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ABSTRACT: Transition metal chalcogenides (TMCs) own multiple oxidation states and enhanced 15 

electroactivities of metal centers. To reveal the influence of anions in TMCs on the electrochemical 16 

performance of these promising supercapacitor electrode materials, three manganese and cobalt 17 

chalcogenides, namely MCS, MCSe, and MCTe are synthesized and characterized. In alkaline 18 

electrolytes, the capacities at a current density of 1 A g−1 are 920.5, 529.9, and 131.3 C g−1, 19 

respectively. MCS exhibits a superior specific capacity, enhanced rate capability, and long-term 20 

cycling stability. Consequently, anions of S, Se and Te determine electrochemical performance of 21 

TMCs. An ensembled quasi-solid asymmetric supercapacitor, consisting of the MCS cathode and an 22 

anode of a holey reduced graphene oxide (hrGO) coupled with 2,2,6,6-Tetramethylpiperidin-1-oxyl 23 

(TEMPO) possesses a maximum energy density of 43.7 Wh kg−1 at a power density of 750.3 W kg−1 24 

or a maximum power density of 14898.6 W kg−1 at an energy density of 15.3 Wh kg−1. It retains 25 

98.3% of initial capacity even after 7500 charge/discharge cycles at a current density of 10 A g−1. 26 

This study provides insight into the synthesis and utilization of TMCs for the ensemble of high-27 

performance supercapacitors. 28 

 29 
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1. Introduction 33 

Global warming is becoming increasingly severe and ecological balance is seriously out of 34 

balance [1]. The use of alternative renewable energy sources (e.g., solar, hydropower, wind, and tidal 35 

energy) to replace limited fossil fuels and coals is thus of great significance [2-4]. In this regard, 36 

various kinds of energy storage devices are designed and developed to transfer and store the electricity 37 

generated from these renewable sources. Supercapacitor (SC) is one typical electrochemical energy 38 

storage system. High-performance SCs are expected to provide high power densities like traditional 39 

capacitors as well as high energy densities like traditional batteries [5-8]. Compared with batteries, 40 

SCs have the advantages of high-power densities, faster charging rates, and long cycling life. For 41 

SCs, three kinds of mechanisms have been employed to store electrical energy, namely based on 42 

electrical double-layer capacitance, pseudocapacitance and battery-type. Up to date, SCs are still hard 43 

to replace batteries in most practical applications due to their low specific energies, linear discharge 44 

voltages, and relatively high costs [9]. Therefore, new electrodes, membranes (separators) inserted 45 

between two electrodes, and the electrolytes need to further designed, synthesized, and developed. 46 

The used electrodes and electrolytes are known to mainly determine the SC performance. 47 

Transition metal compounds have been frequently utilized to ensemble the SCs. Transition metal 48 

chalcogenides (TMCs), commonly referring to transition metal sulphides, transition metal selenides, 49 

and transition metal tellurides are extremely attractive since TMCs possess variable band gaps, 50 

distinct stoichiometry, tuneable structures and material diversity [10-12]. Compared to the 51 

corresponding transition metal oxides, TMCs have shown higher capacity since they have higher 52 

electronic conductivities and more channels for ion transport. The reason behind is the weaker M–S 53 

(Se or Te) bonds in comparison to the M–O bonds [13]. In this context, sulphides and selenides of 54 

manganese, cobalt, nickel, molybdenum, tin, and tungsten have been utilized as the electrode 55 

materials to ensemble SCs [14-17]. Among them, cobalt and nickel tellurides are two typical SC 56 

materials [18]. Note that mixed TMCs and hybrid TMCs own unique features over these TMCs with 57 

one single metal centres and therefore have been applied as the battery-type electrode materials. 58 

Owing to complementation and synergy, increased conductivity and enhanced redox reactions, 59 

efficient variable valence states, these TMCs with double or triple metal centres exhibit superior 60 

electrochemical performance to those only with one metal centre. Of special interests, these materials 61 

have been widely investigated, including ZnCo2O4, NiFe2O4, NiCo2O4, NiCo2S4, MnCo2S4, NiCo2S4, 62 



3 

NiCo2S4, CuCo2S4[19-22]. Meanwhile, there are mixed transition metal oxides or chalcogenides, 63 

which exhibit controllable structures, relatively low-costs, and excellent dielectric properties. It has 64 

to highlight here that the conductivity and permittivity of TMCs are significantly influenced by anions 65 

inside TMCs. Surprisingly, the effect of anions inside TMCs on their electrochemical performance 66 

has been not well understood and reported up to date.  67 

In this work, we synthesized MCS, MCSe, and MCTe materials (denoted as MnCo2S4, 68 

MnCo2Se4, and MnCo2Te4, respectively) on a nickel foam. The choice of a Ni foam as a conductive 69 

scaffold during the synthesis processes of these TMC materials originates from its three-dimensional 70 

(3D) and interconnected stems, its porous surface, and its high electrical conductivity. A Na2S 71 

solution [23], a SeO2
 solution [23], and a Na2TeO3 solution [24] were applied for the sulfidation, 72 

selenidation, and telluridation processes on the MnCo-LDH precursor that was the in-situ deposited 73 

on the porous Ni foam during a hydrothermal reaction. During these anion-exchange processes, phase 74 

transformation from the precursor to MCS, MCSe, and MCTe nanorods was realized. The structures 75 

and morphologies of three TMCs were then characterized using different microscopy, spectroscopy, 76 

and electrochemical techniques. Importantly, the electrochemical performance of three TMCs were 77 

investigated and compared by means of cyclic voltammetry (CV), the galvanostatic charge-discharge 78 

method (GCD), and electrochemical impedance spectroscopy (EIS). The effect of anions inside 79 

