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The porous structure of three-dimensional NiO microspheres on titanium carbide (NiO/Ti3C;Ty) is pre-
pared by calcination of Ni-MOF/Ti3C,Tx in the air. The crystalline structure and morphology of the ob-
tained hybrid are characterized with various tools such as X-ray photoelectron spectroscopy and X-ray
diffraction, scanning electron microscope, transmission electron microscope, and Brunauer-Emmett-
Teller surface analyzer techniques. As-prepared NiO/Ti3C,Tx hybrid is used for two noteworthy appli-
cations in electrochemistry like supercapacitor and non-enzymatic hydrogen peroxide (H,0,) sensor.
NiO/Ti3C,Tx electrode exhibited an enhanced specific capacity of 630.9Cg~! at a current density of
1Ag ! in comparison to pure NiO (376.8C g ). Furthermore, the H,0, sensing performance of the NiO/
Ti3C,Tx modified glassy carbon electrode is evaluated in 0.5M of NaOH solution and the electrode
showed a low detection limit of 0.34 uM with a wider range of linear response 10 uM to 4.5 mM. The
higher specific surface area and porosity of NiO/Ti3C,Tx allow more electro-active site for electrochemical
redox reactions in the direction of H,O, sensing and supercapacitor. Moreover, Ti3C;Tx prevents from
fouling in 3D porous network and leaching effect, and beneficial for easy access of electrolyte ions and
efficient electron transport to the electrode surface resulted in improved electrochemical applications.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

applications not only for gas storage, separation, and catalysis, but
also for electrochemical fields such as supercapacitor, lithium—ion

In the past several years, metal-organic frameworks (MOFs) and
their derived materials with high surface area and stable porous
architectures have been received considerable attention in the wide
range of potential applications [1]. The ultra-high porosity, and
pore size tenability make them as potential material for
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batteries and electrochemical sensors because of their active metal
sites, and diversity of composition and structure [2]. Like conven-
tional inorganic materials, MOFs contain redox-active metal cen-
ters (Fe, Co, Ni, Mn, etc.), which are of appropriate interest for
delivering electrochemical activity. Besides, MOFs have been
confirmed to be flexible templates for the synthesis of porous mi-
cro/nanomaterials such as metal oxides, metal sulfides, carbon
materials with a hierarchical structure, inheritance morphology
and high specific surface area by controlling pyrolysis process, the
research direction has been turned to produce MOF derived ma-
terials for various potential applications [3,4]. Till date, numerous
metal oxides including CuO, Co304, Fe;03, Zn0O, CeO,, NiO, etc have
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been synthesized directly from MOF for various applications
including supercapacitors and electrochemical sensors [2]. Typi-
cally, the metal oxides nanostructures derived from MOF possess a
porous structure with the high surface area, which is significant in
achieving better electrochemical performance. Among various
metal oxides, Nickel oxide (NiO) with thermally stable semi-
conducting properties has gained much research interest due to
their excellent redox behavior and higher theoretical capacitance
(2584 Fg~1) [5]. Moreover, the existence of the interchangeable
oxidation states in NiO allows fast intercalate/deintercalate of
electrolyte ions resulting in high specific capacity during electro-
chemical redox activities [6]. However, the difficulty of poor elec-
tron transportation of NiO through the electrochemical redox
reaction process is limited to its electrochemical applications.

Owing to possess excellent electrical conductivity and accom-
plishing highly effective electrochemical signal transduction is an
essential path of metal oxides, introducing some functional mate-
rials such as graphene, CNT, etc can be an effective way which has
excellent electronic conductivity and make MOF derived metal
oxides more stable [7,8]. More recently, titanium carbide (MXene)
is an emerging 2D material with excellent electrical conductivity,
which could deliver better electrochemical performance due to its
extremely reversible redox reactions in the hydrophilic surfaces
and metallic electrical conductivity [9]. The general composition
formula of MXene is My, 1 X Tx where M is an early transition metal,
X is Carbon and/or Nitrogen, and n=1, 2, 3 and Ty represents
functional groups such as —OH, and —F. Among various MXenes,
Ti3C,Ty is the most investigated and the abundant functional group
(Tx) in Ti3C, Ty can exhibit hydrophilic behavior which enhances the
redox activities during electrochemical reactions [10,11]. Consid-
ering these factors, it is noteworthy to investigate the preparation
of novel NiO/Ti3C,Tx hybrid from MOF for electrochemical appli-
cations such as supercapacitor and hydrogen peroxide (H»0,)
Sensor.

