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a b s t r a c t

The design of pseudocapacitive materials by coupling transition metal compounds with a conductive car-

bon matrix is important for the high performance of supercapacitors. Herein, we construct the Prussian

blue analogue derived nickel-cobalt selenides coupling with nitrogen-doped carbon nanofibers (NiCoSe4-

NCNFs) by carbonization and selenization of polyacrylonitrile nanofibers. The effect of selenization and el-

ement N doping on the morphological structure and surface chemistry of NiCoSe4-NCNFs are evaluated.

Due to the accelerated electrolyte ion diffusion, enlarged active surface area and the modified surface

chemistry by the strong interaction at NiCoSe4/NCNFs interfaces, NiCoSe4-NCNFs show excellent capaci-

tive behaviors in 1mol/L KOH, and the specific capacitance is 1257 F/g at 1 A/g with a rate capability of

78% and cyclic stability of 82.9%. The Gibbs free energy of adsorption OH− is calculated by density func-

tional theory to investigate the charge storage mechanism. This work offers a new strategy to construct

the transition metal selenides/carbon nanofibers hybrids for high-performance supercapacitor devices.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The combustion of fossil fuels results in serious environmental

problems and the aim to get rid of the energy crisis is a global

concern [1,2]. Supercapacitors (SCs) own the merits of high-power

density, long-term stability, and less susceptibility to overheating

at high charge/discharge rates, which are one promising energy

storage system to satisfy the energy demand [3–5]. Pseudocapac-

itors (PCs) arise from the reversible redox reactions by the accom-

modation of charges at or near the electrode surface [6–9]. How-

ever, the low energy density is still the dominant limitation of

PCs in practical applications. The effort on developing conspicuous

electrode materials is an effective strategy to enhance the energy

density.

Prussian blue analogue (PBA) as one member of metal-organic

frameworks owns the merits of abundant porosity and uniform el-

ement distribution [10,11], and PBA-derived transition metal oxides

(TMO) as pseudocapacitive electrode materials have attracted at-

tention due to their rich faradic reaction and large specific sur-

face area [12–14]. To overcome their low electrical conductivity,

the electronic structure modification of TMO by heteroatoms dop-
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ing has been reported, such as sulfidation and phosphidation [15–

17]. Cubic NiS nanoframes and hollow nickel cobalt phosphate

with nitrogen-doped carbon show improved capacitive behaviors

[16,17]. Recently, transition metal selenides (TMS) with excellent

capacitive behaviors attract attention. Selenium has similar physi-

cal and chemical properties with sulfur and oxygen [18,19] and a

larger atomic size than sulfur [20], which result in a smaller band

gap and larger polarizability of TMS than TMO [21]. The replace-

ment of oxygen sites by selenide species is the primary motivation

to explore pseudocapacitive materials. Furthermore, the introduc-

tion of a conductive matrix as the second functional component

can increase the cyclic stability of electrode materials.

Carbon-based nanomaterials (carbon nanotubes, graphene) have

received extensive attention as conductive materials attributing to

their high electrical conductivity [22–25]. The hybrids by incor-

porating TMO with graphene, carbon nanotubes have been con-

structed to show the enhanced electrochemical performance, such

as MnO2/graphene [5] and Co(OH)2/carbon nanotube [26]. One-

dimensional (1D) carbon nanofibers (CNFs) obtained from the elec-

trospinning technique own large surface-volume ratios and effi-

cient ion/electron transport [27–29]. After stabilization and car-

bonization, CNFs with high porosity and the rough surface can ex-

pose more specific surfaces and accelerate the electrolyte ion diffu-

sion. It was well known that the performance of electrode materi-
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Fig. 1. (a) Schematic illustration of the preparation process of NiCoSe4-NCNFs. SEM

images of (b) NiCo-NCNFs and (c) NiCoSe4-NCNFs. TEM images of (d) NiCo-NCNFs

and (e) NiCoSe4-NCNFs. (f) HR-TEM image and (g) elemental mapping of NiCoSe4-

NCNFs.

