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The urgent need for high-performance energy storage devices has been driving the quest for superior battery-type
electrode materials for hybrid supercapacitors (HSCs), however the relevant synthesis methods are usually
tedious and poorly affordable. In this paper, a two-step route was elaborated to prepare Ni,Co hydroxide/N-
doped porous carbon (NiyCo;_,(OH)2/NPC) nanocomposites for hybrid supercapacitors. NPC with unique
three-dimensional interconnected porous structure was obtained by HIPE high internal phase emulsion (HIPE)
polymerization with subsequent pyrolysis. The NPC can act not only as a conductive network providing abundant
accessible area and convenient charge transfer routes, but also as an anchoring platform for Ni,Co;_(OH),
growth via chemical bath deposition (CBD) without agglomeration. By tuning Ni2*/Co?" ratio, the optimized
Ni,Co;_x(OH)2/NPC nanocomposite exhibited excellent electrochemical performance with a capacity of
1392 F g lat1 A g~! in 6 M KOH solution. Furthermore, coupling with an activated NPC anode, the assembled
hybrid supercapacitor possessed an appreciable energy density of 118.9 Wh kg™! at 400.0 W kg™! and a
capacitance retention ratio of 80.7 % after 5000 charge-discharge cycles, showing considerable application
prospects. This work provides new inspirations for the reasonable design and optimization of new electrode
materials for first-rate hybrid supercapacitors.

1. Introduction

Rapid industrialization, climate change and the depletion of non-
renewable fossil fuel resources (e.g., coal, oil, and natural gas) de-
mand researchers and industry to embrace sustainable and renewable
energy sources, such as solar energy, wind energy, tidal energy, etc [1,
2]. However, the commercialization of renewable energy sources is still
a significant challenge, as their intermittent peculiarity limits them to
generate electricity power steadily. As a result, efficient energy storage
systems acting as buffer guarantee are essential for the secure and
continuous power supply [3,4]. Among various energy storage tech-
nologies, supercapacitors are considered to be one of the most promising
candidates for energy storage since they have significant advantages in
terms of high power density, fast charging rate, long cycle life, low cost,
and environmental friendliness, which enable them to be used as an

* Corresponding author.

important supplement to batteries in the applications requiring rapid
energy transfer and high power density, thus attracting considerable
attentions from researchers and industry [4-6].

Although supercapacitors have been widely used for auxiliary appli-
cations such as peak power compensation and starter power, the bottle-
neck of limited energy density resulted from narrow voltage window and/
or low specific capacitance, prevents their wider application as primary
power sources [7-9]. Aqueous electrolytes are favored because of their
low cost, high safety, and low internal resistance. However, the maximum
operating voltage for aqueous electrolyte based symmetric super-
capacitors is usually around 1.0 V [4,6], determined by the stable po-
tential cap of water (1.23 V) [6,10]. There are two ways to improve the
energy density: 1) to increase the specific capacitance of the whole
supercapacitor, which depends on further development of novel electrode
materials; 2) to increase the voltage range for supercapacitor operation.
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An effective strategy to obtain high energy density of supercapacitors
is to assemble a hybrid supercapacitor (HSC) consisting of a battery-type
electrode and a capacitor-type electrode [10-12]. HSC can take full
advantage of the different voltage windows of the two types of elec-
trodes by the compensating effect of reverse overpotential since the
battery-type and capacitor-type electrodes possess the positive and
negative voltage windows, respectively [10]. In addition to the proper
matching of the positive and negative electrodes, the electrochemical
properties of HSC are closely related to the performance of the
battery-type electrodes, which is determined by their chemical compo-
sition and porous structure [12,13].

Transition metal-based materials (TMMs) are particularly attractive
because of their abundant redox reactions, high specific capacitance,
low cost, diverse chemical compositions, easy preparation, etc [4,14,
15]. However, there are several defects such as low conductivity, low
material utilization degree, poor cycling stability and rate performances
[16-18]. One solution to the problems is to develop composite materials
consisting of two or more types of TMMs which not only facilitate the
increase of the overall specific capacitance, but also improve the
strength [19-25]. For example, Mohapatra et al. [26] explored the
synergistic effect of the metal oxides in MoO3@Co304 nanocomposites
and found that the introduction of MoOs increased the specific capaci-
tance from 1027 F g~ to 1248 F g1, Xiao et al. [7] designed a layered
hybrid electrode by integrating nano-needle structured NiCo»04 and Ni,
Mn layered double hydroxide (NiMn-LDH) composites on highly
conductive carbon cloth. The electrode retains the high specific capac-
itance of NiMn-LDH and combines the high rate performance of
NiCo,04, with a specific capacitance of 932.6 Fg ' at 1 mA cm ?and a
rate performance of 59.8 % at 50 mA cm 2.

