 

supercapacitors with a very high specific capacitance of 1890.5 F g
-1

 (at 1.7 A g
-1

).
23

 

On the other hand, there are few reports on the electrochemical performance of binary 

nickel hydrogen carbonate-manganese carbonate hedgehog-like shell@needle 

composites. To achieve an optimized overall electrochemical performance, rationally 

designed electrode structures with proper selection of core-shell architechture and 

well dispersion of small size particles, in particular, quantum dots, are highly 

desirable for achiving high specific capacitance and good rate capacibility owing to a 

superior high surface area, high conductivity of nanoparticles, inhibitation of 

aggreations, and shorten diffusion length for electrolye ions.
24-26

 In this paper we 

present for the first time a facile and scalable hydrothermal method of growing 3D 

hierarchical Ni(HCO3)2-MnCO3 hedgehog-like shell@needle core-shell (NiH-Mn-

CO3) composite on Ni foam, in which manganese carbonate hydroxide quantum dots 

(MnCO3 QDs) with a mean diameter of ~1.2 nm were self-assembled due to different 

growths of Ni(HCO3)2 and MnCO3, MnCO3 segregation gave rise to the formation of 

MnCO3 QDs on the NiH-Mn-CO3 nanoneedles surface.
27

 The as-obtained MnCO3 

QDs/NiH-Mn-CO3 composites played an important roles in achieving high specific 
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capacitance. Specifically, (1) the hedgehog-like nanoneedle offers a large specific 

surface area that greatly improves the electrode/electrolyte contact area and shortens 

the ion diffusion paths; (2) shell@needle core-shell structure provides large opened 

channels in the nanoneedles for enhancing ion and electron diffusion, facilitating 

easier electrolyte penetration, and utilizing the active materials; (3) the interconnected 

nanostructure consisting of nanoshell@nanoneedles helps alleviate the structural 

damage caused by volume expansion during cycling, resulting in enhanced stability; 

(4) the small diameter of the nanoneedles and quantum dots lead to a high surface 

area, high conductivity of nanoparticles that contributes to the high capacitance; and 

(5) the single-crystalline nature of nanoneedles and quantum dots increases the 

electron transfer kinetics, contributing to improved cycling stability during cycling. 

The as-obtained NiH-Mn-CO3 composites are different from the previously reported 

core-shell nanostructures.
14, 16, 18

 Herein, the MnCO3 QDs were anchored uniformly to 

the surface of the NiH-Mn-CO3 composites, which offers additional advantages of 

superior pseudocapacitance due to the synergistic effects of binary metal compounds. 

In addition, an asymmetric supercapacitor with MnCO3 QDs/NiH-Mn-CO3 

composites as positive and graphene (G) as negative electrode (MnCO3 QDs/NiH-

Mn-CO3//G) exhibited a reversibly cycle at a high potential of 1.8 V and showed an 

energy density of 58.1 Wh kg
-1

 at a power density of 900 W kg
-1

. An energy density 

of 17.9 Wh kg
-1

 at a high power density of 13.5 kW kg
-1

 was obtained at a high 

discharge current of 5 A g
-1

, which exceeded the energy densities of most previously 
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reported nickel or manganese oxide/hydroxide-based asymmetric supercapacitors 

(Supporting Information Table S2). The as-obtained asymmetric supercapacitor 

exhibited excellent cycling stability, whereby a specific capacitance of 91.3% was 

retained after 10000 cycles.  

 

Experimental section 

Materials: Concentrated hydrochloric acid (37%, HCl) was obtained from Daejung 

Chemicals (Korea). Nickel nitrate hexahydrate (>97%, Ni(NO3)2·6H2O), manganese 

nitrate tetrahydrate (Mn(NO3)2·4H2O), urea ((NH2)2CO), and potassium hydroxide 

(KOH) were purchased from Sigma Aldrich. Acetone and anhydrous ethanol were 

supplied by SK Chemical (Korea).  

Preparation of MnCO3 QDs/Ni(HCO3)2-MnCO3 composites: Pretreatment of a Ni 

foam, measuring1 cmⅹ1 cm with a pore density of 110 PPI and a mass density of 

320 g/m
2
 (Artenano Company Limited, Hong Kong) consisted of the following steps: 

degreasing by immersion in acetone for 30 min; etching with dilute HCl (3.0 mol/L) 

for 15 min, and rinsing with deionized water and drying. After pretreatment of the Ni 

foam, the precursors for the growth of MnCO3 QDs/Ni(HCO3)2-MnCO3 composite s 

were prepared. 6 mmol Ni(NO3)2 ·6H2O, 2 mmol Mn(NO3)2·4H2O, and 26.5 mmol 

urea were dissolved in 50 mL of deionized (DI) water and mixed homogeneously 

under ultrasonication for 30 min at room temperature. The cleaned nickel foam was 

then placed into a 50 mL Teflon autoclave with a homogeneous solution of precursor 
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and kept at 160 °C for 12 h. The nickel foam substrate covered with MnCO3 

QDs/NiH-Mn-CO3 composites was washed with DI water ethanol to remove the 

surface ions and molecules, followed by vacuum-drying under 50 °C for 12 h. The 

mass of the active materials on Ni foam was determined by subtracting the weight 

before deposition from the weight after deposition. The loading densities of the active 

materials were approximately 2 mg cm
−2

 for all electrodes. For comparison, the 

Ni(HCO3)2 nanosheet sample was also prepared under the same conditions without 

adding Mn precursor. 

