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ABSTRACT
Through composition design and structural regulation, low electronegativity selenium and phos-
phorus were doped into NiCo LDH nanosheets to prepare phosphorus and selenium co-doped
nickel–cobalt layered double hydroxide electrodes (P, Se-NiCo LDH), which can enhance the avail-
ability of active sites, significantly improve the conductivity and promote the reaction kinetics.
Prepared it as a positive cathode of supercapacitor ultrahigh energy density (61.23 Wh kg−1) and
power density (16496.5Wkg−1) canbeobtained. Rate performance of the hybrid supercapacitor can
bemaintained 50.9% at 20 A g−1. Both excellent rate performance and energy densitymay promote
the wider application of supercapacitors.

IMPACT STATEMENT
P and Se have influence on the morphology and pore size of NiCo LDH, which make P, Se-NiCo LDH
have more active sites, and thus promoting the reaction kinetics.
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1. Introduction

Supercapacitors (SCs) have attracted much attention due
to the ultra-high power density and faster charging and
discharging capability [1–4]. However, the energy den-
sity of SCs cannot meet the application in actual equip-
ment [5–8]. In order to break through this bottleneck,
a lot of exploration and research have been carried out.
Layered double hydroxide has a unique sandwich struc-
ture, which can make it have excellent supercapacitor
performance by adjusting metal cations and exchang-
ing interlayer anions [9–11]. In addition, LDH mate-
rials have battery-like characteristics [12]. Therefore,
it has a higher charge storage capacity. In particular,
nickel–cobalt layered double hydroxide (NiCo LDH) has
received widespread attention on account of its high
theoretical ability and excellent redox activity [13–15].
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Such as NiCo-LDH hollow spheres [16], PNT@NiCo-
LDH [17], CNT/Co3S4@NiCo LDH [18] and 3D flower-
like hierarchical NiCo-LDH microspheres [19]. How-
ever, the adjustment of the structure cannot meet the
requirements of the conductivity and cycle stability of
the supercapacitor. Rao et al designed and fabricated
a phosphorus-doped 3D porous graphene electrode. It
can achieve a high energy density of 6.24 μWh cm−2

and maintain more than 85% cycle stability after 10,000
cycles [20]. Ramu Manikandan et al. prepared selenium-
rich hybrid NiSe2@Fe3Se4 (NFS) nanocomposites on
nickel foam. It shows a superior energy density of 52W h
kg−1 at 398 W kg−1 and the capacitance retention about
92% after 10,000 cycles at 5 A g−1 [21]. Therefore, doping
with heteroatoms such as N, P and Se can have synergis-
tic effects with other elements and change their electronic
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structures, thus providing more electrochemical active
sites and greater reaction kinetics [22]. The electroneg-
ativity of phosphorus is lower than oxygen and selenium,
so it can improve the conductivity, but pure transition
metal phosphide has poor rate performance and cycle
life, and selenization can just make up for these defects.
Therefore, the co-doping of phosphorus and selenium
can effectively improve the electrochemical property of
NiCo LDH [23].

Here, we use a simple hydrothermal method to in-
situ grow P, Se-NiCo LDHwith an overlapping sheet-like
structure on the nickel foam. This composite material
as a positive electrode, and the energy density of the
hybrid supercapacitor P, Se-NiCo LDH//AC (active car-
bon) reaches 61.23 W h kg−1 and the power density
of 825 W kg−1, even achieves a high power density
of 16496.5 W kg−1 and energy density still can reach
31.16 W h kg−1. The specific capacitance can remain
over 50.9% at 20 A/g−1, and it still has an excellent

capacity retention rate of 92.1% at 5 A g−1 after 10,000
cycles. Our work successfully demonstrated the tremen-
dous improvement of the electrochemical performance
of NiCo LDH by co-doped selenium and phosphorus,
which may the unlimited potential of this composite
material in the future research of supercapacitors.