TMCs on their electrochemical performance, which has been seldom reported and clarified. By use 80 

of the best MCS as the cathode and a holey reduced graphene oxide (hrGO) matched with redox 81 

electrolyte as the anode, an asymmetric supercapacitor was ensembled. Its performance (e.g., 82 

capacity, capacity retention, power density, and energy density) was examined together with its 83 

potential and practical applications. 84 

 85 

2. Experimental  86 

2.1. Materials 87 

All the chemicals were analytical grade and used as received without any further purification. A 88 

nickel foam substrate was cut into pieces with a size of 2.0 × 4.0 cm2. To remove oxides, impurities, 89 

and organic pollutants on the surface of the nickel foam, the cut pieces were washed with deionized 90 

water, 5 wt% hydrochloric acid, ethanol, and deionized water. The cleaned pieces were then dried in 91 

the oven at 60 °C for 7 h. 92 

A MnCo-LDH precursor (denoted as MC-LDH) was prepared on the nickel foam through a 93 

hydrothermal method [25]. In the first step, 1 mM Mn(NO3)2, 2 mM Co(NO3)2, 3 mM NH4F, and 6 94 

mM CO(NH2)2 aqueous solutions were mixed and stirred at least for 30 min till a uniform and stable 95 
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pink solution was obtained. In the second step, a precleaned nickel foam was soaked in the pink 96 

solution (70 mL) for 10 min. Subsequently, the mixed solution and nickel foam were transferred to a 97 

50 mL stainless steel Teflon lined autoclave and hydrothermally treated at 180 °C for 8 h. After being 98 

naturally cooled, the obtained nickel foam was cleaned several times in an ultrasonic bath till the 99 

surface suspended materials were fully removed. After copiously rinsing this nickel foam with water 100 

and ethanol, it was dried at 70 °C for overnight. The specific mass of as-obtained MnCo product was 101 

about 1.7 mg cm−2.  102 

The MC-LDH precursor was further hydrothermally treated with respective chalcogenide 103 

precursors to prepare MCS, MCSe, and MCTe materials. For example, to prepare MCS from the MC-104 

LDH precursor, a sulfidation process was applied [23]. Briefly, the precursor was firstly immersed 105 

into 40 mL water containing 0.3 g Na2S·9H2O for 10 min. The solution was then transferred to a 50 106 

mL Teflon-lined stainless-steel autoclave and kept at 160 °C for 8 h. To remove loose particles, the 107 

MCS deposited on the nickel foam was cleaned with water and ethanol for 3 times and further dried 108 

at 70 °C for overnight. The weight of MCS that was attached to the nickel foam was about 2.5 mg 109 

cm−2. Similar steps were followed to synthesize MCSe [23] and MCTe [24], where 0.055 g SeO2 and 110 

0.111 g Na2TeO3 were used, respectively. The mass loadings of MCSe and MCTe were about 4.0 and 111 

6.8 mg cm−2, respectively. 112 

 113 

2.2. Materials characterization 114 

A field-enhanced scanning electron microscope (Germini SEM 300 microscope, Zeiss, German) 115 

was employed to record scanning electron microscopy (SEM) images of as-synthesized materials. 116 

Transmission electron microscopy (TEM), high resolution TEM (HRTEM) and selected area electron 117 

diffraction (SAED) pattern images of as-synthesized materials were collected on a JREOL-JEM-2100 118 

(JEOL, Japan) instrument. X-ray photoelectron spectroscopy (XPS) was conducted on an AXIS-119 

ULTRA DLD-600W (Shimadzu-Kratos Company, Japan). X-ray diffraction (XRD) patterns were 120 

collected on a Bruker D8 equipped with a DaVinci design instrument.  121 

 122 

2.3. Electrochemical measurements 123 

All electrochemical tests were carried out on a VSP-300 multi-channel electrochemical 124 

workstation (Bio-Logic Science Instruments, France). The electrochemical properties of the 125 

electrodes were investigated by means of CV, GCD and EIS methods. In a typical three-electrode 126 

electrochemical system, a graphite paper counter electrode and a Hg/HgO reference electrode were 127 
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used. To investigate the electrochemical performance of TMC materials, the used electrolyte was 6 128 

M KOH aqueous solution. To check the electrochemical performance of the hrGO electrode, a 129 

solution of 10 mM 2,2,6,6-Tetramethylpiperidin-1-oxyl (TEMPO) dissolved in 2 M KOH was 130 

applied as the electrolyte. 131 

In a two-electrode system or an assembled asymmetric supercapacitor device, the negative 132 

electrode was the hrGO-coated nickel foam and the positive electrode was the MCS coated Ni foam. 133 

They were assembled with a piece of Nafion-117 membrane as the separator. The hrGO electrode 134 

was matched with the gel anolyte of KOH + TEMPO, while a MCS electrode was matched with the 135 

KOH/PVA gel catholyte. 136 

In order to calculate the mass capacity (C, C g−1), energy density (E, Wh kg−1), and power density 137 

(P, W kg−1) of the assembled ASC device, the following equations were used [26, 27]: 138 

𝐶 =  
𝑆

2 𝜈 × 𝑚
                 139 

(1) 140 

𝐶 =
𝐼 × 𝛥𝑡

𝑚
            141 

 (2) 142 

𝐸 =
1

7.2 
×  𝐶 × 𝛥𝑉          143 

 (3) 144 

𝑃 =  
𝐸×3600

 𝛥𝑡 
            145 

 (4) 146 

𝑄+ = 𝑄−            147 

 (5) 148 

𝑚+

𝑚−
=

 𝐶−

𝐶+
             149 

 (6) 150 

where S is the charge (or area) enclosed in a CV within the scanned potential window (ΔV), v is 151 

the scan rate (V s−1), m represents the loading mass (g) of an active material, I represents the current 152 

density (A g−1), and Δt is the discharge time (s). For Equation (5) and (6), “+” and “‒” represent the 153 

positive and negative electrodes, respectively. The terms Q+ and Q- refer to the charges transferred 154 

on the positive and negative electrodes, respectively. In the assembly of this ASC device, the mass 155 

ratio between the positive (m+) electrode and negative (m-) one was fixed to be approximately 0.8, 156 

and the scan rate was set to 20 mV s−1. 157 

 158 
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3. Results and discussion 159 