als is strong relative to their morphological structure and chem-

ical composition. Heteroatom-doped CNFs with excellent capaci-

tive performance have been reported. The incorporation of het-

eroatoms into carbon materials can adjust the electronic struc-

ture to improve the electrochemical performance of SCs, such as

N-doped CNFs [30] and P-doped CNFs [31]. The hybridization of

CNFs with TMS or TMO is an attractive strategy to construct the

highly active materials to achieve excellent capacitive performance,

such as NiO nanoparticles with N doped CNFs [32]; CNFs wrapped

NiS nanoparticles [33] and hollow Co3O4 embedded CNFs [34].

Therefore, the design of one-dimensional hybrid by coupling PBA-

derived bimetallic selenides with heteroatom N doping carbon is

necessary to be explored as highly pseudocapacitive materials for

SCs.

Herein, we prepared the nickel-cobalt selenides coupled

with nitrogen-doped carbon nanofibers (NiCoSe4-NCNFs) via

the selenization and carbonization of the electrospun NiCo

PBA/polyacrylonitrile (PAN) nanofibers. The NiCoSe4 nanoparticles

and N-doped CNFs are the dominant pseudocapacitive materials.

Due to the synergistic effect of porous 1D structure and the hy-

bridization of bimetallic selenides with NCNFs, NiCoSe4-NCNFs ex-

hibit excellent capacitive behaviors for SCs in 1mol/L KOH, such as

the high specific capacitance (1257 F/g), good rate capability (78%)

and cyclic stability (82.9%). This work presents an effective design

concept for constructing 1D bimetallic selenides with heteroatom-

doped CNFs as promising pseudocapacitive materials for SCs.

Fig. 1a shows the schematic illustration of NiCoSe4-NCNFs by

electrospinning, thermal activation and selenization approaches.

The homogeneity of the polymer dispersion is an important fac-

tor to electrospun the uniformly distributed 1D nanofibers. The

average size of NiCo-PBA is about 200nm (Fig. S1 in Support-

ing information). The homogeneous dispersion of NiCo-PBA/PAN

is obtained due to their good dispersibility in dimethylformamide

(DMF). The well-aligned 1D nanofibers are obtained without form-

ing the beads. The polymer is decomposed to ammonia gas at 800

°C, which acts as the nitrogen source to construct the NCNFs. Fi-

nally, the NiCoSe4-NCNFs are obtained after the carbonization and

selenization of NiCo-PBA/PAN nanofibers.

The morphological structure of NiCoSe4-NCNFs is characterized

by scanning electron microscopy (SEM). NiCo-PBA/PAN nanofibers

exhibit raised surface, which is different from pristine PAN

Fig. 2. (a) XRD patterns of NCNFs, NiCo-NCNFs, NiCoSe4-NCNFs. High-resolution

XPS spectra of NiCoSe4-NCNFs, (b) Co 2p, (c) Ni 2p and (d) N 1s.

nanofibers (Fig. S2 in Supporting information). After the carboniza-

tion at 800 °C, the polymer nanofibers are decomposed into NC-

NFs (Fig. S2c) and NiCo-NCNFs (Fig. 1b). NiCo-NCNFs show the

cracked and collapsed structure of PBA nanocubes by the reduc-

tion of metal ions. Especially, the formation of metal selenides for

NiCoSe4-NCNFs results in the rough surface morphology and the

stable decoration of nanoparticles on or beneath the NCNFs sur-

faces (Fig. 1c).