The worldwide research is continuously discovering novel ma-
terials in addition to enhancing features like electrical and elec-
trocatalytic properties to fabricate highly efficient electronic
devices; which includes electrochemical capacitors [12], batteries
[13], and sensors [14]. Particularly, significant effort has been made
on electrode modification with highly electrocatalytic material and
development of the new material with low cost and high energy
density for the detection of biomolecules, compounds, and high-
performance energy storage applications [15]. For instance, super-
capacitor with high energy density has been widely investigated as
the potential device for electrical energy storage application than
lithium-ion batteries. However, the commercially available super-
capacitors are hindered by their lower energy density and low rate
capability. Therefore, a primary target is to synthesis and design a
stable electrode material with the high surface area and greater
electrochemical reversibility [16,17].

In addition, the electrochemical sensors are substantially
essential for the detections of biomolecules such as hydrogen
peroxide, glucose, dopamine, etc in the bio-medical applications
[18]. Among different analytes, hydrogen peroxide (H»0) is a
universal oxidant that plays an essential role in various fields such
as pharmaceutical, environmental, food, chemical and biochemical
industries [19]. Thus, rapid and accurate technology of H,0,
detection is of great importance, which has attracted much
research interest. Among different techniques such as spectro-
photometry [20], tritimetry [21], chemiluminescence [22] and
electrochemical [23], the electrochemical method for H,O, detec-
tion have drawn considerable attention for its practical merits such
as accuracy, low cost, high sensitivity, simplicity and time savings
[24]. There are generally two types of sensors, naming as enzyme
and non-enzyme based sensors. Although enzyme based H,0;

sensor is capable of detecting a lower concentration of H,O2 with
good selectivity, they are suffering from drawbacks such as insta-
bility and high cost expensive of enzymes. To overcome these
drawbacks, many effects have been made for fabricating non-
enzymatic sensors with various materials [25,26]. Till now,
various novel materials including carbon materials like meso-
porous carbon, carbon nanotube, graphene, and their composites,
metal oxides, conducting polymers have been explored for the
development of supercapacitors and electrochemical H,O; sensors
[27—29]. However, achieving a higher performance of super-
capacitor and a boarder range together with the lowest detection
limit of H,O, detection on modified electrodes are a challenging
task yet. Considering the facts as mentioned above, the develop-
ment of the novel electrode material is a primary task, and it would
be a favor for improving electrochemical characteristics of super-
capacitor and H,0, sensor. To the best of our knowledge, there is no
literature yet about the synthesis of NiO/Ti3C,Tx hybrid from MOF
precursor for non-enzymatic H,O, detection and supercapacitor
electrode material.

In this work, we report a simple preparation of three dimen-
sional porous NiO microsphere with Ti3C,Tx architecture by
calcining Ni-MOF/Ti3C,Tx hybrid. The obtained NiO/TizC,Tx hybrid
possesses a high surface area (72.019 m? g~ ), which could improve
the H,0, detection and capacity performance by increased ion-
accessible at the electrode/electrolyte interfaces. The maximum
specific capacity of 630.9Cg~! reported for NiO/Ti3C,Tx electrode,
which was almost 1.6 times higher than that of pure NiO.
Furthermore, the NiO/Ti3C,Tx modified glassy-carbon electrode is
exhibited an excellent non-enzymatic sensor towards H,O, detec-
tion with the wider range of concentration (10 uM—4.5 mM) and a
lower detection limit of 0.34 uM.

2. Experimental method
2.1. Materials

Nickel (II) nitrate hexahydrate (Ni(NOs);-6H,0), 1,3,5-
tricarboxylic acid (H3BTC), N,N-dimethylformamide ((CH3);NCH),
Potassium Hydroxide (KOH), Hydrogen peroxide (H,0,) were pur-
chased from Sigma-Aldrich. Hydrofluoric acid (HF) was procured
from Aladdin chemical reagent, China. All the solutions were pre-
pared using Milli-Q water (pH 7.2).

2.2. Synthesis of NiO/TisCoTy hybrid

NiO/Ti3C,Tx hybrid was prepared by a two-step process, which
includes solvothermal preparation of Ni-MOF/Ti3C,Tx followed by
annealing treatment as shown in Scheme 1. Ti3C,Tx was prepared
through HF treatment of MAX powder (Ti3AIC,) according to our
previous report [ 11]. The process of Ni-MOF/Ti3C,Ty hybrid involves
that initially 20 mg of Ti3C,Tx powder in 48 mL of DMF solution was
sonicated for half an hour after that 0.9 g of H3BTC was added into
the former solution and stirred for 10min. Later, 1.8g of
Ni(NO3),-6H20 was added and continued stirring for another
10 min. Then the mixture was transferred into a Teflon-lined
stainless steel autoclave (70 mL capacity) and sealed tightly. Then
the autoclave was kept in a hot air oven and heated to 120 °C for
24 h (Step-I). After the natural cooling to room temperature, the
obtained precipitate was washed continuously with DMF and
ethanol, and the resultant product was dried at 70°C for 12h in a
vacuum oven. The prepared sample was named as Ni-MOF/TizC,Tx.
The synthesis of pure Ni-MOF was similar to that illustrated above
without Ti3C, Ty, and the sample was named as Ni-MOF.