3.1. Materials characterization 160 

The synthesis process of these TMC materials (namely MCS, MCSe, and MCTe) is schematically 161 

illustrated in Fig. S1. In the process of hydrothermal synthesis, manganese and cobalt ions are 162 

converted into the MnCo precursor (MC-LDH) under alkaline conditions. The surface morphologies 163 

and microstructures of the MnCo precursor was characterized. From the SEM image of the MC-LDH 164 

at a low magnification (Fig. S2A), one can clearly tell that it is needle-like. These nanoneedles are 165 

uniformly and densely distributed onto the surface of the nickel foam. Their growth directions are 166 

predominantly vertical and slightly inclined. The roots of these nanoneedles are thicker while their 167 

tips are thinner. In the SEM image of the MnCo precursor at a high magnification (Fig. S2B), the 168 

MC-LDH nanoneedles are found to have a smooth exterior. An average diameter of the MC-LDH 169 

nanoneedles was estimated to be between 80 and 100 nm. These nanoneedles maintain a relatively 170 

large gap between each other. Such gaps are important since they are expected to facilitate the 171 

subsequent sulfidation, selenation, and tellurization processes. It is known that the anion-exchange 172 

reaction of the MC-LDH precursor takes place under a hydrothermal environment. The added X2− 173 

(X= S, Se, Te) anions corrode the precursor from its outer (e.g., surface) to the inter, leading to the 174 

formation of the MnCo chalcogenides [23, 24, 26]. Driven by the Kirkendall effect, simultaneous 175 

involvement of the inward diffusion of different X2− anions and the outward diffusion of different 176 

metal cations are expected. The final structures and compositions of three TMCs are thereby different 177 

and possible to be tuned. 178 

Subsequently, the surface morphologies and microstructures of MCS, MCSe, and MCTe were 179 

examined characterized by means of SEM (Fig. 1A-F) and TEM (Fig. 1G-I). The MCS material 180 

retains a similar needle morphology as the MC-LDH (Fig. 1A). These MCS nanoneedles are dense 181 

and uniform. These interlaced nanoneedles are grown. Their surface is rough and slightly concave. 182 

Their diameters are around 80-150 nm (Fig. 1D). For the MCSe material, it is more like corncobs 183 

(Fig. 1B). The alignment of these hollow nanotube arrays on the nickel foam are clearly visible. There 184 

are even some hollow nanotubes with opening ends (Fig. 1E). Similarly, the MCTe material consists 185 

of hollow nanotubes with a rough surface nature (Fig. 1C, F). The TEM images of MC-LDH and 186 

three TMC materials provide further information about the morphologies and structures of these 187 

materials. The structures in these TEM images are analogous to those shown in the related SEM 188 

images. The MC-LDH precursor has a needle-like structure with a very smooth surface. Its average 189 

diameter is approximately 100 nm (Fig. S2C). The MCS material has a nanowire-like structure, and 190 
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the average diameter of these nanowires is about 120 nm (Fig. 1G). Clearly, the MCSe (Fig. 1H) and 191 

MCTe (Fig. 1I) materials exist in the form of hollow nanotubes, whose diameters are approximately 192 

100-120 nm. Both own a wrinkled structure on their surface. The inner hollow tubular nanostructure 193 

of the MCSe material has a shell thickness of about 35 nm, while that of the MCTe material is about 194 

20 nm. The element mapping of the TMCs (Fig. S3) was also conducted by energy-dispersive X-ray 195 

spectroscopy (EDS). It is clear that the elements of Mn and Co distribute on all samples, while the 196 

elements of S, Se, and Te are clearly visible at the mapping images of the MCS, MCSe, and MCTe, 197 

respectively. The results suggest that three different TMCs materials have been synthesized. For the 198 

precursor, MCS, MCSe, and MCTe, they feature their three-dimensional (3D) structures. Namely, 199 

they have large surface areas and many available channels for electrochemical processes. 200 

Consequently, they are expected to feature high performance for electrochemical energy storage. 201 

 202 

Fig. 1. (A-F) SEM images of MCS (A, D), MCSe (B, E), and MCTe (C, F) at different magnifications; 203 

(G-I) TEM images of MCS (G), MCSe (H), and MCTe (I). 204 

 205 
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The X-ray diffraction (XRD) characterization of the MC-LDH precursor, MCS, MCSe, and 206 

MCTe was further conducted. In the XRD patterns of the MnCo precursor (Fig. S4A), the diffraction 207 

peaks at 10.0°, 33.3°, 34.8°, 39.1° and 59.1° are from the (003), (009), (012), (015) and (110) planes 208 

of a typical layered double hydroxide (LDH) phase [28], respectively. Three additional and sharp 209 

diffraction peaks at 44.6°, 51.9° and 76.3° can be assigned to the nickel foam substrate (JCPDS No. 210 

1-1266) [29], as indicated as “Ni” in the plot. Although there are no standard International Centre for 211 

Diffraction Data (ICD) patterns for bimetallic MnCo chalcogenides, their diffraction peaks are similar 212 

to the cubic Co3S4 (JCPDS No. 47-1738), CoSe (JCPD No. 70-2870), and CoTe (JCPDS No. 34-213 

0420) which were utilized as the bases for the analysis of the crystalline structures of MCS, MCSe, 214 

MCTe. In their XRD patterns (Fig. 2A), the diffraction peaks of MCS appear at 31.2°, 37.9°, 50.0°, 215 

and 55.3°. They are in line with (311), (400), (511), (440) planes of cubic Co3S4 (JCPDS No. 47-216 

1738) [30, 31], respectively. For MCSe, its XRD diffraction peaks are located at 32.9°, 50.0°, 61.6° 217 

and 70.0°, corresponding to the (101), (110), (210), (202) planes of the CoSe, (JCPDS No 70-2870) 218 

[32, 33], respectively. Similarly, the XRD spectrum of MCTe exhibits the characteristic diffraction 219 

peaks at 31.6°, 42.9°, 47.1° and 58.3°, resulting from (101), (102), (110) and (112) planes of CoTe 220 