 

Preparation of graphene-nickel foam electrodes: Graphite oxide (GO) was prepared 

from graphite powder using a modified Hummers method.
28-30

 In a typical reaction, 

H2SO4 (180 mL) was added into the 2000 mL flask filled with graphite (8 g) and 

NaNO3 (4 g) at room temperature, followed by the addition of solid KMnO4 (23 g) 

slowly at 0 °C (ice bath). After increasing the temperature to 35 °C, the mixture was 

stirred vigorously for 180 min. Next, 375 mL of distilled water was added gradually at 

0 °C, and the solution was stirred for 5 h while the temperature was increased to 

90 °C. Finally, the solution was diluted with 1000 mL of distilled water and treated 

with H2O2 (30 wt.%) until no gas was produced, turning the color from dark brown to 

yellow. The solution was then filtered through a glass filter, washed with a 5% HCl 

solution and then washed again with distilled water. The GO suspension was freeze-

dried at -70 °C for 7-8 h obtain the GO. A thermal expansion process was performed 
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at 1050 °C for 30 s in an Ar atmosphere to obtain the 3D porous GO. 3D porous 

graphene was obtained from 3D porous GO by a reduction process at 450 °C for 2.5 h 

in an Ar:H2=2:1 forming gas atmosphere. The working electrodes were constructed 

by mixing the active material, acetylene black and poly (tetrafluoroethylene) (PTFE) 

suspension (60 wt.%) binder at a weight ratio of 8:1:1, and then pressed onto a nickel 

foam (20 MPa), which served as a current collector. The electrodes were dried in a 

vacuum oven at 60 °C for 12 h.  

 

Material Characterization: The phase was characterized by X-ray diffraction (XRD, 

D8-Discovery Brucker, Cu Kα, 40 kV, 40 mA). Scanning electron microscopy (SEM, 

Hitachi, S-4800, 15 kV) equipped with an energy dispersive X-ray spectrometer 

(EDX) was used to examined the morphology of the samples. The structure of the 

porous hollow shell was investigated by transmission electron microscopy (TEM, 

JEOL, JEM-2010F). The Brunauer-Emmett-Teller (BET) surface area was obtained 

using a Micromeritics ASAP 2010 analyzer. The N2 adsorption-desorption isotherm 

and pore size distribution of the Ni(HCO3)2 and the MnCO3 QDs/NiH-Mn-CO3 

composite samples were obtained by sonication from the Ni foam. X-ray 

photoelectron spectroscopy (XPS, VG Scientifics ESCALAB250) was performed to 

analyze the chemical bonding status of the MnCO3 QDs/NiH-Mn-CO3 composite. 

The XPS spectra of the MnCO3 QDs/NiH-Mn-CO3 composite powder were obtained 

after sonication from the Ni foam, and were calibrated to the carbon peak C 1s at 
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284.6 eV.  

 

Electrochemical Performance Measurements: The electrochemical measurements 

were carried out in a three electrode electrochemical cell containing a 1 M KOH 

aqueous solution as the electrolyte at room temperature. A Pt plate (facing to the 

working electrode) and Hg/Hg2Cl2 were used as the counter and reference electrode, 

respectively. The distance between the working and counter electrodes was 

approximately 1 cm. Cyclic voltammetry (CV) measurements and galvanostatic 

charge/discharge tests were performed on an Ivium-n-Stat electrochemical 

workstation (Ivium, Netherlands). For each type of the electrodes (Ni(HCO3)2 and 

MnCO3 QDs/NiH-Mn-CO3), the average values of the three sets of independent 

experiments (deviations within ± 5%) were reported using three different batches of 

the samples.  

 

Calculations: The specific capacitance (C) of the electrode was calculated using the 

following equation:
9
 

Celectrode =                                                       (1) 

where C (F/g) is the specific capacitance, I (mA) is the discharge current, and m (mg), 

∆ V (V) and ∆ t (s) are the designated mass of the active materials, potential drop 

during discharge and discharge time, respectively. The gravimetric specific 

capacitance was calculated by dividing capacitance by the mass of the electrode 
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material. 

The Cdevice of asymmetric supercapacitor was calculated from the galvanostatic 

charge-discharge curves as follows:
31, 32

 

 Cdevice =                                                      (2)  

where I (A) is the discharge current, ∆ t (s) is the discharge time, M (g) is the total 

mass of the active material in the positive and negative electrodes, and ∆ V (V) is the 

voltage change (excluding the IR drop) within the discharge time.  

The energy density (Wh Kg
-1

) and power density (W Kg
-1

) of the MnCO3 QDs/NiH-

Mn-CO3 composites film, graphene electrodes, and asymmetric supercapacitor 

derived from the charge/discharge curves were calculated using the following 

equations;
9, 33

 

E = 0.5 × Cdevice × ∆V
2
 /3.6                                        (3) 

P = E/∆t                                                         (4) 

where E (Wh kg 
−1

) is the energy density, ∆V (V) is the device voltage excluding the 

IR drop, P (W kg
 −1

) is the average power density, and ∆ t (s) is the discharge time. 

 

Results and discussion 

The growth of Ni(HCO3) nanosheets and MnCO3 QDs/NiH-Mn-CO3 composites on 

macro-porous nickel foam under hydrothermal conditions can be explained as 

follows. The growth of the Ni(HCO3) nanosheets depends on the urea concentration 

and the extent of urea decomposition. First, CO3
2-

 and NH4
+
 are released via urea 
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decomposition; HCO3
-
 and OH

-
 are generated through their hydration. A previous 

study reported that at low urea concentrations (< 4 mmol), the generation of OH
-
 is 

predominant and Ni(OH)2 precipitates.
34 

In the 5-10 mmol concentration range of 

urea, HCO3
-
 and OH

- 
are present, and Ni(OH)2 and Ni(HCO3)2 coexist. When urea 

concentration exceeds 20 mmol, the generation of HCO3
-
 is dominant during 

ureolysis; thus, Ni(HCO3)2 is formed. In this study, 26.5 mmol urea was used to 

grow the Ni(HCO3)2 nanosheet architecture and the pH before hydrothermal growth 

was 5.58. Upon addition of the Mn
2+

 precursor source from Mn(NO3)2·4H2O, the 

pH decreased to 3.12 before hydrothermal growth. The formation mechanism of the 

as-obtained Ni(HCO3)2-MnCO3 hedgehog-like shell@needle composites is similar 

to that reported in a nickel-manganese compounds study.
16

 The formation 

mechanism is illustrated as follows: 1) Ni
2+

 reacts with HCO3
- 

from ureolysis to 

form a nucleation center; 2) the nucleation center absorbs Mn
2+

 and forms flocculent 

nanostructures on the surface of the nuclei; and 3) as the Mn
2+

 induction process 

continues, the interior of the nuclei gradually form hollow structures, resulting in a 

