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Layered double hydroxides (LDHSs) have drawn significant interest as emerging active materials for advanced
energy storage devices; however, their low electric and ionic conductivity limit their applications. In this
study, we report sulfur (S) and phosphorus (P) co-doped NiCo LDH nanoarrays prepared via a facile
phosphor—sulfurization process to impart diverse co-doping effects. Combining the benefits of their
unique hierarchical structure and reduced charge transfer resistance, the S and P co-doped NiCo LDH
(NiCo LDH-SP) nanoarrays realize faster and more efficient redox reactions and achieve enhanced
surface reactivity, thereby resulting in a performance superior to that of pristine NiCo LDH. Therefore,
a NiCo LDH-SP shows an ultra-high specific capacitance of 3844.8 F g~* at a current density of 3 A g~*
and maintains a specific capacitance of 2538.8 F g~ at a high current density of 20 A g~*. Additionally,
an asymmetric supercapacitor, assembled with the NiCo LDH-SP as the cathode and activated carbon
(AC) as the anode (NiCo LDH-SP//AC), shows a high energy density of 74.5 W h kg™ at a power density
of 0.8 kW kg™! and outstanding cycling stability, thereby retaining ~81.3% of its initial specific
capacitance after 5000 cycles. This study presents a facile and promising strategy for developing LDH-
based electrode materials with excellent electrochemical performance for advanced energy storage
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1. Introduction

Recently, the global demand for electric engines has increased
due to a decrease in the supply of internal combustion engines,
and therefore, the importance of energy storage devices has
increased." Among these devices, supercapacitors have drawn
significant interest as promising, next-generation, advanced
energy storage devices owing to their high power density, rapid
response rate, long life expectancy, and excellent reversibility.”*

Supercapacitors have two classifications according to their
charge storage mechanisms, i.e., electric double layer capacitors
(EDLCs) and pseudocapacitors. The EDLCs, also known as non-
faradaic capacitors, store charge through electrostatic adsorp-
tion of ions at the interface of the electrode and electrolyte.” In
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contrast, pseudocapacitors store charge through rapid revers-
ible redox reactions and intercalation processes on the elec-
trode surface. Pseudocapacitors have been reported to exhibit
greater specific capacitance than EDLCs because of the differ-
ences in their charge storage mechanisms. Nevertheless, their
relatively low energy densities, compared to those of batteries,
still require significant improvement.

Transition-metal oxides/hydroxides have drawn considerable
interest owing to their low cost, facile synthesis processes, and
intriguing electrochemical properties, which possess multiple
oxidation states to accommodate reversible redox reactions.*”
Among them, layered double hydroxides (LDHs) based on transi-
tion metals, especially NiCo LDHs, are considered promising
pseudocapacitive materials owing to their tunable composition,
high redox reactivity, and outstanding specific capacitance.**°
LDHs consist of lattices with positively charged brucite-like layers,
formed by divalent and trivalent cations, and negatively charged
interlayers, formed by anions that electrically compensate for the
positively charged layers. Although LDHs have a high specific
capacitance, their low electronic conductivities limit their practical
application by impeding rate performance and cycling stability."
Therefore, the poor conductivity of LDHs should be improved.

Generally, two methods are used for improving the low
electrical conductivity of active materials. One method involves
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combining the active materials with high-conductivity mate-
rials, such as graphene,” carbon fibers,"” and MXenes,"
whereas the other method involves modifying the structure or
composition of the active materials, such as designing core-
shell structures,'® introducing electroactive defects,"” and
tuning crystallinity."® The abovementioned mixing processes
have been widely used for their simplicity; however, a few
studies have reported remarkable increases in the capacitance.
In contrast, although the chemical modification or structural
alteration processes may be complicated, significant enhance-
ments in electrochemical properties and performances have
been achieved using these approaches. Among the various
modification methods, recent surface engineering utilizing
nonmetallic dopants has been proven effective in enhancing the
electrochemical performances of active materials."?" This
strategy improves the electrical conductivity of active materials
and forms additional active sites, with the narrow band gap of
transition-metal compounds on their surface, thereby
enhancing the performance.”»* For instance, Xia et al. fabri-
cated surface-modified Co;0, ultrathin nanosheets through
phosphate ion doping. The surface functionalized Co0;0,
nanosheets enhanced the redox reactivity and achieved an
extremely high capacitance of 1716 F g~ ' at a scan rate of 5 mV
s, whereas the capacitance of pristine Co;0, nanosheets was
215 F g~ " at the same rate. It confirmed that its lower binding
energy could be attributed to the change in surface electro-
negativity through phosphate ion doping.>* Elshahawy et al.
reported that sulfur-doped CoP nanotube arrays demonstrate
the superiority of cycling stability and specific capacity that is
1.78 times larger than that of pure CoP nanotube arrays because
of the increased number of electrochemically active sites and
electrical conductivity by a sulfur-doping effect.>® Yang et al.
investigated the edge-site-enriched nanostructures formed by
an anion exchange reaction during the introduction of sulfur.”®
Density functional theory calculations revealed that enriched
edge structures possess a high affinity for the OH™ in the elec-
trolyte, thereby resulting in outstanding electrochemical
performance due to structural variations. These reports
demonstrate that the introduction of nonmetallic dopants
improves the electronic conductivity of the active materials.
Inspired by these studies, we reasoned that doping active
materials with heteroatoms would increase their affinity for the
ions involved in electrochemical reactions and enhance the
intrinsic conductivity and doping effect. Thus, incorporating
both sulfur and phosphorus, ie., S and P co-doping, is
a reasonable approach to designing advanced electrode mate-
rials with outstanding electrochemical performances.

