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Abstract    As  promising  electrode  materials  for  superca-
pacitors, nickel-cobalt bimetallic sulfides render the advan-
tages  of  abundant  redox  reactions  and  inherently  high
conductivity.  However,  in  general,  unsatisfactory  perfor-
mance  of  low  specific  capacity,  low  rate  capability,  and
fast capacity loss exist in Ni–Co sulfide electrodes. Herein,
we  rationally  regulate  phosphorus-doped  nickel–cobalt
sulfides  (P-NCS)  to  enhance  the  electrochemical  perfor-
mance  by  gas–solid  phosphorization.  Moreover,  carbon
nanotubes  (CNTs)  as  conductive  additives  are  added  to
improve the  cycle  stability  and conductivity  and form the
composite P-NCS/C/CNT. According to density functional
theory,  more  electrons  near  the  Fermi  surface  of  P-NCS
are demonstrated notionally than those of simple CoNi2S4.
Electrochemical  results  manifest  that  P-NCS/C/CNT
exhibits  superior  electrochemical  performance,  e.g.,  high
specific capacity (932.0 C∙g‒1 at 1 A∙g‒1), remarkable rate
capability  (capacity  retention  ratio  of  69.1% at  20  A∙g‒1),
and lower charge transfer resistance. More importantly, the
flexible  hybrid  asymmetric  supercapacitor  is  assembled
using P-NCS/C/CNT and activated carbon,  which renders
an  energy  density  of  34.875  W·h∙kg‒1 at  a  power  density
of  375  W∙kg‒1.  These  results  show  that  as-prepared  P-
NCS/C/CNT demonstrates incredible possibility as a batt-
ery-type electrode for high-performance supercapacitors.
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1    Introduction

Clean energy is bound to find vast development prospects

under the trend of abandoning the reliance on fossil fuels
and converting to new, environment-friendly energy. As a
device  to  realize  the  storage  of  clean  energy,  the
supercapacitor  has  always  been  a  favorable  competitor
considering  its  advantages  of  safety,  no  memory  effect,
convenient maintaining, and reliability. It is also a mature
portable energy storage device that has been widely used
in daily life.  Among the components  of  a  supercapacitor
system, the electrodes, especially the active materials, is a
crucial  component  in  determining  whether  a  supercapa-
citor can obtain satisfactory performances, including high
charge  storage  capacity,  high  energy,  and  power  densi-
ties,  excellent  operating  life,  and  fast  charging/dischar-
ging rate [1–3].

In  general,  the  classifications  of  supercapacitor
electrode materials are proposed in terms of their energy
storage mechanism, including the electrochemical double
layer  capacitive  (EDLC)  materials  that  rely  on  rapid  ion
adsorption  and  pseudocapacitive  materials  that  exhibit
fast  surface  faraday  redox  reactions  [4].  Based  on  the
material  selection  of  its  two  electrodes,  a  supercapacitor
mainly falls  into three types,  namely the electric double-
layer  capacitor  that  uses  EDLC  materials  as  both  elec-
trodes,  the  pseudocapacitor  that  uses  pseudocapacitive
materials  for  both  electrodes,  and  the  hybrid  superca-
pacitor  that  uses  pseudocapacitance  material  for  the
positive  electrode  and  EDLC  material  for  the  negative
electrode.  Hybrid  supercapacitors  can  combine  the  two
primary  energy  storage  mechanisms  and  constitutes  an
ideal  energy  storage  mechanism  [5].  In  hybrid  superca-
pacitors,  the  EDLC-based  negative  electrode  mainly
utilizes  carbon  materials,  which  give  a  highly  stable  but
small  charge  storage  capacity.  Therefore,  the  positive
electrode  of  pseudocapacitive  materials  contributes  to
enhancing the overall capacitive property.

Up till now, numerous work has been done on applying
transition  metals,  oxides,  and  hydroxides  in  supercapa-
citor electrodes. New design concepts have been reported
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to  achieve  better  capacitive  properties  [6].  Numerous
studies have proved that metal oxides and hydroxides can
increase  charge  storage  capacity  and  energy  density
compared  to  conventional  carbonaceous  materials.
However,  the  main  obstacle  lies  in  their  poor  electrical
conductivity,  which  causes  intrinsic  unfavorable  kinetics
of  metal  oxides  and  hydroxides  and  leads  to  their
unsatisfactory rate performance [7,8]. In a contrast, metal
phosphides  and  sulfides  have  a  considerable  intrinsic
advantage  as  pseudocapacitive  materials  in  supercapa-
citors  because  of  their  distinctive  physicochemical
properties.  For  instance,  metal  sulfides  have  the  benefits
of  containing  more  redox-active  sites  and  better  specific
capacities  and  energy  densities  [9–13].  Metal-rich
phosphides  have  even  higher  electrical  conductivity  due
to  their  relative  metal  richness  [14–18].  It  has  also  been
proved  that  the  combination  of  metal  phosphides  and
sulfides  can combine the  advantages  of  both  compounds
and obtain enhanced cycle stability and rate performance
compared  to  a  single  compound.  By  constructing
phosphide–sulfide  structures  by  doping  P  in  sulfides  or
doping S in  phosphides,  extra  active  sites  and additional
voids  can  be  created,  which  leads  to  promoting  redox
reactions and reduced strain [19–26]. Apart from forming
phosphide–sulfide  structures,  new  carbon  materials  can
also  be  used to  provide  the  basic  structure  and electrical
conductivity  for  metal  compounds,  giving  an  additional
contribution to performance enhancement [27–32].