To overcome the problems of volume expansion, low conductivity,
and liable aggregation of nanoscale TMMs, constructing carbon-
supported/enfolded nanoscale TMMs is another reliable solution [2,
27,28]. Commonly used carbon substrates are graphene [29,30], carbon
nanotubes [31,32], and carbon dots [11,27], which are difficult to
prepare and costly, severely limiting the large-scale application of such
materials [33,34]. Porous carbons, especially N-doped porous carbons
(NPCs) possess abundant porous structures which can increase the
capacitance value and contribute to the charge diffusion during the
charging/discharging process, thus improving electrode energy density
and cycling stability. Among various preparation methods, high internal
phase emulsion (HIPE) template is an effective method to prepare
porous polymers (polyHIPEs) with unique and controllable porous
structure, as well as high porosity [35]. Three-dimensional (3D) inter-
connected porous carbon materials can be obtained from polyHIPEs via
high temperature pyrolysis. The obtained freestanding, conductive
porous carbon frameworks with highly controllable porous structure are
promising backbone of energy storage devices to effectively anchor
transition metal hydroxides to avoid agglomeration or restacking [36,
371.

It has been the case that a-Ni(OH), has been attracting wide research
attentions as a battery-type electrode with an ultra-high theoretical
capacitance of 2365 F ¢!, which is more considerable than NiO and
NiS, [30,38]. The introduction of cobalt in Ni(OH), can effectively
reduce the band gap and induce electron conduction and excitation,
while preventing irreversible phase changes during cycling and
enhancing the structural stability of electrode materials. Chemical bath
deposition (CBD) is a simple, efficient, green and economical synthesis
method with merits of milder reaction conditions, less energy and time
consumption than hydrothermal methods [39,40]. Also the chemical
composition of the product is highly adjustable [1].

Herein, we report a route to prepare Ni,Co hydroxide/N-doped
porous carbon (Ni,Co;_,(OH)2/NPC) composites as superior battery-
type electrode materials for hybrid supercapacitors via HIPE template
method with subsequent CBD. NPC with 3D interconnected porous
structures was derived from polyHIPE. Then Ni,Co;_,(OH), with
different compositions were loaded onto the NPC substrate by CBD. By
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tuning the Ni?*/Co?* ratio, the optimized Ni,Co;_,(OH),/NPC sample
reaches to a high capacitance of 1392 F g~! at 1 A g™!. Furthermore,
with activated NPC (ANPC) as anode, the assembled Ni,Co;_,(OH)s/
NPC//ANPC HSC possesses an appreciable energy density of 118.9 Wh
kg~ ! at 400.0 W kg~ !, showing considerable application promise.

2. Experimental section
2.1. Chemicals and materials

Tween 20, resorcinol, melamine, formaldehyde aqueous solution
(37 wt%), ethanol, polytetrafluoroethylene (PTFE), potassium hydrox-
ide (KOH), urea, and sodium carbonate (NaoCO3) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Nickel acetate tet-
rahydrate ((CH3COO),Ni-4H20) and cobalt acetate ((CH3COO);Co)
were purchased from Shanghai Macklin Biochemical Co., Ltd. Hydro-
chloric acid (HCl) and xylene were obtained from Sinopharm Chemical
Reagent Co., Ltd. Acetylene black was supplied by KJ Group, MTI Cor-
poration. Deionized water was used in the work thoroughly. Unless
otherwise stated, all chemicals are analytically pure and used without
further purification.

2.2. Synthesis of NPCs

As we reported previously, NPC was synthesized based on HIPE
templating method [41]. Specifically, 0.01 mol of resorcinol, 0.015 mol
of melamine and 0.005 g of NayCOj3 (to adjust the solution pH to 9.0)
were dispersed in excess formaldehyde (5 mL, 0.067 mol) with 0.2 mL
deionized water. The above suspension was heated in a water bath at
60 °C for 5 min until clarified, which was then cooled with ice water to
obtain a prepolymer solution.

Emulsifier Tween 20 (1.0 g) was added to the prepolymer solution,
then 30 mL of xylene was added dropwise to the aqueous phase as the
internal phase under mechanical stirring at 550 rpm for about 30 min,
stirring for another 90 min. 0.5 mL of HCI solution (1 mol L) was
added dropwise to the formed emulsion and stirred 3 min. After sealing,
the HIPE was polymerized at 70 °C for 24 h to provide crude polyHIPE
which was soxhlet extracted with ethanol for 24 h to remove xylene.
After drying, the prepared polyHIPE was pyrolyzed under nitrogen
protection at 700 °C for 2 h with a heating rate of 2 °C min~"! to obtain
NPCs.