hollow hedgehog-like structure.
16

 The as-obtained MnCO3 QDs/NiH-Mn-CO3 core-

shell composites work as a positive electrode, and an aqueous asymmetric 

supercapacitor was assembled, where the negative electrode was made from 

graphene, as illustrated in Scheme 1. 
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Fig. 1a shows the field-emission scanning electron microscopy (FESEM) images of 

the as-obtained porous Ni(HCO3)2 nanosheet arrays grown uniformly on the 3D 

macro-porous Ni foam, indicating clearly that the as-obtained Ni(HCO3)2 nanosheet 

arrays are comprised of many wrinkled nanosheets and are self-assembled 

perpendicular to the surface of the Ni foam. The resulting nanosheet arrays have a 

high porosity and an open structured with an average nanosheet thickness of less 

than 20 nm, and the gaps between the nanosheets varied from 30 nm to 80 nm (Fig. 

1b). The high magnification TEM image shows the ultrathin nanosheet 

nanostructure (Fig. 1c). The hierarchical MnCO3 QDs/NiH-Mn-CO3 composites had 

a mean diameter of 2 µm and was composed of numerous 1D needle-like arrays, as 

shown in Fig. 1d-e. High magnification TEM revealed a needle, approximately 300 

nm in length and 20 nm in diameter. The dark contrast inside the shell showed that 

the hybrid hedgehog-like composite consisted of a hollow shell structure, as shown 

in Fig. 1S (Supporting Information). This unique feature could provide a high active 

surface area, improve the electrode/electrolyte contact area, and shorten the ion 

diffusion paths, which could contribute to the enhanced electrochemical 

performance. Interestingly, a new type of NiH-Mn-CO3 structure with jackfruit-like 

morphology was found near the node position of the Ni foam, as shown in Fig. 2S 

(Supporting Information). The high magnification SEM image (Fig. S2, Supporting 

Information) showed that jackfruit-like balls, approximately 120.5 µm in diameter, 

with a regular tetrahedron of the width of 1.5 µm grown vertically on Ni foam, 
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forming many columnar arrays. Fig. S3 presents the results of energy dispersive X-

ray spectroscopy (EDS) mapping analysis of the image shown in Fig. S2 

(Supporting information). The results confirm both Ni and Mn homogeneous 

distribution in the jackfruit-like ball structure. The mapping result is consistent with 

EDS (Fig. S2, Supporting information). To illustrate the chemical components and 

their spatial distribution in the Ni-Mn-CO3 structure, EDS mapping was examined. 

Fig. 2 shows the TEM images and EDS-mapping images of the Ni, Mn, O, and C 

elements taken from the hedgehog-like Ni-Mn-CO3 whole structure (Fig. 2a-e) and 

its nanoneedle regions (Fig. 2f-j). Results clearly confirm the well-defined 

hedgehog-like NiH-Mn-CO3 structure with Ni, Mn, O, and C atoms unifromly 

distrubuted within the whole hollow core and nanoneedle shell structures, 

demonstrating that the sample is composite. More importantly, the distribution of 

Mn is found only to be on the surface of nanoneedles (Fig. 2h), confirming the 

present of MnCO3 quantum dots on the surface of nanoneedles. 

 

Fig. 3a shows the typical X-ray diffraction (XRD) patterns of the Ni(HCO3)2 and 

MnCO3 QDs/NiH-Mn-CO3 composite. The well-defined diffraction peaks observed 

at 14.9
o
, 26.0

o
, 33.7

o
, 37.1

o
, 40.1

o
, 43.1

o
, 45.9

o
, 48.5

o
, 55.8

o
, and 62.6

o
 2θ were 

indexed to (110), (211), (310), (222), (321), (400), (330), (420), (510), and (440) 

planes, respectively, for a Ni(HCO3)2 phase (JCPDS 15-0782). New peaks at 24.3
o
, 

31.6
o
, 34.4

o
, 41.7

o
, 52.2

o
, 60.4

o
 and 66.8

o
 2θ were assigned to (012), (104), (006), 
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(113), (116), (122) and (125) of the MnCO3 phase (JCPDS 01-86-0172), showing 

that the hedgehog-like shell@needle structure is a composite consisting of two 

phases. 

 

High-resolution XPS was used to characterize the valence states of the elements of the 

obtained hybrid shell-needle material, as shown in Fig. 3b-d. Two obvious shakeup 

satellites (indicated as “Sat”) and the Ni 2p3/2 and Ni 2p1/2 peaks were observed at 

856.8 and 874.7 eV, indicating the presence of Ni
2+

 (Fig. 3b).
35

 The Mn 2p peak 

deconvolution shows three peaks attributing to Mn
2+

 (640.6 eV), Mn
3+

 (642.0 eV) and 

Mn
4+

 (644.4 eV), respectively (Fig. 3c).
36 

In the carbon 1s spectrum (Fig. 3d), the 

binding energy peaks at 284.5 eV, 285.9 eV and 289.7 eV were assigned to the 

characteristic bands of C-Mn C-O and C-OO, respectively, indicating the presence of 

carbonate.
37

 The O 1s spectra (Fig. S4, Supporting Information) shows the main peak 

at 532.2 eV ascribing to surface-adsorbed oxygen from the oxide defects.
38

 These 

results clearly show that the abundance of oxygen defects and plenty of electroactive 

sites, such as, Ni
2+ 

and Mn
4+

/Mn
3+

/Mn
2+ 

in the MnCO3 QDs/NiH-Mn-CO3 composites, 

which is beneficial to high rate capacity the and long-term cycling stability of 

pseudocapacitors.  

 

The structural characteristics of the samples were further investigated by TEM. 