As confirmed by transmission electron microscopy (TEM), NiCo-

PBA nanocubes are evenly wrapped in PAN nanofibers for NiCo-

PBA/PAN, which is different from the smooth surface of PAN

nanofibers (Fig. S3 in Supporting information). The raised bump

and rough surface are caused by embedding the PBA nanocubes

beneath the surface of PAN nanofibers. After carbonization at

800 °C, the transparent phenomena for NiCo-NCNFs disappears

attributing to the formation of small-sized NiCo species and

nitrogen-doped carbon nanofibers (Fig. 1d). The increased diameter

of NiCoSe4-NCNFs is attributed to the formation of metal selenides

on or beneath the surface of nanofibers (Fig. 1e). The increased

surface roughness and porosity of nanofibers are conductive to

provide abundant pathways for fast ion diffusion. Furthermore, the

high-resolution TEM image of NiCoSe4-NCNFs shows the interpla-

nar spacing of 0.263 and 0.208nm, corresponding to the (210)

and (220) planes of NiCoSe4 (Fig. 1f), respectively. The energy-

dispersive X-ray spectra (EDX) confirms the existence of Ni, Co, Se,

N and C elements in Fig. S4 (Supporting information). The distri-

bution of Ni, Co, Se, N and C elements is well-matched with the

outline of NiCoSe4-NCNFs (Fig. 1g), implying the successful con-

struction of heteroatom N doping and the formation of metal se-

lenides.

The structure and crystallinity of NiCoSe4-NCNFs were con-

firmed by X-ray diffraction (XRD) in Fig. 2a. The peak at 27° for

NCNFs corresponds to the (002) plane of graphitic carbon [35], and

the intensity is decreased for NiCoSe4-NCNFs due to the formation

metal compounds. Meanwhile, the diffraction peaks of NiCo-NCNFs

correspond to the typical planes of NiCo alloys [36]. The peaks at

33.7°, 37.1° and 43.4° for NiCoSe4-NCNFs are related to the (210),

(211), and (220) planes of NiCoSe4 (JCPDS No. 29–1417). This re-

sult proves the successful construction of metal selenides during

the activation treatment. The formation of defective sites after N

doping and selenization was confirmed by Raman spectra in Fig.

S5 (Supporting information), and a larger ID/IG ratio of NiCoSe4-

NCNFs than that of NiCo-NCNFs and NCNFs implying more exposed

surface area and active site for fast faradic reaction.
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Fig. 3. (a) CV curves at 50mV/s, (b) GCD curves at 1 A/g, (c) rate capability, (d) cyclic stability and (e) Nyquist plots of NCNFs, NiCo-NCNFs and NiCoSe4-NCNFs. (f) The

calculated b values by plotting log(sweep rate) vs. log(peak current). (g) The capacitive and diffusive contribution of NiCoSe4-NCNFs at different scan rates. (h) The geometry-

optimized structure of CN-NiCoSe∗ before and after OH adsorbed at the active sites.

The chemical composition of NiCoSe4-NCNFs was probed by

X-ray photoelectron spectroscopy (XPS). NiCoSe4-NCNFs are com-

posed of Ni, Co, Se, N and C elements (Fig. S6 and Table S1 in

Supporting information). The deconvoluted peaks of Co 2p at 777.3

and 779.9 eV correspond to Co3+ and Co2+ of Co 2p3/2, and the

peaks at 792.2 and 796.4 eV ascribe to the Co3+ and Co2+ of Co

2p1/2, accompanying the related satellite peaks (Fig. 2b), respec-

tively [37]. The deconvoluted Ni 2p spectra show two peaks at

852.1 and 869.2 eV for Ni2+ and two peaks at 854.7 and 871.8 eV

for Ni3+ in Fig. 2c, respectively [38]. For Se 3d spectra in Fig. S7

(Supporting information), the peaks at 54.1, 54.8 and 57.9 eV cor-

respond to Se 3d5/2, Se 3d3/2 and the oxidation state of selenides.

The existent oxygen groups for NiCoSe4-NCNFs can be attributed

to the surface oxidation by exposing sample under air conditions

[39,40]. In comparsion, the oxygen content for NiCoSe4-NCNFs is

much lower than that of NiCo-NCNFs implying a high electrical

conductivity for NiCoSe4-NCNFs, which is favorable for improving

the capacitive performance. During the thermal activation process,

the diffusion of electrons is from the metallic Ni/Co center to the

non-metallic Se center to improve the synergistic effect in NiCoSe4
composites [41]. The formation of pyridinic-N and pyrrolic-N bond

in implyies the successful incorporation of N into carbon (Fig. 2d),

which is further confirmed by C 1s spectra in Fig. S8 (Supporting

information). The pyridinic and pyrrolic N have been proven as ef-

fective active sites for fast faradic reactions [42]. The formation of

NiCo selenides and N-doped carbon are favorable for improving the

capacitive performance of NiCoSe4-NCNFs [43].