2. Results and discussion

Figure 1 shows a schematic illustration of the forma-
tion process of P, Se-NiCo LDH, the rapid transport of
ions and electrons as well as rapid kinetics for charge
separation. Detailed laboratory sections are listed in sup-
porting information. The final structure of P, Se-NiCo
LDH is composed of ultra-thin nanosheets overlapping
each other. In the meantime, the ultra-thin nanosheets
facilitate electron migration, and the stacked channels by
nanosheets help to transport the electrolyte. Therefore,

Figure 1. Preparationprocess of P, Se-NiCo LDHand the rapid transfer of electrons and ions aswell as rapid kinetics for charge separation.
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P, Se-NiCo LDH may be a potential high-performance
electrode of supercapacitor.

The chemical composition and phase analysis were
deeply explored by XRD, as shown in Figure 2(a). The
peaks of NiCo LDH are consistent with those of the stan-
dard PDF card β-Ni(OH)2 (No. 74-2057) and Co(OH)2
(No. 30-0443), which are expressed asNiCoLDH [24,25].
Furthermore, the peaks of the intermediate product Se-
NiCo LDH are consistent with NiCoSe2 (JCPDS No.70-
2851) [26,27]. The diffraction peaks of NiCo LDH are
still maintained at the NiCoSe2, proving the successful
synthesis of Se-NiCo LDH. The XRD peaks of P, Se-
NiCo LDH are consistent with NiCoP (JCPDS No.71-
2336) [28], which can prove the successful preparation
of P, Se-NiCo LDH [29,30]. XPS tests investigate the
chemical state and composition of P, Se-NiCo LDH, in
Figure 2(b), the image corresponds to the peaks of P
2p3/2 and 2p1/2 at 132.7 and 137.3 eV [31]. In Figure 2(c),
the peaks of binding energies at 53.2, 54.9 and 58.1 eV
correspond to 3d5/2, 3d3/2 and SeOx of selenium [32].
The characteristic peaks of O 1s which centered at 531.5,
531.2 and 530.8 in Figure 2(d) are assigned to surface
adsorbed H2O, –OH and O–M [33]. The existence of
these characteristic peaks fully confirms the formation of
Ni-Co hydroxide. Therefore, XPS results confirmed that
P, Se-NiCo LDH was synthesized.

Barret–Joyner–Halenda (BJH) pore size distribution
and Brunauer–Emmett–Teller (BET) specific surface
area of NiCo LDH, P-NiCo LDH, Se-NiCo LDH and

P, Se-NiCo LDH were conducted. In Figure 2(e), the
BET specific surface area of P, Se-NiCo LDH is 12.75
m2 g−1, and the adsorption belongs to type III isotherm.
Figure 2(f) shows the pore size distribution diagram of
NiCo LDH, P-NiCo LDH, Se-NiCo LDH and P, Se-NiCo
LDH. The P, Se-NiCo LDH has a wider pore size distri-
bution, which owns mesopore and macropore. A large
amount of mesopore and high specific surface area are
conducive to providing more electrochemical active sites
and increasing electron/ion diffusion rate, which could
improve the electrochemical performances of P, Se-NiCo
LDH.

Observed the internal structure of the materials
through SEM images. Figure 3(a) shows the SEM
image of NiCo LDH with sheet-like structure, which
has an average thickness of 30 nm. By phosphating
(Figure 3(b)), the thickness of P-NiCo LDH is about
10 nm, but the sheets have obvious superposition. After
selenizing, the thickness of sheet-like Se-NiCo LDH is
around 30 nm (Figure 3(c)), while a small number of
pieces have been overlapped. The SEM image of P, Se-
NiCo LDH displays that the sheets become thinner, and
one piece overlaps with another. Low-magnification SEM
images of samples are shown in Figures S2–S5. TEM
was used to analyze the further microscopic morphol-
ogy information of the final product P, Se-NiCo LDH, as
shown in Figure 3(e). The HRTEM image of Figure 3(f)
shows that the interplanar spacings of 2.7 and 3.1 Å
match the (101) and (110) lattice planes of Se-NiCo LDH.

