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Highlights

* High performance TisC,—Mn3zO04 nanocomposite is synthesis via solvothermal process.
 Characterization of the nanocomposite is obtained using various techniques.
* A synergy of features is achieved by integrating Mnz0, into TizC, network.

* An assembled hybrid TisC>—Mn3z0.//C-FP device yields comparable energy density.

Abstract

In this work, we present a simple two-step synthesis route to develop a cost effective
high performance TizC2-Mn3zO4 nanocomposite via a solvothermal process at 150 °C.
The characterization of the composite material was obtained via various techniques.
Electrochemical performance study of the material as a potential supercapacitor
electrode demonstrated a maximum specific capacity of 128 mAh g at a specific current
of 1 Ag?lina6 M KOH aqueous electrolyte. A capacity retention of 77.7% of the initial
value was recorded after over 2,000 galvanostatic cycles at 10 A g* for the single
electrode. More so, the as-prepared nanocomposite sample electrode also showed a
relatively stable property with an energy efficiency of 83.5 % after cycling tests.
Interestingly, an assembled hybrid supercapacitor device with carbonized iron cations
(C-FP) and the TisC2-Mn3O4 composite delivered a specific capacity of 78.9 mAh g*. The
device yielded a high energy of 28.3 Wh kg with an equivalent 463.4 W kg power
densityat 1 A g*. A good cycling stability performance with an energy efficiency of 90.2%
in addition to a 92.6% capacity retention was observed for over 10,000 cycles at specific
current of 3 A g over a voltage window of 1.5V.

KEYWORDS: MXene, TisC2-Mn304, nanocomposites, specific capacity, supercapacitor
electrodes, carbonized iron cations.
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1. Introduction

As a result of higher demand for cleaner energy being witnessed globally, there is an
urgent need to further explore novel clean energy sources and associated energy
storage systems to work efficiently in storing the as-generated energy [1,2].
Electrochemical capacitors, the recent innovative energy storage components has
gained much research attention due to their demonstrated potential to not only be used
in combination with the much older battery technology framework but also additional
merits such as its environmentally friendliness, high power densities (fast

charge/discharge abilities) and long cycle life [2,3].

Various materials have been examined as electrodes for energy storage devices, such
as activated carbon, metal hydroxides/oxides, metal sulfides and conducting polymers
with efforts being focused on the exploration of novel composite electrode materials to
enhance electrochemical performance of the supercapacitor device via exploitation of
the individual material storage capability [4,5].

Until the separation of mono layer graphene in 2004 [6], two-dimensional (2D) materials
have caught great research attention owing to their characteristic attributes connected
to their bulk form. There are currently numerous new 2D materials, some of which are
transition metal dichalcogenides, transition metal sulphides, and transition metal oxides,
among others [7-10]. MXenes are a new class of 2D materials, which were recently
discovered to be applicable in most dynamic and technologically advancing
applications. It mainly exists as transitional metal nitrides and/or carbides having a
common formula Mn+1XnTz, Where M, X, and T: are the early transition metal elements,
nitrogen and/or carbon , and surface limiting groups (mainly OH, O, and F),

respectively, withn=1, 2, or 3[11,12].



The 2D materials have hydrophilic surfaces [13] with high metallic conductivities usually
around6000 to 8000 Scm* [14], which confirms its suitable accomplishment in energy
storage devices applications, catalysis, water desalination, electromagnetic interference
shielding, and conducting thin films [14-18] among others [13]. The materials have
attracted significance attention basically for their enormous potential in applications
such as energy storage devices which include electrochemical capacitors and metal-ion
batteries [12,19,20].

Till to date, the significance of MXenes, viz., early transition metal carbides and/or
carbonitrides, is currently vastly investigated by researchers globally for further energy
storage applications, which is obtainable based on its good electrical conductivities and

surface terminations which makes it electrochemically active [1,13,21].