Based on the above concepts, a facile method is desig-
ned  in  this  work  to  fabricate  a  supercapacitor  electrode
material  that  features  by  ZIF-67  derived  phosphorus-
doped  Ni–Co  sulfides/carbon  (P-NCS/C)  complex
embedded in carbon nanotube (CNT) basic structures and
is also denoted P-NCS/C/CNT hereinafter. The P-NCS/C
complex is realized by direct sulfuration of ZIF-67, plus a
following  vapor  phosphorization  reaction.  The  energy
state  and electron structures  of  CoNi2S4 before  and after
P-doping  are  theoretically  studied  to  reveal  the  advanta-
geous  features  of  P-doped  CoNi2S4 in  electrode  applica-
tions.  Remarkable  charge  transfer  properties  and  matter
exchange  efficiency  are  rendered  by  the  P-NCS/C/CNT
composite electrode by combining morphology advances
from  CNT-strengthened  basic  structure,  ZIF-67  derived
closer integration between carbon and Ni–Co compounds
and  combined  advantage  of  Ni–Co  sulfides  and
phosphides.  A  flexible  hybrid  supercapacitor  is  also
assembled, possessing high energy/power density.

 

2    Experimental

 2.1    Material synthesis

 2.1.1    Preparation of ZIF-67@CNT

First, carboxy-CNTs (c-CNTs, ≥ 99.0%, XFNANO) and

10  mg  of  cetyltrimethylammonium  bromide  (≥ 99.0%,
Coolaber) were dispersed in 30 mL of deionized water to
get  a  homogeneous  liquid  mixture  under  the  help  of  an
ultrasonic cell disrupter. Then, 360 mg of Co(NO3)2·6H2O
(≥ 98.0%, XiLong) and 50 mL 2-methylimidazole (2-mIM,
≥98.0%,  Innochem)  aqueous  solution  (0.8  mol·L−1)
was  added  to  the  above  liquid  mixture  and  continued
stirring for 15 min. The precipitate of ZIF-67@CNT was
filtrated,  rinsed  several  times,  and  dried  at  60  °C
overnight.  Three  sets  of  samples  were  prepared  with
varied CNT amounts of 5, 15, or 25 mg. Pure ZIF-67 was
also obtained without CNTs.

 2.1.2    Preparation of NiCoS (NCS/C) and NiCo-S@CNT
(NCS/C/CNT)

First,  40  mg  of  ZIF-67  and  ZIF-67@CNT  precursors
were respectively mixed with 100 mg of Ni(NO3)2·6H2O
(≥ 98.0%,  XiLong)  and  80  mg  thioacetamide  (TAA,
≥ 99.0%,  Sinopharm)  in  30  mL  ethanol.  Subsequently,
the  mixture  was  heated  at  120  °C  for  2  h  in  a  40  mL
polytetrafluoroetylene  autoclave.  Then  the  solvothermal
product was collected by centrifugation as well as rinsing
with  ethanol  and  deionized  water.  Finally,  NCS/C  and
NCS/C/CNT were harvested over lyophilization for 24 h.

 2.1.3    Preparation of P-NCS/C/CNT

The as-prepared product NCS/C/CNT and NaH2PO2·H2O
(≥ 98.0%,  Innochem)  were  weighed  at  a  mass  ratio  of
1:20  and  put  in  separate  ceramic  boats  in  the  same  tube
furnace,  where  the  NCS/C/CNT  boat  was  placed  at  the
downstream  and  NaH2PO2·H2O  boat  was  set  at  the
upstream. Then, both boats were heated at 10 °C∙min‒1 to
300  °C  for  a  maintenance  of  60  min  in  Ar  to  obtain  P-
NCS@CNT.

 2.2    Material characterization

X-ray  powder  diffraction  (XRD)  (D8  Advance  4000  V)
with Cu Kα radiation (λ = 1.5418 Å), ranging from 20° to
80°,  was  used  to  study  the  crystalline  structure.  To
determine  the  morphology  and  microstructure,  scanning
electron  microscopy  (SEM),  transmission  electron
microscopy (TEM), and corresponding energy dispersive
spectroscopy (EDS) mapping were operated on Sirion200
(FEI) and H-8100 (Hitachi). X-ray photoelectron spectro-
scopy  (XPS)  was  recorded  by  an  X-ray  photoelectron
spectrometer (Escalab 250Xi) with monochromatic Al Kα
(1486.71  eV)  and  studied  by  a  hemispherical  electronic
energy analyzer. The pore size distribution was measured
by  an  automatic  gas  adsorption  analyzer.  The  test  of
thermogravimetric  analysis  (TGA)  was  conducted  under
flowing air (PerkinElmer, Pyris 1).
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 2.3    Electrochemical measurements