Low-magnification TEM of Ni(HCO3)2 nanosheet indicated a hierarchical porous 
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nanosheet structured composed of ultrathin nanosheets, 10-20 nm in thickness, as 

shown in Fig. 4a, which agrees well with the morphology shown in Fig. 1b. The 

high-resolution TEM (HRTEM) image (Fig. 4b) revealed three different kinds of 

lattice fringes with spacings of 0.198, 0.222 and 0.208 nm corresponding to the 

(330), (321) and (400) planes of Ni(HCO3)2, respectively. Fig. 4c shows the fast 

Fourier transformation (FFT) pattern of the HRTEM image of the Ni(HCO3)2 

nanosheet, indicating that the nanosheets are polycrystalline. Fig. 4d-f provide 

structural information on the MnCO3 QDs/NiH-Mn-CO3 composites. The low-

magnification TEM image showed that a single nanoneedle was 16.1 nm in diameter 

(Fig. 4d). This hedgehog-like nanoneedle ball had a larger surface area than the 

Ni(HCO3)2 nanosheets, which was confirmed by BET-BJH analysis. HRTEM (Fig. 

4e) revealed five different kinds of lattice fringes with spacings of 0.224, 0.244 and 

0.263 nm, corresponding to the (321), (222) and (310) planes of Ni(HCO3)2, and 

spacings of 0.214 and 0.239 nm, corresponding to the (113) and (110) of MnCO3, 

respectively. Fig. 4f displays the FFT pattern of the corresponding HRTEM image 

of the MnCO3 QDs/NiH-Mn-CO3 nanoneedle (Fig. 4e), indicating that the 

nanoneedles are polycrystalline. 

 

Additional HRTEM measurements were performed on the nanoneedles of the 

MnCO3 QDs/NiH-Mn-CO3 composites. Fig. 5a shows that the surface of the 

nanoneedle is rough and irregular, which is different from the smooth and neat shape 
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of the nanoneedle, suggesting that MnCO3 quantum dots are anchored to the 

nanoneedle surface. The observed fringes with spacing 0.238 nm were assigned to 

the (110) plane of MnCO3 (Fig. 4b). Fig. 4c presents an annular dark-field (ADF) 

scanning transmission electron microscopy (STEM) image of the polarized 

nanoneedle of the MnCO3 QDs/NiH-Mn-CO3 composites. The bright area represents 

Ni, whereas the dark area represents Mn. The corresponding EDS spectrum in Fig. 

5c confirmed the distribution of both Mn and Ni throughout the needle structure (Fig. 

5d and 5e). Fig. 5f-g showed the size distribution of MnCO3 QDs with a mean 

diameter of 1.2 nm.  

 

To further check the possibility of interconnected pores in the materials and to 

determine the surface area of the samples, N2 adsorption/desorption isotherms and 

the BJH pore size distribution plots of the porous structure of Ni(HCO3)2 and 

MnCO3 QDs/NiH-Mn-CO3 composite samples were obtained, as shown in Fig. 6, 

respectively, and Table 1 lists the specific textural properties. The isotherm of 

Ni(HCO3)2 (red solid square line in Fig. 6) can be classified as a H3 type hysteresis 

loop, which exhibits the presence of a typical macroporous structure of different 

sizes according to the IUPAC classification. Based on the pore size distribution plot, 

two well distinguished maxima centered at ca. 1.1 and ca. 12.5 nm can be observed, 

corresponding to the results of the isotherm. The surface and interparticle spacing as 

well as the internal voids contribute to the characteristic pore size distribution of a 
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material.
37

 Therefore, the ripple-shaped porous network and the random attachment 

of curly Ni(HCO3)2 nanosheets are the apparent reason for the pore size distribution 

of the Ni(HCO3)2 nanosheet arrays. For the MnCO3 QDs/NiH-Mn-CO3 composite 

(green solid triangle line of Fig. 6), a type-Ⅲ isotherm with a H3 type hysteresis 

loop and the pore size distribution centered at ca. 1.1 nm can be observed, indicating 

a typical macroporous structure. The mean pore size, BET specific surface area and 

the corresponding pore volume of Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 

composite, respectively, are 10.6 and 2.4 nm, 33.0 and 117.8 m
2
 g

-1
, and 0.19 and 

0.45 cm
3
 g

-1
, respectively. The BET specific surface area and pore volume of the 

MnCO3 QDs/NiH-Mn-CO3 composite were much higher than that of the Ni(HCO3)2 

nanosheets sample and the reported nanoneedle nanomaterials, such as TiO2,
39

 

NiCo2O4.
40, 41

 Such a distinct porous structure offers efficient transport pathways to 

their interior voids during the charge/discharge storage process, which is essential 

for the electrochemical performance, particularly for high-rate applications. 

 

Electrochemical evaluation 

 

The electrochemical properties of the Ni(HCO3)2 nanosheet and MnCO3 QDs/NiH-

Mn-CO3 composite structure as electrode materials for supercapacitors were 

evaluated by cyclic voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), galvanic charge-discharge and cyclic stability in a three-electrode cell with a 
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Hg/Hg2Cl2 reference electrode and 1 M KOH aqueous electrolyte. Fig. 7a shows the 

CV curves of the Ni(HCO3)2 , MnCO3 QDs/NiH-Mn-CO3 composite and nickel 

foam electrodes at a scan rate of 10 mV s
-1

 from which a pair of redox peaks with an 

anodic peak at ~0.51 V and a cathodic peak at ~0.09 V was observed for Ni(HCO3)2 

electrode, compared to a pair of redox peaks with an anodic peak at ~0.47 V and a 

cathodic peak at ~0.1 V of a Ni-Mn-CO3 composite electrode. In the case of nickel 

foam, a flat line was deriving from nickel foam in CV curve, indicating that the 

electrochemical performance of nickel foam is negligible.
42-44

 This indicated the 

strong pseudocapacitive nature of both electrodes. The peaks correspond to 

conversion between the different oxidation states of Ni according to Equations 5 - 6: 

3MnCO3 + 3H2O  3Mn
2+

 + 3HCO3
-
 + 3OH

-
                                                           (5)   

Ni(HCO3)2 + 3OH
-  

  NiOOH + 2HCO3
-
 + H2O + e

-      
                                               

(6) 

In general, the smaller the potential difference between the anodic and 

cathodic peak potential (∆E), the better the reversibility in the redox reaction. 