In this work, we synthesized NiCo LDHs co-doped with S and
P elements via a two-step hydrothermal process. The S and P co-
doped NiCo LDH electrode (NiCo LDH-SP) exhibited a superior
specific capacitance of 3844.8 F g~ at 3 A g~ " of a current
density compared to 1721 and 2874.3 F g ' at the same current
density, respectively, for the electrodes of a pristine NiCo LDH
and a S-doped NiCo LDH (NiCo LDH-S). Moreover, the NiCo
LDH-SP showed improved cycling stability after secondary
process. These results can be attributed to its hierarchically
porous structure and reduced charge transfer resistance
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obtained through the phosphor-sulfurization process, which
enables a fast and efficient faradaic reaction. Further, we
determined the conditions that optimizes the co-doping effect
of S and P. Among the different dopant concentrations, the
NiCo LDH-SP demonstrated the highest specific capacitance
and capacitive contribution, indicating that the concentration
achieves the fastest redox reaction. Additionally, the resultant
NiCo LDH-SP//AC asymmetric supercapacitor (ASC) exhibited
an ultra-high energy density of 74.5 W h kg~ ' at a power density
of 0.8 kW kg~ " and an outstanding retention stability of ~81.3%
after 5000 cycles.

2. Experiments
2.1 Preparation of materials

Analytical grade chemicals, i.e., nickel nitrate hexahydrate
(Ni(NO3),-6H,0, =97.0%), cobalt nitrate hexahydrate
(Co(NO3),-6H,0, =98.0%), hexamethylenetetramine (HMT,
CeH;,N,, =99.5%), thiourea (CS(NH,),, =99.0%), and sodium
hypophosphite monohydrate (NaH,PO,-H,0, =99.0%) were
used without further purification. All reagents were purchased
from Sigma Aldrich. The substrate, Ni foam (2.5 x 4.5 cm?, with
a pore density of 110 PPI and a mass density of 320 g m™~?), was
subjected to sequential ultrasonication in acetone, ethanol, and
DI water (15 min each) to remove surface impurities.

2.2 Preparation of NiCo LDH

The NiCo LDH materials were synthesized using a facile
hydrothermal method. Nickel nitrate hexahydrate (1.5 mmol),
cobalt nitrate hexahydrate (1.5 mmol), and HMT (6 mmol) were
dissolved in 35 mL DI water; after stirring the solution for
~30 min, the transparent pink solution was transferred to a 50
mL, Teflon-lined, stainless-steel autoclave containing a piece of
Ni-foam substrate (2.5 x 4 cm?). The autoclave was heated and
maintained at 120 °C for 12 h. After cooling naturally, the as-
synthesized NiCo LDH was rinsed with DI water and then
dried at 70 °C for 24 h. The specific mass of the obtained NiCo
LDH product is ~2.2 mg cm ™2 (The average weight per unit area
in 2.5 cm X 4 cm size, subtracting Ni-foam mass.)

2.3 Preparation of S and P co-doped NiCo LDHs

S and P co-doped NiCo LDH products were prepared using
CS(NH,), (as S source) and NaH,PO,-H,O (as P source) with
different feed ratios via a second hydrothermal process. The
NiCo LDH-SP with the highest supecapacitive performance was
synthesized via the hydrothermal process containing 1 mmol
CS(NH,),, 0.5 mmol NaH,PO,-H,O, and 50 mL DI water
(hereafter named NiCo LDH-SP(;). In detail, the prepared co-
doping solution was poured into a 50 mL, Teflon-lined,
stainless-steel autoclave containing the un-doped NiCo LDH
sample. The autoclave was heated and kept at 120 °C for 3 h.
The synthesized NiCo LDH-SP(;) were rinsed with ethanol and
de-ionized water several times to remove the residual reactants,
and then dried at 70 °C for 24 h. The loading mass of NiCo LDH-
SP(;) is ~3.3 mg cm ™. For other prepared element-doped NiCo
LDH samples, all process parameters were unaltered, except for

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00424g

Open Access Article. Published on 29 March 2021. Downloaded on 1/17/2026 5:45:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the concentration of doping-source solutions such as 1 mmol
CS(NH,), (denoted as NiCo LDH-S, ~3.2 mg cm ), 1 mmol
CS(NH,), and 1 mmol NaH,PO,-H,0 (denoted as NiCo LDH-
SP(;), ~3.6 mg cm °), and 1 mmol CS(NH,), and 2 mmol
NaH,PO,-H,0 (denoted as NiCo LDH-SP(;), ~4.0 mg cm ?),
respectively.