2.3. Synthesis of Ni,Co;.x(OH)2/NPCs

The NPCs prepared as above were immersed in mixed acid (1:1 vol
ratio of sulfuric acid and nitric acid) for 24 h, and washed until the pH of
the leachate was 7. Then 0.07 g of dry NPCs were added to 30 mL of
deionized water dissolved with nickel acetate, cobalt acetate, and urea
(32 mmol). After vacuum immersed for 24 h, the reaction was carried
out in a water bath of 90 °C for 2 h (where the total amount of nickel
acetate and cobalt acetate was 8 mmol with the Ni>*/Co?* ratios of 1:9,
3:7, 5:5, 7:3 and 9:1, respectively). Ni,Co;.,(OH)2/NPCs were obtained
by washing and drying, noted as Ni,Coj_,(OH)2/NPC—n, where n = 1,
2, 3,4 and 5, respectively according to the above order. For comparison,
Ni(OH),/NPC and Co(OH),/NPC were also prepared.

2.4. Synthesis of activated N-doped porous carbon (ANPC)

NPC and KOH (w/w ratio = 1:2) were mixed in ethanol, dried at
100 °C, and then heated to 700 °C for 2 h at a heating rate of 2 °C min~!
under N, protection. After washing with 1 mol L™! HCI solution and
deionized water, respectively, activated nitrogen-doped porous carbons,
denoted as ANPCs, were obtained as the anode of HSC.
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Fig. 2. FESEM images of polyHIPE at different magnifications.

2.5. Instruments and characterization

Field emission scanning electron microscope (FESEM, Hitachi, S-
4800, Japan) was used for observing the porous morphology of poly-
HIPEs, NPCs, and Ni,Co1.,(OH)2/NPCs. Transmission electron micro-
scope (TEM, FEI, Talos F200X, Czech) was used to observe the
microregions of Ni,Coj(OH)2/NPC-5. X-ray diffraction (XRD) was
carried out on a PANalytical XPert® Powder instrument. X-ray photo-
electron spectroscopy (XPS) analysis was performed on Thermo Scien-
tific K-Alpha XPS spectrometer. Ny adsorption/desorption
measurements at 77 K were conducted in Quanta chrome ASIQ analyzer.

2.6. Electrochemical measurements

Electrochemical tests were conducted on electrochemical analyzer
(CHI660E, Shanghai Chenhua Instruments Co.). For the preparation of
working electrodes, the ground Ni,Co;_,(OH)2/NPC or ANPC powder,
acetylene black, and PTFE (8:1:1, w/w/w) were mixed evenly in ethanol
via ultrasonic treatment. After drying at 70 °C for 3 h, the obtained
slurry was coated on a nickel foam (1.0 x 3.0 cm) and pressed at 10 MPa,
then vacuum dried overnight to obtain working electrode.

For a three-electrode system, the Hg/HgO electrode and platinum
foil (10 x 10 x 0.1 mm) were used as a reference electrode and a counter
electrode, respectively. Cycle voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy (EIS,
10 mHz to 100 kHz) were carried out in electrolyte of 6 M of KOH so-
lution. Specific capacitances (Ce, F g 1) were calculated according to the
following equation (1) based on the discharge sections of GCD curves, or
the following equation (2) based on the CV curves [10,18,42]:

1At
e = 1
m.AV M
1 Ve o
= 1(V)d
G ZmQAVv/L (V)dv @

where I (A) is the current, At (s) is discharge time, m, (g) is the mass of
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active material (namely ANPC or Ni,Co; _,(OH)2/NPC), AV (in V) is the
potential change during discharging (AV =V, — V_), and v (Vs 1) is
the scan rate.

2.7. Fabrication of HSCs

To fabricate an HSC device, the NiyCo;_(OH)2/NPC—5 electrode
and ANPC electrode were employed as the cathode and anode, respec-
tively. As we mentioned before, the electrodes were assembled into the
CR2032 coin-type cell with a piece of non-woven diaphragm (MPF30AC,
NKK, Japan) as electrolyte separator (soaked by 6 M KOH in advance)
[43]. The mass ratio of NiyCo;_,(OH)5/NPC—5 to ANPC was balanced
based on the following equation (3) [8]:

my C_AV_

m_  C.AV, ®

Moreover, energy density (E, in Wh kg ™) and power density (P, in W
kg*l) of Ni,Co; _»(OH)2/NPC—5//ANPC HSC were calculated according
to equations (4) and (5), respectively, based on the discharge sections of
GCD curves [6,11]:

E=1/2x1/3.6CV? C)

E

P =3600— 5

3600 ()

Among them, C and V are the specific capacitance and voltage
window of HSC, respectively.