Then, the NiO/Ti3C,Tx hybrid was prepared by annealing of Ni-
MOF/Ti3zC,Tx powder in air at 350 °C for 2 h at a heating rate of 2 °C/
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Scheme. 1. Schematic representation of the NiO/Ti;C,Tx hybrid preparation process.

min (Step-II). Similarly, pure NiO was synthesized with bare Ni-
MOF powder.

2.3. Materials characterization

X-ray diffraction (XRD) pattern of the synthesized samples was
analyzed by Rigaku Smartlab with Cu-Ka radiation (A =1.540A).
The morphologies and the structures of the samples were observed
with a scanning electron microscope (SEM, Zeiss Merlin) and
transmission electron microscope (TEM, Tecnai F30). The surface
area and porosity of the samples were measured with BET ASAP
2020. The surface elements and their chemical states of the sample
were identified by X-ray photoelectron spectroscopy (XPS, ESCALB
250Xi) with Mg K radiation.

2.4. Electrochemical measurements

The electrochemical properties of supercapacitor and H;0;
sensing were carried out in an electrochemical analyzer (CHI 660 E
workstation). Ag/AgCl and Pt wire were used as reference and
counter electrode, respectively. Cyclic voltammetry (CV), galvano-
static charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) were conducted in 3 M KOH electrolyte to find
the redox activities of the active material towards supercapacitor.
The working electrode of the supercapacitor was fabricated thor-
ough slurry-coated technique. The slurry was prepared as follows:
In brief, the active material, the conductive agent (carbon block)
and the Nafion solution were mixed with a weight ratio of 80:15:5
along with a few drops of ethanol. Afterward, the suspending slurry
solution was coated on Ni foam electrodes. Then the electrode was
dried at 80 °C for 12 h. The total mass of the active material of the
electrode was about 2 +0.1mgcm™2, and the coated area was
about 1cm x 1 cm.

2.5. Preparation of modified electrodes for H>0, sensor

Typically, a glassy-carbon electrode was cleaned by polishing
the electrode surface with alumina powder (0.05 um) followed by
sonicating in distilled water and ethanol for 10 minutues and
allowed to dry in room temperature. A slurry was prepared by
sonicating 5 mg of the sample (NiO, NiO/Ti3C,Tyx) in 5 mL of ethanol
for 30 min. After that, 6 pL of the above solution was drop casted on
the polished electrode surface by using a micropipette and dried at
room temperature. 0.5M of NaOH solution was used as an elec-
trolyte. H,0, sensing performance was analyzed using Differential

pulse voltammetry (DPV) technique.

3. Results and discussion
3.1. Material characterization

The XRD spectrum of exfoliated TizC,Tx powder from Ti3AlC;
(MAX) phase is given in Fig. 1(b). It can be seen that major peaks of
MAX is disappeared and the dominance of peaks at 8.49°, 18.54°,
26.61°, 27.71°, 34.30°, 43.48°, 52.40°, 57.49°, 60.60°, and 69.29°
correspond to exfoliated Ti3CyTx layers structures which are
matches with previous reports of quality MXene [10]. The crystal-
linity and the crystal phase of prepared bare NiO and NiO/TizC,Tx
hybrid from Ni-MOF were evaluated from XRD, as shown in Fig. 1
(b). The diffractions peaks at 37.1°, 43.3°, 62.8°, 75.7° and 79.4°
corresponds to (111), (200), (220), (311) and (222) planes of face-
centered cubic crystalline phase of NiO nanostructure correlated
with previous reports and standard JCPDS 47—1049 [30]. The peak
position corresponds to Ni-MOF is reorganized into NiO nano-
structures after heat treatment confirms the effective conversion of
Ni-MOF (Fig. 1(a)) into a crystalline phase of NiO.

After the addition of Ti3C;Tx into NiO, the dominance of NiO
peaks along with additional peaks of Ti3C,Tx at 9.7°, 25.4°, 44.6°
and 51.7° (indicated as * in Fig. 1(b)), confirms the NiO/Ti3C;Tx
hybrid formation. Interestingly, the diffraction peaks at 25.4° and
51.7° were shifted to a lower degree than that of pure Ti3C,Tx (27.9
and 52.4°), which indicates that the attached NiO on Ti3C,Tx sheets
can prevent aggregation of MXene sheets [31]. The less diffraction
intensity feature for MXene in NiO/Ti3C2Ty hybrids can be attrib-
uted to the following reasons: (1) The lower weight percentage of
Ti3C,Ty in NiO might be reduced the intensity of Ti3C;Tx. (2) As the
result of better crystallinity of nickel oxide in the composite, the
diffraction peaks of Ti3C;Tx was weakened. Thus minor diffraction
peaks of Ti3C,Tx remarked in the composite [32].