2.4 Material characterization

The crystal structures were investigated using X-ray diffraction
(XRDj; Cu Ka radiation, D8 Discover, Bruker). The morphologies
and microstructures were characterized by scanning electron
microscopy (SEM; 15 kV, S-4800, Hitachi) and transmission
electron microscopy (TEM; Talos F200X, Thermo Fisher Scien-
tific) equipped with energy dispersive X-ray spectroscopy. The
valence states of the active material were determined by high-
performance X-ray photoelectron spectroscopy (XPS; Al-Ko
radiation, K-Alpha+, Thermo Fisher Scientific), where the C 1s
peak was calibrated to 284.6 eV. The specific surface areas were
estimated according to Brunauer-Emmett-Teller (BET) anal-
yses. Barrett-Joyner-Halenda (BJH) analyses were conducted to
calculate pore sizes and pore volumes.

2.5 Electrochemical characterization

The electrochemical evaluations were performed in a three-
electrode system with a 6 M KOH electrolyte solution at room
temperature. The synthesized samples were used as working
electrodes. Pt foil and Hg/HgO electrodes (WizMAC, South
Korea) were used as the counter and reference electrodes,
respectively. Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) measurements, and electrochemical imped-
ance spectroscopy (EIS) were conducted using an electro-
chemical workstation (ZIVE MP2, WonATech). The EIS analyses
were conducted in the frequency range of 100 kHz to 10 mHz
under open-circuit potential conditions with an alternate
current perturbation of 5 mv.

The specific capacitance (C,, F g~ ') or corresponding specific
capacity (Qs, C g™ ') of the half-cell electrodes was calculated
using the following eqn (1):

C02+

o o
' 0 Ni2+

OH™

Ni Foam

Fig.1 Schematic of the preparation of NiCo LDH-SP.
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where I is the applied current (A), ¢ is the discharge time (s), m is
the active mass (g), and AV is the potential deviation (V). An
asymmetric supercapacitor (ASC), NiCo LDH-SP(;)//AC coin-cell
type device was fabricated using NiCo LDH-SP(;), activated
carbon (AC), and 6 M KOH as the cathode, anode, and electro-
Iyte, respectively. Before assembly, the mass loading of two
electrodes was optimized using mass balance equation:
mt  C” x AV~

m- Ctx AV+ 2)

Additionally, the specific capacitance (Cgevice, F g ') of the ASC
was calculated based on the galvanostatic charge-discharge
measurement using eqn (3):

Ixt

M x AV (3)

Cdevice =

where I is the applied current (A), ¢ is the discharge time (s), M is
the total mass (g) of the active materials in the positive and
negative electrodes, and AV is the potential range (V). The
energy density (E, Wh kg™ ') and power density (P, W kg ") of the
ASC were estimated using the following eqn (4) and (5):

C'deviceA Vz
E="73 )
3600E
P=
Al (5)

where At is the discharge time (s).

3. Results and discussion
3.1 Structural characterization

The sulfur- and phosphorus-element co-doped NiCo LDH
nanomaterial was successfully synthesized through a two-step
hydrothermal process. As shown in Fig. 1, the NiCo LDH
nanowires were first grown on the substrate via a first hydro-
thermal process using HMT as a creating source of hydroxyl
anions.” Then, after a second phosphor-sulfurization hydro-
thermal process for S and P doping, the pristine NiCo LDH

Phosphor-
Sulfurization

NiCo LDH-SP
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Co 2p, (e) S 2p, and (f) P 2p of the NiCo LDH-SP,.

nanowire morphology was converted into S and P co-doped
NiCo LDH-SP nanostructure with peeled-off sheets capable of
providing increased surface area and enhanced electrochemical
performance. The element doping is based on the anion
exchange reactions where the OH™ sites on the NiCo LDH
surface are substituted with S and P species.?>?*>°

