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Abstract: The design of a reasonable heterostructure electrode to achieve enhanced areal performance
for supercapacitors remains a great challenge. Here, we constructed hierarchical porous NiCoP /NiO
nanocomposites anchored on Ni foam with tunable electronic and structural properties, as well as
robust interfacial interaction. In NiCoP/NiO, the interconnected NiO nanosheets serve as a carrier
with enriched anchoring sites to confine the NiCoP and improve its stability. Meanwhile, the ultrathin
NiCoP nanosheets with bimetallic centers are connected with porous NiO nanosheets to form a
reliable heterojunction, enhancing the electrochemical reaction kinetics. Taking advantage of the syn-
ergistic contribution of bimetallic centers, phosphides and unique structure, the NiCoP /NiO delivers
a high areal specific capacitance (1860 mF cm~2 at 5 mA Cl’n_2), good rate performance of 78.5% at
six times the increased current density, and remarkable durability (11.0% decrease after 10,000 cy-
cles). Furthermore, the assembled hybrid supercapacitor NiCoP/NiO/ /porous-activated carbon
(PAC) delivers a high areal energy density of 173.7 uWh cm~2 (116.4 pyWh cm~—2) at 1.6 mW cm 2
(32 mW cm~2). The results indicate that the design of the heterostructure interface with strong
chemical interface and tunable electronic structure is an effective and promising approach to boost
the electrochemical performance for advanced supercapacitors.

Keywords: bimetallic phosphide; electronic structure; heterogeneous interface; rate capability;
supercapacitor

1. Introduction

With the increase in energy use around the world, fossil fuels have caused serious
environmental pollution and are becoming depleted. Therefore, on one hand, we must save
existing energy, and on the other hand, we must develop new energy and efficient energy
storage devices [1-3]. The current mainstream energy storage technology is electrochemical
energy storage, which stores and releases electrical energy as chemical energy. Batteries
and supercapacitors are mainly electrochemical energy storage devices. The former is
known for storing more energy but releasing it more slowly. The latter integrates the char-
acteristics of higher power output, rapid charge-discharge capability and long-term cyclic
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lifespan [4-7]. Nonetheless, its relatively low energy density seriously hampers its practical
application and development. Therefore, it is necessary to put more effort into developing
electrochemical performance and boosting the energy density of supercapacitors [8,9].
As is well-known, capacitive materials have fast charging/discharging capability, while
redox-active materials have excellent capacitive capability through quick and reversible
Faradaic reactions, which in essence is similar to the battery-like redox reaction. Therefore,
rational exploration of hybrid materials with well-defined microstructure/morphologies
and optimized compositions would be an efficient approach to realize high electrochemical
performance [10].

As potential redox-active pseudocapacitive electrode materials, transition metal oxides
and hydroxides have high energy storage capacity based on Faradaic reactions and superior
specific capacitances compared to typical carbon-based materials [11-13]. However, the
low electrical conductivity of transition metal compounds, also including slow charge
transfer rates and slow ion diffusion rates, result in drastically reduced capacitance at
high current densities. In contrast, transition metal derivatives (sulfides [14-16], phos-
phides [17,18], selenides [19,20], etc.) have remarkable inherent electrical conductivity
caused by a narrower bandgap. Therefore, transition metal phosphides (TMPs) have re-
ceived extensive research attention for supercapacitors in virtue of their metalloid features,
low band gaps and easy redox, which ensure the rapid electron transmission in active
material and promote the redox reactions [21-23]. In particular, binary TMPs are a class
of highly promising material due to their superior conductivity, adjustable compositions,
and synergistic interaction between different metal ions [24,25], which consequently alter
their electrochemical performance. Bimetallic nickel cobalt phosphides (NiCoP) stand out
among the reported results for nickel-based and cobalt-based phosphides. NiCoP with
different morphologies has been prepared via various synthetic processes. For instance, Hu
et al. prepared Ni-Co phosphide nanoparticles with high conductivity and an adjustable
Ni-Co proportion via a simple hydrothermal approach. It displays the prominent capacity
of 571 C g~ at 1 A g~ ! [26]. Huang et al. reported the synthesis of ultrathin nickel cobalt
phosphate electrodes using the electrodeposition strategy, and exhibited an outstanding
specific capacity of 1768.5 C g~! at 1 A g~! [27]. Additionally, constructing a reasonable
and simple architecture is considered to be a feasible approach to optimize the electro-
chemical property of TMPs. Wan et al. designed an optimum core-shell FeCoP@NiCoP
composite via a facile two-step electrodeposition and subsequent phosphorization [28]. The
NiCoP/Co1Nip-MOF materials were synthesized by the anchoring of NiCoP nanoparticles
onto Co1Ni;-MOF using a controllable partial phosphorization [29]. Although scientists
have devoted great efforts in studying the composition and structure of nickel-cobalt
phosphide, it is still a great challenge to design a reasonable heterostructured electrode to
further improve the areal performance of supercapacitor.