C =
It
m

Electrochemical  tests  were  performed  on  the  CHI760E
electrochemical  workstation  under  normal  atmospheric
and temperature. An Hg/HgO electrode and a Pt foil were
used  correspondingly  as  the  reference  electrode  and
counter  electrode,  which  combined  with  a  working
electrode and an electrolyte of a 3 mol·L−1 KOH to form
the  three-electrode  setup.  The  working  electrode  consi-
sted of the active substance, polyvinylidene fluoride, and
acetylene  black  (mass  ratio  of  8:1:1)  on  a  nickel  foam,
with N-methyl-2-pyrrolidone (NMP) as solvent making a
homogeneous  slurry.  The  NMP  solvent  and  absorbed
water was removed by 60 °C vacuum-drying for 24 h. At
a  potential  range  of  0–0.5  V,  the  galvanostatic  charge–
discharge  (GCD)  and  the  cyclic  voltammetry  (CV)
measurements  were  performed  with  current  densities  of
1–20 A∙g‒1 and scan rates of 2–100 mV∙s‒1. The electro-
chemical  impedance  spectroscopy  (EIS)  measurements
were  recorded  at  0.01  Hz–100  kHz  under  an  alternate
current  with  a  potential  amplitude  of  5  mV.  In  a  three-
electrode system, the specific capacity (C, unit: C∙g‒1) of
the  test  electrode  was  calculated  by  the  equation  of

, where I, t, and m represent the constant discharge
current  (unit:  A),  the  discharge  time  (unit:  s),  and  the
active material loading mass (unit: g).

E =
0.5×Cd×∆V

3.6
P =

3600×E
∆t

To  prepare  the  asymmetric  supercapacitor,  the  sample
electrode, AC electrode, cellulose membrane, and 3 mol·L−1

KOH  were  employed  as  cathode,  anode,  separator,  and
electrolyte, respectively. The specific assembly processes
were  as  follows:  two  strip  nickel  foams  coated  with  the
sample and AC respectively were placed opposite to each
other,  and  a  cellulose  membrane  was  placed  in  the
middle. Both ends of the nickel foams were wrapped with
nickel  wires  as  polar  ear,  which  then  were  installed  in
thermoplastic  tubes,  injected  with  3  mol·L−1 KOH,  and
heated  for  encapsulation  to  obtain  flexible  supercapa-
citors.  The  energy  density  (unit:  W·h∙kg‒1)  and  power
density (unit:  W∙kg‒1)  were calculated by the formula of

 and ,  where Cd,  ΔV,  and
Δt represent  the  specific  capacity  (unit:  C∙g‒1)  of  the
device,  the  work  voltage  window  (unit:  V),  and  the
discharge time (unit: s).

 2.4    First-principle calculation

The  behaviors  of  electrons  of  CoNi2S4 and  P-doped
CoNi2S4 (P-CoNi2S4) were studied in depth through first-
principle  by  virtue  of  density  functional  theory  (DFT).
The simulation was performed using generalized gradient
approximation,  adopted  the  Perdew–Burkee–Ernzerh.
Monkhorst-pack grid of 11 × 11 × 15 was selected for k
point sampling in the first irreducible Brillouin zone, and
the energy cutoff  was set  as  500 eV. The energy criteria
for convergence of self-consistent optimization was set as

10‒5 eV, and the optimized structural accuracy was set as
‒0.02.

 

3    Results and discussion

 3.1    First-principle calculations

According to DFT theory, the potential of CoNi2S4 and P-
doped  CoNi2S4 (P-CoNi2S4)  in  energy  storage  applica-
tions can be estimated by analysis of their intrinsic energy
state and electronic structures, which was shown in Fig. 1.
After  geometry  optimizing  the  crystal  structures  of
CoNi2S4 and  P-CoNi2S4, the  calculation  of  electronic
structure was performed, as plotted in Figs. 1(a) and 1(b).
Theoretically, after P doping in CoNi2S4, the electronega-
tivity  of  P  atoms  can  realign  the  orbital  electrons  of  Ni
and Co atoms and as a result, leads to its band evolution.
The  band  structure  difference  between  CoNi2S4 (Fig.
1(c)) and P-CoNi2S4 (Fig. 1(d)) confirms this assumption.
In  P-CoNi2S4,  lower  energy  steps  are  rendered  by  the
increased energy bands around the Fermi surface (located
at  0  eV),  which  can  render  more  effortless  electron
transfer  from  the  valence  band  to  the  conduction  band
[33]  and  bring  enhanced  macroscopic  conductivity  in
consequence. Moreover, from their total density of states
(DOSs)  in Fig. 1(c),  the  uninterrupted  and  strengthened
electron  states  of  P-CoNi2S4 near  the  Fermi  level  also
validate  that  P  doping  can  heighten  the  electronic
conductivity  of  CoNi2S4 [34].  The  projected  DOS  of  Ni
3d is  compared between CoNi2S4 and P-CoNi2S4 in Fig.
1(f).  Obviously,  P-CoNi2S4 has  the  more  negative  value
of  d  band  center,  i.e., ‒2.0519  V,  of  the  two  samples,
indicating  that  increasing  electrons  occupy  around  the
Fermi  surface  after  P  doping,  which  is  in  favor  of  the
naturally  superior  electrochemical  activity  of  P-CoNi2S4.
Theoretically,  the lower the D-band center  is,  the farther
it  is  from  the  Fermi  level,  and  the  antibonding  orbital
after  bonding  of  the  adsorbent  orbital  is  closer  to  the
Fermi  level.  At  the  same  time,  the  probability  of  filling
the antibonding orbital with electrons increases, resulting
in  a  decrease  in  the  adsorption  energy.  In  addition,  low
adsorption energy means rapid adsorption and desorption
of ions, which is beneficial to improve the reactivity and
achieve  rapid  charge  and  discharge.  The  above
calculation  results  unfold  a  potential  path  to  get  the
improved electrochemical activity of CoNi2S4 through P-
doping.

