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In this work, we present a binary composite of La(OH)s@Ni(OH), on carboxyl graphene (La@Ni/CG) as an
electrode material. The layered La@Ni/CG double hydroxides (LDHs) were synthesized by a simple
electrodeposition method in which La(OH)s nanoparticles were first adsorbed onto carboxyl graphene
and then coated with Ni(OH),, with different particle shapes due to the large pH change near the
cathodic region. Scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD) were used to
characterise the as-prepared La@Ni/CG composite. These results showed that the La@Ni/CG composite
exhibited improved electrochemical properties, including large specific capacitance (1334.7 F g™* at

1.4 A g7 and capacity retention of 90.6% even after 3000 cycles, and excellent rate capability. The
Received 12th May 2023 i d electrochemical perf f th ite can be attributed to th istic effect of
Accepted 25th June 2023 improved electrochemical performance of the composite can be attributed to the synergistic effect o
surface adsorption and conductive pathways provided by the multiple active species (Ni, La and C) in the

DOI: 10.1039/d3ra03151a La@Ni/CG composite. The results presented in this work provide advances in the efficient design of
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1. Introduction

In recent years, the development of novel materials for elec-
trochemical energy storage electrodes have attracted tremen-
dous focus. Up to now, graphene and graphene-based materials
are regarded as promising candidates for electrochemical
energy storage electrodes, due to its large surface area, excellent
electrical conductivity and excellent mechanical stability.'”
However, their energy density is still far from meeting the
requirements of practical applications. Recently, layered
Ni(OH), has gained good chemical stability, low cost, and
excellent electrochemical properties.*” Even if Ni(OH), is stable
under harsh working conditions (alkaline environment and
wide range of temperatures), the poor conductivity, reduced
capacitance and low cycling stability of Ni(OH),-based elec-
trodes still limits their commercial applications in electronic
equipment.®
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nanomaterial based electrochemical energy storage devices.

To address these issues, researchers have attempted to dope
the material with suitably selected cations such as Ag, Mn, Co,
Zn, Al and Y to induce artificial defects.”® Among these, the
incorporation of Ag dopants into Ni(OH), can greatly increase
its electrical conductivity due to the increase in chemical
activity of the Ag dopants, resulting in the improved the charge
transport mechanism and the decrease of resistivity. Mn doping
in Ni(OH), would effectively improve its electrochemical
stability by reducing the crystallite size of Ni(OH), and forming
Mn*" ions, thereby facilitating the transfer of ions and electrons
to reduce the reaction barriers of electrochemical processes.
ANiO; (A = La, Ce) synthesized by the co-precipitation method,
exhibit high surface area and good electrical conductivity,
making it suitable for supercapacitor applications.® Since
LaNiOj; is usually formed at 650 °C, the metal current collector
may become passivated under such high temperature, which
could reduce the charge storage capacity of LaNiO;. In addition,
the LaNiO; is unstable at high temperature, resulting in
changes in LaNiO; structure.

Compared with bare Ni(OH),, Ni(OH),-based electrodes
possess significant improvements in the electrochemical
performance. However, the cycling stability of these electrodes
was limited to 500 cycles, indicating that further research is
needed to improve the cycling stability of these electrodes. To
further improve the electrical conductivity and cycling stability
of Ni(OH),-based electrodes, some researchers have coupled
them with carbon nanotubes, graphene,"”* transition metal
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oxides,* polyaniline,**?® and polypyrrole.”” Nowadays, there are
various methods to prepare these composite electrodes,
including spin-coating technique,”® hydrothermal method,*
electrospinning method,* and sol-gel method,** and so on.
Especially, the electrochemical deposition method has been
found to be advantageous to electro synthesize a wide range of
materials on complex shaped conductive substrates,®** in
which the shape and thickness of the materials can be easily
adjusted by controlling the voltage, current and deposition
time.

Based on this, we developed a binary composite of Ni(OH),
and La(OH); supported on carboxyl graphene (La@Ni/CG) as
electrode for electrochemical energy storage, through a simple
electrodeposition method. The incorporation of La dopants can
greatly enhance its electrical conductivity, while CG can
improve its electrochemical stability. In addition, the combi-
nation of Ni(OH), with CG would provide high surface area,
making it suitable for use in electrochemical energy storage
applications. As a result, the La@Ni/CG electrode exhibited
large specific capacitance (1334.7 F g~ " at 1.4 A g~ ') and high
capacity retention of 90.6% even after 3000 cycles, and excellent
rate capability.