3. Results and discussion
3.1. Synthesis and characterization

Herein, Ni,Co;_,(OH)2/NPC nanocomposites were prepared via a
facile two-step route as illustrated in Fig. 1. Firstly, the glitteringly
prepared porous polymer through oil in water high internal phase
emulsion (HIPE) template was carbonized at high temperature to pro-
vide NPC with unique three-dimensional interconnected porous
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Fig. 3. FESEM images of NPC and Ni,Co;_,(OH)>/NPCs prepared under different Ni%*/Co?" ratios: (a, b) NPC; (c, d) Ni(OH),/NPC; (e, f) Co(OH),/NPC; (g, h)
Ni,Co;_x(OH)2/NPC—1; (i, j) Ni,Coq_x(OH)2/NPC—2; (k, 1) Ni,Co; _,(OH)3/NPC—3; (m, n) Ni,Co;_,(OH)2/NPC—4; (0, p) Ni,Co;_,(OH),/NPC—5.

structure. Ni,Co bimetallic hydroxide (Ni,Co;_»(OH)3) was grown on
the NPC framework by chemical bath deposition. After washing and
drying, Ni,Co;_,(OH)2/NPC nanocomposites were obtained.

As shown in Fig. 2, the as-prepared polyHIPE has a typical inter-
connected porous morphology which is beneficial to obtain high avail-
able surface area and facilitate ion diffusion. The organic phase xylene
which acts as a template for the target porous polymer, leave pores after
being removed. The volume shrinkage that occurs during polymeriza-
tion creates interconnected windows on the pore walls [13,44].

After pyrolysis, the obtained NPC still maintains the porous structure
of polyHIPE (Fig. 3a and b). At the same time, the pyrolysis process
causes volume shrinkage of the material, which expands the original
rough edge window and increases the connectivity. The abundant
macroporous structure facilitates the rapid entry of the following
chemical bath deposition solution into the interior structure of carbon. It
is worth noting that the doping of N can reduce the energy gap of carbon
lattice, providing a more convenient path for charge transfer and
diffusion of electrolyte ions to provide a faster electrochemical dynamic
response [45,46].

FESEM images in Fig. 3 revealed the morphologies of the Ni,.
Co;_»(OH)2/NPC composites prepared via chemical bath deposition. It
is notable that Ni,Co;_,(OH), nanoparticles or nanoflakes were suc-
cessfully anchored on the NPC pore walls. Urea can be hydrolyzed into
NH;3 and CO;, to form alkaline solution as equations (6) and (7):

CO(NHz)z + H20—>C02 + 2NH3'H20 (6)

NH;-H,0=NH} + OH" )

The unique 3D interconnected porous structure and excellent surface
area not only facilitates electrolyte diffusion through convenient charge
movement routes, but also provides an excellent platform for loading
active materials. Benefiting from the enhanced wettability by the N-
containing functional groups of NPC, Ni and Co ions tend to aggregate
on the surface of NPC pores and combined with the OH™ released during
the hydrolysis of urea to form Ni,Co;_,(OH),. For the Ni(OH)3/NPC
nanocomposite, Ni(OH), grows on the pore walls with a flower-like
structure composed of nanosheets (Fig. 3c and d), while Co(OH); in
the Co(OH)2/NPC composite was spherical (Fig. 3e and f). With



Y. Zhao et al.

Progress in Natural Science: Materials International 36 (2026) 52-64

Fig. 4. (a—d) TEM images, (e) SAED pattern and (f) elemental mapping images of Ni,Co;_,(OH)2/NPC: (g) C, (h) N, (i) O, (j) Co, and (k) Ni.
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Fig. 5. XRD patterns of Ni,Co; _,(OH)2/NPCs prepared under different ratios of
Ni**/Co**.
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increasing Ni%t/Co?** ratio, the Ni,Co;_,(OH)s of the composite grad-
ually become smaller and smaller particles, at last changed to flower
shape.

Further, the detailed microscopic morphology and structure of the
Ni,Coj_»(OH)2/NPC—5 sample were observed by TEM (Fig. 4). Clear
lattice edges are shown in the high-resolution TEM image of Fig. 4d. The
lattice spacing of 0.216 nm can be indexed to the (0 1 2) plane of Co
(OH), (PDF#96—900—9450), while the lattice spacings of 0.260 nm and
0.154 nm can be indexed to (0 1 2) and (1 1 0) planes of Ni(OH),
(PDF#00—038—0715). In addition to the clear crystallites, irregular
streaks are also present, which can be attributed to the streaks of
amorphous carbon. The SAED diagram shows three diffusion rings,
which correspond to the (1 1 0) plane of Ni(OH)s,, the (0 1 2) plane of Co
(OH)3, and the (0 1 2) plane of Ni(OH), from inside to outside. (Fig. 4e).

In the element mapping images shown in Fig. 4g-k, the position of N
element basically coincides with that of C element, which proves that N
is homogeneously doped in the porous carbon. The distributions of O,
Co, and Ni are basically the same, suggesting that the three exist in the
form of compounds. Furthermore, they are in good agreement with the
shapes of C and N elements, which means that Ni,Co;_,(OH)3 nano-
structures distribute evenly on the whole carbon.