(JCPDS No. 34-0420) [34, 35], respectively. In Fig. 2H, J and L, the high-resolution TEM (HRTEM) 221 

images of these composite exhibits highly resolved lattice fringes with different lattice spacings, 222 

corresponding to the different planes. As well as the selected area electron diffraction (SAED) 223 

patterns (Fig. 2I, K and M), which illustrate a set of concentric diffraction rings associated with the 224 

respective lattices [36, 37]. According to these results, the nanostructure is consistent with the XRD 225 

analysis. 226 

The XPS spectra of three TMC materials were also recorded. Their XPS survey spectra confirm 227 

the existence of different elements in these bimetallic chalcogenides (Fig. S4B). In both Mn 2p and 228 

Co 2p XPS spectra, two spin-orbit doublets are identified, owing to the divalent (Mn2+, Co2+) and 229 

trivalent (Mn3+, Co3+) states. The high-resolution XPS spectrum of the Mn 2p region (Fig. 2B) reveals 230 

spin–orbit splitting into two peaks at binding energies of 641.5 and 653.5 eV, which can be assigned 231 

to Mn 2p1/2 and Mn 2p3/2 [38, 39], respectively. Other two peaks located at 641.2 eV and 647 eV are 232 

ascribed to the signal of Mn3+ and Mn3+ species. The spin-orbit energy splitting of the core level of 233 

Mn 2p3/2 and Mn 2p1/2 for MCS, MCSe, and MCTe are 12.6, 12.0, and 11.9 eV, respectively. In their 234 

Co 2p spectra (Fig. 2C), two spin/orbit bimodal peaks are visible along with two satellite peaks that 235 

are associated with shake-up. In the Co 2p XPS spectrum of MCS, where the two deconvoluted peaks 236 

at 781.6 and 797.1 eV are attributed to the Co2+ species, while the other two deconvoluted peaks at 237 

778.6 and 792.9 eV are attributed to Co3+. For MCSe, its Co 2p XPS peaks at 781.2 and 796.8 eV are 238 

assigned to the Co2+ species, while those at 778.5 and 792.8 eV are attributed to the Co3+ species. The 239 
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peaks appeared at 777.4/792.5 and 780.6/796.3 eV in the Co 2p XPS spectrum of MCTe indicate the 240 

existence of the Co2+ and Co3+ species, respectively. Meanwhile, two shape-up satellite peaks are 241 

presented at around 802.0 and 785.5 eV in the XPS spectra of three TMC materials. Based on the 242 

different induction effects caused by the reduced electronegativity of S, Se, Te, the peaks of Co 2p 243 

shifted to the lower field due to the different induction effects, and the calculated spin orbital energy 244 

separation was changed from 15.4 eV to 15.7 eV, which indicated the existence of Co2+/Co3+ and 245 

confirmed the chemical interaction between Co and these elements [40]. 246 

 247 

Fig. 2. (A) XRD patterns of MCS, MCSe, and MCTe; XPS of Mn 2p (B) and Co 2p (C) spectra of 248 

MCS, MCSe, and MCTe; (D) XPS S 2p spectrum of MCS, (E) XPS Se 3d spectrum of MCSe; (F) 249 
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XPS Te 3d spectrum of MCTe. (G) the content ratios of Co2+/Co3+ in MCS, MCSe, and MCTe. 250 

HRTEM and SAED images of MCS (H, I), MCSe (J, K), and MCTe (L, M). 251 

 252 

Moreover, the S 2p peak for MCS can be divided into three peaks along with a satellite peak 253 

(Fig. 2D). These peaks located at 161.9 and 163.1 eV are related with the S 2p3/2 and S 2p1/2, 254 

respectively. Other two peak appeared at 163.9 and 168.4 eV are ascribed to the metal-sulphate bond 255 

and the satellite peak[24, 36].In the XPS Se 3d spectrum of the MCSe material (Fig. 2E), the peaks 256 

located at 54.9 and 54.1 eV correspond to Se 3d3/2 and Se 3d5/2, respectively. They confirm the 257 

presence of a Se2– valence. The Se–O peak at 60.1 eV is probably due to the oxidized selenium or 258 

selenium oxide. The peak at 58.9 eV evidences that the existence of a Co–Se bond inside MCSe [41]. 259 

In the XPS Te 3d spectrum of MCTe (Fig. 2F), the peaks at 571.8nd 582.1 eV correspond to the Te 260 

3d5/2 and Te 3d3/2 of the Metal-Te bonds [42]. The peaks at 582.1 and 585.5 eV are obviously from 261 

the of the Te4+ species since tellurides are easily oxidized in the air [43]. 262 

Since the energy gap between the main peak of Co 2p and Mn 2p is generally accepted as a 263 

parameter to determine the oxidation state of the Co species, the relationship of the contents of Co 264 

valence state in MCS, MCSe and MCTe were then estimated via refined fitting and quantitative 265 

calculations from their XPS Co 2p spectra (Fig. 2G). The ratios of Co2+/Co3+ are different for three 266 

TMC materials. Among them, MCS has the highest ratio, probably resulting in more faradaic 267 

reactions at the electrode surface. It has to highlight that these bimetallic chalcogenides own a variety 268 

of metal valence states that can facilitate the generation of more active redox sites and therefore 269 

increase the diffusion rates of charges and thus their electronic conductivities are expected to be 270 

improved. In short, MCS, MCSe, and MCTe are expected to feature improved capacitive performance 271 

than those TMCs with individual metal centers. 272 

 273 

3.2. Electrochemical performance 274 

The electrochemical performance of the MC-LDH, MCS, MCSe, and MCTe in 6 M KOH aqueous 275 

solution was studied using cyclic voltammetry and the GCD technique. In their cyclic 276 

voltammograms (CVs) recorded within a potential range of 0 – 0.5 V and at a scan rate of 5 mV s−1, 277 

a pair of redox peaks is observed (Fig. 3A). They are related with the faradaic processes of the 278 

reversible transformation of multivalent Mn and Co species. It is obvious that the CV of MCS owns 279 

a higher redox peak intensity and a bigger integrated area. The MCS thus has a larger capacity than 280 
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other three counterparts. The redox waves for the MnCo precursor are assumed from the following 281 

reactions between Mn and Co cations [25]: 282 

Co(OH)2 + OH− ↔ CoOOH + H2O + e−      (7) 283 

CoOOH + OH− ↔ CoO2 + H2O + e−       (8) 284 

Mn(OH)2 + OH− ↔ MnOOH + H2O + e−      (9) 285 

MnOOH + OH− ↔ MnO2 + H2O + e−       (10) 286 

 287 

Fig. 3. Capacitive performance of the MC-LDH, MCS, MCSe, and MCTe: (A) CVs; (B) GCD curves; 288 