The crystal structures of the as-prepared electrodes were
initially examined using XRD analysis; Fig. 2a displays the
diffraction patterns of the as-obtained NiCo LDH. The strongest
diffraction peaks featuring in all the samples are marked by
hollow circles, which correspond to the (111), (200), and (220)
planes of the pure Ni as a substrate (JCPDS no. 01-087-0712).
Meanwhile, the diffraction pattern of NiCo LDH exhibits the
characteristic reflections of the (003), (006), (009), (012), (018),
and (110) planes of LDH structures.'®*>*® After S-doping NiCo
LDH via a secondary hydrothermal process, the diffraction
peaks of NiCo LDH-S appear (marked by stars) at 21.6°, 31.1°,
50.2°, and 54.9°, which correspond to the (101), (110), (511), and
(440) planes of the coexistence of the face-centered cubic phase
of CoNi,S, (JCPDS no. 24-0334) and the rhombohedral phase of
NizS, (JCPDS no. 44-1418), as shown in Fig. S1. When doping
the S and P elements simultaneously, NiCo LDH-SP(;) shows
almost the same pattern with no newly detected peaks or
existing peak shifts compared to the NiCo LDH-S. Perhaps, it is
considered that P elements did not create a new crystal struc-
ture due to the low P content (Table S1t).>* Therefore, there may
be some concern as to whether the P is doped into the lattice or
is present in the interlayers. When a NiCo LDH-SP(;) sample was
measured in XPS and TEM (including EDS) requiring an ultra-
high vacuum pressure of 107 ° to 10™° Pa, P elements were

12452 | RSC Adv, 2021, 11, 12449-12459
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(a) XRD patterns of NiCo LDH, NiCo LDH-S, and NiCo LDH-SPy,. (b) XPS survey spectrum and high-resolution XPS spectra of (c) Ni 2p, (d)

detected as P 2p XPS spectrum and EDS images as shown in
Fig. 2f and 4c, respectively. If P ions are in an intercalated state,
the ions may be desorbed on the peeled-off LDH surface and in
the interlayer due to the ultrahigh vacuum, making it unde-
tectable. In this regard, it can be assumed that P-element
doping occurs predominantly rather than its intercalation
between the interfaces.

The valence states of the surface compositions were inves-
tigated using XPS analysis. Fig. 2b displays the full survey
spectrum of NiCo LDH-SP(), indicating the coexistence of Ni,
Co, P, and S (Table S1}). The Ni 2p spectrum (Fig. 2¢) shows two
main peaks at 856.1 and 873.7 eV corresponding to Ni 2p;/, and
Ni 2p, 5, respectively, as well as two shake-up satellites (“Sat.”) at
862.0 and 880.2 eV. The deconvoluted peaks at 855.9 and
873.4 eV correspond to Ni**, while those at 857.4 and 875.3 eV
are attributed to Ni*". In addition, the spin-energy separation of
17.6 eV proves the existence of Ni** in NiCo LDH-SP(;.*2 The Co
2p spectrum (Fig. 2d) shows two peaks at 782.0 and 797.4 eV
consistent with Co 2p;/, and Co 2p,,,, while the other two peaks
can be attributed to two shake-up satellites (“Sat.”). The spin-
energy separation of the two main peaks is 15.6 eV, confirm-
ing the coexistence of Co”" and Co®" in the NiCo LDH-SP(;).***
The deconvoluted peaks at 780.9 and 796.4 eV correspond to
Co**, and the peaks at 782.4 and 797.9 eV are attributed Co>".
Fig. 2e shows the S 2p spectrum with two main peaks located at
161.4 and 162.8 eV and two relatively high shake-up satellite
(“Sat.”) peaks. The S 2p3/, (161.4 eV) and S 2p;, (162.8 €V) peaks
correspond to the metal-sulfur bonding and low coordination
surface S*~, respectively.®® In Fig. 2f, the P 2p spectrum shows
deconvoluted peaks with P 2ps/, (132.4 eV) and P 2p,), (134.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Low- and high-magnification SEM images of (a and b) NiCo LDH, (c and d) NiCo LDH-S, and (e and f) NiCo LDH-SPy,.

eV), corresponding to the positively shifted metal-phosphorus
bonding by a more electronegative S ligand and to the P-O
bonding, respectively.***” The O 1s spectrum in Fig. S21 consists
of deconvoluted peaks corresponding to M-OH bonding (at
531.1 eV) and adsorbed water (at 532.4 eV).?”** These results
support those obtained through crystal structure analysis, i.e.,
that S and P co-doping was successfully performed, and indi-
cates that electroactive species exist on the surface of the NiCo
LDH-SPy).