As shown in Fig. 7a, the MnCO3 QDs/NiH-Mn-CO3 composite electrode 

(∆E=370 mV) showed better reversibility than the Ni(HCO3)2 electrode 

(∆E=420 mV). This was attributed to the larger surface area of the Ni-Mn-

CO3 composite electrode exposed to the electrolyte, which promoted the 

efficient diffusion of OH
-
 ions during the redox reactions.

45
 Fig. 7b-c presents 

the CV curves of the Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 composite 
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electrodes, respectively, at different scan rates of 5, 10, 20, 30, 40, and 50 mV 

s
-1

. After increasing the scan rate, the anodic and cathodic peaks of both 

electrodes in the CV curves shifted towards a positive and negative potential, 

respectively, leading to a continuous increase in the potential distance 

between the oxidation and reduction peaks. This indicates the quasi-reversible 

feature of the redox couples. This observation was attributed to the Ohmic 

resistance and increasing polarization of the electrode when the electrolyte 

ions diffused in the porous electrode during the redox reaction at high scan 

rates.
46

 In Fig. 7a, compared to the Ni(HCO3)2 electrode, the CV curve of the 

MnCO3 QDs/NiH-Mn-CO3 composite electrode showed higher peak currents 

and larger integrated areas, indicating a higher specific capacitance. The 

results suggest that the shell-needle architecture has a positive effect on the 

capacitive performance of the electrode due to the high specific surface area. 

This contributes to the high capacitance, which agrees well with the BET 

specific surface area shown in Fig. 6. Fig. 7d shows the relationships between 

the cathodic peak current (Ip,c) and the scan rate (v) of the Ni(HCO3)2 and 

MnCO3 QDs/NiH-Mn-CO3 composite ectrodes. Ip,c increased linearly with 

v
1/2

, confirming that the pseudocapacitive nature of both electrodes was 

limited by the diffusion of OH
- 
to the active sites. According to Equation 7,

47
 

                                     (7) 
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where ip is the peak current, n is the number of electron transferred, A is the 

electrode area, Do is the diffusion coefficient, Co* is the reactant 

concentration, and ν is the scan rate. For comparison, the diffusion 

coefficients (DNi(HCO3)2 and D NiH-Mn-CO3) of the Ni(HCO3)2 and MnCO3 

QDs/NiH-Mn-CO3 composite electrodes were calculated from Equation 8, 

assuming that both electrodes have the same n, A and Co* values. The 

diffusion coefficient of the MnCO3 QDs/NiH-Mn-CO3 composite electrode 

(DNi-Mn-CO3) was 2.5 times larger than that of the Ni(HCO3)2 electrode, 

indicating the beneficial effect of the shell-needle hybrid electrode. This 

conclusion was confirmed further by the subsequent galvanostatic charge-

discharge tests, as shown in Fig. 8. 

DNiH-Mn-CO3 / DNi(HCO3)2 = [(ip/ν1/2) NiH-Mn-CO3 / (ip/ν1/2) Ni(HCO3)2]2
 =  

(0.02356/0.05072)2
 = 2.354                        (8) 

As shown in Fig. 78a-b, the charge-discharge measurements of the Ni(HCO3)2 

and MnCO3 QDs/NiH-Mn-CO3 composite electrodes were carried out 

between 0-0.45 V (vs. SCE) at different current densities. The 

charge/discharge curves are the nonlinear lines, confirming the 

pseudocapacitance behavior of the electrode materials due to quasi-reversible 

redox reactions at the electrode-electrolyte interface.
48

 The specific 

capacitance (Cs) of the electrodes was calculated using Equation 9. 

                                                  (9) 

Page 21 of 49 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



  

21 

 

where I is the discharge current (A), ∆t is the discharge time (s), m is the mass of the 

electroactive material in the electrode (g), and ∆V is the total potential deviation (V). 

For the Ni(HCO3)2 electrode, the specific capacitance was calculated to be 

approximately 1777.5, 1611.0, 1524.4, 1286.0, 1164.4, and 881.1 F g
-1

 at current 

densities of 3.0, 4.0, 5.0, 8.0, 10.0, and 15.0 A g
-1

, respectively. A high Cs of 1777.5  

F g
-1

 was obtained at a current density of 3 A g
-1

, which is higher than that reported 

for Ni oxide/hydroxide electrodes.
49-52

 The good performance was attributed to the 

porous nanostructure of Ni(HCO3)2 on Ni foam. The highly oriented layered thin 

Ni(HCO3)2 nanosheets were aligned vertically on Ni foam, leading to the resulting 

well-defined porous nanostructure of Ni(HCO3)2 materials.
53

 A large number of 

Ni(HCO3)2 active sites were exposed to the electrolyte for the Faradaic redox 

reactions (Equation 5 to 6). In Fig. 8c, the value of Cs decreased with increasing 

current density. At low current densities, many active sites of the electrodes can 

access the electrolyte ions, leading to a higher Cs. At a high current density, however, 

the effective interaction between the ions and electrode was reduced considerably, 

leading to a lower Cs.
48

 The Cs of the Ni(HCO3)2 electrode was reduced to 881.1 F g
-

1
 with a retention rate of 49.6% when the current density was increased from 3 to 15 

A g
-1

. For the MnCO3 QDs/NiH-Mn-CO3 composites electrode, the specific 

capacitance was calculated to be approximately 2622.9, 2289.3, 2157.8, 1909.9, 

1774.5, and 1504.5 F g
-1

 at current densities of 3.0, 4.0, 5.0, 8.0, 10.0, and 15.0 A g
-1

, 

respectively. Compared to the Ni(HCO3)2 electrode, the Cs value was reduced from 
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2622.9 F g
-1 