(C) the Nyquist plots; (D) Variation of peak currents as a function of the square roots of scan rates; 289 

(E) Variation of the difference between anodic and cathodic peak potentials in the CVs as a function 290 

of scan rates; (F) Cycling stability at a constant current density of 10 A g−1; (G-I) The capacitive 291 
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contribution of MCS (G), MCSe (H), and MCTe (I) to their charge storage at a scan rate of 3 mV s−1; 292 

(J-L) The percentage of capacitive contribution of MCS (J), MCSe (K), and MCTe (L) at different 293 

scan rates. 294 

 295 

While the redox waves for MCS, MCSe, and MCTe are supposed to be from the reversible 296 

faradaic redox processes of Mn2+/3+, Co2+/3+ and X2− (X = S, Se, Te) in the form of [44-46]: 297 

MnCo2X4 + 2OH− + H2O ↔ MnXOH + 2CoXOH + 2e−   (11) 298 

CoXOH + OH− ↔ CoXO + H2O + e−       (12) 299 

CoX + OH− ↔ CoXOH + e−        300 

 (13) 301 

MnX + OH− ↔ MnXOH + e−        302 

 (14) 303 

To reveal electrode kinetics, the CVs of the MC-LDH (Fig. S5A), MCS (Fig. S5B), MCSe (Fig. 304 

S5C), and MCTe (Fig. S5D) were recorded in 6 M KOH aqueous solution at different scan rates (e.g., 305 

from 5 to 200 mV s-1). An increase of scan rate leads to the positive and negative shift of the anodic 306 

and cathodic peak potentials, respectively. It is noteworthy that the reduction peaks retain their typical 307 

characteristics without obvious distortion, even at high scan rates; while the oxidation peaks fall out 308 

of the scanned potential range when the scan rate is too high. In this regard, as-estimated specific 309 

capacity is decreased with an increase of scan rate. In our experiments, lower scan rates were applied 310 

to get higher specific capacities. The specific capacity of the MnCo precursor, MCS, MCSe, and 311 

MCTe that were calculated from their CVs at a scan rate of 5 mV s−1 are 392.1, 722.1, 406.2, and 92.3 312 

C g−1, respectively. 313 

The GCD curves of the MC-LDH, MCS, MCSe, and MCTe were further recorded in 6 M KOH 314 

aqueous solution at a current density of 1 A g−1 (Fig. 3B). These GCD curves are nonlinear, where 315 

two voltage plateaus are seen during the charge-discharge processes. These results are in accordance 316 

with those shown in their CVs, indicating the involvement of faradaic processes. Namely, the MC-317 

LDH, MCS, MCSe, and MCTe have the features of battery-type materials. The MCS possesses a 318 

longer discharge time and a bigger specific capacity than the MC-LDH, MCSe, and MCTe, in 319 

agreement with the tendency of their specific capacity obtained from those CVs. The GCD curves of 320 

the MC-LDH (Fig. S6A), MCS (Fig. S6B), MCSe (Fig. S6C), and MCTe (Fig. S6D) were further 321 

recorded in 6 M KOH aqueous solution at different current densities (e.g., from 1 to 20 A g−1). At 322 

low current densities, they take longer time to finish charge and discharge processes. To compare 323 

their specific capacity, the values of the MC-LDH, MCS, MCSe, and MCTe were calculated and 324 
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compared (Fig. S7) at different current densities. The calculated specific capacity of MCS at a current 325 

density of 1 A g−1 is 920.5 C g−1, which is superior to that of MCSe (529.9 C g−1), the MC-LDH 326 

(415.1 C g−1), and MCTe (131.3 C g−1). At a current density of 20 A g−1, their specific capacities are 327 

489.3, 280.9, 234.0, and 36.8 C g−1, respectively. The corresponding capacitive retentions of the MC-328 

LDH, MCS, MCSe, and MCTe are 56.4%, 53.2%, 53.0% and 28.0%, respectively. Calculated from 329 

the CVs and GCD curves of the MnCo precursor, MCS, MCSe, and MCTe, the trend in their specific 330 

capacities follows the order of MCS > MCSe > MC-LDH> MCTe. Some comparison of the 331 

electrochemical performance of MCS-based electrodes reported in the literature are summarized in 332 

Table S1. 333 

The Nyquist plots of MCS, MCSe, and MCTe were also recorded (Fig. 3C). According to the 334 

equivalent circuit model, Rs means the series resistance, C represents the double layer capacitance, 335 

Rct is the interfacial charge transfer resistance and W represents the Warburg impedance. The Warburg 336 

resistance (Zw) signifies the diffusion of cations through the electrode materials. Their Rct values 337 

follow the order of MCS < MCSe < MCTe. Therefore, MCS has the highest specific capacity and the 338 

best rate performance. This is because the atomic weight of tellurium is approximately four times 339 

bigger than that of sulfur. Moreover, tellurium is easier to be oxidized than S and Se during the 340 

galvanostatic charge/discharge processes. Consequently, anions in the TMCs determine their 341 

capacities. 342 

The variation of peak current as a function of square roots of scan rates was further analyzed. 343 