 3.2    Structure and morphology analysis

Figure 2 depicts  the  preparation  flow  chart  of  P-
NCS@CNT using CNT-penetrated ZIF-67 (ZIF-67/CNT)
as  precursors  [35].  Through  ethanol-thermal  treatment,
the Co2+ in ZIF-67/CNT can be oxidized into Co3+ by the
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Ni2+ from  the  hydrolysis  of  Ni(NO3)2.  Meanwhile  both
metallic ions are co-precipitated by H2S generated by the
hydrolysis  of  TAA  to  form  NCS  [36].  Next,  the  above-
prepared  NCS/C/CNT  is  thermally  annealed  in  the
presence of a phosphorus source under flowing Ar to get
P-NCS/C/CNT,  which  was  proved  in Fig. 3.  Figure  S1
(cf. Electronic Supplementary Material, ESM) proves the
successful preparation of ZIF-67@CNT with its standard
XRD  pattern.  The  following  product  of  NCS/C/CNT  in
Fig. 3(a)  shows  an  XRD  spectrum  that  refers  to  the
coexistence phases of cubic CoNi2S4 (PDF#24-0334) and
cubic  NiS2 (PDF#  80-0375),  implying  that  NCSs  have
been  prepared  by  the  simple  ethanol-thermal  treatment.
The characteristic peaks corresponded to the (311), (400),
(511),  and (440) crystal  facet  of CoNi2S4,  and the (200),
(210),  and  (311)  crystal  facet  of  NiS2.  Compared  to  the
XRD  pattern  of  pure  NCS  in  Fig.  S1(a),  the  additional
characteristic peak at 26° in NCS/C/CNT is dominated by
CNT (002) crystal plane. After the phosphidation reaction
of NCS/C/CNT, the arisen distinct peaks from hexagonal

NiCoP (PDF#71-2336)  indicate  the  successful  P-doping.
The  characteristic  peaks  corresponded  to  the  (111)  and
(201)  crystal  planes  of  NiCoP.  It  indicated  that
phosphorus  has  partially  replaced  the  original  sulfur  in
NCS/C/CNT. Simultaneously, new bonds with other ele-
ments  can be  formed when P substitutes  for  the  S  atom.
Consequently,  more  active  sites  for  the  electrochemical
reactions  may be  obtained,  which is  expected  to  achieve
optimized  electrochemical  performance  in  P-NCS/C/
CNT.  Noting  that  some  peaks  are  not  found  in  NCS/C/
CNT,  which  could  be  ascribed  to  the  thermal  treatment
that helps to improve the crystallinity.

In  their  N2 adsorption–desorption  isotherms  in  Fig.
S1(b),  apparent  hysteresis  representing  mesoporosity  is
found  in  NCS/C/CNT  and  P-NCS/C/CNT.  While,  in
Fig. 3(b),  the  Barrett–Joyner–Halenda  (BJH)  curve  of  P-
NCS/C/CNT  shows  numerous  additional  mesopores  in
the range of 2–5 nm compared to NCS/C/CNT. Besides,
P-NCS/C/CNT  rendered  a  higher  BJH  specific  surface
area  of  56.765 m2∙g‒1 than NCS@CNT (16.937 m2∙g‒1).

 

 
Fig. 1    Schematic diagram for the crystal structure of (a) CoNi2S4 and (b) P-CoNi2S4 after geometry optimization; calculated band
structure of (c) CoNi2S4 and (d) P-CoNi2S4; (e) total DOSs for CoNi2S4 and P-CoNi2S4; (f) projected DOS of Ni 3d for CoNi2S4 and
P-CoNi2S4.

 

 

 
Fig. 2    Schematic illustration of the fabrication process of P-NCS/C/CNT.
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These  facts  verify  the  critical  effect  of  phosphidation
reaction in creating more mesopores and adding to larger
specific  surface  areas,  which  are  supposed  to  serve  as
activated  sites  for  electrochemical  reactions  and  matter
exchange.  To  determine  its  component  percentage,  the
TGA  result  of  P-NCS/C/CNT  in  the  air  is  analyzed  in
Fig. 3(c).  The  air  oxidation  of  P-NCS contributed  to  the
first mass loss from 50 to 300 °C. The followed mass loss
happens  from 300–450 and 600–750 °C due  to  the  igni-
tion  loss  of  CNTs  and  amorphous  carbon,  respectively.
Therefore, the overall carbon content in P-NCS/C/CNT is
estimated to be 24%.  The near-surface element composi-
tion  of  NCS/C/CNT  and  P-NCS/C/CNT  is  further  veri-
fied  in  their  XPS  survey  spectra  (Fig. 3(d)).  Apart  from
the common Ni,  Co, S, O, and C peaks, the additional P
peak  of  P-NCS/C/CNT  identifies  its  composition  with
successful P doping.