The N, adsorption-desorption isotherms at 77.4 K and Barrett-
Joyner-Halenda (BJH) pore size distribution curves are shown in
Fig.1(c) and (d), respectively, to determine the specific surface area
and porosity properties of the as-prepared products. The isotherms
are classified as a type-IV behavior with a distinct hysteresis loop
type H3 in the range of ca. 0.8—1.0 P/P,, indicating the mesoporous
property of NiO [33]. Besides, the high adsorption and the sharp
climbing peak observed at the high-pressure region indicates the
presence of large mesoporous characteristics in NiO/Ti3C,Ty hybrid,
which could certainly attribute to the voids between the nanoplates
in NiO microsphere [34]. The measured BET surface area of NiO and
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Fig. 1. (a, b) Powder X-ray diffraction patterns of bare Ni-MOF, Ti3C,Tx, NiO and NiO/Ti3C,Tx hybrid. (c) N, adsorption-desorption isotherms (d) Barrett-Joyner-Halenda pore size

distribution curves.

NiO/Ti3C,Tx about 54.02 and 72.02m?g~!, respectively. The
increased specific surface area suggests that the incorporation of
Ti3C,Tx sheets can effectively enhance the mesoporous structure as
the result of interlayer voids (indicated in Fig. 2 f) and can maximize
the accessibility of NiO. In addition, the mesoporous feature of
prepared NiO/Ti3C,Tx hybrid confirmed from BJH pore size distri-
bution curve as shown in Fig. 1(d). It is observed that the hybrid
shows the peak centered at around 5.2 nm and larger pore size
(10—20 nm). Such porosity and higher specific surface area of NiO/
Ti3C,Tx allows more electro-active site for H,0, sensing and would
be beneficial for easy access of electrolyte ions and efficient elec-
tron transport to the electrode surface resulting in improved elec-
trochemical performance.

The morphology of the samples is an essential factor for elec-
trochemical redox reactions, as-prepared NiO and hybrid were
characterized by SEM analysis as shown in Fig. 2. Fig. S1 demon-
strates the two-dimensional layer structure of bare Ti3C,Ty. It can
be seen that the as-obtained NiO reveals three-dimensional flower-
like hierarchically porous microspheres architecture with
numerous nanoplatelets or sheets as building blocks (Fig. 2 a-c).
The measured average diameter of the microspheres is about
~4um. The fine porous structure of NiO is friendly to the fast
electrolyte ion diffusion, which is profitable for better redox re-
actions. Furthermore, the auspicious decoration of NiO on Ti3CyTx
sheets was verified by Fig. 2(d—f). The MXene sheets are effectively
linked with the NiO microspheres, which can benefit electron
transportation and increase the electrochemical active sites [35]. In
addition, the voids in stacked Ti3C,Tx layers (mentioned in Fig. 2(f))
enhance the insertion and extraction of electrolyte ions in the

electrode/electrolyte interface during the electrochemical re-
actions. To further explore the microscopic morphology of the as-
prepared active materials, high-resolution transmission electron
microscope (HRTEM) analysis was conducted, and the images are
shown in Fig. 3. From Fig. 3(a), it can be observed that the NiO
microspheres were assembled with an approximate diameter of
4 um along with densely tiny sheets architecture, which is consis-
tent with previous SEM analysis. The hybrid structure of NiO/
Ti3C, Ty (Fig. 3(d—f)) clearly showed the attachment of MXene sheet
on NiO, which would play a vital role in the electrical conductivity
during the redox reaction. The corresponding selected area electron
diffraction (SAED) pattern (inset in Fig. 3(f)) exhibited well
diffraction rings that can be indexed towards the (111), (200), (220),
(311) and (222) lattice planes of polycrystalline NiO. Besides, some
of the additional weaker diffraction rings have been observed
which might be attributed to the diffraction of Ti3C,Tx. Obviously,
the combined benefits associated with NiO decorated Ti3C>Ty, and
the presence of MXene sheets would contribute much to the
electrochemical utilization and rate capability of NiO/Ti3CyTx
hybrids.

The surface chemical composition and valence state of the ele-
ments in NiO and NiO/Ti3C,Tx hybrid were further analyzed by
high-resolution XPS. As depicted in full survey spectra (Fig. 4 (a)),
bare NiO and NiO/Ti3C,Tx reveal the presence of Ni and O elements
which further confirm the formation of NiO structure from MOF. In
addition, the existence of new peak around at ~450 eV (indicated as
arrow mark in Fig. 4 a (ii)), which proves the hybrid of NiO/Ti3C,Tx
formation. As the evidence of Fig. 4 c, the deconvolution of Ti 2p
spectrum consists of Ti 2p3 and Ti 2py; core level with double
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Fig. 2. SEM images of (a—c) NiO and (d—f) NiO/Ti3C,Tx hybrid.

peak features and a fixed area ratio of 2:1, which is consistent with
the previous report [36]. The peak located at 460.1 eV and 463.9 eV
corresponds to Ti—C and Ti—C—Ti bonds of the core in Ti 2p3); and
Ti 2p1 2, respectively [37,38]. Also, the other two peaks at 457.8 and
462.8 eV are associated with the unique bonds of Ti—O on the
surface of Ti3CyTx [39], validating that the slight oxidation process
of Ti3C,Tx sheets during annealing. The C 1s peaks at 284.6, 286.2
and 288.3eV are assigned to the characteristic peaks of C—C,
C—0—C, and C—F bonds, respectively [40].