Figure 2. (a) XRD patterns of NiCo LDH, Se-NiCo LDH and P, Se-NiCo LDH; High-resolution XPS of (b) P 2p; (c) Se 3d and (d) O 1s of P,
Se-NiCo LDH. (e) N2 adsorption–desorption isotherms and (f ) BJH pore size distribution curve of NiCo LDH, Se-NiCo LDH, P-NiCo LDH and
P, Se-NiCo LDH composites.
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Figure 3. (a–d) SEM images of theNiCo LDH, P-NiCo LDH, Se-NiCo LDHandP, Se-NiCo LDH. (e) TEMobservationof P, Se-NiCo LDH sample.
(f ) HRTEM images of P, Se-NiCo LDH sample. (g) EDS elemental mapping of P, Se-NiCo LDH composite.

In addition, the lattice fringe with a crystal interpla-
nar spacing of 2.2 Å matches the (111) plane of P-NiCo
LDH, indicating the successful doping of selenium and
phosphorus elements. The element mapping diagrams in
Figure 3(g) show that Ni, Co, Se, P and O are uniformly
dispersing in the material.

Due to the wider pore size distribution of P, Se-NiCo
LDH electrode material, it is expected to show excel-
lent electrochemical performances. Herein, NiCo LDH,
P-NiCo LDH and Se-NiCo LDH were used as control
groups of P, Se-NiCo LDH. A three-electrode configu-
ration and 3mol L−1 of KOH electrolyte were adopted
(the potential window is –0.2–0.8V). Figure 4(a) is the
CV curves of four electrodes, there are obvious REDOX
peaks in all samples, indicating that the energy storage
is largely related to the reduction and oxidation reac-
tion, and it is a capacitive type. Meanwhile, the inte-
grated area of the cyclic voltammetry curve of the P,
Se-NiCo LDH is significantly greater at the same sweep
rate, indicating that its capacity is the largest under the
same conditions. Figure 4(b) analyzes GCD curves at 1
Ag−1, which clearly shows that P, Se-NiCo LDH has the
longest charge/discharge time among the four groups,
meaning that it has the highest specific capacitance.

Subsequently, the Nyquist curves and fitting circuit dia-
gram of each sample are shown in Figure 4(c), firstly,
the P, Se-NiCo LDH has the smallest intercept, proving
that the interface resistance (Rs) between electrode and
electrolyte is the smallest, because it has both the meso-
pore and macropore. In the high frequency region, the
smallest semicircle of P, Se-NiCo LDH represents the
lowest charge transfer resistance (Rct). The lowest Rct
value displays that P, Se-NiCo LDH has the fastest elec-
tron transfer rate and excellent ion permeability [34]. The
slope of the low frequency region of the P, Se-NiCo LDH
is also greater than those of NiCo LDH, P-NiCo LDH
and Se-NiCo LDH, indicating that it has the smallest
Warburg impedance. In general, the co-doping of phos-
phorus and selenium greatly decreases the impedance
of NiCo LDH, thus the electrochemical performances
were greatly improved. Figure S7(a,b) and Figure S9(a–f)
are the CV curves (5–50mV s−1) and galvanostatic
charge–discharge (GCD) curves (0–0.4V) of the P, Se-
NiCo LDH, NiCo LDH, Se-NiCo LDH and P-NiCo LDH
electrodes. By contrast, when the selenium and phospho-
rus were co-doped, the capacity can be increased and the
polarization can be decreased. The GCD graph shows
a hump/shoulder voltage platform, which is consistent
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Figure 4. (a) CV curves, (b) GCD profiles, (c) Nyquist plots and (d) b-values of four electrode materials. (e) Capacitance contribution and
(f ) Voltammetric response of P, Se-NiCo LDH electrode. (g) Cycle stability of four electrode materials at 10 A g−1.

with the pseudo-capacitance charge storage mechanism
mentioned in CV analysis [35,36]. Their rate perfor-
mances are shown in Figure S8, and the specific capacities
are is listed in Table S1. Compared to just phosphating or
selenization samples, the rate performance of P, Se-NiCo
LDHhas been greatly improved, and the capacity of P, Se-
NiCo LDH is also significantly larger than those of other
samples, proving the ultrathin nanosheet of 10 nm and
lapped structure facilitate transfer of ions and electrons
and diffusion of electrolyte.