Based on the above considerations, we report on a binder-free NiCoP /NiO electrode
with 3D hierarchical porous structure growth on Ni foam (NF), prepared using oxidation—
heat treatment and the electrodeposition method. Benefiting from the synergistic effect
between unique structure and bimetallic center, the designed NiCoP /NiO electrode ex-
hibited increased conductivity and surface capacitive contribution, and thus enhanced
the areal specific capacitance, rate performance and long-term cycle stability, superior to
NiO/NF and NiCoP/NF electrodes. Furthermore, a hybrid supercapacitor was assembled
by applying the NiCoP/NiO as the positive electrode and porous activated carbon as
the negative electrode. It affords high areal energy density and power density, and can
illuminate the red light-emitting diode and digital timer for more than 25 min, showing
its great application prospects in the field of energy storage, and also providing valuable
insights for the development of high-performance electrodes for electrochemical energy
storage systems.
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2. Experimental Procedure
2.1. Fabrication of NiO Nanowall Arrays on Ni Foam

The well-trimmed Ni foam (1 cm x 2 cm) was successively sonicated with 3.0 M HCl
solution, acetone, ethanol and deionized water for 10 min to remove the surface impurities.
Then, the treated NF was immersed into 20 mL of mixed solution containing NaOH (25 mM)
and (NHy)»5,0s (1.25 mM) for 6 h at the ambient temperature. Next, the NF was cleaned
several times with deionized water and then vacuum-dried at 60 °C. Finally, the electrode
of porous NiO nanosheets arrays over NF substrate (denoted as NiO/NF) was obtained by
annealing the obtained NF at 400 °C for 2 h in a muffle furnace.

2.2. Synthesis of NiCoP/NiO Electrode

The NiCoP/NiO electrode was prepared by electrodepositing NiCoP onto NiO/NF
in a three-electrode configuration, in which the NiO/NFE, platinum foil (1 cm X 1 cm) and
Ag/AgCl were used as the working electrode, counter electrode and reference electrode,
respectively. Typically, the deposition solutions were composed of 1.0 mM Co(NO3),-6H,0,
1.0 mM NaH,PO,-H,0, and 1.0 mM Ni(NO3),-6H,O in a 100 mL mixture of ethanol
and water with a volume ratio of 1:1. The electrodynamic deposition was conducted at
room temperature for 30 min while applying constant voltage of —1.0 V in 50 mL growth
solution. After that, the resultant NiCoP /NiO electrode was rinsed and dried at 60 °C under
vacuum. Similarly, for comparison, the pure NiCoP/NF electrode was synthesized under
the same conditions by using NF instead of NiO/NF as working electrode. Additionally,
the NiCoP/NiO electrode with electrodeposition time of 15 min was also prepared.

2.3. Materials Characterization

X-ray diffraction (XRD) was performed using Shimadzu XRD-7000 instrument (Kyoto,
Japan) to investigate the crystallographic phases of the materials. The architecture and
morphology of the products were characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), which were carried out on FlexSEM 1000
(Hitachi High-Tech Corporation, Tokyo, Japan), Czech TESCAN MIRA LMS (Brno, Czech
Republic) and JEOL JEM-F200 (Tokyo, Japan). The X-ray photoelectron spectroscopy (XPS)
was performed using the K-Alpha (Thermo Scientific, Waltham, MA, USA), to identify
the elemental compositions and valence states with a monochromatic Al K source. The
specific surface area of the samples was calculated using the Brunauer-Emmett-Teller
(BET) method.

2.4. Electrochemical Measurement

Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD) and electrochemical
impedance spectroscopy (EIS) were evaluated on an electrochemical workstation (Jiangsu
Donghua Analytical Instruments Co., Ltd., Jingjiang, China; DH7000) in a three-electrode
configuration with 2.0 M KOH as electrolyte. Specifically, the prepared electrodes, platinum
electrode (1 x 1 cm?) and Ag/AgCl electrode served as the working electrode, counter
electrode and reference electrode, respectively. EIS operated from 0.01 Hz to 100 kHz
via applying an alternating voltage of 10 mV amplitude. Hybrid supercapacitor was
constructed using the prepared electrodes as the positive electrode, PAC as the negative
electrode, and polypropylene membrane (Celgard 2400, Charlotte, NC, USA) as the separa-
tor. Negative electrode was prepared by casting a mixture of PAC, Super p and PVDF in
N-methylpyrrolidone with the mass ratio of 8:1:1 on pre-cleaned NF (1 cm x 1 cm) until
both front and back surfaces were uniformly covered. Then, it was vacuum-dried at 60 °C
overnight before being pressed under 8.0 MPa.