The O 1s XPS spectra of NiO/Ti3C,Tx could be deconvoluted into
three peaks at 529.1, 530.8 and 532.5eV, which are ascribed to
Ni—O, Ti—O—Ti, and Ti—OH, respectively. The deconvoluted F 1s
spectrum of NiO/Ti3C,Tyx hybrid presented in Fig. S2. In general, a
small amount of —F functional groups may come during the etching
process of MXene. The peaks at 684.7 and 686.9 eV can be assigned
to C—Ti-Fx and AlFyx functional groups, respectively [41]. The pres-
ence of —F and —OH functional groups could increase the interlayer
spacing of Ti3CTx sheets (as shown in Fig. 2(f)) and enhance the
electroactive sites of the NiO/Ti3C,Tx for better ion diffusion and
electron transport during electrochemical redox reactions. The
peaks of a Ni 2p spectrum (Fig. 4 (b and c) can be found around
853.7 and 872.3 eV, which linked to Ni 2p3; and Ni 2py core
levels, respectively. The peak splitting between these core levels is
18.1 eV and exactly matches with the states of NiO [42]. Meanwhile,
the other two minor peaks located at 860.9 and 878.5 eV could be
assigned to the satellite peaks of NiO.

3.2. Supercapacitor performance

The electrochemical properties of as-prepared NiO and NiO/
Ti3C,Tx composite were investigated using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical imped-
ance spectroscopy (EIS) analysis. A pair of redox peaks in the CV
profiles (Fig. 5 a-d) indicate the battery-type characteristics of the
electrodes resulting from the faradaic redox reactions. The

oxidation peak is observed at 0.39 V, possibly due to the conversion
of NiO to NiOOH (equation (1)), and the reduction peak is observed
at 0.20V due to the reverse reaction. The potential charge storage of
NiO electrodes can be explained from the following redox mecha-
nism [43].

NiO + OH~ <> NiOOH + e~ (1)

As the evidence of Fig. 5(a—d), the cathodic and anodic peaks
shift to lower and higher potential value as the scan rate increases,
respectively, which is mainly due to the increase in Ohmic resis-
tance of the electrode during the redox reactions. However, there
are no apparent changes observed in the symmetry of redox peaks
as the scan rate increase, demonstrating the quasi-reversibility of
the redox process that derived from the porous structure of the NiO
microspheres [44]. The CV curves of NiO/Ti3C,Tx electrode exhibit
the largest integral area and higher current density which reflect its
higher specific capacity thanks to intercalation pseudocapacitance
contribution of Ti3CoTx (Fig. 5 (d)). The ion-intercalation/de-
intercalation phenomenon of Ti3C,Ty associated with the surface
redox reaction can be explained by the following expression [11],

Ti3C, (OH) +K* + e~ < KTi3C, (OH) )

In order to investigate the charge storage mechanism of the
electrodes, the plot of log (i) versus log (v) derived by the power law
[45].

i=ab (3)

where “i” is the measured current (A), “»” is the scan rate (mV s~ 1),
“a” and “b” are the adjustable parameters. The slope of log (i) and
log (v) plot referred to the value of “b”. Fig. 5 (e) represents the plot
of log (i) versus log (v) of the electrodes. After fitting, it is found that
the “b” values are about 0.57 and 0.41 at 0.3 V for NiO/Ti3C,Tx and
bare NiO, respectively. In general, “b = 0.5" indicates the battery-
type behavior due to ion-intercalation/de-intercalation process,
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Fig. 3. TEM images of (a—c) NiO and (d—f) NiO/Ti3C,Ty hybrid nanostructure.

whereas “b=1" suggests a pseudocapacitance nature [12]. Thus,
the charge storage mechanism of as prepared NiO/Ti3C,Tx electrode
is a diffusion-controlled intercalation/de-intercalation process.
Additionally, the charge storage behavior and the long-term
cyclic stability of the electrodes were investigated by galvano-
static charge-discharge analysis. The discharge curves of the elec-
trodes at different current densities are shown in Fig. 6(a—c).
Obviously, the non-linear behavior and the voltage plateau of the
discharge curves have been observed, reveals the battery-type

faradaic behavior of the electrodes which is consistent with the
CV measurements. The discharge time of NiO/Ti3C,Tx is longer than
bare NiO and Ti3C,;Tyk in all current densities, suggesting that the
higher specific capacity characteristic of NiO/Ti3C,Tx electrode. The
specific capacity, C (C g~1) of the electrodes was calculated from the
discharge curve by the following expression [46].