Furthermore, b-values of four cathodes are shown
in Figure 4(d), which is an important indicator of the
charge storage mechanism. The b curve can be obtained
by fitting log(iP) and log(v) according to the following
formula [37,38]:

I = avb (1)

where I (mA cm−2) is the anode and cathode peak cur-
rent, a and b are adjustable constants (b = 0.5 means
that the charge storage is completely controlled by the
battery-type energy storage diffusion, b = 1.0means that

the charge storage is only controlled by the surface), V
(mV s−1) is the scanning rate. The b value of P, Se-
NiCo LDH obtained by fitting and calculation is 0.799,
between 0.5 and 1.0, indicating that capacitance con-
trol and diffusion control work together in the charging
and discharging process [39]. According to the following
formula, the specific contributions of diffusion capacity
(k2ν1/2) and surface capacity (k1ν) are quantitatively ana-
lyzed, and the current value under a specific potential (iv)
is calculated [40,41]:

i(V) = k1v + k2v1/2 (2)

Among them, i(V) is the peak current (A), k1v is the
capacitance capacity contribution, and k2v1/2 is the diffu-
sion capacity behavior. Figure 4(e) shows the capacitance
contribution under various scan rates. Figure 4(f) shows
the capacitance contribution at 20mV s−1. The contri-
bution of capacitance control occupies 46.28%, 51.85%,
57.91%, 63.15% and 70.12% in the whole process, respec-
tively. Therefore, the efficient charge storage capability of
P, Se-NiCo LDH is realized through the synergistic effect
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Figure 5. (a) CV curves of P, Se-NiCo LDH and AC electrodes during 10 mV s−1. P, Se-NiCo LDH//AC device of (b) CV curves at 5–50 mV
s−1, (c) GCD curves before and after 10,000th cycles, (d) Specific capacitances at 1–20 A g−1 (inset: GCD curves at 1–20 A g−1), (e) Nyquist
plots before and after cycle, (f ) Ragone plot for comparison, and (g) Long cycle stability test at 5 A g−1. Insets of (g) are the photographs
of devices connected in series to trigger electronic meter and 15 red LEDs, the inset SEM image of (g) is P, Se-NiCo LDH cathode after
10,000 cycles.

of capacitance control and diffusion control. In Figure
S11, the Cdl values of NiCo LDH, P-NiCo LDH, Se-NiCo
LDH and P, Se-NiCo LDH are 1.76, 1.57, 1.25 and 1.94
mF cm−2 by fitting and quantifying the electrochemically
active area. P, Se-NiCo LDH has the largest Cdl value,
showing that active sites are more exposed, so electro-
chemical performance can be significantly improved by
morphology and pore regulation. Moreover, The cyclic
stability of the four electrodes under 10 A g−1 was
compared in Figure 4(g). The results showed that the
P, Se-NiCo LDH cathode has the best cycle stability
up to 94.46%, because its lapping structure of ultrathin
nanosheets is the most stable structure.

Due to the best electrochemical performances of P, Se-
NiCo LDH, We use it to assemble P, Se-NiCo LDH//AC
hybrid supercapacitor, which can operate well under
0–1.65V. Figure 5(b) shows the CV curves of P, Se-NiCo
LDH//AC supercapacitor at 5–50mV s−1. As the scan

rate increases, the shape of the curve does not change
significantly, displaying that P, Se-NiCo LDH//AC has
an excellent capacitance behavior. Figure 5(c) is the
GCD curves before and after 10000th cycles. Inset of
Figure 5(d) is the GCD curves of P, Se-NiCo LDH//AC
hybrid supercapacitor at 1–20 A g−1. With the increase
of current density, all the curve shapes show good
symmetry. Hence, P, Se-NiCo LDH//AC supercapacitor
has excellent reversibility and good coulomb efficiency.
Meanwhile, the calculated specific capacities are plot-
ted in Figure 5(d). Its specific capacity at 1 A g−1 is
267.2 C g−1, and even at 20 A g−1, it also has a spe-
cific capacity of 136 C g−1, that is to say, the device
can maintain 50.9% specific capacity rate, showing a
good rate performance. The EIS curve of P, Se-NiCo
LDH//AC after 10,000 cycles and before starting is shown
in Figure 5(e). The Rct value only increases slightly after
cycle. Therefore, the supercapacitor device still keeps