The morphologies and microstructures of NiCo LDH, NiCo
LDH-S, and NiCo LDH-SP(;) were examined by SEM (Fig. 3). As
shown in Fig. 3a of the low-magnification SEM image, the Ni
foam has uniformly covered surfaces with numerous, randomly
distributed, NiCo LDH nanowires. A high-magnification SEM
image (Fig. 3b) clearly displays that the NiCo LDH nanowires
possess a smooth outside and thickness in the range of 50—
70 nm. Fig. 3¢ and d exhibit SEM images of NiCo LDH-S, where
NiCo LDH nanowires are anchored with tiny uneven nano-
sheets, indicating that the sulfurization process produces an
open structure without significantly deforming the pristine
nanowire morphology of the NiCo LDH. The low-magnification
SEM image of NiCo LDH-SP( (produced via secondary hydro-
thermal phosphor-sulfurization) in Fig. 3e shows that NiCo

© 2021 The Author(s). Published by the Royal Society of Chemistry

LDH nanowires, decorated with electrochemically active mate-
rials, are used as a basis for secondary hydrothermal growth,
thereby forming more open and interconnected structures. The
high-magnification SEM image (Fig. 3f) shows the NiCo LDH
nanowires wrapped in ultrathin (1-5 nm) peeled-off nano-
sheets, interconnecting to form an open hierarchical structure.
Such hierarchically open and interconnected structures
increase the specific area and improve ion diffusion and elec-
trolyte penetration, while providing a convenient electron
diffusion path.**** Hence, the NiCo LDH-SP(y) electrode showed
superior electrochemical microstructures and performances,
which is discussed in subsequent sections.

The microstructure and crystalline properties of the NiCo
LDH-SP(;) were investigated by transmission electron micros-
copy (TEM). In Fig. 4a, it is evident that the NiCo LDH-SP, is
composed of nanowires, which preserve the original shapes of
the NiCo LDH, and exfoliated sulfide nanosheets formed by the
etching-like effect of S, as observed by SEM, thereby realizing
an enhanced hierarchical structure. Moreover, a definite,
continuous heterointerface, formed from the fringe of nano-
wires, can be identified between the nanowires and the nano-
sheets in the HRTEM image in Fig. 4b, which can provide fast
channels for charge transfer.*” The HRTEM images in Fig. 4(b1-

RSC Adv, 2021, 1, 12449-12459 | 12453


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00424g

Open Access Article. Published on 29 March 2021. Downloaded on 1/17/2026 5:45:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Overlap

80 nmn
—

b3) show clear lattice fringes with interspacings of 0.26, 0.54,
and 0.41 nm, corresponding to the (009) plane of NiCo LDH,
(110) plane of CoNi,S,, and (101) plane of Ni;S,, respectively.
The elemental distributions in Fig. 4c show that Ni, Co, O, P,
and S are evenly dispersed in the NiCo LDH-SP(y), which indi-
cates that sulfides are formed by the Kirkendall effect-involved
anion exchange reaction during secondary hydrothermal
phosphor-sulfurization and that the surface of the NiCo LDH
nanowires is uniformly co-doped with S and P species.>®

The BET analysis was conducted to estimate specific surface
areas and pore distributions of the as-prepared electrodes, as
displayed in Fig. S3.T The results of the nitrogen adsorption-
desorption isotherms for NiCo LDH and NiCo LDH-SP( are
summarized in Table S2. The as-obtained electrodes produce
hysteresis loops consistent with a type IV isotherm, indicative of
a mesoporous microstructure. The NiCo LDH-SP(;) demon-
strates a larger surface area and pore volume than NiCo LDH,
which is effective for electrolyte ion/charge storage.**** More-
over, it is evident from the inset in Fig. S31 that the phosphor-
sulfurization process produced pore sizes less than 40 nm in
NiCo LDH-SP(;), while the pore sizes of the NiCo LDH was
concentrated at less than 10 nm. This hierarchical structure
promotes the infiltration of the electrolyte and diffusion of ions,
which is profitable to its supercapacitive properties.*®

3.2 Electrochemical performance

To study the electrochemical behavior of the NiCo LDH, NiCo
LDH-S, and NiCo LDH-SP(;), we performed CV measurements
over the range of 0-0.6 V. Fig. 5a shows the CV curves of the
NiCo LDH, NiCo LDH-S, and NiCo LDH-SP(y) at a scan rate of
10 mV s~ ', exhibiting typical pseudocapacitive behaviors with
cathodic and anodic peaks at around 0.2 and 0.5 V, respectively.
These similar shapes of CV curves can be explained to the

12454 | RSC Adv, 2021, 1, 12449-12459
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Fig. 4 TEM images of NiCo LDH-SP: (a) TEM, (

) HRTEM, and (c) EDS mapping images.

faradaic reaction process of the same base active materials
according to the following eqn (6)—(8):*®

Ni(OH), + OH™ < NiOOH + H,0 + ¢~ (6)
Co(OH), + OH™ < CoOOH + H,0 + ¢~ 7)
CoOOH + OH™ « C00, + H,0 + ¢~ (8)