(a) Full survey spectrum (b) Core level spectrum of NiO
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As the evidence of Fig. 6 (d and e), NiO/Ti3C, Ty electrode delivers

I x At a maximum specific capacity of 630.9Cg™' (175.2mAhg™!) at a
= (4)  current density of 1 A g, which is significantly higher than that of
pure NiO (376.8Cg~!, 1046mAhg™!) and TisC,Tx (37.9Cg~ ',

where [ is the constant current (A), At is the discharge time,andm  10.5mAhg™"), respectively. It can be seen that the specific capacity

C

is the mass of the active material (g). decreases with increasing current density. The decrease in specific
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(f) Capacity retention behavior of the different electrodes at a current density of 2Ag~".
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Table 1

Comparison of electrochemical performance of different NiO based electrodes.
Electrode Electrolyte Performance Cyclic performance Ref
NiO nanourchins 3 M KOH 540.5Fg 'at1Ag™' 79.9% after 1000 cycles at 10A g™ [48]
S—NiO 1M KOH 313Fg 'at5mVs! 99% after 1000 cycles at 40 mV s~ [49]
NiO 1M KOH 449Fg ' 5mVs! 74% after 500 cycles at 6Ag~" [50]
NiO/graphene aerogel 6 M KOH 587.3Fg lat1Ag™' 98.5% after 1000 cycles at 1Ag™! [51]
NiO/N-doped carbon hollow sphere 2M KOH 585Fg 'at 1Ag! 100% after 6000 cycles at 5Ag~! [52]
Cs@NiO 3 M KOH 825Fg lat1Ag™! 85% after 3500 cycles at 10Ag~! [53]
HNCS—NiO 1M KOH 550.4Fg 'at0.5Ag™" 83.4% after 2000 cycles at 10A g™’ [54]
NiO/graphene 2M KOH 1062Fg 'at1Ag™! 90.6% after 5000 cycles at 1Ag ™! [55]
NiO/rGO 1M KOH 590Fg 'at1Ag! 100% after 1000 cycles at 1 A g~ ! [56]
NiO/Graphene 6 M KOH 555Fg lat1Ag! 90.8% after 2000 cycles at 1Ag™! [57]
NiO/Co304 core/shell composite 6 M KOH 255Cg~" at 5mAcm—2 92% after 1000 cycles at 5 mA cm 2 [58]
NiO 3M KOH 376.8Cg 'at1Ag! 90.1% after 5000 cycles at 1Ag~! This work
NiO/Ti3C,Ty 3M KOH 6309Cg 'at1Ag™! 92.9% after 5000 cycles at 1Ag~! This work

capacity was attributed to the limited utilization of the inner and
outer surface of the active material by OH- ions [47]. On the other
hand, the electrolyte ions have sufficient time to access the inner
surface, which leads to the high specific capacity. In addition, areal
capacity (C cm~2) is an essential factor for supercapacitor applica-
tion, the electrode areal capacity was calculated according to the
following equation [46].

= (5)

where S is the area of the electrode (cm?). As illustrated in Fig. S3,
the NiO/Ti3C, Ty electrode exhibits remarkably higher areal capacity
(1.261C cm~2), which further confirms the excellent charge storage
behavior. A comparison is made between other reported NiO based
materials and the current work, as shown in Table 1.

The electrochemical cyclic stability of the electrodes was
investigated by GCD technique at a current density of 2Ag~' over
5000 cycles (as shown in Fig. 6 (f)). The capacity retention of nearly
92.9% is obtained over 5000 cycles for NiO/Ti3C,Tx hybrids, which

shows excellent stability performance than bare NiO and Ti3CyTx
electrodes. These results prove that the introduction of the 2D
structured Ti3C,Ty into NiO can significantly enhance the electro-
chemical stability as a result of high accessibility of the electrode
surface to electrolyte ions [59]. However, a small decrease (~7%) in
specific capacity of NiO/Ti3C,Tx hybrid which might be due to the
stacking effect of TizC,Tx layers over prolonged charge/discharge
cycles resulting in the slow diffusion rate of electrolyte ions during
insertion/de-insertion process.

Furthermore, the electrochemical characteristic of the elec-
trode/electrolyte interface of the as-prepared electrodes was
investigated by electrochemical impedance spectroscopy (EIS) in
the frequency range from 1Hz to 10° Hz. Fig. 7 (a) represents the
Nyquist plots of NiO, TizC,Tx and NiO/Ti3C,Tx hybrids. The point of
the intersection curves at the real axis in the high-frequency region
is known as the internal resistance (Rs), which includes the intrinsic
resistance of the active material, contact resistance at the interface
between the active material and the current collector, and the
electrolyte resistance [60]. As from Fig. 7 (a) and Table 2, the in-
ternal resistance of NiO/Ti3C;Tx electrode is found to be 0.85Q
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Fig. 7. (a) Nyquist plot of the electrodes from the frequency range 1 Hz—10° Hz (b) Bode phase angle plot of TisC,Ty, NiO and NiO/Ti3C,Ty electrode.