2. Experimental methods

2.1. Materials

Analytical grade La(NOj);, Ni(NOj),, anhydrous ethanol and
acetone were purchased from China National Pharmaceutical
Group (Shanghai). Graphene oxide was purchased from Jiangsu
Xianfeng Nanometer Co., Ltd (Nanjing) without further purifi-
cation before use. Foam nickel (NF) was purchased from Kejing
Electronics (Shenzhen) Co., Ltd. Before use, the foam nickel
(square 1 x 2 cm) was ultrasonically treated with acetone and
anhydrous ethanol for 5 min each to remove possible organic
contaminants, and then vacuum dried at 80 °C for standby.

2.2. Material characterization

The sample was analyzed using X-ray diffractometer (Bruker D8
Advance) with Cu-Ka (A = 0.15406 nm) at the range of 10° to 80°.
The morphology and composition of the samples were analyzed
by field emission scanning electron microscopy (SEM, HITACHI
S-4800, Japan) (EDS, Thermo Scientific, United States) and
transmission electron microscope (TEM, FEI Tecnai G2 F20
microscope, USA). XPS measurement was performed on Al Ka
with monochrome alpha radiation (hv = 1486.6 eV) (Escalab
250Xi photoelectron spectrometer, USA).

2.3. Electrode preparation and electrochemical
measurement

The typical electrode material was obtained by cathodic elec-
trodeposition from a 100 mM Ni(NO;), solution containing
0.1 mg mL " carboxymethyl graphene (excellent dispersion of
0.1 mg mL™"' carboxysilyl graphene) additive and a 10 mM
La(NO;); solution containing 0.1 mg mL ™" carboxymethyl gra-
phene additive. La@Ni/CG electrodes were prepared by
applying 5 mA to electrodeposition in lanthanum nitrate
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solution for 300 s, then transferring to nickel nitrate solution
and applying 9 mA to continue electrodeposition for 600 s.
Nickel nitrate or lanthanum nitrate was used as electrodeposi-
tion solutions for Ni(OH), and La(OH); electrodes, respectively.
After electrodeposition, the nickel foam was washed with
deionized water for 5 min to remove residual liquid and then
vacuum dried at 80 °C for 1 h to stand. The change in mass
before and after the electrodeposition experiment was used to
calculate the load of active material on the electrode. The as-
prepared electrodes were called as La@Ni/CG, Ni(OH),/CG
and La(OH);/CG.

Three electrode systems were used to investigate the elec-
trochemical properties of La@Ni/CG, Ni(OH),/CG and La(OH)s/
CG electrode materials. The as-prepared electrode was used as
the working electrode, the platinum plate as the counter elec-
trode, Hg/HgCl as the reference electrode and 3 M KOH as the
electrolyte. Electrochemical impedance spectroscopy (EIS)
measurement was performed in the frequency range of 100 kHz
to 0.01 Hz with an amplitude of 5 mV. Cyclic voltammetry (CV)
was measured at different scan rates, with a potential window of
0-0.60 V. Cyclic voltammetry (CV), constant current charge/
discharge (GCD) and electrochemical resistance spectroscopy
(EIS) measurements were all performed using a CHI 660E
(Shanghai Chenhua Instruments Co.) electrochemical
workstation.

The specific capacitance of the electrode was calculated
using the following equation:

1 Vo+AV
Ci= ——— idV 1
1/-m~AVJV0 ! (1)
i X At
C=— 2
’ mx AV 2)

where Cs (F g') is the specific capacitance, i (mA) is the
discharge current, ¢ (s) is the discharge time, v (mV s™') is the
scanning rate, m is the mass of the active material, and AV (V) is
the discharge potential window (excluding potential drop).

3. Results and discussion

Scheme 1 shows the possible reaction mechanism for the
deposition of layered La@Ni/CG double hydroxides (LDHs) in
a nitrate electrolytic bath. The nitrate ions (NO;7) in the elec-
trolyte are reduced at the cathode to form ammonium ions
(NH,") and hydroxide ions

NO37 + 7H20 + 8 — NH4+ + 100H™ (3)
The local increase in pH due to the production of hydroxyl
ions according to according to eqn (3), leads to the precipitation

of the rare earth hydroxide near the cathodic region as of the
rare earth metal hydroxide, such as:

La*" +30H~ — La(OH)s| (4)

Ni?* + 20H~ — Ni(OH),| (5)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The mechanism of electrodeposition reactions.