Although the secondary hydrothermal process was per-
formed, there is no change in shape and only peak intensities
increase, indicating that functionalized redox reaction by co-
doping has a greater effect than the formation of NiCo-
sulfides during electrochemical processes. The area enclosed
by the CV curve of NiCo LDH-SP(y) is larger than those enclosed
by the curves of NiCo LDH and NiCo LDH-S, implying that NiCo
LDH-SP(;y has superior electrochemical properties. Hence, S
and P species introduced at the surface of NiCo LDH increases
the electrochemical activity of surface redox reactions. More-
over, the CV curve-enclosed area of NiCo LDH-SP(y) is larger
than those enclosed by CV curves of the NiCo LDH-SP(;) and
NiCo LDH-SP(; electrodes (Fig. S4at). This confirms that the
conditions, under which NiCo LDH-SP(y) is prepared, optimizes
the S and P co-doping effect. The supercapacitive performances
of NiCo LDH, NiCo LDH-S, and NiCo LDH-SP(;) were evaluated
based on GCD measurements in the range of 0-0.45 V at
a current density of 3 A g~". As seen in Fig. 5b, the GCD curves
show the typical pseudocapacitive behavior of reversible fara-
daic reactions. It is obvious that the NiCo LDH-SP(;j demon-
strates the longest discharge time, indicating that its
supercapacitive performance is enhanced, which is consistent
with the trend observed in the CV analysis. Additionally,
Fig. S4bt shows that the electrodes with different dopant

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentrations exhibit slightly different discharge times, sug-
gesting that the dopant concentration of the NiCo LDH-SP(y
optimizes electrochemical performance, which is consistent
with the results of Fig. S4a.f Accordingly, the specific capaci-
tance of NiCo LDH-SP(y) is superior to those of the NiCo LDH-
SP(;) and NiCo LDH-SP(. Fig. 5¢ shows the CV curves of the
NiCo LDH-SP(;; at various scan rates. The characteristics
symmetry of redox peaks at lower scan rates indicates that the
NiCo LDH-SP(;) possesses an outstanding electrochemical
reversibility. As the scan rate increases from 2 to 50 mV s, the
anodic and cathodic peaks shift toward higher and lower
potentials. The reason for this is related mainly to the internal
resistance of the electrode. However, the shapes of the CV
curves remained relatively unchanged, suggesting that the NiCo
LDH-SP() possesses a highly reversible faradaic reaction, and is
capable of fast ion/electron transport, resulting in a rapid CV
response.”” The shapes of the CV curves at different scan rates
remain relatively unchanged, suggesting that the NiCo LDH-
SP(;) has very high electrical conductivity. The CV curves of
other prepared electrodes at various scan rates are shown in
Fig. S5.1 Fig. 5d shows the GCD curves of NiCo LDH-SP(y at
different current densities from 3 to 20 A g~ ". The GCD curves
exhibit clear potential plateaus, implying a faradaic reaction
involving ions of the electrode. Moreover, the potential varia-
tion trend of the GCD curves correspond well with the CV curves
in Fig. 5c. Specifically, the potentials at which the GCD curves
begin to ascend and descend correspond to the oxidation/
reduction peaks in Fig. 5c. The estimated specific capaci-
tances of NiCo LDH-SP(;) are 3844.8, 3476.6, 3186.4, 3083.8,

© 2021 The Author(s). Published by the Royal Society of Chemistry

2792.6, and 2538.8 F ¢~ ' at current densities of 3, 5, 8, 10, 15,
and 20 A g™, respectively. In addition, since the NiCo LDH-SP
showed a strong battery-like behavior, it can be expressed as
a specific capacity. The estimated specific capacity of NiCo LDH-
SP(;)are 1730.2, 1564.5, 1433.9, 1387.7,1256.7,and 1142.5C g "
at current densities of 3, 5, 8, 10, 15, and 20 A g~ . To investigate
the conductivity behavior and charge transfer kinetics of the
electrodes, EIS analyses were performed. The Nyquist plots
(Fig. 5e) of the samples display semi-circles in the high-
frequency region and linear sections in the low-frequency
region. In the high-frequency region, the intersection with the
x-axis represents the internal resistance (Rs) of the cells,
involving the electronic resistance of the active materials, the
ohmic resistance of the electrolyte, and the contact resistance
between the electrode and the current collector. The R, values of
the electrodes differ minimally, ranging from 0.19 to 0.26 Q.
However, the different diameters of the semi-circles (in the
high-frequency region) of the plots indicate that the charge
transfer resistances (R,) of the electrodes range between 1.04
and 2.92 Q. It is apparent that the semi-circle radius of the NiCo
LDH-SP(y) plot is smaller than those of the NiCo LDH and NiCo
LDH-S plots. This implies that the presence of S and P enhances
the electrochemical properties of the electrode by reducing the
R...*® Moreover, the slope of the linear section of the NiCo LDH-
SP() plot (in the low-frequency region) has a steeper incline
than that of the corresponding sections of the NiCo LDH and
NiCo LDH-S plots. This high incline implies ideal capacitive
properties with fast ion diffusion in the electrolyte.*” These EIS
results demonstrate that the co-doping phosphor-sulfurization
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process significantly improves the electrical conductivity and
charge transfer of the faradaic reaction. Doping processes of
nonmetallic elements are a convincing approach for improving
the electrochemical properties of active materials. Nonmetallic
elements with low electronegativity, such as S and P, increase
the fraction of covalent bonds by accommodating the surface
charge at the 3p orbitals and vacant 3d orbitals, resulting in
weaker electron binding energies in the M>* and M*" of the
NiCo LDH-SP(;; and longer bonds.>** These results confirm
that the doping process of nonmetallic elements enhances the
supercapacitive performance of active materials by reducing the
R As seen in Fig. 5f, the NiCo LDH-SP(y) achieves a higher
specific capacitance than the NiCo LDH and NiCo LDH-S.
Hence, the electrochemical performance of NiCo LDH-SP(y is
superior to those of the other prepared LDH electrodes.*