Table 2

Various observed electrochemical performance of Ti3C, Ty, NiO and NiO/Ti;C,Ty electrodes.

Electrode Specific capacity/C g~! Specific capacity/mA h g~! Areal capacity/C cm—2 Solution resistance Ry/Q
TisCoTx 379 10.5 0.075 0.91
NiO 376.8 104.6 0.754 0.98
NiO/TizCoTx 630.9 175.2 1.261 0.85
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(a) Charge transport mechanism of NiO/Ti;C, T,
electrode for supercapacitor

o Active site

@ ~io

Ti,C,T,

(b) Electrochemical oxidation process of H,0, at
NiO/Ti;C, T, surface

Ni(III He+H*
Ni(I)(H,0,) i(TI)(surf)+OOHe+

Ni(I)(surf)+H,0+1/20,

GC Electrode

Fig. 8. (a) Charge transport mechanism of NiO/Ti3C, Ty electrode for supercapacitor (b) Electrochemical oxidation process of H,0, at NiO/Ti3C,Tx modified glassy-carbon electrode

surface.

which is lower than that of pure NiO (0.98Q) and TizC,Tx (0.91Q),
suggesting the better ion diffusion at the NiO/Ti3C,Tx electrode/
electrolyte interface. The straight line at a lower frequency is
related to the characteristic of frequency dependent on diffusion
kinetics of electrolyte ions to the electroactive area, which is called
as “Warburg resistance” [61]. It can be seen from the plot that the
Warburg line of the NiO/Ti3C,Tx is closer to the imaginary axis,
which suggests the ideal capacitive behavior due to their syner-
gistic effect. Fig. 7 (b) represents the Bode phase angle plot of all the

electrodes. It can be seen that the bode phase angle of NiO/Ti3C,Tx
electrode is about 68.42° at the low-frequency region, which re-
veals the excellent capacity nature than bare NiO and Ti3CyTy
electrodes.

The high electrochemical activity of NiO/Ti3C;Tx can be
explained as follows: (i) The majority of NiO microspheres are
attached on the surface of Ti3C,Tx, which stabilizes NiO and pro-
vides more active sites for the electrolyte ions as shown in Fig. 8 (a),
therefore facilitates the electron transportation compared with
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different concentration of H,0, (Inset picture: Linear response of the current versus H,0, concentrations) (c) Interference analysis of NiO/Ti;C,Tyx modified electrode in the presence
of other interfering compounds and (d) The reproducibility of NiO/Ti3C,Tx modified electrode for five different electrodes.
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Table 3

Analytical performance characteristics for other NiO based electrochemical sensors reported for H,0, detection.

Electrode Detection limit (uM)
NiO/graphene 0.7664

NiO nanosheet/Graphite sheet 04

NiO film/Graphite sheet 4.8

NiO/ITO 1.28 mM

TisC,Ty 883
Ti3CoTx/PNP—S 2.75% 0.448

NiO 5.40

NiO/Ti3C,Tx 0.348

Linear range Ref
0.25 mM—4.75 mM [63]
Up to 4 mM [67]
Up to 2.5 mM [67]
0.01-1mM [68]
- [69]
- [69]
0.01-0.57 mM This work
0.01-4.54 mM This work

pure NiO; (ii) The cations (K") favors intercalation between the
interlayer voids of Ti3C,Tyx (indicated in Fig. 2 f) and hence enhance
the intercalation-pseudocapacity of Ti3C,Tx.

3.3. Electrochemical detection of H,0,

Differential pulse voltammetry (DPV) analysis was utilized for
H,0, detection, which serves with remarkable sensitivity and
better electrochemical technique compared to other voltammetry
analysis due to several merits like high sensitivity, negative redox
peak potential and rapid response [62]. Fig. 9(a), demonstrates the
DPV response of three electrodes modified with different materials
along with bare GC electrode in the presence of 60 uM H,0, con-
taining 0.5 M of NaOH. It has been noted that the electrochemical
current of NiO modified electrode shows higher response than bare
glassy-carbon electrode (GCE) in the oxidation process by H,0;

which concludes that the NiO exhibits excellent electrocatalytic
activity [63]. Interestingly, after incorporation of Ti3C,Tx into NiO, a
notable enhancement in the current response with broader
oxidation potential was observed. The improved peak current and
greater electrocatalytic activity of H»O, may be associated with the
combined unique properties of NiO and TizCyTx.