(at 3 A g
-1

) to 1504.5 F g
-1 

(at 15 A g
-1

), resulting in a retention rate of 

57.4%. Obviously, the specific capacitance and high-rate performance of the 

MnCO3 QDs/NiH-Mn-CO3 electrode is better than those of Ni(HCO3)2. This was 

attributed to the following: (i) The MnCO3 QDs/NiH-Mn-CO3 composite electrode 

is much more conducting and electrochemically active than pure Ni(HCO3)2 and the 

presence of the well-dispersed high conductive MnCO3 quantum dots, which 

shortens the diffusion path of electrolyte ions and improves electron transport from 

the active materials to the current collector, as confirmed by the decreasing 

equivalent series resistance (Fig. 8e);
54

 (ii) the high specific surface area (Fig. 6) and 

the well-connected 3D networked structures of nanoneedle-like balls, which reduce 

the mass-transfer resistances, accelerate the electrolyte penetration and ion diffusion, 

and mitigate the electron hopping between the neighboring nanoparticles;
55

 and (iii) 

binary metal oxides serving as supercapacitor materials offer richer redox reactions 

contributed by both constituent metal ions.
56

 

 

The high life-cycle stability of the electrode is an important factor in the applications 

of SCs. The Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 composites electrodes were 

tested for 5000 charge/discharge cycles at a high current density of 15 A g
-1

, as 

shown in Fig. 8d. For MnCO3 QDs/NiH-Mn-CO3 composite electrode, specific 

capacitance (Cs) decreased sharply in the first 250 cycles and was stabilized at 

1349.6 F g
-1

 after the 650
th

 cycle, which is attributed to the structural instability of 
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MnCO3 QDs/NiH-Mn-CO3 composites similar to the other metal oxide material in 

the cycling test.
48

 A significant increase in specific capacitance was observed up to 

the 3100
th 

cycle due to the activation of MnCO3 QDs/NiH-Mn-CO3 composite. 

Similarly, a decline in Cs was observed in the Ni(HCO3)2 electrode at the first 1000 

cycle. Their capacity retention after 5000 cycles at 15 A g
-1

 are 85.5 and 

65.8%, respectively. Notably, MnCO3 QDs/NiH-Mn-CO3 shell-needle 

architecture possesses an intriguing feature which outperforms the Ni(HCO3)2 

electrode, indicating that this shell-needle architecture is a promosing design 

for high-performane supercapacitor applications. 

 

EIS analysis is commonly used to examine the ion transport properties of 

electrode materials for SCs. To examine the ion transport characteristics of the 

electrodes, the impedance of the Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 

composites electrodes, as shown in Fig. 8e. For each curve, there was a 

semicircle intersecting the real axis in the high frequency region. The plot 

transformed to a vertical line at low frequencies. The semicircle is typical of a 

RC circuit that represents a resistance in parallel with a capacitance.
57

 In the 

low frequency region, the almost complete penetration of ions into the surface 

or pores of the electrode could be allowed. The vertical line reflects the 

domination of the capacitive behavior.
58

 Fig. 8e shows the proposed 

equivalent circuit for the measured impedance data, which involves the 
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internal resistance (Rs), double-layer capacitance (Cdl) and Faradic charge 

transfer resistance (Rct), Warburg diffusion element (Zw), and 

pseudocapacitance (CF).
59, 60

 Equations 10 and 11 express the overall 

impedance, Z, of the equivalent circuit in Figure 6b:
61

  

                                        (10) 

                                                          (11) 

where j is the imaginary unit, ω is the angular frequency (Hz) and W is the 

Warburg parameter in units of Ω s
-1/2

.  This W parameter is an increasing 

function of the resistance for electrolyte transport in a porous electrode. At 

sufficiently high frequencies, the overall impedance can be reduced to 

Equation 12, corresponding to a locus showing a semicircle that intercepts the 

real axis at Rs and Rs + Rct in the Nyquist plot.
58 

                                               (12) 

As a result, in the high frequency regime, the intercept of the curve at the real 

axis (Z’) equals Rs, which includes the resistance of the electrolyte, Ohmic 

resistance of the active Ni(HCO3)2 materials, and contact resistance at the 

active Ni(HCO3)2 materials/Ni foam interface. The semicircle, which 

corresponds to Cdl and Rct, showed the charge-transfer process at the working 
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electrode-electrolyte interface. In the low frequency regime, the slope of the 

curve represents the Warburg resistance (Zw), which is related to the 

electrolyte diffusion in the porous electrode and proton diffusion in the 

Ni(HCO3)2 materials.  

 

Before the cycling test, the Rs and Rct values of the Ni(HCO3)2 electrode were 

2.985 Ω and 3.278 Ω, respectively. On the other hand, with the MnCO3 

QDs/NiH-Mn-CO3 composites electrode, the values of Rs and Rct decreased to 

1.976 Ω and 2.772 Ω, respectively. For the MnCO3 QDs/NiH-Mn-CO3 

composites electrode, Rs consists of the total ohmic resistance of MnCO3 

QDs/NiH-Mn-CO3composites and Ni foam. The decrease in Rs was attributed 

to the much more conducting and electrochemically active MnCO3 QDs/NiH-

Mn-CO3 composites electrode than the Ni(HCO3)2 electrode. The decrease in 

Rct was attributed to the MnCO3 QDs/NiH-Mn-CO3 composites materials 

having a larger porous opening than the Ni(HCO3)2 materials. Therefore, the 

electrolyte ions could effectively reach the MnCO3 QDs/NiH-Mn-CO3 

composites surface and react with the active sites. After the 5000
th

 cycle test, 

the Rs values of the Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 composites 

electrodes increased, indicating a decrease in the conductivity of the 

electrodes. The Rct values of the electrodes also increased, which might be due 

to the morphological changes in the MnCO3 QDs/NiH-Mn-CO3 composites. 
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Before the cycle test, the Cdl value of the Ni(HCO3)2 electrode was lower than 

that of the MnCO3 QDs/NiH-Mn-CO3 composites electrode, suggesting that 

MnCO3 QDs contributed to charge storage by ion adsorption. For the 

Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 composites electrodes, after 5000 