Manganese oxide (Mn3Oa) in the form of hausmannite is a black mineral. It is composed
of a spinel structure, having tetragonal distortion arising from a Jahn-Teller effect on the
Mn*? ion. The tetrahedral and octahedral sites of the Mn*2 (Mn*3)204 structure are
occupied by the Mn*2 and Mn*2 ions respectively. The hausmannite material in its
tetragonal crystal structure has lattice parameters a = 0.5762 nm, b = 0.5762 nm, and c
= 0.9470 nm with space group l41/amd [22]. Manganese oxides of different structures
have also been widely adopted as electrode materials, soft magnetic materials, and
catalysts [23-27], of which Mn3Oa4 is popular as a top catalyst material for redox
reactions in general. For instance, the material is known for its use as a catalyst in
selective reduction of nitrobenzene and methane and carbon monoxide oxidation
process the [24]. Mn3O4 is mainly produced by calcination of manganese hydroxides,
hydroxyoxides, or oxysalts at a temperature usually above 800 °C. Its nanowires could
be produced via the hydroxide powder calcination at 850 °C using the micro-emulsion

technique [24,28]. Generally, Mn3O4 particles synthesized using these traditional
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methods possess low surface area and with random shape thereby limiting their specific
uses. The materials specific physical and chemical attributes account for their suitability
as catalysis and energy storage devices applications among others [24]. Nevertheless,
Mn3Oa4 is intrinsically poor in electrical conductivity hence incorporating nanostructured
Mn3O4 into conductive 2D carbon-based materials has been recently explored by other
researchers [29],[30-32].

Based on the available reports involving the incorporation of these pseudocapacitive
oxide materials with other electrically conductive carbon-based materials, it is expected
that Mn3O4 insertion into the electrically conductive TisC2T: layers will generally be
considered as a promising approach to further solve the poor electrical conductivity
property. By maximizing the conductive and flexible characteristic of the TisC2T: layers
as the scaffold material, Mn3O4 nanoparticles could be uniformly dispersed between the
TisC2T: layers to facilitate ionic and electronic transport. The issue of restacking of the
nanolayers could also be limited with the presence of the embedded MnsOa4

nanoparticles.

In this work, a binder-free TisC2Tz-Mn3O4 nanocomposite electrode has been fabricated
via a green solvothermal process. This process permits for an exact influence on the
magnitude, form, as well as crystallinity of metal oxide nanostructures. A synergy of the
individual electrochemical features of these materials is achieved by integrating the
MnsOa into the TisC2 network. Besides, the nature of the composites assembled was a
free-standing film without the use of binders which further increased the rate kinetics
and system stability [30]. The Mn3Oas lying on the surface of the TisC2T: layers could
improve the active material-electrode surface contact which will in turn smoothen the
process of electrons transfer to the current collector, thereby remarkably improving the

electrochemical accomplishment of the entire composite material as electrode.
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2. Experimental

2.1. Materials preparation

2.1.1. Preparation of the TizC2T, (MXene) material

The TisC2T: utilized for the synthesis of the TisC2T--Mn3O4 nanocomposite material was
synthesized as reported in earlier work [21,33]. Briefly, the TisAlC2 powder was
synthesized by ball-milling equal molar ratio of Ti2AIC and TiC powders for 4 h with the
aid of zirconia balls, With the resulting mixture been heated to 1350 °C for 2 h in argon
gas flow. The recovered sample was crushed with a pestle, in a mortar. About 10 g of
TisAIC2 powder (-325 mesh) was then dispersed in 100 mL of a 48% concentrated HF
aqueous solution at 25 °C for 18 h. The recovered suspension was washed severally
with fresh deionized (DI) water, centrifuged to remove the etching products and
remaining acids until the pH reached values > 4. Then the powders were separated

from the liquid using vacuum-assisted filtration device.

2.1.2. Preparation of Mn3z04 nanopatrticles

0.768 g of KMnOa4 was dispersed in 100 mL ethanol (99.9 %) and 0.5 mL of 10.2 M HCI
was added drop-wise upon magnetic stirring at 25 °C to achieve a uniform mixture. The
contents were then transferred into a Teflon-lined autoclave for a dwelling time of 4
hours at a temperature of 150 °C. The system was left to cool down naturally, and the
recovered sample was washed severally with DI water to be free of excess reagent. The
brown precipitate was then dried for 12 h in an electric oven at 60 °C in air (under

normal laboratory conditions).