For all three TMCs, nearly linear relationship exists (Fig. 3D). For MCS, it exhibits the highest slope, 344 

indicating a highest electrochemical activity and increased migration ability of hydroxide ion among 345 

these TMCs [38]. The difference of anodic and cathodic peak potentials was plotted as a function of 346 

scan rate (Fig. 3E) in the range of 5 to 200 mV s−1. The reduction peak potential of MCS shifts to the 347 

most negative value (94.3 mV). For MCSe and MCTe, their reduction peak potentials shift to 91.0 348 

and 70.5 mV, respectively. The smaller is the shift in peak potential, the less polarization there is in 349 

the electrode material during the charge/discharge process. During the rapid Faraday reaction on the 350 

surface, the OH− in the electrolyte cannot diffuse to the surface in time, giving rise to greater 351 

polarization. The ion transfer rate of OH− ions is thus the fastest and the polarization degree of MCS 352 

is the highest during its charge/discharge process. In other words, the Faraday reaction of MCS is the 353 

fastest, leading to its largest specific capacity. In comparison with MCSe and MCTe, MCS exhibits 354 

faster ion migration and redox reaction in an alkaline medium, as well as better energy storage 355 

capacity. It again confirms the anion-determined capacities of TMCs. 356 

Furthermore, the cycling performance of MCS, MCSe, and MCTe was examined using the GCD 357 

analysis at a current density of 10 Ag−1 (Fig. 3F). Even after 4000 charge/discharge cycles, MCS 358 
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retains 87.9% of its initial capacity, which is higher than that of MCSe (87.3%), and MCTe (63.3%). 359 

The excellent stability of MCS was also proved by tiny variation of its Nyquist plots before and after 360 

such a cycling test (Fig. S8). According to the SEM images (Fig. S9A-C), the morphology of three 361 

TMCs have undergone some interesting changes after the cyclic stability test. While the surface of 362 

MCS still retains the nanoneedles structure, there are some sheet-like morphologies apparent. MCSe 363 

exhibits morphological changes due to the adhesion of long tubular structures, resulting in 364 

cauliflower-like structures. There are agglomerated nanospherical structures growing on top of the 365 

MCTe nanotubes. There is a possibility that the changed morphology is caused by the partial 366 

expansion and collapse of the nanostructures over an extended period of charge/discharge. In short, 367 

MCS has excellent stability, due to its small volume expansion during the charge/ discharge 368 

processes. The weak cycling stability of MCTe is probably due to its readiness to be oxidized during 369 

charge/ discharge processes. 370 

It is known that the capacitive contribution to the total charge can be analysed from related CVs. 371 

The relationship between the peak current and the sweep rate is described as following [47]:  372 

𝑖 = 𝑎𝑣𝑏            373 

 (15) 374 

log𝑖 = 𝑏log𝑣 + log𝑎         375 

 (16) 376 

In generally, b-value of 0.5 indicates that the redox reaction is a diffusion-controlled process, 377 

whereas b-value of 1.0 implies a capacitive process. The calculated b-values of MCS, MCSe, and 378 

MCTe (Fig. S10) are 0.68, 0.79 and 0.64, respectively. Therefore, a hybrid charge storage mechanism 379 

exists for three TMCs, consisting of diffusion- and surface capacitive-controlled processes. Based on 380 

the calculated b value, the energy storage mechanism of MCSe is mainly governed by its capacitive 381 

performance. The capacitive contribution is then quantitively determined by use of the equations [47, 382 

48]: 383 

𝑖 = 𝑘1𝑣 + 𝑘2𝑣1 2⁄           384 

 (17) 385 

𝑖 𝑣1 2⁄⁄ = 𝑘1𝑣1 2⁄ + 𝑘2         386 

 (18) 387 

where the terms of k1v and k2v
1/2 represent the capacitive and diffusion-controlled contributions, 388 

respectively. For example, the diffusion contribution of MCS is 84.7 % (Fig. 3G) at a scan rate of 3 389 

mV s−1. Under identified conditions, the diffusion contributions of MCSe (Fig. 3H) and MCTe (Fig. 390 

3I) are 19.8% and 65.7%, respectively. When the scan rate is varied from 1, 2, 3, 4, to 5 mV s−1, the 391 
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diffusion contributions to total capacity of MCS (Fig. 3J) are 88.3%, 86.4%, 84.7.%, 83.2% and 392 

81.7%, respectively. The diffusion contribution decreases with an increase in scan rate. However, at 393 

high scan rates, its diffusion contribution is still much higher than that of capacitive contribution, 394 

indicating that the redox reactions at high scan rates play a significant role in the electrocapacitive 395 

performance of MCS. In this case, it is mainly attributed to its unique texture that facilitates the 396 

diffusion of electrolytes. As for MCSe, an increase of the scan rate from 1 to 5 mV s−1 continuously 397 

enlarges the capacitive contribution. Its maximum contribution (88.7%) is seen at a scan rate of 5 mV 398 

s−1 (Fig. 3K). The results convincingly suggest a typical Faradaic capacitive performance of MCSe. 399 

In the case of MCTe (Fig. 3L), its capacitive contribution ratios are 24.4%, 29.9%, 34.3%, 38.2%, 400 

and 41.7% at the scan rates of 1, 2, 3, 4, and 5 mV s−1, respectively. At the same scan rate, the diffusion 401 

contribution ratio of MCTe is lower than that of MCS as the diffusion-controlled ion intercalation at 402 

the electrodes is a relatively slow process. Meanwhile, low scan rates ensure sufficient times for ion 403 

migration and ion insertion, whereas at high scan rates, insufficient ion diffusion causes the oxidation-404 

reduction reactions to predominate. The capacities of TMCs are thus mainly relied on the anions 405 

inside TMCs. 406 

 407 

3.3. Performance of asymmetric supercapacitors 408 

Based on above results obtained from three-electrode systems, a two-electrode device was ensembled 409 

to testify possibility of these TMC materials for practical energy storage applications. In this work, 410 

such a hybrid supercapacitor was constructed using MCS as the positive electrode material and hrGO 411 

as the negative electrode material. The hrGO electrode was further enhanced with 2,2,6,6-412 

Tetramethylpiperidin-1-oxyl (TEMPO) dissolved in 2 M KOH. In this regard, the negative electrode 413 

is expected to have a high specific capacity and a wide redox potential range. For example, in the 414 