From high-resolution XPS results (Fig. 4), the chemical
states  of  the  near-surface  element  can  be  studied  in  the
two  samples.  Two  sets  of  spin-orbit  doublets  occur  in
both  high-resolution  Co  2p  spectra  in Fig. 4(a),  which
refer  to  Co  2p3/2 and  2p1/2 separately.  Each  Co  species
contains  double  primary  peaks  and  a  shakeup  satellite.
Specifically, in Co 2p peaks of NCS/C/CNT, the peaks at

782.37  and  798.11  eV  correspond  to  the  Co2+ state  as
peaks  at  778.43  and  793.35  eV  are  associated  with  the
Co3+ state.  It  is  believed  that  cobalt  in  ZIF-67  exists  as
Co(II) according to previously reported [37,38], therefore
the  Co2+ in  ZIF-67/CNT  was  oxidized.  Similarly,  the
binding energies at 857.13 and 875.18 eV are respectively
characteristic of Ni 2p3/2 and 2p1/2 spin orbits of the Ni3+

state, while the binding energies at 853.16 and 870.60 eV
refer to the Ni2+state for Ni 2p spectrum of Fig. 4(b). For
the  S  2p  spectrum  of Fig. 4(c),  the  peaks  at  160.96  and
162.28 eV, respectively correspond to S 2p3/2 and S 2p1/2
orbits  of  divalent  sulfide  ions  (S2‒)  [39].  And  the  faint
peaks  assigned to  the  S2

2‒ 2p3/2 and S2
2‒ 2p1/2 at  164.20

and  165.31  eV  reflects  that  there  is  S-rich  structure  in
NCS/C/CNT  and  P-NCS/C/CNT.  Moreover,  the  peak  at
168.58 eV,  triggered by sulfur  oxide,  is  much weaker  in
P-NCS/C/CNT than NCS/C/CNT, implying that phospho-
rization  facilitates  the  removal  of  some  sulfur  oxides
induced  by  surface  oxidization.  Compared  with  NCS/C/
CNT,  P-NCS/C/CNT  shows  a  slight  negative  peak  shift
to lower binding energy in all the 2p spectrums of Co, Ni,
and  S,  probably  caused  by  P  atoms  that  influence  the
peripheral  electrons  of  Co,  Ni,  and  S.  A  charge  redistri-
bution  may  occur  on  the  interfaces  between  NiCoP  and

 

 
Fig. 3    (a) XRD patterns and (b) pore size distribution of NCS/C/CNT and P-NCS/C/CNT (the inset of (b) gives BJH surface areas);
(c) TGA profile of P-NCS/C/CNT; (d) XPS survey spectra of NCS/C/CNT and P-NCS/C/CNT.
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CoNi2S4 in  the  light  of  the  deviations  of  bond  energy
[40]. As a consequence, the electrochemical performance
of  P-NCS/C/CNT can be  improved.  In  addition,  the  C1s
spectra  (Fig. 4(d))  include  three  functional  groups  of
C–C, C–O, and C=O with the binding energy of 284.37,
285.83,  and  288.72  eV,  respectively  [41].  For  the  O  1s
spectra (Fig. 4(e)), the metal–oxygen bonds, the absorbed
oxygen,  and  C=O  in  CNT  contribute  to  the  peaks  at
532.41, 533.39, and 531.04 eV, respectively [42]. For the
P 2p spectrum of P-NCS/C/CNT (Fig. 4(f)), one can find
two  peaks  at  128.90  and  129.90  eV  referring  to  P  2p3/2
and  2p1/2,  respectively,  as  well  as  a  peak  at  133.45  eV
indexed as phosphate-like P [43].

SEM photos (Fig. 5) were taken to specify the morpho-
logy  evolution  during  the  synthesis  of  P-NCS/C/CNT.
Original  ZIF-67,  as  depicted  in Fig. 5(a),  renders  typical
rhomboid  shape  and  rough  surfaces,  while  the  ZIF-
67/CNT precursor in Fig. 5(b) shows that ZIF-67 with an
average size of 200 nm penetrated and interconnected by
CNTs.  With the  increase  in  CNT percentage,  the  overall
morphology tends to be more uniform (Fig. S2, cf. ESM).
Next,  in Fig. 5(c),  the  NCS/C/CNT  formed  from  ZIF-
67/CNT  shows  tangled  morphology  with  NCS/C  lumps
penetrated  and  interconnected  with  CNTs.  In  order  to
understand the effect of different amount of CNTs on the
morphologies  (Fig.  S3,  cf.  ESM),  it  can  be  summarized

 

 
Fig. 4    XPS high-resolution spectra of (a) Co 2p, (b) Ni 2p, (c) S 2p, (d) C 1s, and (e) O 1s in NCS/C/CNT and P-NCS/C/CNT, and
(f) P 2p in P-NCS/C/CNT.

 

 

 
Fig. 5    SEM images  of  (a)  ZIF-67,  (b)  ZIF-67@CNT,  (c)  NCS/C/CNT,  and  (d–f)  P-NCS/C/CNT;  SEM element  maps  of  (g1)  S,
(g2) Ni, (g3) Co, (g4) P, and (g5) C in P-NCS/C/CNT; (h) the proposed mechanism before and after phosphorization.
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by compare NCS/C, NCS/C/15CNT, and NCS/C/25CNT
(Figs.  S3(a–c))  that  with  the  increased  additive  CNTs,  a
more  dispersed  structure  is  obtained,  contributing  to  a
more  stable  property.  Finally,  after  phosphorization  of
NCS/C/CNT, the obtained lumps of Ni–Co compounds of
P-NCS/C/CNT  show  apparent  shrinkage  in Figs. 5(d–f).
The  lump  breakage  and  dispersed  structure  of  Ni–Co
compounds  may  be  triggered  by  the  particle  fracture
when  S/O  was  substituted  by  P.  Also,  the  PH3 gas
released  by  NaH2PO2·H2O  further  contributes  to  the
elimination  of  H2S/H2O  (gas)  from  Ni/Co  compounds
(Fig. 5(h)),  which  adds  to  its  more  dispersed  structure.
Figure 5(g)  shows  distinct  P  profiles  in  P-NCS/C/CNT,
consistent with the other elements of P, C, Ni, Co, and S,
which,  compared  with  the  NCS@CNT  in  Fig.  S3(d),
confirms the uniform P doping in NCS.