However, different electrodeposition currents produce
La(OH); with different particle shapes due to the large change
in pH near the cathodic region. In addition, the hydrogen
produced by the cathode also has a significant effect on the
shape of the material. At the same time, the presence of
La(OH); on the electrode surface promotes the deposition of
Ni(OH), on the cathode surface, forming LDHs composites.
In the presence of carboxylic acid-based graphene additives,
carboxyl groups can interact with metal hydroxide particles to
influence their growth and aggregation, and carboxymethyl-
based graphene sheets or nitrate ions can also interact with
LDH to form hybrid composites. Overall, the formation of
LDHs in nitrate electrolytic bath involves a complex interplay
of various electrochemical and chemical processes, and the
exact mechanism may depend on the specific conditions of
the electrolysis.

3.1. Material characterization of the as-prepared samples

The morphology of as-prepared samples was obtained by using
SEM and TEM. Fig. 1a shows that the electrodeposited NF
exhibits the surface, which is conducive to deposition. Fig. 1b
and c indicated that La(OH)z/CG particles were successfully
deposited on NF. The La(OH);/CG particles displayed nanorod
structure, which is interconnected and woven into sheet-like
formations with the length of 100-500 nm and diameter of
50-200 nm.

The SEM images of the Ni(OH),/CG are shown in Fig. 1d and
e. The ultrathin Ni(OH),/CG nanosheets are uniformly depos-
ited on the nickel foam. Fig. 1e and f indicate that the Ni(OH),/
CG nanoflakes exhibit lamellar structure with the outer diam-
eter of 10-20 nm. The vertical growth of the nanosheets also
allows for efficient electron and ion transport, further
enhancing their performance. In addition, the interconnected
structure enhances the stability and durability of the
nanoparticles.

The SEM images in Fig. 1g-i show the nanostructures of
Ni(OH), and La(OH); assembled into tight interconnections,
forming villus-like structures. These nanoarrays are stacked

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to form a coiled structure of nanorods and nanosheets with
various voids, which may be due to the generated gas during
electrodeposition process. These voids are conducive to ion
transport and reaction with the electrode surface. TEM
images of La@Ni/CG (Fig. 1j) and insert SAED pattern was
obtained by scraping the surface of the nickel foam. The
accurate lattice fringes (Fig. 1k and 1) were calculated to be
0.25 nm and 0.38 nm, which are contributing to the (100) of
Ni(OH), and (101) of La(OH)z. The EDS element mapping
images indicated the homogeneous distribution of the
elements of La, Ni, O and C, where the C is due to the addition
of carboxymethyl graphene (Fig. 1m).

Overall, the SEM images analysis confirms that La@Ni/CG
exhibit highly porous and interconnected structure. The alka-
line environment during electrodeposition and the decompo-
sition of electrolytic water plays an important role in the
formation of the nanoflakes. The small size of the villus-like
structures, as well as the interconnected structure, contribute
to the high performance, stability, and durability of the
material.

The XRD analysis show that the Ni(OH),/CG and La(OH);/CG
samples with different diffraction patterns, and the peaks
observed in the spectrum of the composite material, La@Ni/CG,
can be attributed to both phases. The presence of La(OH);
nanocrystals was confirmed by the peaks observed at 27.9°,
39.5°, 48.5°, 56.2°, 65.1°, 70.2°, and 77.4°.** The diffraction
peaks at 19.2°, 33.0°, 38.5°, 59.0°, and 62.7° are assigned to the
(001), (100), (101), (110), and (111) planes of cubic Ni(OH),,*
respectively. The peak located at 27.9° in the XRD spectrum of
the La@Ni/CG sample can be attributed to the low concentra-
tion of lanthanum ions wrapped in the nickel ion layer,
resulting in poor crystallization. While the diffraction peak
intensities of La@Ni/CG decreased slightly compared to
Ni(OH),/CG, which was attributed to the addition of carboxyl
graphene (Fig. 2a).

EDS analysis is a technique used to determine the elemental
composition of a material. In this case, the EDS analysis
confirmed the presence of Ni, O, C, and La in the prepared
sample (Fig. 2b), which is consistent with the expected
composition based on the synthesis method used, which is
consistent with the EDS mapping mode analysis. The EDS
mapping mode analysis also confirmed the distribution of these
elements throughout the sample, which is important in deter-
mining the homogeneity of the composite material.