Based on the GCD curves, the areal specific capacitance (C,, mF cm™2) was evaluated
from the discharge curves using the following equation:

Co = IAt/(sAV) )
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Ni foam

where I, At, s and AV represent the applied current (mA), discharge time (s), the geometric
area of active electrode (cm?), and the discharge potential window (V). The areal energy
density (E;, utWh cm—2) and power density (P;, mW cm—2) were calculated based on
Equations (2) and (3), separately:

E, = C,AV?/(2 % 3.6) ()

P, = 3.6E,/ At 3)

where C;, At and AV represent the areal specific capacitance (mF cm™2), discharge time (s)
and the cell voltage (V) of the whole device, respectively.

3. Results and Discussion
3.1. Morphology and Structure

The synthetic strategy for the hierarchical NiCoP/NiO nanocomposites supported on
NF is schematically illustrated in Scheme 1. Initially, the Ni(OH), nanowall arrays were
anchored in situ on Ni foam via the partially oxidized Ni substrate in an alkaline-oxidized
mixture solution of (NH4),5,0g and NaOH at room temperature. Subsequently, the porous
NiO nanosheets arrays were obtained from the thermal decomposition of Ni(OH); in a
muffle furnace. Synthetic process of the NiO can be expressed in detail via the following
formulas [30]:

Ni + 4NaOH + (NHy),5,05 — Ni(OH), + 2NaySO; -+ 2NHj 1 +2H,0 )

Ni(OH), — NiO + H,0 ®)

The in situ grown NiO possesses remarkable mechanical adhesion on NF, which
promotes good electrical contact and ensures efficient electrochemical reaction kinetics.
Lastly, the porous NiO nanosheets were uniformly covered by the deposited NiCoP through
a facile electrodeposition method. The three-dimensional interconnected NiO core not only
serves as a backbone for the growth of NiCoP porous nanosheets but also facilitates the
electronic transmission due to its high conductivity.

NiO/NF NiCoP/NiO

In-situ oxidation

Calcination

High conductivity ; % High area-loading
Rich anchoring sites S y Fast efectron transfer
NiO porous nanosheets Strong chemical interfac NiCoP nanoflower  Easy access of electrolyte ions

Scheme 1. Schematic illustration for synthesis process of hierarchical NiCoP/NiO composites on NF.

The morphology and microstructures of all the samples can be observed by SEM
images. Pure NF has a 3D smooth skeleton and stable architecture without collapsing and
cracking (Figure Sla,b), and can be used as a growth substrate for loading electroactive
species. After immersing NF into an alkaline-oxidized solution and then calcining, the NiO
nanowalls vertically anchor to the NF surface, and present a dense and ordered nanoarray
structure (Figures 1a and Slc,d). It has a thickness of about 25 nm and the distance between
two adjacent nanowalls is about 130 nm (Figure 1b). In addition, the interconnected network
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consists of non-coalesced nanosheets and generates many macropores, which can offer
highly convenient accesses for electrolyte diffusion and ensure the efficient utilization of
active sites between electrolyte ions and electrode materials. Furthermore, growing active
materials directly on the NF substrate can effectively avoid the generation of additional
resistance caused by using binder and conductive materials. NiCoP was successfully
decorated on the porous NiO nanowalls by electrodeposition. The generated NiCoP/NiO
electrode exhibits interconnected mesh nanosheets, which uniformly adhere to the porous
NiO nanowalls (Figure 1c,d). In some parts, the over-deposited NiCoP self-aggregates and
forms flower-like structures. When the electrodeposition time is shortened, the 3D network
structure similar to the NiO/NF substrate can be seen clearly (inset of Figure 1d), and the
NiCoP is distributed homogeneously on the surface of NiO/NF nanowalls (Figure S2).
This structure provides a larger number of electroactive sites and hierarchical channels,
beneficial to highly effective availability of electrolyte ions and fast electron transport,
and thus facilitating electrochemical energy storage. For comparison, the NiCoP was
electrodeposited directly on the 3D NF framework under the same conditions. Figure 1e,f
illustrate that the morphology changed slightly and formed a wrinkled plate-like structure,
not at all flower-like. This may be concerned with the existence of grain boundaries over
the NF surface. The resulting structure contains abundant macropores, indicating that
the areal mass-loading of active materials is relatively low, which is not conducive to the
formation of high areal-specific capacitance.

Figure 1. SEM images of (a,b) NiO/NF, (¢,d) NiCoP/NiO and (e,f) NiCoP/NF.