CVs of 10 mM TEMPO on the hrGO electrode at different scan rates (e.g., from 5 to 200 mV s−1), 415 

there are reversible redox peaks at around -0.35 V (Fig. S11A). They waves are attributed to the 416 

transition from the aminooxy anion state to the nitroxide radical state [49]. With an increase of the 417 

scan rate, both the redox faradaic and non-faradaic currents increase, indicative of fast K+ ions 418 

diffusion onto hrGO surfaces. The corresponding GCD curves of the hrGO + TEMPO system (Fig. 419 

S11B) deviated from nonlinear shapes, indicating electrochemical performance of such a system. The 420 

voltage plateaus at around -0.35 V correspond to the redox peaks at CVs. The specific capacity of 421 

this system was calculated based on its CVs and GCD curves. Its highest specific capacity is 361.2 C 422 

g−1, obtained at a scan rate of 5 mV s−1. It maintains 300.0 C g−1 when the scan rate is 200 mV s−1, 423 

namely 83.1% retention of its initial capacity (Fig. S11C). Meanwhile, this system tends to have 424 
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higher specific capacity at lower current densities. For example, the specific capacity at a current 425 

density of 1 A g−1 is 483.0 C g−1, 66.6% of that obtained at a current density of 20 A g−1 (Fig. S11D). 426 

Furthermore, the cycling stability of the hrGO + TEMPO system was tested with the GCD techniques 427 

at a current density of 15 A g−1. Even after 4000 charge/discharge cycles, the hrGO + TEMPO system 428 

maintains 83.9% of its initial capacity (Fig. S11E). The Rct values of this system are 0.3 Ω and 0.4 Ω 429 

before and after such a cycling test, respectively (Fig. S11F). The self-discharge and leakage current 430 

are also important parameters for redox-electrolytes in terms of practical applications. According to 431 

Fig. S12, after a rapid self-discharge decline in the first half hour, the output voltage of hrGO in KOH 432 

+ TEMPO electrolyte is approximately 0.03 V after 10 hours, whereas it is -0.02 V in KOH electrolyte 433 

after ten hours. It is evident that hrGO maintains its low self-discharge characteristics even in redox 434 

electrolytes. The leakage current of hrGO rapidly stabilizes at 9.9 μA in KOH+TEMPO electrolytes 435 

compared with 2.5 μA in KOH electrolytes after 2 h for redox shuttling. 436 
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 437 

Fig. 4. Performance of an MCS || hrGO ASC device: (A) CVs of a hrGO electrode and a MCS 438 

electrode at a scan rate of 20 mV s−1; (B) CVs at a scan rate of 50 mV s−1 with different cell voltages; 439 

(C) GCD curves at a current density of 4 A g−1 within various cell voltages; (D) CVs and (E) GCD 440 

curves at various scan rates and current densities; Calculated specific capacity as a function of scan 441 

rate (F) and current density (G); (H) the capacity retention over 7500 charge/discharge cycles at a 442 

current density of 10 A g−1; (I) Comparison of the Ragone plots for different devices; (J) Photographs 443 

of operating an electronic timer; (K) Demonstration of driving a toy car. 444 
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Prior to the assemble of an asymmetric SC device, experimental conditions were optimized. For 445 

example, the charges stored by the positive and negative electrodes were firstly balanced. The mass 446 

ratio of the positive electrode (m+) to the negative electrode (m-) was fixed to 0.8 when the scan rate 447 

was set to 20 mV s−1. Moreover, the voltage of the MCS (+) || hrGO(-) was optimized to be 1.5 V 448 

(Fig. 4A) after taking the voltage windows of the MCS (0 – 0.5 V) and the hrGO + TEMPO system 449 

(-0.9 – 0.1 V) into account.  450 

The CV and GCD curves of this ASC device were then recorded within different voltage 451 

windows at a scan rate of 50 mV s−1 (Fig. 4B) and a current density of 4 A g−1 (Fig. 4C). Interestingly, 452 

no obvious oxygen evolution is observed even the voltage is higher than 1.5 V, an indication of well-453 

balanced active masses on both electrodes. Since the CV within a voltage window of 1.5 V shows the 454 

largest area with distinct redox behaviour, the operation voltage of the ASC device was set to 1.5 V. 455 

The GCD curves of this ASC devices were also recorded at different voltage windows (e.g., ranging 456 

from 1.0 to 1.5 V). Similar results are obtained with those from the CVs. 457 

The CVs of the ASC device (MCS || hrGO) were then collected at different scan rates (e.g., from 458 

5 to 200 mV s−1) and within a voltage window of 1.5 V (Fig. 4D). The change of scan rate does not 459 

lead to obvious variation of the shape of the CVs. An increase of the scan rate results in slowly 460 

enhanced current response, demonstrating a fast charge delivery rate of the ASC device. The 461 

calculated specific capacities are 201.0, 186.5, 172.4, 149.6, 126.9, and 98.4 C g−1 at the scan rates 462 

of 5, 10, 20, 50, 100, and 200 mV s−1, respectively. The rate capability of 49.0% is maintained even 463 

at a scan rate of 200 mV s−1 (Fig. 4F). Meanwhile, the GCD curves of this ASC device (Fig. 4E) 464 

were recorded at different current densities (e.g., from 1 to 20 A g–1). The charge curves are nearly 465 

symmetrical to their discharge counterparts, suggesting a high coulombic efficiency as well as well-466 

matched mass balance between the positive and negative electrodes. Based on these GCD curves, the 467 

calculated capacities are 209.7, 175.1, 149.7, 132.9, 119.7, 109.1, 88.7 and 73.5 C g−1 at the current 468 

densities of 1, 2, 4, 6, 8, 10, 15, and 20 A g−1, respectively. The rate performance is 35.1% even at 469 

the current density of 20 A g−1 (Fig. 4G). The cycling stability test of the ASC device was conducted 470 

when a current density of at 10 A g−1 was applied (Fig. 4H). This device exhibits remarkable cycling 471 

endurance. It retains 98.3% of the capacity retention after 7500 consecutive GCD cycles. 472 