The vibrating atoms of Ni(OH),/CG, La(OH)3;/CG and
La@Ni/CG were studied by FTIR technique. Fig. 2c shows the
FTIR spectrum of the samples. The Ni(OH),/CG sample shows
characteristic peaks at 3439, 1631, 1482, 1384 and 522,
462 cm ™. The La(OH)3/CG sample shows characteristic peaks
at 3442,1477,1384 and 849, 645 cm ™ '. The La@Ni/CG sample
shows characteristic peaks at 3441, 1632, 1484, 1383 and 640,
521, 469 cm '. As shown in Fig. 4c, the peak at 3439-
3442 cm ! represents the hydroxide group. The absorption
peaks around 1383-1632 cm ™' are recognised as O-H, C-C,
C-O bending vibrations combined with Ni and La atoms. The
peak at 462-849 cm ™" corresponds to the metal-oxygen (Ni-
0, La-O) vibrational modes of the LDHs compound. There are
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Fig.1 SEMimages of La(OH)s/CG (a)—(c), Ni(OH),/CG (d)-(f) and La@Ni/CG (g)—(i); TEM images of La@Ni/CG (j) and insert SAED pattern; HRTEM
images of La@Ni/CG (k) and (1); TEM images of La@Ni/CG and corresponding mappings of La, Ni, O and C (m).

two bands at 640, 521, 469 cm ™' in the La@Ni/CG sample,
which are sharp and of low intensity, corresponding to Ni-O
and La-O peaks. The results indicate the existence of -OH
groups and Ni-O and La-O bonds for Ni(OH), and La(OH);
nanoparticles, and carboxymethyl-based graphene sheets or
nitrate ions can also interact with LDH to form hybrid

21646 | RSC Adv, 2023, 13, 21643-21654

composites, indicating the successful construction of La@Ni/
CG nanoparticles.

Overall, the XRD, EDS and FTIR results provide evidence for
the successful synthesis of La@Ni/CG material and the presence
of La(OH); nanocrystals in the composite structure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns of all samples; (b) EDS pattern of the La@Ni/CG; (c) FTIR spectrums of Ni(OH),/CG, La(OH)3s/CG and La@Ni/CG

nanoparticles.

The XPS measurement was employed to investigate
elemental composition of La@Ni/CG (Fig. 3). As shown in
Fig. 3b, there are Ni’ (852.3 eV), Ni**-0 (853.2 eV), and Ni**-
OH (855.9 eV, 865.2 eV) components in the high-resolution Ni
2p XPS.*® The information suggests that nickel ions have
different oxidation states in the composite, which could affect
the reactivity, catalytic activity, and potential applications in
energy storage and conversion. In addition, the La 3d spectral
region shows further splitting of the spin orbital component.
Although lanthanum (La**) has only one chemical state, the
peaks at 835.4 and 852.4 eV are attributed to La 3d5,, and La
3d3/,.*” The distance between the two peaks of La 3ds, is
about 3.3 eV, which is close to 3.9 eV of La(OH);. It is note-
worthy that the La@Ni/CG material has the displacement of
Ni 2p;/, main peak. The blue shift of binding energy is related
to the d band shift, which is a sign of electrical activity. The C
1s and O 1s spectra also provide information about oxygen-
ated materials. The C 1s band is deconvoluted into four
peaks, with binding energies of 284.6, 286.5, 288.5, and
290.5 eV, corresponding to C-C, C-O, O=C-H, and O=C-O
bonds. In addition, the O 1s core level spectrum is decom-
posed into two components with binding energies of 530.8
and 532.2 eV, which are related to O*>~ and bridging hydroxyl
groups. This information suggests that the encapsulation of
nickel and lanthanum by carboxymethyl graphene has
a significant effect on the electronic and chemical properties
of the material. The presence of multiple valence states of
nickel and the spin-orbit splitting of lanthanum indicate that

© 2023 The Author(s). Published by the Royal Society of Chemistry

the material is highly reactive and may have potential appli-
cations in catalysis and energy storage.