In order to further reveal the composition and crystal structure of the
samples, their XRD patterns were collected in Fig. 5. For Ni(OH),/NPC,
the clear diffraction peaks can be well matched to the a—Ni(OH), crystal
phase (PDF#00—038—0715) [8,18]. The four main diffraction peaks of
Ni(OH)2/NPC at 11.4°, 22.7°, 34.4° and 60.0°, corresponding to (0 0 3),
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Fig. 6. XPS survey spectra of Ni,Co;_,(OH)2/NPC—5: (a) full spectrum; (b) C 1s; (c) N 1s; (d) O 1s; (e) Co 2p; (f) Ni 2p.

a - b 0.08
2504 Ni(OH),/NPC —=— Ni(OH),/NPC
—o— Co(OH),/NPC —e— Co(OH),/NPC
£ 2004 *— Ni,Co,_,(OH),/NPC-2 ~0.06 —4— Ni,Co,_,(OH),/NPC-2
g —— Ni,Co,_,(OH),/NPC-5 o —¥— Ni,Co,_,(OH),/NPC-5
"o 150 - E
k: & 0.04
‘E' 100 g
< 100
: :
2 S
S 504 3 0.02
04
. . . . . . 0.00
0.0 02 04 0.6 08 1.0
Relative Pressure (p/po) Pore Diameter (nm)

Fig. 7. (a) N, adsorption/desorption isotherms and (b) pore size distributions of Ni,Co; _,(OH),/NPCs.

57



Y. Zhao et al.

Table 1
Surface areas and pore properties of Ni,Co; _,(OH)5/NPCs.

Sample Sper (m*g™h) Viotal (em® g71) Daverage (Nm)
Ni(OH),/NPC 88 0.187 1.678
Co(OH),/NPC 129 0.207 1.915
Ni,Co; _,(OH),/NPC—2 190 0.267 1.915
Ni,Co;_,(OH),/NPC—-5 209 0.273 1.416

(006), (01 2)and (1 1 0) planes, respectively. Since the synthesized Co
(OH), does not have a significantly sharp geometry but a spherical
structure, the diffraction peaks of Co(OH)2/NPC are not very clear, but
the diffraction peaks at 20.2° and 36.3° can still be observed, corre-
sponding to the (0 0 2) and (0 1 0) planes (PDF#96—900—9450),
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indicating the low crystallinity. For other samples, the diffraction peak
intensities increased with increasing Ni content, which is corresponded
to the topographic changes by SEM.

The chemical composition of Ni,Co;_x(OH)2/NPC—5 was investi-
gated by XPS analysis (Fig. 6). Fig. 6a indicated that Ni,Coj_,(OH)y/
NPC-5 is composed of C, N, O, Co and Ni elements. In the high-
resolution C 1s spectrum (Fig. 6b), the peaks at 284.8, 285.5 and
288.6 eV are assigned to C—C, C—N and C—O bonds, respectively. Four
characteristic peaks of the N 1s spectrum were fitted at 398.3, 399.7,
400.7 and 403.6 eV, corresponding to pyrimidine—N, pyrrole—N,
graphitic—-N, and oxide—N, respectively (Fig. 6¢) [47]. Pyrimidine-N
contributes to higher electronic conductivity and faster charge transfer.
Pyrrole-N can participate in reversible Faraday reactions and provide
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Table 2
Rate performance of Ni,Co; _,(OH),/NPC electrodes.
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Sample Capacitance (F/g) Rate performance (%)
GCD (1 A/g) CV (10 mV/s) from GCD (1-10 A/g) From CV (5-20 mV/s)
Ni(OH),/NPC 1166 994.7 58.05 56.27
Co(OH),/NPC 164.2 212.8 62.97 74.38
Ni,Co; »(OH)o/NPC—1 296.9 376.3 71.27 84.78
Ni,Co; x(OH)o/NPC—2 478.5 562.5 71.60 84.25
Ni,Co;_(OH),/NPC—3 552.0 646.3 73.99 84.24
Ni,Co; ,(OH),/NPC—4 844.2 906.1 80.60 79.08
Ni,Co; »(OH)s/NPC—5 1392 1379 80.03 76.35
Table 3 3.2. Electrochemical performance of NiCo;_x(OH)2/NPC electrodes
The EIS fitting results of Ni,Co; _,(OH)2/NPCs.