The energy densities and power densities, two key parameters to describe the practical usage of 473 

an ASC device were estimated. They are shown as a Ragone plot (Fig. 4I), where also compares with 474 

other SC devices. Our MCS || hrGO ASC device delivers a maximum specific energy of 43.7 Wh 475 

kg−1 at a specific power of 750.3 W kg−1, or a maximum power density of 15.3 kW kg−1 at a specific 476 

energy density of 14898.6 W kg−1. The highest energy density of our-assembled MCS || hrGO ASC 477 

device is superior to that of some recently reported SC devices, including P-MCS || AC [50], MCS | 478 
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NSG || NSG [51], MCS | HNTs || MCS | HNTs [52], MCS || rGO [53], NiCo2S4@Co(OH)2 || AC [54], 479 

NiCo2S4 nanotube@NiCo2S4 nanosheet || rGO [55], and MCS | GNF || AC [56] devices. The potential 480 

usage of our MCS || hrGO ASC device was further verified through its exploration to operate an 481 

electronic timer (Fig. 4J). The electronic timer ran for more than 32 min only by one ASC device. 482 

Three connected ASC devices in series and then two groups in parallel drove a homemade toy car 483 

(Fig. 4K). Such fully charged device drove the toy car for about 11.4 m. Therefore, our MCS || hrGO 484 

ASC device has the potential for practical applications. 485 

 486 

4. Conclusion 487 

In summary, the effect of anions on the electrochemical performance of nanoneedle-like and 488 

bimetallic (Mn–Co) chalcogenides has been clarified. Originating from their different geometric 489 

features and redox activities in alkaline solutions, the S-anion based chalcogenide exhibits higher and 490 

more stable capacity than the Se- and Te-based chalcogenides. The constructed asymmetric 491 

supercapacitor device using S-anion based chalcogenide and holey graphene feature excellent rate 492 

capability, long cycling life, and high power densities as well as high energy densities. Such devices 493 

have been proved to be promising for different practical applications. This study is of great 494 

importance to design and synthesize proper and useful bimetallic chalcogenides for energy storage 495 

applications. 496 
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Fig. S1. Schematic illustration of the synthesis of MCX (X = S, Se, Te) on the Ni foam. 
 

 

 

 
 

Fig. S2. (A, B) SEM and (C) TEM images of the MC-LDH precursor at low (A) and high (B) 

magnifications. 
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Fig. S3. The element mapping images of (A) MCS, (B) MCSe, and (C) MCTe. 

 

 

 
 

Fig. S4 (A)XRD patterns of the MnCo precursor; (B) XPS survey spectra of MCS, MCSe, and MCTe. 
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Fig. S5. CVs of (A) MC-LDH, (B) MCS, (C) MCSe, and (D) MCTe in 6 M KOH aqueous solution at 

different scan rates. 

 

 

 
Fig. S6. GCD curves of (A) MC-LDH, (B) MCS, (C) MCSe, and (D) MCTe in 6 M KOH aqueous solution 

at different current densities. 
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Fig. S7. Variation of specific capacities with the current densities for the MC-LDH, MCS, MnCSe, and 

MCTe. 

 

 

 

 

 
 

Fig. S8. Nyquist plots of the MCS electrodes recorded before and after 4000 charge/discharge cycles 

at a current density of 10 Ag−1.  
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Table S1. Comparison of electrochemical performance of MCS-based electrodes reported in the 

literature. 

Electrode Electrolyte Capacity Rate capability 
Capacity 

retention 
Ref. 

MCS /NSG-48 1 M KOH 1324.3 F g−1 

(1 A g−1) 

63.1% 

(1 to 32 A g−1) 

90.9% 

(5000 cycles) 

[1] 

MCS nanotubes 3 M KOH 705.2 F g−1 (0.5 

A g−1) 

48.1% 

(0.5 to 10 A g−1) 

92.6% 

(5000 cycles) 

[2] 

MCS needle 2 M KOH 1402 F g–1 

(1 A g–1) 

- 

 

95.0%c 

(5000 cycles) 

[3] 

MCS/HNTs 1 M KOH 302 mA h g−1  

(2 mA cm–2) 

72.8% 

(2 to 7 mA cm–2) 

- [4] 

MCS /CoS1.097 3 M KOH 1006 F g–1 

(1 A g−1) 

70.5% 

(1 to 15 A g−1) 

91.3%c 

(5000 cycles) 

[5] 

MCS @Ni-Co-S 3 M KOH 10.14 F cm–2 

(1 mA cm–2) 

82.3% 

(1 to 20 mA cm–2) 

62.7% 

(5000 cycles) 

[6] 

MCS /Co9S8 6 M KOH 1100.5 F g–1 

(1 A g−1) 

59.8% 

(1 to 10 A g−1) 

– [7] 

honeycomb-like 

MCS 

3 M KOH 129.7 mA h g−1 

(1 A g−1) 

88.5% 

(1 to 10 A g−1) 

87.8%a 

(4000 cycles) 

[8] 

P- MCS 6 M KOH 543.3 F g−1  

(1 A g−1) 

84.6% 

(1 to 10 A g−1) 

– [9] 

MCS 6 M KOH 920.5 C g–1  

(1 A g–1) 

53.2% 

(1 to 20 A g–1) 

87.9% 

(4000 cycles) 

This 

work 
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Fig. S9. The SEM images of (A) MCS, (B) MCSe, and (C) MCTe after 4000 charge/discharge cycles. 

 

 
 

Fig. S10. Linear relationship between the logarithm values of peak current (log Ip) and those of scan rate 

(log v) on MCS, MCSe, and MCTe.  
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Fig. S11. Electrochemical performances of hrGO in the electrolyte of 2 M KOH + 10 mM TEMPO: (A) 

CVs at different scan rates, (B) GCD curves at different current densities; Specific capacities of hrGO in 

the electrolyte of 2 M KOH + 10 mM TEMPO at various scan rates (C) and current densities (D), (E) the 

capacity retention of a hrGO electrode over 4000 charge/discharge cycles at a current density of 10 A g−1, 

(F) the Nyquist plots of hrGO obtained before and after 4000 charge/discharge cycles. 

 

 

Fig. S12. (A) Self-discharge and (B) the leakage current of hrGO in the electrolyte of 2 M KOH + 10 mM 

TEMPO. 
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