Overall, the XPS measurement provides valuable informa-
tion about the chemical state and composition of the La@Ni/CG
composite, revealing the presence of multiple valence states of
nickel and the spin-orbit splitting of lanthanum. The blue shift
of binding energy in the Ni 2p;, peak indicates its electrical
activity, while the analysis of the C 1s and O 1s core level spectra
further confirms the presence of oxygen-containing substances
in the material.

3.2. Electrochemical performance

CV measurement was performed at different scan rates ranging
from 0 to 0.60 V (vs. Hg/HgCl) to investigate the capacitive
properties of the samples (Fig. 4). The effect of addition of
carboxymethyl graphene during electrodeposition on the mass
specific capacitance of the original samples of La(OH); and
Ni(OH), samples, as shown in Fig. 4a. The results indicate that
carboxymethyl graphene is an effective additive in improving
the mass specific capacitance. Fig. 4b shows that the mass
specific capacitance of La@Ni/CG electrode materials with the
mass ratio of La(OH); in the composite. The specific capaci-
tance increases and then decreases with the La(OH); ratio
increases. The main contribution to the specific capacitance of
the material is observed when the mass ratio of La(OH); is 10%.
This ratio can be precisely controlled by the electrodeposition
conditions.

RSC Adv, 2023, 13, 21643-21654 | 21647
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Fig. 3 XPS survey spectra of La@Ni/CG. (a) Survey spectrum; (b) Ni 2p; (c) La 3d; (d) O 1s and (e) C 1s.

Fig. 4c showed the CV curves of the La(OH);/CG sample at
a scan rate of 5 mV s~ ', the oxidation peak of the current sample
occurs at about 0.39 V, indicating the conversion of La** to La*",
while the reduction peak occurs at about 0.29 V. The small
potential difference between the two peaks, which is around
0.1V, indicates excellent reversibility. The oxidation peak of the
Ni(OH),/CG sample appears at about 0.45 V, indicating the
conversion of Ni** to Ni**, while the reduction peak appears at
about 0.21 V. The potential difference between the oxidation
and reduction peaks of the Ni(OH),/CG material is about 0.2 V,
and its reversibility is lower compared to that of La(OH)3/CG.
The oxidation peak of the La@Ni/CG material is observed at
about 0.41 V and 0.22 V, and the potential difference between
the two materials is within this range. Furthermore, the current

21648 | RSC Adv, 2023, 13, 21643-21654

density of the La@Ni/CG material at the redox peak is signifi-
cantly higher than that of the La(OH);/CG and Ni(OH),/CG
samples, indicating a superior charge storage capacity of
La@Ni/CG material. The LDHs lattice inevitably leads to the
alteration of the crystal La(OH); and Ni(OH),, making the Ni**
species more reactive. Meanwhile, a new small oxidative peak
appears in the potential range of 0.45 V to 0.47 V. It is suggested
that the capacitance performance of the material is enhanced
by the interaction between La(OH); and Ni(OH),. Fig. 4c shows
that all curves show two distinct and prominent redox peaks in
each scan. These peaks are attributed to the interconversion
between Ni(OH), and NiOOH, LaOOH and LaO(OH);™ accord-
ing to the following reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ni(OH), +OH~ < NiOOH + H,0 + ¢~ (6)
LaOOH + 20H™ < LaO(OH); + ¢~ 7)

In addition, the mass specific capacitance of La(OH);/CG,
Ni(OH),/CG and La@Ni/CG are obtained according to the cor-
responding CV curves, respectively. The CV curves are shown in
Fig. 4d-f for different scanning rates. At the scan rate of 2 mv
s~ ', the mass specific capacitance is 190, 760 and 1220 F g~ * for
La(OH);, Ni(OH), and La@Ni/CG, respectively.

The GCD measurement was used to investigate the electro-
chemical performance of Ni(OH),/CG and La@Ni/CG, with

© 2023 The Author(s). Published by the Royal Society of Chemistry

different current densities (1 to 16 A g~ ') and potential windows
(0-0.5 V). All GCD curves are non-linear, indicating pseudo-
capacitive behavior, which is consistent with the results of CV.
The symmetrical charge and discharge curves with no signifi-
cant (R drop indicate good capacitance performance and
excellent reversibility of the Faraday redox reaction. The oxida-
tion and reduction processes are responsible for the obvious
charge and discharge platforms at around 0.35 V and 0.25 V.
The specific capacitance of Ni(OH),/CG and La@Ni/CG are
shown in Fig. 5b and d. As we can see that with the current
density increases, the specific capacitance decreases. The
specific capacitance of Ni(OH),/CG decreases (740.1, 600.2,
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Fig. 5
Ni(OH),/CG and La@Ni/CG at various current densities.