To  further  uncover  the  morphology  aspects  of  P-

NCS/C/CNT,  TEM  and  high-resolution  TEM  (HRTEM)
images were inspected (Fig. 6). Figures 6(a–c) shows the
tangling  structure  between  P-NCS  and  the  CNTs
penetrating  through.  By  comparing  CNTs  in Fig. 6(c),  it
can  be  seen  that  the  particle  indicated  was  unique.
Through the EDS maps, it can be judged that the particle
material  should  be  the  prepared  P-NCS  rather  than  the
original  material  from CNTs. The selective area electron
diffraction  (SAED)  pattern  of Fig. 6(d)  proves  the  fact
that  the  P-NCS  are  polycrystalline  by  distinguishable
diffracting rings, among which the (220) crystallographic
plane  of  NiCoP  and  the  (311)  plane  of  CoNi2S4 can  be
calibrated.  From  the  HRTEM  image  of Fig. 6(e),  two
groups  of  crystal  stripes  can be  found with  lattice  fringe
distances of 2.72 Å and 2.15 Å, associated with the (222)
facet  of  CoNi2S4 as  well  as  the  (110)  facet  of  NiCoP,
respectively.  Fast  Fourier  transform  (FFT)  image  is

 

 
Fig. 6    (a–c) TEM images, (d) SAED patterns, (e) HRTEM images, (f) FFT image, and (g) EDS maps of P-NCS/C/CNT.

 

Shengwang Su et al. P-doped Ni–Co sulfides for supercapacitor 497



exhibited  in Fig. 6(f),  further  verifying  the  crystal  facet
facts,  in  which  the  diffraction  spots  are  indexed  to  the
(400)  facet  of  CoNi2S4 and  the  (101),  (200)  facet  of
NiCoP.  The  elemental  spectrum  (Fig.  S4,  cf.  ESM)  and
mapping  (Fig. 6(g))  of  EDS  demonstrate  the  element
composition of Ni, Co, S, C, O, and P in P-NCS/C/CNT
and  confirm the  uniform phosphorus  doping,  which  also
shown  that  the  content  of  doped  phosphorus  was  about
2.9 wt %.

 3.3    Electrochemical properties

The  electrochemical  property  of  NCS/C,  NCS/C/CNT,
and  P-NCS/C/CNT  were  tested  and  compared  in  a
specific potential window to examine the impact of CNT
adding  and  P-doped  on  the  presented  supercapacitive
performance of NCS (Fig. 7).  In Fig. 7(a),  all  CV curves
at  10  mV∙s‒1 behave  as  integrated  oxidation/reduction
peaks in pairs consistent with the reversible Farady redox
reactions  of  nickel  (II/III)  and  cobalt  (II/III)  ions  in
alkaline  electrolyte.  Of  three  electrodes,  P-NCS/C/CNT

owns  the  strongest  current  density  response  and  the
largest  CV  surrounding  area,  which  indicates  strengt-
hened  Farady  reaction  kinetics  and  superior  charge
storage  due  to  CNTs  and  P  doping.  Next,  by  studying
their GCD curves at  1 A∙g‒1 from Fig. 7(b),  a non-linear
feature with an evident voltage plateau around 0.25–0.31
V  is  rendered,  marking  the  Farady,  battery-like  charge
storage  in  NCS.  Consistent  with  the  CV  results,  P-
NCS/C/CNT  has  a  longer  discharge  duration  time  than
the  other  two  samples,  implying  its  larger  capacity.  It  is
worth  noting  that  optimized  loading  of  CNT  is  the  best
solution  considering  both  rate  performance  and  capacity
value.  As  shown  in  Figs.  S5  and  S6  (cf.  ESM),
investigating NCS/C/CNT in the CV and GCD curves at
higher  scanning rates  and current  densities,  one  can find
that  it  outperformed  others.  The  specific  capacities  of
NCS/C  with  5,  10,  and  15  mg  CNT  shown  the  perfor-
mance  comparison  result.  It  is  obvious  that  when  the
loading  mass  was  5  mg,  the  composite  exhibited  the
maximum specific  capacity.  Therefore,  this  value should
be  the  optimal  CNT  content  in  the  composite  material.

 