In order to further analyze the detailed morphologies and microstructure information,
the samples were removed from NF by the ultrasonic method for TEM and HRTEM
characterizations. As for the NiO, the plate-like structure with numerous pores can be
verified by the TEM image (Figure 2a). The formation of pores is mainly caused by the loss
of water in the thermal decomposition process of Ni(OH),. The lattice spacing of 0.146 nm
is ascribed to the (220) lattice plane of NiO (Figure 2b). The NiCoP nanosheets have a
large diameter-to-thickness ratio, and are highly transparent, suggesting their ultrathin
structure (Figure 2c). They tightly adhere to the surface of the porous NiO nanowalls
and form a hierarchical porous structure (Figure 2d,g). The special structure endows
the NiO/NiCoP electrode with a large specific surface area (132 m?-g~!) compared with
NiO/NiCoP (87 m?- gfl) (Figure S3), which is favorable for electrolyte permeation and ion
diffusion, resulting in abundant active sites for electrochemical reactions. It indicates that
the design of the core-shell structure is an effective strategy in increasing the areal-loading
of active materials. HRTEM image shows the distinct heterointerface between NiCoP and
NiO, as well as confirming the coexistence of both phases in the NiCoP/NiO. The clear
lattice fringes with spacing of around 0.201 nm and 0.146 nm are consistent with the (201)
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crystal planes of NiCoP (JCPDS No. 71-2336) and (220) planes of NiO, respectively (JCPDS
No. 47-1049) (Figure 2e) [31,32]. Thanks to in situ nucleation growth coupled with good
lattice matching, a close interfacial contact can be formed, which effectively facilitates the
interfacial charge transfer and enhances ion diffusion kinetics during the electrochemical
reaction process [32]. In addition, the selected-area electron diffraction (SAED) pattern
exhibits well-defined diffraction rings, demonstrating the polycrystalline characteristics of
the NiCoP/NiO composites (Figure 2f). In addition, the HAADF-STEM image (Figure 2h)
and the corresponding elemental mapping results (Figure 2i) confirm the existence and
homogeneous distribution of Ni, Co, P and O elements in the NiCoP/NiO, which further
demonstrates the self-assembled NiCoP nanosheets are quite uniformly combined with
porous NiO nanosheets.

NiCoP (201)
NiCoP (101)