Sample Ro (@) R () The electrochemical capacitive properties of NiCoj_(OH)2/NPC

- electrodes were evaluated in a three-electrode system. The CV and GCD
Ni(OH),/NPC 0.789 1.970 . R
Co(OH),/NPC 1110 0.593 curves of Ni,Coj_,(OH)2/NPC electrodes are shown in Fig. 8a and b,
Ni,Co;_(OH)2/NPC—1 0.770 1.411 respectively. A pair of asymmetric redox peaks indicates mainly a
Ni,Co;_»(OH)2/NPC—2 0.835 2.389 diffusion controlled charge storage mechanism for Ni(OH)»/NPC elec-
Ni,Co;_4(OH),/NPC-3 0.954 2.631 trode, which is also evidenced by the obvious charging and discharging
NixCo; +(OH);/NPC—4 0.787 0.892 lateaus on its GCD curve. In contrast, the symmetric redox peaks
Ni,Co; ,(OH),/NPC—5 0.826 0.828 p . > Yy p

additional pseudocapacitance. The presence of graphite-N also con-
tributes to conductivity [41].

The high content of N doping is also beneficial to increase the hy-
drophilicity and the growth probability of Ni,Co;_,(OH),. The peaks at
529.6, 531.4 and 533.1 eV in the O 1s spectrum are assigned to met-
al-0, OH™ and C—O bonds (Fig. 6d). For the high-resolution Co 2p
spectrum (Fig. 6e), the characteristic peaks of Co 2ps,2 and Co 2p; /2 can
be bimodal fitted: the spin-orbit doublets at 780.8 and 796.2 eV can be
attributed to the Co®" of Co(OH),, the two peaks at 784.4 and 803.7 eV
can be attributed to satellite peaks [48]. The high-resolution Ni 2p XPS
spectrum (Fig. 6f) shows characteristic peaks of Ni 2p3/3 and Ni 2pj 2,
attributed to Ni®t of Ni(OH), (856.0 and 873.7 eV) and satellite peaks
(861.6 and 879.8 eV) according to doublet fitting [48].

XPS spectra showed that Ni and Co existed mainly in their divalent
ion forms, respectively, while the strong OH™ peaks in O 1s spectra also
proved the existence of Co(OH); and Ni(OH),, which was consistent
with XRD and EDS results.

The pore structures of the samples were studied by Ny adsorption/
desorption isotherms measured by the DFT method, as shown in Fig. 7.
According to the IUPAC classification method, Ni,Co;_,(OH)2/NPC
shows a typical IV(a) type isotherm [49]. The rapid growth of the
isotherm at lower relative pressures proves the presence of a certain
amount of micropores (Fig. 7a); while the H3-type hysteresis loop on the
curve indicates the presence of well-developed mesopores inside the
material [8]. In addition, the upward curve at the end of the isothermal
curve verifies the presence of a macroporous structure. The pore size
distribution diagram (Fig. 7b) shows that Ni,Co;_,(OH)2/NPC has a
large number of mesopores, as well as a certain amount of micropores,
which is consistent with the N3 adsorption and desorption curves. The
hierarchical porous structure with interconnected macropores, meso-
pores and micropores provides a high specific surface area with a large
number of electrochemically active sites, which can effectively increase
the electrochemical performance of the electrode material.

The pore structure parameters of Ni,Coj_,(OH)2/NPC are summa-
rized in Table 1. Co(OH),/NPC has a higher specific surface area
compared to Ni(OH)2/NPC. There is a significant increase in the specific
surface area for Ni,Co; _(OH)2/NPC, due to the intercalation structure
between Co(OH); and Ni(OH)2, which will prevent them from forming
crystalline structures, while maintaining abundant micropores and high
specific surface area.
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appearing on the CV curve of Co(OH),/NPC electrode imply a pseudo-
capacitive process with only a slight bending in its GCD curve.

The redox reaction at the Ni,Co; _,(OH)2/NPC electrode may consist
of the following equations [8]:

Ni(OH), + OH =NiOOH + H,0 + ¢~ ®)
Co(OH), + OH =CoOOH + H,0 + e~ ©
CoOOH + OH™=C00, + H,0 + ¢~ (10)

The specific capacitances calculated using equations (1) and (2) ac-
cording to the CV curves and GCD curves are plotted in Fig. 8c and d,
respectively. Their specific capacitances and rate performances are
calculated respectively and summarized in Table 2. It can be seen that
although the specific capacitance of Ni(OH)5/NPC electrode is high, its
rate performance of only 58.05 % makes it difficult to meet the re-
quirements of HSC at higher loads. The Co(OH)2/NPC electrode, as a
pseudo-capacitance electrode, has the advantage of better rate perfor-
mance, but its lower specific capacitance results in lower energy density
of HSC. As the Ni%*/Co%'ratio increases, the cobalt content of Niy.
Co;_»(OH)2/NPC gradually decreases while nickel content gradually
increases. These Ni,Co;_x(OH)2/NPC electrodes exhibits pseudocapa-
citance/Faraday combined mechanism for energy storage and tend to
change to a battery-type electrode with the increase of Ni2t/Co?*ratio,
e.g. NiyCo1_(OH)2/NPC—4 and Ni,Co;_,(OH),/NPC—5.