The electrochemical behaviors of NiCoSe4-NCNFs were mea-

sured by cyclic voltammetry (CV) in 1mol/L KOH by a three-

electrode configuration in Fig. 3a. NiCoSe4-NCNFs own apparent

redox peaks and large current density at 50mV/s, indicating a

highly reversible pseudocapacitive performance. As the scan rate

increased from 5mV/s to 100mV/s, the symmetrical CV curves

for NiCoSe4-NCNFs indicate the reversible redox reaction during

the charge/discharge process (Fig. S9 in Supporting information).

Meanwhile, NiCoSe4-NCNFs show higher redox peaks than that of

NiCo-NCNFs, resulting from the formation of metal selenides as the

dominant active sites for fast faradic reactions. The corresponding

redox reaction during the charge-discharge process for NiCoSe4 is

typically presented as follows [44]:

NiCoSe4 + 2OH− � NiSe2OH + CoSe2OH + 2e− (1)

CoSe2OH + OH− � CoSe2O + H2O + e− (2)

NiSe2OH + OH− � NISe2O + H2O + e− (3)

Galvanostatic charge/discharge (GCD) curves were further car-

ried out at various current densities, and the distorted symmet-

ric GCD curves for NiCoSe4-NCNFs at 1 A/g imply their pseudoca-

pacitive behavior in Fig. 3b. The calculated specific capacitance of

NiCoSe4-NCNFs (1257 F/g) is 2.1 and 7.9 times higher than that of

NiCo-NCNFs (585 F/g) and NCNFs (168 F/g), respectively. The spe-

cific capacitance of NiCoSe4-NCNFs maintains a value of 980 F/g

with a rate capability of 78% from 1 A/g to 20 A/g (Fig. S10 in

Supporting information), which is larger than that of NiCo-NCNFs

(70.8%) and NCNFs (55.6%) in Fig. 3c. The stability of pseudocapac-

itive NiCoSe4-NCNFs is confirmed by GCD curves at 5 A/g for 5000

cycles in Fig. 3d. The capacitance retention is 82.9% for NiCoSe4-

NCNFs, which is much larger than that of NiCo-NCNFs (60.2%). The

slow decay in specific capacitance for NiCoSe4-NCNFs can be as-

cribed to the effective accommodation of electrons on the active

surface where the fast reversible redox reaction occurs. The ex-

cellent long-term stability of NiCoSe4-NCNFs is further confirmed
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by CV test for 5000 cycles at 100mV/s (Fig. S11 in Supporting in-

formation). The kinetic behavior of NiCoSe4-NCNFs is evaluated by

electrochemical impedance spectroscopy (EIS) in Fig. 3e. And the

equivalent series resistance (ESR) is obtained by the intercept of

Nyquist plot in the high frequency, arising from the electrolyte

resistance. The charge transfer resistance (Rct) for NiCoSe4-NCNFs

(1.36 �) is smaller than NiCo-NCNFs (3.2 �) and NCNFs (2.14 �).

This result demonstrates that NiCoSe4-NCNFs have fast kinetic be-

haviors at the electrode/electrolyte interface due to the strong in-

terfacial connection between NiCoSe4 and NCNFs.

The electrochemical reaction kinetics of NiCoSe4-NCNFs are

studied by Dunn’s methods [45], and the charge storage mech-

anism can be divided into the capacitive and diffusive dominant

process. Especially, the occurrence of faradic reaction at the elec-

trode surface means that the capacitive contribution is dominant,

and the diffusive contribution is dominant whereas the faradic re-

action occurs inside the bulk electrode [46,47]. The b values of

0.5 and 1.0 imply the diffusion-controlled and capacitive-controlled

processes as the related dominant charge storage mechanism. The

capacitive contribution of NiCoSe4-NCNFs is studied by the redox

peak current (i) with the related scan rate (v) [48]. The b value is

0.66 and 0.64 for the anodic and cathodic peaks of NiCoSe4-NCNFs

in Fig. 3f, indicating the dominant capacitive-controlled process.