~ N
1Y
U

g A \\l
V /

; v
e’
—*’,

Figure 2. Morphology characterization of NiO, NiCoP and NiCoP/NiO composites: (a,b) TEM and
HRTEM images of NiO; (c) TEM image of NiCoP; (d,e) TEM and HRTEM images of NiCoP/NiO;
(f) corresponding SAED pattern; (g,h) HAADF-STEM images; and (i) EDS elemental mappings.
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The XRD patterns of NiO/NF, NiCoP/NF and NiCoP/NiO are almost identical
(Figure 3a). All the electrodes show three prominent diffraction peaks at 44.5°, 51.9° and
76.4°, which are in agreement with the crystal planes (111), (200) and (220) of the metal Ni
(JCPDS No. 04-0850) [14]. Meanwhile, some weak diffraction peaks are observed in the
XRD pattern of NiO/NEF, which corresponds to NiO (JCPDS No. 47-1049). However, no
extra diffraction peaks are observed in NiCoP/NF and NiCoP/NiO electrodes. Perhaps
it is caused by the strong diffraction peak of NF, which covers the diffraction signal of
NiCoP/NiO. Therefore, XPS analysis was performed to characterize the elemental com-
position and chemical valence, and further elucidate the synergistic effects of NiO and
NiCoP. Compared with NiO/NF, XPS survey spectrum of NiCoP /NiO exhibits the signals
of Co and P besides the Ni, O and C (Figure 3b), which matches well with the results of
the EDS spectra. Among them, the C single may come from absorbed CO; [33,34]. Ni 2p
spectra fitted by Gaussian fitting show two shakeup satellites and two distinctive spin-orbit
doublets (Figure 3c). In NiCoP/NiO, the peaks at 856.2 and 873.5 eV are characteristic
of Ni%*, while the peaks located at around 858.1 and 875.5 eV are ascribed to Ni3* [35],
accompanying two satellite peaks at 862.3 and 880.4 eV. The surface atomic ratios of Ni>*:
Ni?* in NiCoP/NF and NiCoP/NiO are 0.67:1 and 1.02:1 by calculating the peak areas,
respectively. NiCoP/NiO obviously endows a higher oxidation state for Ni-sites than
NiCoP/NF. The results suggest that the NiO substrate has a certain regulatory effect on
the electronic structure of NiCoP. In addition, from the locally enlarged view of Figure 3c,
another peak with lower binding energy is observed in NiCoP/NF and NiCoP/NiO elec-
trodes are considered to be Ni®* species with a small positive charge (0 < § < 2) [36]. In
addition to the characteristic peak of Ni?*, the peaks at around 853.4 and 870.9 eV can be
observed in NiO/NEFE which belong to the Metal Ni (Ni%) from nickel foam [37]. Figure 3d
presents the Co 2p XPS spectroscopy for NiCoP/NF and NiCoP/NiO. In NiCoP/NiO, the
Co 2p presents the photoelectron signals of Co?*, Co®*, and satellites [38], respectively.
Additionally, the peak at 775.26 eV indicates the presence of Co-P bonding [32]. Notably,
the Co 2p XPS peaks shift toward a higher binding energy compared with the NiCoP /NF
sample, suggesting a higher oxidation of Co sites in NiCoP/NiO than in NiCoP/NF. As
depicted in Figure 3e, the peak of the P 2p spectra located at 130.1 eV is attributed to the
typical feature of metal-P bonding (M-P, Ni-P/Co-P) of metal phosphides [39], indicating
a much more metallic state around the surface of NiCoP. Moreover, a new peak at higher
binding energy is assigned to the bond of P-O, which may have originated from bond-
ing with O atom in NiO or partial surficial oxidation due to exposed to air [40-42]. The
above results further demonstrate that the Co and Ni atomic triggers the electron transfer
from Co and Ni to P sites in the NiCoP/NiO. The charge transfer and the induced local
charge redistribution, which provide the possibility of regulating the surface electronic
structure of NiCoP/NiO, further verified the strong electronic interaction between NiO and
NiCoP, which helps to improve the electrical conductivity and promotes the adsorption of
OH™ ions in electrolytes to participate in redox reactions [43]. As for the O 1s spectrum
(Figure 3f), it was investigated to further confirm the formation of the P-O bond. Three
peaks are observed in the O 1s spectrum of NiCoP/NiO, in which one at 531.0 eV is iden-
tified as M-O species (M = Co, Ni), one at 531.88 eV is attributed to oxygen defects, and
another one at 533.28 eV suggests the presence of P-O bonds [32,37]. The O 1s spectrum
of NiCoP/NF is similar in deconvoluted peaks to that of NiCoP/NiO. With regard to
the NiO/NF, the peak at 529.0 eV was assigned to the lattice oxygen (Opatt), whereas the
peak at 531.1 eV was associated with absorbed oxygen (Oaqs) [44—46]. The results of XPS
and HRTEM show that the NiCoP/NiO heterogeneous interface with a strong interface
interaction is successfully formed between NiCoP and NiO, which is expected to enhance
the electron transfer during the charging and discharging process, and is conducive to
improving the rate performance.
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Figure 3. (a) XRD patterns of NiO/NF, NiCoP /NF and NiCoP/NiO on nickel foam. XPS spectrum
of NiO/NF, NiCoP/NF and NiCoP/NiO: (b) survey; (c) Ni 2p; (d) Co 2p; (e) P 2p; and (f) O 1s,

respectively.

3.2. Electrochemical Analysis

Electrochemical behaviors of the electrodes are evaluated in a three-electrode config-
uration. As displayed in Figure 4a, a pair of redox peaks appeared in the CV curves of
the three materials measured at 10 mV s~!, representing the pseudo-capacitive behavior
of each electrode. Notably, the NiO/NF electrode displays one broad oxidation peak and
two well-defined reduction peaks, which is most likely due to pseudocapacitive NiO and
NiOOH. The latter may be generated by the electrochemical oxidation of NF in alkaline
electrolyte. Compared with NiCoP/NF, the voltage difference in the redox peaks for the
NiCoP/NiO electrode is 0.206 mV, which is lower than that of the NiCoP /NF electrode
(0.220 mV), manifesting the enhanced electrochemical polarization and reversibility of the
NiCoP/NiO electrode. Furthermore, the NiCoP/NiO electrode exhibits much larger CV
curve enclosed areas, suggesting that the significantly enhanced charge storage capability
due to the porous NiO nanowalls provides a larger accessible area for loading NiCoP.