The specific capacitance of the Ni,Co;_x(OH)2/NPC electrode grad-
ually enhanced with increasing nickel content, reaching to a maximum
of 1392 F g~! at a Ni®"/Co?" molar ratio of 9:1 (Ni,Co;_,(OH)2/
NPC-5), while still maintaining 80 % of the initial capacitance with
current density increasing from 1 to 10 A g~'. The introduced Co®"
partially replaces the Ni2* positions in Ni(OH),, creating structural de-
fects and exposing lots of reactive sites, meanwhile Co?" also act syn-
ergistically as active sites [11]. The increase in cobalt content lowers the
charge/discharge plateau of the electrode, which helps the battery-type
electrode to store/release electrical energy faster and more fully at high
current densities/scan rates, which is beneficial for the electrode rate
performance.

The Nyquist plots of the electrodes are shown in Fig. 8e and f, to
investigate the conductive properties of the electrodes. As shown in the
inset of Fig. 8e, the equivalent circuit model consists of internal resis-
tance (Rg), capacitance (Cyq), charge transfer resistance (R.t), and War-
burg resistance (Zw). The Ry and R of all Ni,Co; »(OH)3/NPC
electrodes are listed in Table 3. Ni,Co;_,(OH)s/NPC—1, Ni,.
Co1_x(OH)2/NPC—2 and Ni,Co;_,(OH)2/NPC—3 electrodes exhibit the
characteristics of capacitive electrodes, where the charge transfer
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current) versus log (scan rate); (e) the capacitive and diffusion contribution at 1 mV s’l; (f) the capacitive and diffusion contribution ratios.

dominates significantly in the high frequency region with a distinct
semicircular region at relatively low Ni%*/Co?* ratio. As the Ni®*/Co?"
ratio increases, the R increases significantly, which leads to a decrease
in the rate performance of the electrode. The Nyquist plots exhibit
battery-type characteristics with small semicircular curves in the high-
frequency region, suggesting low charge transfer resistance, but signif-
icant transfer control in the low-frequency region. For Ni,Co;j_,(OH)y/
NPC-5 electrode, the slope in the low-frequency region is steeper,
indicating lower transfer resistance.

The Ni,Co; _x(OH)2/NPC-5 electrode exhibited the highest specific
capacitance while maintaining good rate performance, so was selected
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for further investigations (Fig. 9a and b). With increasing scan rates from
1to 10 mV s~ ! and current densities from 1 to 10 A g !, the shapes of the
CV and GCD curves maintain excellent agreement, respectively, further
confirming the excellent capacitance retention stability. In addition, the
durability of the Ni,Co;_,(OH)2/NPC—5 electrode was verified by
continuous GCD recycling experiments at 10 A g~ ! (Fig. 9¢). The per-
formance of the Ni,Co; _,(OH),/NPC-5 electrode gradually decayed as
the recycling proceeded, eventually maintained a capacitance of 81.9 %
and a Coulombic efficiency of 98.5 %. This can be attributed to the
anchoring effect of the pores of NPC, which hinders the agglomeration of
Ni,Co;_(OH)2, and thus improves its stability and cycling performance.
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Fig. 10. Electrochemical measurements of the ANPC electrode: (a) CV curves; (b) GCD curves.

The Co doping also reduces the charge transfer resistance and improves
the cycling stability [38].

To deeply explore the battery/pseudocapacitor energy storage ki-
netics of the electrode material, a semi-quantitative analysis of capaci-
tance effects is performed according to the relationship between current
density (i) and scan rates (v), as in equation (11) [50,51]:

i=a’ 11)

where a and b are variable parameters.

If the value of b is 0.5, the electrode material behaves as a battery
property (controlled by diffusion behavior); if the value of b is 1, the
electrode material exhibits pseudo-capacitance properties (controlled by
capacitive behavior). In this case, the fitted b values are 0.581 and 0.570
for the oxidation and reduction peaks (peak 1 and peak 2, respectively)
(Fig. 9d), which demonstrates that Ni,Co;_,(OH)2/NPC—5 exhibits
battery as well as pseudocapacitance properties. The quantitative
capacitance contribution is calculated by the following equation (12)
[50-52]:

Z(V) :k1V+k2V1/2 (12)
where k; and ky are constant parameters, and i(V) is the current density
at the corresponding voltage (V).

Briefly, k;v points out the capacitive-controlled contribution, and
ko2 points out the diffusion-controlled contribution. Fig. 9e presents
the calculated capacitive-controlled fraction and diffusion-controlled
fraction of the Ni,Co;_,(OH),/NPC—5 electrode at 3 mV s~ 1 after cali-
bration [52]. The capacitive-controlled contribution ratio reaches
35.9 %, and as the scan rate increases to 10 mV s}, the ratio reaches
66.6 % (Fig. 9f).