cycles, the Cdl value of Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 

composites electrodes decreased from 0.0241 F to 0.0239 F, and 0.0275 F to 

0.0130 F, respectively. This was attributed mainly to the loss of active 

materials of the electrode. Before the cycle test, the W value of the Ni(HCO3)2 

electrode was higher than that of the MnCO3 QDs/NiH-Mn-CO3 composites 

electrode, which was attributed to the higher active surface area of the MnCO3 

QDs/NiH-Mn-CO3 composites electrode compared to that of Ni(HCO3)2 

resulting in a decrease in the resistance for electrolyte transport in a porous 

electrode. The CF value of the Ni(HCO3)2 electrode was lower than that of the 

MnCO3 QDs/NiH-Mn-CO3composite electrode, which was attributed to the 

better conductivity and faster ion transfer efficiency of the MnCO3 QDs/NiH-

Mn-CO3 composite electrode than that of the Ni(HCO3)2 electrode. After the 

cycle test, for both electrodes, the W values increased and the CF values 

decreased. The decrease in CF was related to the structural stability of the 

Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 composites materials.  

The electrochemical properties of 3D porous graphene-Ni foam (G-NF) were 

measured to examine further the applications of the as-fabricated MnCO3 QDs/NiH-
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Mn-CO3//G in an asymmetric supercapacitor (ASC), as shown in Fig. 9a. The as-

obtained 3D porous G-NF electrode displayed excellent electric double layer 

capacitance properties at -1.0 ~ 0.0 V (vs. SCE). The Cs of the 3D porous G-NF 

electrode, which was calculated from its galvanostatic charge-discharge curves (Fig. 

9b), reached 167.8 F g
-1

 at 1 A g
-1 

and 93.0 F g
-1

 at 15 A g
-1

 with a good retention 

rate of 55.4% (Fig. 9c), which is comparable to those reported previously for 

graphene-based supercapacitors.
62, 63

 EIS showed that G-NF has low Rs and Rct 

values of 3.418 Ω and 0.693 Ω, respectively (Fig. 9d). These electrochemical 

behaviors confirmed that the 3D porous G-NF could serve as a negative electrode in 

ASCs. 

 

To evaluate the performance of the MnCO3 QDs/NiH-Mn-CO3//G in SC 

applications, an ASC was fabricated with MnCO3 QDs/NiH-Mn-CO3 composites-

NF and 3D porous G-NF as the positive and negative electrode, respectively. Based 

on the Cs values of the MnCO3 QDs/NiH-Mn-CO3 composites electrode and the 3D 

porous G-NF electrode, as well as the principle of charge balance between the 

electrodes, the MnCO3 QDs/NiH-Mn-CO3-NF to 3D porous G-NF mass ratio was 

controlled at approximately 0.31 in the ASC. Fig. 10a shows that the as-fabricated 

ASC exhibited excellent capacitive behavior at 0~1.8 V with both electric double-

layer capacitance and pseudocapacitance. Fig. 10b presents the galvanostatic charge-

discharge curves, from which the discharge curve is almost symmetrical with its 
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corresponding charge counterpart, demonstrating excellent electrochemical 

reversibility and good Coulombic efficiency.
64

 The Cs values were calculated to be 

129.0, 102.3, 87.1, 80.9, 74.7, 59.7, 52.2 and 39.7 F g
-1

 at current densities of 1, 2, 3, 

4, 5, 8, 10, and 15 A g
-1

, respectively (based on the total mass of the active material 

in the positive and negative electrodes) (Fig. 10c). Based on these Cs values, the 

highest energy density of the asymmetric supercapacitor (Fig. 10e) was calculated to 

be 58.1 Wh kg
-1

 at a power density of 900 W kg
-1

. At a high discharge current of 15 

A g
-1

, the energy density was reduced to 17.9 Wh kg
-1

 at a power density of 13.5 kW 

kg
-1

. The results show that the ASC achieved a higher energy density than the other 

devices, such as Ni(OH)2@3D Ni//AC (21.8 Wh kg
-1 

at 660 W kg
-1

),
65

 NiCo LDH-

Zn2SnO4//AC (23.7 Wh kg
-1 

at 284.2 W kg
-1

)
66

 and NiCo2O4@MnO2-NF//AC (28 

Wh kg
-1 

at 400 W kg
-1

), NiO//Carbon,
67

 MnO2//Carbon,
63

 Ni(OH)2//Carbon,
68

 and 

N-RGO//N-RGO.
69

 Moreover, the energy and power densities of MnCO3 QDs/NiH-

Mn-CO3//G outperformed those of most nickel or cobalt oxides/hydroxides as well 

as other typical material-based ASCs (Table S2, Supporting Information). The 

ultrahigh energy density of the device was attributed to the good energy storage 

ability of the binder-free MnCO3 QDs/NiH-Mn-CO3//G electrode. The galvanostatic 

charge-discharge test was also carried out to evaluate the durability of the as-

fabricated ASC with 0-1.8 V for 10000 cycles at a current density of 5 A g
-1

. As 

shown in Figure 9d, the initial specific capacitance of the ASC was 74.4 F g
-1

, which 
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then stabilized at 68.0 F g
-1

 (with a retention rate of 91.3%) after 10000 cycles, 

which is comparable to those of the ASCs.
62, 70, 71

 

 

Conclusions 

A 3D open structure composed of MnCO3 QDs/Ni(HCO3)2-MnCO3 shell-needle 

composite was grown on macro-porous nickel foam by a facile and efficient one-

step hydrothermal method. MnCO3 QDs with a mean diameter of ~1.2 nm were self-

assembled due to different Ni and Mn adtom mobilities on the surface of NiH-Mn-

CO3 nanoneedles. The as-obtained MnCO3 QDs/NiH-Mn-CO3 nanostructure was 

used directly as a binder-free electrode in a supercapacitor, which showed a 

remarkable high specific capacitance (2622.9 F g
-1

 at 3 A g
-1

) and good capacitance 

retention rate. The proposed MnCO3 QDs/Ni-Mn-CO3//G asymmetric 

supercapacitor exhibited a higher energy density of 58.1 Wh kg
-1

 at a power density 

of 900 W kg
-1

 based on the total mass of active materials compared to those of most 

previously reported nickel or manganese oxide/hydroxide-based asymmetric 

supercapacitors as well as other typical asymmetric supercapacitors. The superior 

electrochemical performance is attributed to the presence of high surface area core-

shell nanostructure, the well dispersed high conductive MnCO3 quantum dots as 

well as the synergetic effect between multiple transition metal ions. This work 

shows that the as-obtained MnCO3 QDs/NiH-Mn-CO3 shell-needle composite 
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nanostructures are promising electrode materials for the further development of 

high-performance energy-storage devices. 
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Scheme 1. Schematic diagram of the synthesis process of MnCO3 QDs/NiH-Mn-