Batteries 2023, 9, 584

90f17

Only one pair of broad redox peaks is observed because of similar redox potentials of the
following reactions. The involved Faradaic redox reactions are listed as follows [39,47,48]:

NiCoP + 20H™~ <+ NiP;_,OH + CoPyOH + e~ 6)
CoPyOH + OH ™ ¢+ CoPyO + HyO + e~ @)
NiO + OH~ > NiOOH + e~ @)

All the GCD curves show distinct charge and discharge plateaus (Figure 4b), further
demonstrating a pseudo-capacitive storage mechanism, which is in good agreement with
the redox peaks from the CV profiles. The symmetrical charge—discharge curve also ver-
ifies the highly reversible pseudocapacitance reactions at the interface of the electrode
by adsorbing the OH™ ions. Among them, the NiCoP /NiO has the longest discharging
time, corresponding to the highest specific capacitance of 1860 mF cm~2, compared to
NiCoP/NF (1357 mF cm~2) and NiO/NF (233 mF cm—2) electrodes. It indicates that the
existence of porous NiO nanowalls can significantly boost the areal capacitance. Figure 4c
illustrates the CV curves of NiCoP/NiO electrode at 2~50 mV s~ . It is obvious that the
positions of the redox peaks (peak 1 and peak 2) shift toward higher and lower potential
directions gradually as the scan rate increases. The main reason for this phenomenon
is that the polarization effect resulted from the electrolyte diffusion in the active materi-
als [49]. GCD plots of the NiCoP/NiO electrode at current densities of 5~30 mA cm 2
exhibit almost symmetric profiles (Figure 4d), signifying highly reversible redox reactions
and the excellent Coulombic efficiency during the charging—discharging process. Due to
high-efficiency utilization of electroactive materials, the NiCoP /NiO electrode afforded
the highest areal specific capacitance, which is much higher than NiCoP /NF and NiO/NF
electrodes at the same current density (Figure 4e). CV and GCD profiles of NiO/NF and
NiCoP/NF electrodes are displayed in Figure S4. Noticeably, the capacitance retention of
the NiCoP/NiO, NiCoP/NF and NiO/NF electrodes is 78.5%, 55.3% and 37.3% when the
current density is increased to 30 mA cm 2, indicating the high capacitance and excellent
rate capability of the NiCoP/NiO electrode. This can be attributed to the synergistic effect
from the rapid electron transport of highly conductive porous NiO nanosheets anchored
on the NF matrix and continuous network-structure NiCoP nanosheets with more exposed
active sites, which improve the reaction kinetics due to effective ions and electron transport
channel for rapid redox reactions [50]. Furthermore, EIS measurements were performed
to gain an insight into the ion/electron diffusion kinetics of NiO/NF, NiCoP/NF and
NiCoP/NiO electrodes within the range of 0.01 Hz~100 kHz (Figure 4f). Equivalent series
resistance (Rs) includes the electrolyte resistance, electrode internal resistance, and contact
resistance at electrode interfaces, and is represented by the intercept with respect to the
x-axis [51]. All the electrodes show low Rs, which mainly attributes to the intense attach-
ment of active materials on the current collector. The NiCoP /NiO electrode displays the
smallest charge transfer resistance (R¢t) of 0.03 €2, suggesting NiO significantly reduces
the Rt of NiCoP, and the resulting hybrid structure has the fast charge transfer process.
The slope of the line at low frequencies related to ion diffusion (Zw) in the NiCoP/NiO
electrode is largest, indicating the accelerated ion diffusion in the electrode via the hierar-
chical porous structures. The above results demonstrate that the designed NiCoP/NiO
electrode exhibits enhanced electrical conductivity and fast ion accessibility, beneficial for
high-efficiency charge transfer kinetics, and thus boosting the redox reaction kinetics. In
addition, cycling stability is an importance index for assessing the properties of electrode
materials. The electrochemical stability of NiCoP/NiO electrodes and its contrast samples
were performed by repeated GCD measurements at 30 mA cm 2. The NiCoP/NF elec-
trode shows unsatisfactory stability with approximately 48% remaining after 10,000 cycles
(Figure 4g). Encouragingly, the NiCoP/NiO electrode delivers a capacitance retention
of 89% with an ultralow capacitance decay rate of 0.0011% per cycle, demonstrating the
importance of in situ grown porous NiO nanowalls, which provide enriched anchoring
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sites for confining the NiCoP and effectively improving the stability of NiCoP. Additionally,
the GCD curves of the NiCoP/NiO electrode in the initial and last 10 cycles are almost
symmetric and the Coulombic efficiency reached nearly 100% (Figure 4h), indicating its
excellent charge-discharge reversibility.
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Figure 4. (a,b) CV and GCD curves of the NiO/NEF, NiCoP/NF and NiCoP/NiO electrodes. (c,d) CV
and GCD curves of the NiCoP/NiO electrode at various scan rates and current densities. (e) Areal
capacitance retention. (f) Nyquist plots with inset showing the amplification in high frequency region.
(g) Cycle performances and (h) GCD curves of the first and last 10 cycles for NiO/NiCoP electrode.