From the BET analysis above, TizC,Tx affords a higher surface
area, which can promote the electrocatalytic activity of NiO based
sensor [64]. It is noteworthy that Ti3C,Tx also prevents the NiO/
Ti3C,Tx modified electrode from any fouling and leaching effects,
thus enhances the electron transfer at the electrode surface [65].
Fig. 9 (b) shows the DPV response of NiO/Ti3C,Tx modified elec-
trode with the addition of various concentration of H,O,. The ob-
tained outcomes indicate that the H,0, oxidation peak current
gradually increased with increasing concentration of H,O, from
0puM to 4.5 mM. In addition, the modified electrode possesses an
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Fig. 10. (a & b) The stability of the NiO/Ti3C,Tx modified electrode in the presence of 60 uM H,0, in 0.5 M NaOH solution for eight consecutive measurements (¢ & d) Stability of
NiO/Ti3C,Tx modified electrode before and after washing towards detection of H,0, at various concentrations.
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excellent linear response for H,O, concentration ranging from
10 M to 4.5 mM with a correlation coefficient of 0.9865 (Inset
pictures of Fig. 9 (b)). The H,0; oxidation current of NiO can be
obtained from the electron transfer of Ni(IlI) to Ni(Ill) redox states
[66]. Fig. 8 (b) shows the whole electrochemical oxidation process
of H,0, at NiO/Ti3C,Tx modified electrode surface. Whereas, NiO
modified electrode displays a short linear response ranging only
from 10puM to 0.57 mM (Fig. S4), hinting that the presence of
Ti3C,Tx could improve the electrocatalytic activity. By reviewing
these results, it clearly shows that the Ti3C,Tx is not only enhancing
the broader range concentration of H,O, detection, it is also
responsible at low concentration of H,0,. i,e, the detection limit of
NiO/Ti3C,Tx modified electrode is down to 0.34 uM which is
considerably lower than that of NiO sensor detection limit
(5.40 uM). Table 3 shows a comparison of the analytical perfor-
mance of the NiO based H,0, sensor.

The avoidance of interfering reactants is an essential and quite
challenging fact in the electrochemical sensor field. In this view, the
selectivity evaluation of NiO/Ti3C,Tx modified electrode was stud-
ied using DPV technique in the presence of common interfering
compounds such as dopamine, uric acid and ascorbic acid (Fig. 9
(c)). The oxidation peak current of the injected interfering com-
pounds is nearly negligible compared with H,O, peak current,
which illustrates that the proposed electrode has excellent selec-
tivity towards H,0 detection. The reproducibility of the NiO/
TizC,Tx sensor was investigated by detecting 60 pM H0, with five
different GCE electrodes and the current response of the five GCE
electrodes have exhibited almost identical response towards H,0»
detection under the same test conditions (Fig. 9 (d)), which implies
the reproducible property of NiO/Ti3C;Tx. The proposed NiO/
Ti3C,Tx sensor not only manifested excellent reproducibility but
also demonstrated good repeatability towards detection of Hy0,. As
evidence from Fig. 10 (a and b), NiO/Ti3C,Tx modified electrode
exhibited an acceptable and very close current response for eight
consecutive measurements. These results prove that the NiO/
Ti3C,Tx modified electrode has an excellent electrocatalytic activity
for H,0, detection and it could be employed for the low detection
limit of Hy0,.

Fig. 10 c & d shows the stability and response of the NiO/Ti3C,Tx
modified electrode for H,0, detection at various concentrations.
The experiment carried out using DPV technique in the presence of
H,0, before and after washing the electrode. The modified elec-
trode shows an excellent response to the detection. This led to a
remarkable acceleration in the rate of electrochemical oxidation of
H,0,. There was no significant change in the response even after
washing the electrode. These results indicate improved stability
NiO/Ti3C,Tx modified electrode towards the detection and deter-
mination of H0,.

4. Conclusion

In summary, the porous architecture of NiO on Ti3C,Ty has been
prepared from Ni-MOF/Ti3C,Tx hybrid by simple calcination pro-
cess, and the as-prepared hybrid was analyzed with different
characterization techniques. The prepared electrode showed
excellent electrochemical response towards supercapacitor and
non-enzymatic H,O, detection applications. A maximum specific
capacity of 630.9C g~ ! has been achieved for NiO/Ti3C,T electrode
which suggests a promising battery-type electrode for super-
capacitor. The presence of TizC,Tx could provide more active sites of
NiO for redox reaction, which improves the capacity behavior.
Furthermore, Ti3C,Tx prevented the NiO/Ti3C,Tx modified electrode
from fouling and leaching effect, which could help to achieve low
detection limit (0.34 uM) with a wide detection range of Hy0,
concentration for the electrochemical non-enzymatic H,O, sensor.

This work demonstrates that the prepared NiO/Ti3C2Tx hybrid
could be applied for both high-performance supercapacitor and
highly sensitive H,O; sensor applications.
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