2.1.3. Preparation of TizC2Tz-Mn3O4 nanocomposite

100 mg TisC2Tz was dispersed in 100 mL ethanol 99.9 % upon magnetic stirring at room
temperature with subsequent sonication for 1 h to speed-up uniform dispersion.
Thereafter, 0.768 g KMnOs4 was added to the TisC2T: mixture with a drop-wise
introduction of 0.5 mL HCI (10.2 M) for homogeneity while magnetically stirring the
entire reaction chamber for nearly 30 minutes. The resulting mixture was poured into a
Teflon-lined stainless steel autoclave unit, bubbled with argon gas to prevent oxidation
of the sample before being sealed and heated up to 150 °C for a dwelling time of 4 h.
After been left to cool down naturally, the precipitated sample was washed severally
with DI water until a pH 7 was recorded and then oven dried at 60 °C for 12 h in air to

obtain the TizC2T--Mn3O4 nanocomposite (see scheme 1).

Ti,C Ethanol HCI KMnO

'H'

aat

Sonicate Stirring Solvothermal

Scheme 1: Diagram of the synthesis process of TisC2T--Mnz04 nanocomposite.

2.1.4. Preparation of carbonized iron cations (C-FP) electrode

The carbonized Iron cations used as the negative electrode in the fabrication of the
TisC2-Mn304//C-FP hybrid supercapattery device was prepared as depicted in our
earlier work [34,35]. Briefly, the iron-containing mixture, C-FP was pyrolysed by entirely
dissolving Fe(NO3s)2. 9H20 salt in ethanol, with subsequent addition of Polyaniline

(PANI) already reported in our earlier work [34]. The resulting mixture was put into
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sonication until slurry that was pasted onto nickel foam template. The prepared sample
was later moved into a Quartz tube and annealed at 850 °C for 2 h under N2
atmosphere for the iron cations (Fe3*) to be adsorbed onto the PANI film directly grown

onto the nickel foam template.
2.2. Materials characterization

The as-synthesized samples micrographs and energy dispersive X-ray (EDX) spectrum
were acquired using a Zeiss Ultra Plus 55 field emission scanning electron microscope
(FE-SEM) actuated at 1.0 kV, alongside with a JEOL JEM 2100F high-resolution
transmission electron microscope (HRTEM FEI Tecnai-F30) operated with a 200 KV
acceleration voltage. X-ray diffraction (XRD) analysis was achieved by using an
XPERT-PRO diffractometer (PANalytical BV, Netherlands) having a reflection geometry
at 26 values of 9-90° and a step size of 0.01°, actuating with a Co Ka radiation source
(A = 0.178901 nm). An alpha 300 RAS+ Confocal micro-Raman spectrometer (WiTec
Focus Innovations, Germany) set on the 532 nm laser wavelength was employed to
analyze the as-prepared samples with a spectral acquisition time of 150 s and laser
power of 5 mW. Fourier transform-infrared (FT-IR) analysis was achieved via a Varian
FT-IR spectroscopy in a range of 500-4000 cm™ in wavenumber, while the X-ray
photoelectron spectroscopy (XPS) analysis was achieved with the help of a Physical
Electronics Versa Probe 5000 spectrometer activated with a 100 ym monochromatic Al-
Ka exciting source. The textural properties of the samples were acquired by using a
Micrometrics TriStar Il 3020 pore analyzer run in the range 0.01-1.0 of relative pressure
(P/Po), with a pre-degassing done under vacuum for 18 h at 100 °C. Brunauer-Emmett-
Teller (BET) and Barrett—Joyner—Halenda (BJH) models were utilized to ascertain the
specific surface area (SSA) as well as pore size distribution (PSD) of the samples

respectively. Thermogravimetry analysis ;TGA) measurements of the as-prepared



samples were done by using a thermogravimetric analyzer, TGA-STA 449C between 20
°C and 1000 °C at 20 °C/min in air. XRF analysis of the compacted powder
nanocomposite was carried out by using the ARL Perform’X Sequential XRF instrument

with Uniquant software for examination.