The total charge storage mechanism is governed by two
processes.” One is a diffusion-controlled process involving
cation intercalation within the active material and ion diffusion
in the electrolyte, known as the rechargeable battery mecha-
nism, whereas the other is a capacitive mechanism involving
electrochemical adsorption and desorption of ions at the
interface of electrode and electrolyte (capacitive behavior) and
surface faradaic redox reactions (pseudocapacitive behavior).?
The current contributions of the kinetically different mecha-
nisms can be effectively classified using CV measurements. The
current of the electrodes at a constant scan rate is described by
the following relationship:*>*°

i=a’ 9)

where i is the measured current (A), v is the scan rate (V s~ %),
and a and b are constants. In a diffusion-controlled process and
capacitive process, b equals 0.5 and 1, respectively.** Accord-
ingly the above eqn (9) can be summarized as follows:

i(V) = kv + k™? (10)
where i is the measured current (A) at a fixed potential (V) and v
is the scan rate (V s™'); k; and k, represent capacitive and
diffusion-controlled process. Eqn (10) can be arranged as
follows:

12456 | RSC Adv, 2021, 11, 12449-12459

i =k + ks (11)
The slope and intercept of a linear plot of i{(V)v*> versus v°°
correspond to k; and k,, respectively. As shown in Fig. 6, the
current contribution of the capacitive mechanism increases as
the scan rate picks up. Overall, the contribution of the capaci-
tive mechanism in NiCo LDH (Fig. 6a) is less than that of the
surface capacitive mechanism in NiCo LDH-SP(y) (Fig. 6b). The
high capacitive contribution fraction of NiCo LDH-SP(
confirms its superior rate performance and fast redox reactions
during the electrochemical process. The introduction of
nonmetallic elements that are less electronegative than oxygen
produces a higher proportion of covalent bonding than
hydroxide, thereby lowering the overall electron binding
energy.'* Consequently, the reactivity of the surface redox
reaction is enhanced. Interestingly, the surface capacitive
contribution fraction of NiCo LDH-SP(;), NiCo LDH-SP,), and
NiCo LDH-SP decreases as the concentration of P increases, as
shown in Fig. S6.7 It can be predicted that the fraction of S and P
co-doped NiCo LDH with excellent electrochemical properties
converted to NiCo-sulfides by the secondary hydrothermal
process increases, resulting in lower overall performance. As
evidenced by this in XRD, it was confirmed the intensity of the
diffraction pattern of NiCo LDH decreased as the concentration
of dopant increased in the secondary hydrothermal process.
From the above results, It can be seen that the co-doping effect
of S and P on the electrodes is optimized at a ratio of 1: 0.5.
Therefore, the introduction of S and P onto NiCo LDH increases
the surface capacitive contribution to the current enhancing its
electrochemical properties.®*

The cycling retentions (Fig. S7) of NiCo LDH and NiCo LDH-
SP(;) were evaluated using GCD measurements at a current
density of 20 A ¢ '. The NiCo LDH maintains its initial capac-
itance of approximately 44.19% after 1500 cycles comparable to
the previously reported LDHs.**** The capacitance retention of
NiCo LDH-SP(y) is slightly higher at approximately 61.01% after
1500 cycles; its improved cycling stability can be ascribed to its
low R, and high electronic conductivity resulting from the co-
doping phosphor-sulfurization process.'>*