CV curves were analyzed in detail to understand the charge storage mechanism and
kinetic behaviors. Generally, the capacitance contribution is composed of the diffusion-
controlled and capacitive-controlled processes. Kinetic reversibility of electrode materials
can be elucidated by the linear relationship between peak current (i) and scan rate (v) in CV
curves, which is given according to a power-law relationship [52]:

i = av® )

In which 2 and b are undetermined parameters. Generally, there are two well-defined
extremes for the b-value. The electrode kinetics conform to the diffusion-controlled mech-
anism (kov'/2) when b = 0.5, while b = 1.0 indicates the system is mainly controlled by a
capacitive process (k1v) [28].
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For the NiCoP/NiO electrode, both the b-values are 0.67, calculated from the slope
of log(i) versus log(v) for peak 1 and peak 2 (Figure 5a). The estimated b values of the
NiCoP/NF electrode for peak 1 and peak 2 are 0.70 and 0.68, respectively (Figure 5b).
This indicates the charge storage mechanism for two electrodes is governed together with
diffusion- and capacitive-processes. It can be expressed as the following equation [53]:

i(v) = kv + kzv% ori(v)/v"? = kv'/? + ky (10)
where i(v) represents the peak current; v is the sweep rate; constants k1 and k; are achieved
from the slope and intercept. The contribution ratio of the surface-controlled capacitive
for the NiCoP/NiO electrode at 10 mV-s~! is calculated to be 47.0% (Figure 5c), which is
higher than that of the NiCoP/NF electrode (20.3%) (Figure 5d). Moreover, the separation
of the surface- and diffusion-controlled currents at different scan rates for NiCoP /NiO and
NiCoP/NF electrodes are shown in Figures S5 and S6. As the scan rate increases from 2 to
50 mV s~ !, both of the NiCoP/NiO and NiCoP/NF electrodes show the surface-controlled
capacity proportion increases whereas the diffusion-controlled capacitive contribution
decreases (Figure 5e,f), which can be related to the restricted diffusion of electrolyte ions
within the electrode material at high sweep speeds. Specifically, the diffusion-controlled
contribution gradually decreases at higher sweep rates due to the limited diffusion time [48],
so the surface-controlled process dominates total capacitance. This effectively validates the
significant rate performance of the NiCoP/NiO electrode, thanks to numerous electroactive
sites and shortened ion diffusion paths. Compared with the NiCoP /NF, the NiCoP /NiO
electrode has a higher surface-controlled capacitive, which may result from the advantages
of its heterostructure with abundant electrochemical active sites and high porosity, as well
as shortened ion diffusion pathways.
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Figure 5. Plots of log(iy) vs. log(v) for NiCoP/NiO and NiCoP/NF electrodes (a,b). Capacitive
contribution of NiCoP/NiO and NiCoP/NF electrodes at 10 mV s~! (c,d). Capacitive capacity
contribution ratios of NiCoP/NiO and NiCoP/NF electrodes at different scan rates (e,f).