At 5mV/s, the percentage of capacitive contribution for NiCoSe4-

NCNFs is about 60.5%, which is dramatically increased to 86.2% at

100mV/s (Fig. 3g and Fig. S12 in Supporting information). As fur-

ther confirmed by Trasatti’s method, the capacitive contribution is

calculated to 62.3% for NiCoSe4-NCNFs by maximum surface ca-

pacitance divided by maximum total capacitance in Fig. S13 (Sup-

porting information). These evidences confirm that the diffusive

restriction can be hindered by coupling pseudocapacitive metal

selenides with NCNFs. The capacitive-controlled mechanism for

NiCoSe4-NCNFs with fast reversible faradic reactions is suitable for

application in the high-power energy system. The charge storage

mechanism of NiCoSe4-NCNFs was further elucidated by density

function theory (DFT) calculation. The more negative energy of OH

adsorption (Eads) predicts stronger binding at the active sites. The

Eads value of the simulated CN-NiCoSe∗ (−1.89 eV) is more nega-

tive than that of CN-NiCo∗ (−1.78 eV) and CN∗ (−0.75 eV) in Fig.

3h and Fig. S14 (Supporting information), respectively. The simu-

lated CN-NiCoSe∗ model would be the most dominant active site

for reversible and fast charge transfer.

The electrochemical performance of the assembled NiCoSe4-

NCNFs||NiCoSe4-NCNFs supercapacitors was tested in 1mol/L

Na2SO4 with the enlarged potential window of 1.5V. Fig. 4a shows

the CV curves of the symmetric supercapacitor at 50mV/s under

different potentials, and the potential window of 1.5V is finally

chosen because of the appearance of electrolyte decomposition

at 1.6V. Fig. 4b shows the CV curves of NiCoSe4-NCNFs||NiCoSe4-

NCNFs supercapacitors at scan rates from 5mV/s to 100mV/s. The

distorted rectangular shape of CV curves implies the good re-

versibility of NiCoSe4-NCNFs. The specific capacitance is 81 F/g

at 0.5 A/g and the capacitance retention is about 58% from 0.5

A/g to 5 A/g in Fig. 4c, which are both higher than those of

NiCo-NCNFs (Fig. S15 in Supporting information). The ESR for

NiCoSe4-NCNFs||NiCoSe4-NCNFs arises from the contact interface

between electrode and electrolyte (Fig. S16 in Supporting informa-

tion), and the calculated Rct value is 23.5 �. The Ragone diagram of

NiCoSe4-NCNFs||NiCoSe4-NCNFs is calculated from the GCD curves

in Fig. 4d and the maximum energy density can be delivered to

58.6Wh/kg with the power density of 864W/kg.

Herein, NiCoSe4-NCNFs were prepared by electrospinning, car-

bonization and selenization. The rough surface and crosslinked

structure are helpful for electrolyte ion diffusion and increase the

active surface area. Meanwhile, the surface chemistry is modified

by forming metal selenides and heteroatoms N doping into CNFs.

k

Fig. 4. (a) CV curves of NiCoSe4-NCNFs||NiCoSe4-NCNFs supercapacitors at 50mV/s

under different potentials. (b) CV, (c) GCD curves at 1.5V and (d) Ragone plot of

NiCoSe4-NCNFs||NiCoSe4-NCNFs.

Due to the synergistic effect of morphological structure and chem-

ical composition, NiCoSe4-NCNFs show excellent capacitive behav-

ior of SCs. The charge storage mechanism of NiCoSe4-NCNFs is

demonstrated by Dunn’s method and DFT calculation. This work

provides a guideline for constructing the coupling of the PBA-

derived material with carbon nanofibers for high performance of

SCs.
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