CO3//graphene asymmetric supercapacitor. 
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Fig.1 (a) and (b) Field-emission scanning electron microscopy (FESEM) images of 

the as-obtained porous Ni(HCO3)2 nanosheet arrays grown uniformly on 3D macro-

porous Ni foam, (c) low magnification TEM image of the porous Ni(HCO3)2 

nanosheet arrays; (d) and (e) FESEM images of the as-obtained hierarchical porous 

MnCO3 QDs/NiH-Mn-CO3 composites grown uniformly on Ni foam, (f) low 

magnification TEM image of the MnCO3 QDs/NiH-Mn-CO3 composites showing 

needle arrays. 
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Fig. 2 Microstructure and chemistry of the MnCO3 QDs/NiH-Mn-CO3 composites. 

(a) Low magnification TEM image of hedgehog-like MnCO3 QDs/Ni-Mn-CO3 

composites. The EDS mapping of (b) Ni, (c) Mn, (d) O, (e) C; (f) High 

magnification TEM image of nanoneedle on hedgehog-like MnCO3 QDs/NiH-Mn-

CO3 composites and EDS mapping of (g) Ni, (h) Mn, (i) O, (j) C. 
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Fig. 3 (a) XRD analysis of the Ni(HCO3)2 nanosheet and MnCO3 QDs/NiH-Mn-CO3 

composites. XPS spectra of MnCO3 QDs/Ni-Mn-CO3 composites (b) Mn 2p, (c) Ni 

2p and (d) C 1s. 
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Fig. 4 (a) Low magnification TEM image, (b) HRTEM image, and (c) FFT pattern 

of the HRTEM image of the Ni(HCO3)2 nanosheet; (d) low magnification TEM 

image, (e) HRTEM image, and (f) FFT pattern of the HRTEM image of the MnCO3 

QDs/NiH-Mn-CO3 composites. 
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Fig. 5 (a) and (b) HRTEM image of a MnCO3 QDs/NiH-Mn-CO3 nanoneedle. (c) 

ADF-STEM image of MnCO3 QDs/Ni-Mn-CO3 composites and its selected-area 

EDX spectrum are shown in (d) and (e). (f) ADF-STEM image of MnCO3 

QDs/NiH-Mn-CO3 composites and (g) size distribution of MnCO3 QDs. 
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Fig. 6 N2 adsorption-desorption isotherm loop and pore size distribution data (inset) 

of the Ni(HCO3)2 nanosheet (red solid square) and MnCO3 QDs/NiH-Mn-CO3 

composites (green solid triangle). 
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Fig. 7 Comparison of the CV curves of the Ni(HCO3)2 nanosheet and MnCO3 

QDs/NiH-Mn-CO3 composites electrodes at a scan rate of 10 mV s
-1

. (b) CV curves 

of the Ni(HCO3)2 electrode at different scan rates. (c) CV curves of the MnCO3 

QDs/NiH-Mn-CO3 composites electrode at different scan rates. (d) Relationship 

between the cathodic peak current and square root of the scan rate for Ni(NCO3) 

(black solid square) and MnCO3 QDs/NiH-Mn-CO3 composites (red solid circle) 

electrodes. 
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Fig. 8 Electrochemical performance of Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 

composites electrodes before cycling tests. Galvanostatic charge-discharge curves of 

(a) Ni(HCO3)2 and (b) MnCO3 QDs/NiH-Mn-CO3 composites electrode. (c) 

Comparison of the specific capacitances of Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-

CO3 composites electrodes at different current densities. (d) Cycling performance of 

Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-CO3 composites electrodes at a current 

density of 15 A/g. (e) EIS spectrum of the Ni(HCO3)2 and MnCO3 QDs/NiH-Mn-

CO3 composites electrodes (e) before and (f) after cycling tests.  
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Fig. 9 (a) CV curves of the graphene-based electrode at different scan rates. (b) 

Galvanostatic charge-discharge curves of the graphene-based electrode. (c) 

Comparison of the specific capacitances of the graphene-based electrode at different 

current densities. (d) EIS spectrum of graphene-base electrode before the cycling 

tests. 
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Fig. 10 (a) CV curves of the MnCO3 QDs/NiH-Mn-CO3//G asymmetric 

supercapacitor at different scan rates. (b) Galvanostatic charge-discharge curves of 

the MnCO3 QDs/NiH-Mn-CO3//G asymmetric supercapacitor. (c) Comparison of 

the specific capacitances of the MnCO3 QDs/NiH-Mn-CO3//G asymmetric 

supercapacitor at different current densities. (d) Cycling performance of MnCO3 

QDs/NiH-Mn-CO3//G asymmetric supercapacitor at a current density of 5 A g
-1

. (e) 

Ragone plots of the MnCO3 QDs/NiH-Mn-CO3//G asymmetric supercapacitor 

compared to the reference. 
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Table 1. Specific surface area, pore volume and pore size of the Ni(HCO3)2 and 

NiH-Mn-CO3 composite materials. 

 

Sample Pore size (nm) SBET (m
2 

g
-1

) Vpores (cm
3 

g
-1

) 

Ni(HCO3)2 10.6 33.0 0.19 

MnCO3 QDs/NiH-

Mn-CO3 composites 

2.4 117.8 0.45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 49 of 49 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