To further investigate the viability of NiCo LDH-SP( elec-
trodes in energy storage devices, we fabricated an ASC using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NiCo LDH-SP(;) and AC as the cathode and anode (NiCo LDH-
SP(1y//AC), respectively. Before assembly, the electrochemical
performance evaluation (Fig. S87) of the AC electrode was per-
formed. The CV curves (Fig. S8at) of AC electrode exhibit the
typical rectangular shapes of EDLCs. The GCD curves (Fig. S8b¥)
exhibit linear and symmetric shapes, while the EIS curves
(Fig. S8ct) show the characteristic of typical EDLCs of a steep
line of nearly 90° in the low-frequency. The specific capaci-
tances of the AC electrode are 89.0, 83.5, 80.1, 75.6, and 72.8 F
g~ ! at current densities of 1, 3, 5, 8, and 10 A g™, respectively
(Fig. S8dt). Fig. 7a shows the CV curves of the assembled ASC
device measured at a scan rate of 10 mV s~ ', extending the
potential range to determine the optimal operating potential
window (from 0-1.2 V to 0-1.7 V). The stable CV curves are
maintained up to 1.6 V. A sharp increase in current is observed
due to polarization, when the range expands to 1.7 V.**> Fig. 7b
shows CV curves conducted at scan rates in the potential range
of 0-1.6 V, whose shapes manifest a pair of definite peaks, not
the ideal rectangular shape. It appears that the pseudocapaci-
tive process dominates the supercapacitive behavior of the ASC,
which is attributed to the faradaic reactions of NiCo LDH-
SP(;).>** Moreover, the CV curves rarely change their shapes
even as the scan rate picks up, indicating the good reversibility
of the ASC. In Fig. 7c, the GCD curves at various current
densities agree well with the CV trends. Furthermore, the
specific capacitances of the ASC are estimated as approximately
209.5,170.3, 122.5, 93, and 75 F g~ ' at current densities of 1, 3,
5, 8, and 10 A g™, respectively. The capacitive contributions of

© 2021 The Author(s). Published by the Royal Society of Chemistry

the ASC were estimated based on the CV curves using eqn (9)-
(11). Fig. S91 displays the capacitive and diffusion contributions
of the ASC; the capacitive contributions are 45.4, 51.2, 59.9,
66.0, 71.0, and 75.3% at scan rates of 5, 10, 20, 30, 40, and 50 mV
s™', respectively. As mentioned, the surface capacitive-
controlled process, involving faradaic reactions, dominates
charge storage. This also suggests that the NiCo LDH-SP(;)//AC
device can be applied as an energy storage device.”” Addition-
ally, the long-term cycling stability (Fig. 7d) of the NiCo LDH-
SP(;)//AC was evaluated at 8 A g~ '. The ASC retains its initial
specific capacitance of approximately 81.3% after 5000 cycles,
indicating remarkable cycling stability and practical viability. In
addition, the coulombic efficiency was approximately 97.5%
after 5000 cycles, demonstrating good reversibility.*®*® Ragone
plots of the NiCo LDH-SP(;) based ASC (Fig. 7e) shows that the
proposed ASC exhibits a remarkable energy density of
74.5 W h kg™ " at a power density of 0.8 kW kg™ while main-
taining 26.7 W h kg™ at a power density of 8.0 kW kg .
Moreover, the NiCo LDH-SP(;)//AC device exhibits better
performances than previously reported energy storage devices
such as Niy/3C0,/5(CO3)o.sOH-0.11H,0//PNTs (41.86 W h kg ™" at
11.25 kW kg™ 1),*® Co,,Nio sLDH//AC (34.5 W h kg™ ' at 6.5 kW
kg™"),** NiCo-S//AC (41.4 W h kg™ at 4.8 kW kg "), NiCo,-
0,@NiC0,S,//AC (35.6 W h kg™ at 7.5 kW kg '),** and
NiCoP@NF//AC (27 W h kg™' at 19.3 kW kg '). To demon-
strate the practical viability of the device, two cells were con-
nected in series and used to operate an LCD digital thermo-
hygrometer clock, whose operating voltage is 3 V, for over

RSC Adv, 2021, 11, 12449-12459 | 12457
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5 min (Fig. 7f). This illustrates the high power output and
energy storage ability of the NiCo LDH-SP(;)//AC device. These
results suggest that the NiCo LDH-SP(;) electrode merits
consideration as a promising electrode active material for
highly efficient energy storage devices.

4. Conclusion

Herein, hierarchically porous, NiCo LDH-SP(;) nanoarrays were
synthesized through a facile two-step hydrothermal process.
Surface modification of NiCo LDH involving the introduction of
S and P through a phosphor-sulfurization process was
successfully performed. The resultant NiCo LDH-SP(;) demon-
strated a noticeably higher number of active sites and reduced
charge transfer resistance, resulting in enhanced surface reac-
tivity with improved conductivity. Therefore, the NiCo LDH-
SP(,) achieved a specific capacitance of 3844.8 F g~ at a current
density of 3 A g, which is superior to those of previously re-
ported LDH-based materials. An ASC was fabricated using NiCo
LDH-SP(;) and AC as a cathode and anode, respectively. The ASC
delivered an ultra-high energy density of 74.5 W h kg ' at
a power density of 0.8 kW kg™ ' and retained 26.7 W h kg ™" at
a high power density of 8.0 kW kg™ '. The proposed ASC also
demonstrated outstanding cyclic stability of ~81.3% after 5000
cycles. This surface modification strategy, ie., S and P co-
doping, may present new opportunities in the fabrication of
promising active materials for advanced energy storage devices.
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