496.2, 432.5, and 374.4 F g~ ') as the current densities increase
(1,2, 4, 8,and 16 A g~ '). Furthermore, the capacitance retention
is reported to be 50.6%, indicating that the electrode material
retains approximately half of its original capacitance over the
range of current densities. These results suggest that the elec-
trode material may be suitable for applications with high
capacitance at low current densities. For the La@Ni/CG, the
specific capacitance is 1334.7, 1068.1, 1045.3, 1114 and 854.4 F
g " at the corresponding current densities of 1.4, 2.7, 5.4, 9 and
16 A g™, respectively, and the capacitance retention is 64.1%.
Overall, these results suggest that the electrode material may be
suitable for applications requiring high capacitance at inter-
mediate current densities. However, its capacitance may
decrease significantly at higher current densities. The relatively
high capacitance retention rate suggests that the material with
excellent long-term stability. Compared to Ni(OH),/CG, the
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charge storage capacity of La@Ni/CG is better than that of
Ni(OH),/CG, which is probably due to the presence of La*" ions.
These ions are thought to activate the active site of the Ni(OH),
material, resulting in an enhanced redox reaction. Clearly, the
electrochemical properties of La@Ni/CG, including mass
loading, specific capacitance and cycling stability, are highly
competitive with recent reports of La-doped supercapacitor
electrodes, as shown in Table 1.%%%%

The excellent electrochemical performance of the samples may
be ascribed to the active site of the Ni(OH), activated by La**. The
activation can be confirmed by the curve of peak current (i) versus
scan rate (v?), as shown in Fig. 6a. It also suggests that the
addition of 10% La(OH); can result in a high specific capacitance
of the La@Ni/CG composite. This improvement can be quantified
as 37% increase in the CV curve area (Fig. 4c). This suggests that
the anode peak current and the square root of the scan rate in the

Table 1 Electrochemical performance of the La-doped three-electrode electrodes of a supercapacitor as reported

Materials Synthesis method Capacitance (F g™ ) Cycling ability Ref.
La@Ni/CG Electrodeposition 1334.7at 1.4Ag " 90.6% (3000 cycle) This work
La-doped Ni(OH), Electrodeposition 840 at0.1Ag " — 38
La,03-NiO Hydrothermal method 564 at 1.0 Ag " 93.4% (2000 cycle) 39
LaNiO;/NiO Electrospinning method 942 at 0.5 A g " 90% (1000 cycle) 40
La-Ni(OH), Hydrothermal method 1510.7 at .0 A g " 89.3% (2000 cycle) 41
La(CoCrFeMnNiAly 5)1/5.503 Coprecipitation method 353.6at1.0Ag " 88.6% (2000 cycle) 42
LaMnO;@NiCo,0,4/carbon cloth Electrodeposition 942 at 1.0 Ag™" — 43
CSD-LaNiO3/NiO Chemical precipitation method 326.8at1.0Ag " 96.1% (3000 cycle) 44
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Fig.6 (a) The linear relationship between the anodic peak current and the square root of the scan rate (v'/2); (b) determine the b-value by relating
the peak current to the scanning rate according to the voltammograms; (c) specific capacitance vs. t2; (d) EDLCs and faradaic pseudocapacitor
contributions from specimens; (e) Nyquist plot of Ni foam, Ni(OH), and La@Ni/CG electrodes at frequencies from 100 kHz to 0.01 Hz; (f) cycle
performance of La@Ni/CG at a current density of 2 A g~* in 3 M KOH solution.

composite have a linear relationship, indicating that the reaction
is diffusion controlled. This behavior is consistent with the Ran-
dles-Sevcik formula, which describes the behavior of electro-
chemical reactions under diffusion control. The statement
implies that the composite behaves in a predictable and consis-
tent manner according to the established electrochemical prin-
ciples. The plot can be used to determine the ion diffusion
coefficient of La(OH),/CG, Ni(OH),/CG and La@Ni/CG. The slope
of La@Ni/CG is greater than that of La(OH);/CG and Ni(OH),/CG,
indicating a higher ion diffusion coefficient for La@Ni/CG due to

© 2023 The Author(s). Published by the Royal Society of Chemistry

its unique structure. This suggests that La@Ni/CG may be more
efficient in ion diffusion than the other materials.