MATER. RES. LETT. 599

fast electron transfer rate and ion permeability even
after 10,000 cycles. Figure S12(a,b) indicates that the
high-efficiency charge storage capability of P, Se-NiCo
LDH is realized through both the capacitance control
and diffusion control. In addition, the Ragone diagrams
of comparison for P, Se-NiCo LDH//AC hybrid super-
capacitor with other related NiCo LDH hybrid capac-
itors are as shown in Figure 5(f). According to the
Ragone diagram, the electrochemical performances of
P, Se-NiCo LDH//AC is superior to most other simi-
lar devices, such as CNT/Co3S4@NiCo LDH//AC [18],
NiCo LDH/IPC//IPC [42], NiCo-LDH/rGO//AC [43],
NiCo-LDH//AC [19], Co(OH)F@NiCo-LDH//rGO [44],
4M-P@NiCo LDH//AC [45], C-LDH/Co9S8//AC [46],
Ni1Co1-LDH@ACF//AC[47], CoSx@NiCo-LDH//AC
[48] and CC/NiCoP@NiCo-LDH//AC [49]. Table S2
shows in detail the electrochemical performances of P,
Se-NiCo LDH//AC with other previously reported NiCo
LDH devices. The cycle test of P, Se-NiCo LDH//AC is
carried out (Figure 5(g)). At current density of 5 A g−1,
the capacitance retention rate after 10,000 cycles is 92.1%,
and the Coulombic efficiency is close to 100%. We also
tested the practical application of P, Se-NiCo LDH//AC
assembled devices. As shown in the inset of Figure 5(g),
the two series-wound P, Se-NiCo LDH//AC devices can
light up fifteen red bulbs over forty minutes. And it can
power a digital meter for more than an hour. The SEM
image of the P, Se-NiCoLDHelectrode after 10,000 cycles
is shown in the inset of Figure 5(g). The sheet structure
remains good after the cycle, the macroporous structure
formed by the overlap of the sheets still remains good
and becomes thicker, so the device has excellent cycle
stability. The P, Se-NiCo LDH cathode is composed of
lapped ultrathin nanosheet withmesoporous andmacro-
porous structures make the supercapacitor device with
fairly high energy density, ultra-long cycle stability and
excellent rate performance. The P, Se-NiCo LDH//AC
device is with excellent comprehensive electrochemical
performances, which make it with a broad application
prospect.

3. Conclusion

In closing, P, Se-NiCo LDH cathode is composed of
lapped ultrathin with nanosheet and mesoporous and
macroporous structures have been prepared through
two-step hydrothermal and low-temperature phosphat-
ing treatment. Co-dope of phosphorus and selenium
facilitate to improve the conductivity of electrode mate-
rial. Furthermore, the presence of mesopore and macro-
pore is conducive to providing more conductive active
sites and speeding up electron/ion transport, which could
improve the rate property and cycle ability of the anode

material. The P, Se-NiCo LDH//AC device has a bet-
ter energy density of 61.23 W h kg−1, and the power
density at this time is 825 W kg−1. The energy den-
sity can still remain at 31.16 W h kg−1 when the power
density reaches 16,496.5 W kg−1. Even at 20 A g−1,
the capacitance retention is 50.9%. Moreover, at 5 A
g−1, after 10,000 cycles capacity retention rate can main-
tain at 92.1%. The above-mentioned excellent electro-
chemical performances of supercapacitor fully prove that
phosphorus and selenium element co-doping can sig-
nificantly improve the electrochemical performances of
NiCo LDH, which can meet the needs of modern society
for electronic products with high-rate and high energy
density.
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