3.3. Electrochemical performance of Ni,Co;_(OH)/NPC-5//ANPC
HSC

For further evaluating the actual performance of the Ni,Co; _,(OH)2/
NPC-5 electrode in practical applications, an HSC was fabricated with
ANPC as the anode. It should be emphasized that ANPC is obtained by
KOH activation treatment of NPC, which means ANPC has a higher
porosity and higher SSA, which is benefit to improve electron exchange
and electrolyte ion transport. The CV curves (Fig. 10a) of ANPC elec-
trode basically show a rectangular-like shape, implying an energy
storage mechanism of double-layer capacitance. Also, the slight, espe-
cially between —0.8 ~ —0.4 V, implies an accompanying partial pseu-
docapacitance provided by the rapid redox reactions of the N-containing
functional groups at the interface of the electrode material and the
electrolyte [53]. The specific capacitance of ANPC is calculated as
205.5F g~ ' at 0.5 A g~! (Fig. 10b).

It is reasonable to select 0-1.6 V as the operating voltage window for
the HSC based on the aforementioned CV curves of the Ni,Co;_,(OH)y/
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NPC-5 electrode (Fig. 9a) and ANPC (Fig. 10a), as further confirmed by
the CV curves of the HSC in Fig. 11b. And the CV curves of Ni,.
Coj_»(OH)2/NPC—5//ANPC HSC have excellent shape consistency as
the scan rate increases from 10 to 100 mV S~ ! (Fig. 11b), indicating that
the HSC has good capacitance retention stability and can maintain good
charge/discharge performance at high scan rates. From the GCD curves
in Fig. 11c, the specific capacitances of HSC are 334.4, 287.4, 258.5,
238.5,212.1,180.1,and 136.5F g ' at 0.5,1,2,3,5,7,and 10 A g},
respectively (Fig. 11d), and the rate performance at high current density
was 40.8 %.

According to equations (4) and (5), the Ni,Co;_,(OH)y/NPC—5//
ANPC HSC possesses a maximum energy density of 118.9 Wh kg ™! at
400.0 W kg ™! and a maximum power density of 8201 W kg ™! at 48.52 Wh
kg~! (Fig. 11€). What is more, compared with similar composite material
assembled HSC previously reported [54-61], the HSC we assembled still
exhibit relatively appreciable energy density at a definite power density.
Similarly, the durability of Ni,Co;_,(OH)2/NPC—5//ANPC HSC was
studied by GCD cycling at 10 A g ! (Fig. 11f). The performance of the HSC
decayed rapidly in the first 500 cycles, but remained stable for the next
4500 cycles and finally stabilized at 80.7 % of the original performance.
The Coulomb efficiency remained stable, reaching 97.4 % after 5000
cycles.

To further test the practical application potential of the assembled
HSC which was schematically shown in Fig. 12a, two series-connected
Ni,Co; _»(OH),/NPC—-5//ANPC HSCs were used to power an LED
(2 V) and their duration was recorded (Fig. 12b). The two tandem HSCs
maintained a high output power with high LED brightness for the first
90 s. After that, they maintained a low power output, but the total
output voltage was kept above the rated voltage of the LED for ~7 min.

4. Conclusions

In conclusion, Ni,Co;_,(OH),/NPC nanocomposites were prepared
for hybrid supercapacitors via an elaborated two-step synthesis route, i.
e. HIPE templating together with CBD. NPC with interconnected porous
architecture was synthesized by HIPE templating while nanostructured
Ni,Co; _»(OH), were loaded onto the NPC surface via CBD. The unique
3D porous morphology of NPC not only provides large accessible area
and convenient charge movement routes for electrolyte diffusion, but
also acts as an conductive platform for growth and anchors of Ni,.
Co;_»(OH), without agglomeration. The introduction of Co not only
improve the specific surface area and porosity of the nanocomposites,
but also formed more structural defects and active sites. The optimized
Ni,Coj_(OH)2/NPC-5 electrode combines a high specific capacitance
0f 1392 F g~ ! (at 1 A g71) and excellent high rate performance of 80.0 %.
The assembled HSC of Ni,Co;_,(OH)2/NPC—5//ANPC has an impres-
sive energy density of maximum 118.9 Wh kg~ ! at 400.0 W kg1, with a
capacitance retention rate of 80.7 % after 5000 cycles, enabling stable
power output in practical load applications. This work provides new
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inspirations for the reasonable design of novel and superior electrode
materials for first-rate hybrid supercapacitors.
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Fig. 12. (a) The schematic diagram of HSC, (b) Photograph of a red LED lighted by two as-prepared HSCs in series.
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