 
Fig. 7    (a) CV curves, (b) GCD curves, and (c) plots of Z' against ω‒1/2 of NCS/C, NCS/C/CNT and P-NCS/C/CNT; (d) CV curves
and (e) GCD curves of P-NCS/C/CNT; (f) specific capacity of NCS/C, NCS/C/CNT, and P-NCS/C/CNT; (g) the value of parameter
b for NCS/C, NCS/C/CNT, and P-NCS/C/CNT; (h) typical CV profiles separating surface controlled contribution of NCS/C/CNT;
and (i) summary of contribution ratios at different scan rates.
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Figure  S7  (cf.  ESM)  displays  the  EIS  results  of  NCS/C,
NCS/C/CNT,  and  P-NCS/C/CNT,  which  can  be  studied
according  to  the  equivalent  circuit  in  its  inset.  A  typical
EIS  curve  can  reflect  the  Warburg  impedance  (ZW)
representing  ion  diffusion  at  the  electrolyte–electrode
interface  by  the  slope  in  the  low-frequency  zone,  the
charge transfer resistance by the semicircles at the higher
frequency  zone,  and  the  bulk  resistance  (Rs)  by  the
intercept  points  on  the  axis  of  the  semicircles.  On  one
hand,  the Rs gradually  decreases  in  the  order  of  NCS/C,
NCS/C/CNT,  and  P-NCS/C/CNT,  presenting  values  of
0.665,  0.612,  and  0.486  Ω,  respectively.  This  indicates
that the gradually reduced resistance by the incorporating
of  CNTs  and  P  doping.  On  the  other  hand,  all  three
samples  show  steep  slopes  at  the  low-frequency  zone
indicating  the  superiority  of  ZIF-67  derived  NCS/C  that
owns  sufficient  inner  porosity  and  renders  superior  ion
diffusion  ability. Figure 7(c)  shows  the Z'–ω‒1/2 plots  of
all  the  samples,  in  which  the  diffusion  coefficient  is
inversely proportional  to  the Warburg coefficient σ [19].
The σ obeys the equation of Z' = R + σω‒1/2, where R and
ω are the resistance and the angle frequency, respectively.
Therefore, the slope of the Z'–ω‒1/2 plot represents the σ.
Gradually decreased σ are found in NCS/C, NCS/C/CNT,
and  P-NCS/C/CNT,  which  refers  to  increased  ionic
diffusion coefficient in order.

The  CV  and  GCD  curves  of  P-NCS/C/CNT  are  given
in Figs. 7(d) and 7(e) detailedly. While the scanning rate
increases,  the  CV  curves  of Fig. 7(d)  basically  maintain
the same shape, each with a pair  of clearly visible redox
peaks,  which  illustrates  its  good  reversibility  and  active
ion  transmission  to  fit  with  high  scanning  speed.  The
almost identical-shaped, symmetric GCD profiles of Fig.
7(e)  further  indicated  the  high  reversibility  and  fast
reaction  kinetics  of  P-NCS/C/CNT.  As  summarized  in
Fig. 7(f),  the  P-NCS/C/CNT  displays  advantageous
discharge  capacity  of  932.0,  914.7,  890.4,  860.1,  812.5,
761.6, 709.2, and 644.0 C∙g‒1 at 1, 1.5, 2, 3, 5, 8, 12, and
20 A∙g‒1, respectively, far beyond the values in NCS and
NCS@CNT, which can only output capacity of 700.0 and
830.0  C∙g‒1 at  1  A∙g‒1.  Concerning  their  capacity  at
1 A∙g‒1, NCS/C, NCS/C/CNT, and P-NCS/C/CNT electro-
des,  respectively  preserve  about  53.7%,  65.0%,  and
69.1% of  the  value  when  current  densities  increase  to
20 A∙g‒1,  showing orderly enhanced rate  performance in
NCS  systems  by  CNT  addition  as  well  as  P-doped.  In
addition,  the  supercapacitive  performance  in  P-NCS/C/
CNT  is  also  higher  than  many  other  transition  metal
compound-based materials reported before (Table S1, cf.
ESM).

Furthermore, the electrochemical impact of P doping on
the  energy  storage  process  was  worth  exploring.  To
evaluate  the  capacity  contribution  of  surface-controlled
and diffusion-controlled processes in the charge/discharge
half-cycles, the semiempirical equation of i = avb (a and b
represent empirical parameters) was utilized based on the

CV technique in Fig. 7(d). In general, the b value close to
0.5 displays diffusion-controlled process via ion extraction/
insertion,  which  close  to  1  reveals  surface-controlled
process  via  ion  adsorption/desorption. Figure 7(g)
provides  the  log(i)–log(v)  plot  whose  slope  gives  the b
value 0.48 for NCS/C, 0.41 for NCS/C/CNT and 0.49 for
P-NCS/C/CNT.  The  value  approaching  0.5  demonstrates
the  key  role  of  the  semi-infinite  diffusion  process.  By
distinguishing the proportion of surface-controlled current
between  diffusion-controlled  current,  the  capacitive
contributions  were  obtained  [44]  in Fig. 7(h),  where  the
capacitive contributions of 20% and 61% are present at 2
and 100 mV∙s‒1, respectively. Moreover, the polarization
of  the  electrode  resulted  in  surface-controlled  excessive
capacitance  contributions  in  some  potential,  which  were
reported previously [45,46].  The capacitive contributions
varied  from  2  to  100  mV∙s‒1 were  summarized  in Fig.
7(i). It is concluded that the diffusion-controlled capacity
accounts  for  the  majority  of  overall  capacity,  while  the
gradually  enhanced  capacitive  contribution  also  plays  a
role in bringing higher high-rate capacity.