The charge storage kinetics of the electrode materials for
ions were studied by CV analysis. The power law relationship i

= avb

is assumed for the current (i) and the scan rate (v),
where a and b are adjustable parameters. a and b value of 0.5
indicates diffusion controlled behavior, while the value of 1.0
indicates capacitive process.*” The value can be determined
from the slope of Fig. 6b. The results show that La*" increases

the value of b of the material from 0.489 to 0.556, which offers
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a positive contribution to the charge storage kinetics of
La@Ni/CG. In general, the total capacitance (Cy) can be
divided into two parts: the rate independent part k; (related to
EDLC and CE) and the diffusion limited part k,t"* (due to
faradaic pseudocapacitor, Cp), as described by the following
equation.”

Cr = ky + kyt'? (8)

Fig. 6¢ shows the relationship between the Cr and the square
root of the discharge time. It is worth noting that the contribution
of the EDLC and faradaic pseudocapacitor of Ni(OH),/CG to the
total specific capacitance is 58.2% and 48.1%, respectively, while
that of La@Ni/CG is 43.6% and 56.4% (Fig. 6d), showing that
lanthanum makes a positive contribution to the faradaic pseu-
docapacitor of La@Ni/CG composite.

In summary, the addition of lanthanum to the Ni(OH),
increases the ion diffusion coefficient, which has a positive
effect on the charge storage kinetics of the La@Ni/CG and
increases its faradaic pseudocapacitor ratio. This is attributed
to the alternating layer structure of Ni/La, which promotes
electrolyte diffusion, delays polarization, and reduces the
activation energy of the reaction. As a result, the addition of
lanthanum exposes more active sites in La@Ni/CG, providing
a conductive channel for consuming/generating electrons
through the Faraday reaction, further improving its conduc-
tivity and providing a better pathway for ion transport.

Fig. 6e shows the analysis of Ni foam, Ni(OH),/CG, and
La@Ni/CG using EIS to quantify the resistance at the
electrode/electrolyte interface. The inset shows the expanded
plots at high frequency and the equivalent circuit derived
from the Nyquist plots, where Ry is the bulk solution resis-
tance, R. is the faradaic interfacial charge transfer resistance,
CPE, is the constant phase element taking into account the
double layer capacitance, Wo is the Warburg impedance. By
comparing the Nyquist diagram, it can be seen that the
diameter of the semicircle of the Ni(OH),/CG, Ni foam and
La@Ni/CG materials (the charge transfer resistance index,
R.) is 5.2, 0.3 and 0.4 Q, respectively. It can be seen that the
addition of La®*" is beneficial to the formation of the
conductive network of La@Ni/CG, providing an abundance of
mobile charge carriers and conductive channels, which is
beneficial to the transfer of electrons. This result is consistent
with that shown in Fig. 6a. In addition, the knee frequency at
which the predominant capacitive behavior can be main-
tained is determined by the intersection of a Warburg-type
line (inclined at 45°) and a low-frequency vertical line. The
projection length on the real part (Z') of the impedance axis
reflects the ion penetration process, and it is obvious that the
diffusion path of La@Ni/CG is shorter than that of Ni(OH),/
CG. In addition, the cycle life measurement of binary
composites at a current density of 2 A g~ ' is shown in Fig. 6f.
After 3000 repeated cycles, La@Ni/CG can still provide the
specific capacitance of 1159 F g~ ', and the capacitance
retention is 90.6% of the initial value, indicating that the
system has good reversible electrochemical activity.
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4. Conclusions

In summary, the binary composite La@Ni/CG on carboxyl gra-
phene was synthesized via a simple method. The resulting
sample was used as the hybrid supercapacitor electrode with
excellent electrochemical performance. The composite
combines the high electrical conductivity of Ni(OH),/CG and
the high surface area of La(OH);/CG with the excellent
mechanical properties of carboxyl graphene. The binary
composite has been shown to improve the electrical conduc-
tivity and cyclic stability of the material due to its intrinsic
electrical and mechanical properties, which enabled Ni(OH),-
based electrodes to be used in hybrid supercapacitor applica-
tions. The fabricated electrode had a capacitance retention of
90.6% after 3000 cycles. This cost-effective synthetic method
can be used to other electroactive samples and offers promise
for high energy storage devices.
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