Considering the excellent electrochemical performances of the NiCoP/NiO electrode,
the asymmetric supercapacitor NiCoP/NiO/ /PAC was assembled to investigate its practi-
cability (Figure 6a). The device consists of the NiCoP/NiO positive electrode operated at
—0.2~0.5 V and PAC negative electrode occupied from —1.0 to 0 V (Figure 6b). The detailed
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electrochemical behavior of the PAC electrode is shown in Figure S7, which demonstrates
excellent electric double-layer capacitance characteristics. It can be seen from Figure 6¢ that
the working voltage of the hybrid supercapacitor reaches 1.6 V, and the shape of the CV
curve does not change significantly at high scanning rates, demonstrating its typical pseudo-
capacitive properties [54]. The GCD plots display nearly symmetrical features (Figure 6d),
implying their good electrochemical reversibility and high Coulombic efficiencies at var-
ious current densities. It is worth mentioning that low IR drops of the constructed ASC
device were observed, demonstrating low internal resistance as well as outstanding rate
performance. The ASC delivers the enhanced areal specific capacitance of 489, 465, 433, 381,
349 and 328 mF cm~2 at 2~40 mA cm~2. It retains the capacitance retention of 88.5% at
10 mA cm 2 and 67.1% at a current density of up to 40 mA cm~2 (Figure 6e), suggesting
its outstanding rate capability. Areal energy density (E;) and areal power density (P,) are
significant criteria to estimate the energy storage capacity and discharge speed of superca-
pacitors in practical application. Ragone plots of the NiCoP/NiO//PAC and some other
hybrid devices previously reported in the literature are shown in Figure 6f. Note that the
maximum energy density achieved by the NiCoP/NiO/ /PAC ASC was 173.7 uWh cm ™2
at 1.6 mW cm—2. Moreover, the NiCoP/NiO//PAC delivers the high power density of
32 mW cm 2 while it still can provide high energy density of 116.4 phWh cm 2, indicat-
ing the NiCoP/NiO//PAC ASC has a promising power capability, which is competitive
with reported works (Table S1), such as NF/NiO/NiCo0,S4//AC/NF (25.4 yWh cm~2 at
0.782 mW cm—2) [14], NiC0,S,@NiCoP /NF/ /AC (0.135 mWh cm ™2 at 0.755 mW cm—2) [9],
NiC0,S4@CNT/ /TizCo Tx@CCT (0.18 mWh ecm 2 at 2 mW ecm2) [55], NiCo,O4 NG@CF/ /
porous carbon@CF (9.46 uWh cm™2 at 6084 puW cm~2) [56], CopgNigaSer//AC
(0.071 mWh cm =2 at 0.75 mW cm™2) [57], and Ni,Co,S@NF//AC (1.25 uWh cm™2 at
6 mW cm~2) [58]. In addition, Figure 6g shows the durability of the supercapacitor de-
vice is conducted at 40 mA cm~2. Remarkably, it retains about 74% initial capacitance with
a Coulombic efficiency of almost 100% over 5000 cycles, exhibiting a considerable cycling
lifespan and further verifying its satisfied actual application. This is mainly due to the strong
interaction at the interfaces of NiO/nickel foam and NiColP?/NiO, which can avoid the active
material shedding from the substrate surface during the continuous charging and discharging
process and ensures the structural stability [59]. EIS measurement of the NiCoP /NiO/ /PAC
ASC was conducted to observe the change of resistance before and after cycling. Both the R
and Rt increase slightly in Nyquist plots after 5000 cycles (Figure 6h), which is in accordance
with its stability with slight decay. Meanwhile, the ion diffusion resistance (Ry) still remains
low and shows almost no change, indicating its high ionic accessibility in the progress of
consecutive charging and discharging.

To investigate the practicability of the device, the device was used to power differ-
ent electronic devices. Surprisingly, when connecting the two ASC devices in series, the
working voltage output rose up to 3.2 V (Figure 7a,b), which was applied to power a red
light-emitting diode (LED) with a driven voltage of 2.2~2.4 V (Figure 7e), demonstrating
the practical feasibility of the device. Furthermore, a digital timer could also be illumi-
nated by linking two devices in series as a power source for over 25 min (Figure 7e). For
comparison, we also assembled an NiCoP/NF//PAC ASC device. When the two devices
are connected in series, the devices can reach the same operating voltage, but there is
a more obvious polarization phenomenon and a smaller discharge capacitance than the
NiCoP/NiO/ /PAC devices (Figure 7c,d). Two devices in series can light the above LED for
about 10 min (Figure 7f). However, it did not light up the calculator. The results show that
the NiCoP/NiO/ /PAC device exhibits a general energy storage effect. These provide actual
viable demonstrations that the as-fabricated hybrid ASC devices are highly promising for
use in the field of energy applications in the future.
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Figure 6. (a) Schematic diagram of supercapacitor; (b) CV curves of NiCoP/NiO and PAC electrodes
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curves; (e) areal capacitance at various current densities; (f) Ragone plot; (g) cycling stability; and
(h) Nyquist plot.
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CV and GCD curves of the single NiCoP/NF/ /PAC device and two ones connected in series (c,d).
Photos of two devices of NiCoP/NF//PAC connected in series light up LED (f).

4. Conclusions

In this work, we proposed a facile approach to synthesize the NiCoP /NiO nanocom-
posites over nickel foam by in situ oxidation—heat treatment followed by electrodeposition.
The special hierarchical porous structure provides the NiCoP/NiO with strong electro-
chemically synergistic interactions, benefiting for improving electronic transport, shorting
ions transport pathways, and increased electrode/electrolyte interfaces. The optimized
NiCoP/NiO electrode possesses a remarkable electrochemical performance with high areal
specific capacitance, high-rate performance and long-term cycling life. In addition, the
as-assembled ASC delivers high energy density of 173.7 uWh cm~2 at 1.6 mW cm 2 and
satisfactory cycling stability of about 74% retention after 5000 cycles. Furthermore, two
series devices can drive both an LED and digital timer to work for over 25 min, indicting
its great prospect as a type of advanced electrode material for supercapacitors.
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NiO/NiCoP and NiCoP; Figure 54: Electrochemical performance measured in a three-electrode sys-
tem in 2.0 M KOH electrolyte: CV curves and GCD curves of the (a,b) NiO/NF and (c,d) NiCoP/NF
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controlled currents at different scan rates for the NiCoP/NF electrode; Figure S7: (a) CV curves,
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