 3.4    Electrochemical properties of the asymmetric
supercapacitor

To test its value in practical applications (Figs. 8, S8, and
S9, cf. ESM), P-NCS/C/CNT is combined with commer-
cial  AC to  get  a  flexible  asymmetric  supercapacitor  like
Fig. 8(a). Unlike the battery-type P-NCS/C/CNT cathode,
the  CV  and  GCD  curves  of  AC  revealed  in  Figs.  S8(a)
and S8(b) anode demonstrates typical EDLC capacitance.
As  a  result,  the  supercapacitor  of  P-NCS/C/CNT//AC
displays reversible analogous rectangular-like CV curves
in Figs. 8(b)  and  S8(c)  due  to  the  combining  of  the
capacitive  anode  and  pseudocapacitance  P-NCS/C/CNT
cathode.  Obviously,  in Fig.  S8(c),  the optimum potential
window  is  0–1.5  V  which  can  bring  steady  CV  curves
with  little  polarization.  At  scanning  rates  varying  in
2–100  mV∙s‒1,  the  CV  curves  present  an  almost  similar
shape with no polarization from Fig. 8(b). As for the CV
curves  of  Fig.  S9(a),  of  the  overall  current  response,  the
capacitive  contribution  occupies  about  16% at  2  mV∙s‒1

and  68% at  100  mV∙s‒1.  As  plotted  in  Fig.  S9(b),  the
capacitive  contribution  of  the  supercapacitor  from  5  to
50 mV∙s‒1 reveals the domination of the diffusion-limited
process on charges stored reaction, and partly contributed
by  capacitive  component  at  high  scan  rates,  just  like  P-
NCS/C/CNT.  From  the  GCD  curves  of Fig. 8(c),  the
specific  capacities  of  the  supercapacitor  were  calculated
as  167.4,  122.4,  105,  76.5,  57,  and  44.1  C∙g‒1 at  0.5,  1,
1.5,  2,  3,  and  4  A∙g‒1,  respectively  (Fig. 8(d)).  Further-
more,  according  to  the  cycle  examine  in Fig. 8(e),  the
supercapacitor presents high stability by retaining 72.8%
of  the  initial  capacity  till  3000  cycles  at  a  high  current
density of 20 A∙g‒1. As for Fig. 8(f), the Ragone diagram
reflects the energy density and power density level of the

Shengwang Su et al. P-doped Ni–Co sulfides for supercapacitor 499



supercapacitor, which is equivalent to or better than other
transition  metal  electrodes  disclosed  recently  [47–51].
The largest energy density of 34.875 W·h∙kg‒1 is reached
when  a  power  density  is  375  W∙kg‒1,  while  the  largest
power density of 3000 W∙kg‒1 is reached when an energy
density is 9.1875 W·h∙kg‒1. Two such supercapacitors of
P-NCS/C/CNT//AC in series can satisfy the voltage need
of a yellow LED bulb or a digital watch. In Fig. 8(g), the
yellow  LED  bulb  can  be  lightened  for  up  to  fifteen
minutes  after  only a  one-minute  charge.  In Fig. 8(h),  the
digital watch can work for more than six minutes after a
short charge. This verifies the practicability of this energy
storage component.

The  prominent  electrochemical  performances  of  the
composite can be attributed to its design that renders the
synergistic effect between P-NCS and C/CNT and favors
direct  electron  and  ion  transport  in  the  electrochemical
process.  First,  the  electronegativity  of  phosphorus  helps
to  rearrange  the  electrons  in  Ni  and  Co  orbitals,  which

increases  the  active  electrons  and  improves  the
conductivity. The optimization of the electronic structure
by  phosphorus  doping  promotes  the  electrochemical
reactivity  and  improves  the  overall  capacitive
performance of the material. In addition, CNTs build the
electron  transport  network  as  the  bridge  between  P-
NCS/C,  realizing  the  electron  transport  in  more
directions.  And  CNTs  as  flexible  materials  can  play  a
buffer role, improving the overall stability of the material.
Since  the  double-layer  capacitance  provided  by  CNT  is
much  smaller  than  that  of  pseudocapacitance,  and  its
content  in  the  composite  was  low,  the  capacity
contributed by CNT could be negligible.

 

4    Conclusions

In  summary,  the  potential  of  phosphorus  doping  to
enhance the electrochemical performance of CoNi2S4 as a

 

 
Fig. 8    Performance  of  the  P-NCS/C/CNT//AC  hybrid  supercapacitor  device:  (a)  schematic  diagram,  (b)  CV  curves,  (c)  GCD
curves,  (d)  specific  capacity,  (e)  capacity  retention  in  long  cycles,  (f)  Ragone  plots,  and  (g)  photos  of  the  device  driving  an  LED
indicator and an electronic meter.

 

500 Front. Chem. Sci. Eng. 2023, 17(5): 491−503



supercapacitor  electrode  is  uncovered  through  DFT.
According  to  the  first-principle  calculation  results,  a
novel  bimetallic  phosphosulfide  of  P-NCS/C  is  synthe-
sized  from  the  precursor  of  NCS/C  utilizing  a  ZIF-67
template,  which  could  result  in  superior  electrochemical
properties,  indicating  that  the  construction  of  NCS  by
phosphorus  doping  provides  an  available  approach  to
strengthen  faradaic  pseudocapacitance  performance.
Meanwhile,  a  tiny  amount  of  CNTs  composited  with  P-
NCS/C  realized  more  dispersive  synergetic  microstru-
ctures  of  P-NCS/C/CNT.  As  for  the  resultant  P-NCS/C/
CNT  composite,  larger  specific  surface  area  and  faster
charge transportation were obtained by virtue of P-NCS/C
entangled  with  CNTs.  As  a  result,  P-NCS/C/CNT
exhibited  high  specific  capacity,  remarkable  rate
performance,  and  lower  charge  transfer  resistance.
Furthermore, a hybrid supercapacitor assembled with the
P-NCS/C/CNT  positive  electrode  could  deliver  a
maximum  power  density  of  3000  W∙kg‒1 at  the  energy
density of 9.1875 W·h∙kg‒1.
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