2.3. Electrochemical measurements

The electrode materials were fabricated by muddling the active material (90 wt. %) with
conductive carbon (10 wt. %) and N-methyl-2-pyrrolidone (NMP) to make slurry. The
prepared slurry was pasted onto a 1.0 X 1.0 cm? area of the annealed nickel foam
template serving as the current collector with subsequent drying at 60 °C overnight.
Afterwards, the as-synthesized electrodes were subjected to a pressure of 20 MPa for
about 20 seconds. A Bio-Logic VMP300 potentiostat (Knoxville TN 37930, USA) was
employed to measure the capacitive performance of the nickel foam-supported
electrodes via a three-electrode electrochemical set-up. The performance assessments
were carried out using a counter electrode made of glassy carbon, an Ag/AgCI/3 M KCI
reference electrode, and the active materials on nickel foam stubs serving as the
working electrodes in 6 M KOH at 25 °C. The areal loading mass of each of the active
materials was estimated to be nearly 2.5, 2.1, 2.1 and 2.6 mg cm? for the TizC2T:-
Mn3Oa, TisC2Tz, Mn3O4 and C-FP electrodes correspondingly.

Cyclic voltammetry (CV) tests of the as-synthesized Ti3C2Tz, Mn3Oa4, TizC2Tz-Mn3z0a4
samples were performed at distinct scan rates ranging from 5 to 100 mV s within a
negative and a positive operating potential windows of -0.4 to -0.9 V and 0.0 to 0.35 V
vs. Ag/AgCI correspondingly. The galvanostatic charge-discharge (GCD) measurement
was done at various increasing specific currents from 1 to 10 A g. The electrochemical
impedance spectroscopy (EIS) was carefully measured in an open-circuit potential, in a

frequency range of 10 mHz to 100 kHz.



The single electrode specific capacity, Q; (mAh g*) was obtained via the CV profiles

using the relation depicted in equation 1below:

Qs = — E:I*EdE 1)

3.6xmS. “E

where, E; and E, are the peak potentials, | (mA) is the current response, E (V) is the
electrode potential, S, (mV s*t) as the scan rate, and m (g) is mass of the active

material.

The reliable specific capacity, Q,(mAh g') and energy efficiency, ng (%) of the materials
were acquired by the adoption of a more accurate GCD technique and estimated via the

curves at distinct specific currents in line with the following relations expressed as [36]:

Qs = 5. (2)
Eq
Mg = £ x 100 3)

From equations 2 and 3 above, | (mA) typifies the discharge current, t measured in
seconds is the time taken for a complete discharge cycle, and m measured in grams
accounts for the mass of the electrode. ng is the energy efficiency, E,4 represents the
discharge energy, while E. is the charge energy obtained by integrating the area under

the CD profiles respectively.

The asymmetric hybrid device referred to as supercapattery was assembled by
adopting the fabricated TisC2-Mn3O4 nanocomposite as positive electrode, and the C-FP
material as negative electrode in a standard 2032 grade coin-type cell using a Watman
Celgard paper-based as separator. The overall area mass loading of both TizC2-Mn3O4
and C-FP active material components in the hybrid device was calculated to be nearly

3.37 mg/cm?, with an electrode thickness of around 91 um estimated via microbalance,
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and a diameter of ~ 1.4 cm. Performance evaluation of the asymmetric device was

performed in a two-electrode configuration using 6 M KOH aqueous electrolyte.

Equations 4 and 5 stated below were adopted for the estimation of both energy and
power densities for the hybrid supercapattery, (TisC2-MnsOa4//C-FP) from the area under

the discharge curve:
E; =1/3.6m [Vdt [Whkg'] (4)

| describes the discharge current (A), m (g) represents mass of active material. The
integral term is the area under the CD curve and At in seconds are the potential window
as well as electrode discharge time respectively, and E; andP,, are energy and power

densities sequentially.

To our notice, the assembled hybrid asymmetry supercapacitor (SC) operates well in a
larger potential window, c.a. 1.50 Volts. For best output, respective mass of each
electrode in the device was balanced according to the law, Q, = Q_, and the charge

stored on each electrode depicted as:
Q = Qs XmAE (6)

In equation 6, Q measured in coulombs (C) represents the charge stored on the
electrode, while Q, in mAh g? typifies the specific capacity estimated on the basis of
mass of the active material. AE (V) is the electrode potential, and m (g) as the mass of

active material.

The precise mass equilibrium between the two (positive and negative) electrodes was
calculated using a more expression of Q, = Q_ as:

10



my — Qs— AE_ (7)
m_ Qs+ AEy

3. Results and discussions

3.1. Morphological, structural and compositional analysis

Fig. 1 demonstrates the FESEM images of the as-prepared materials. Fig. 1 (a-b)
presents the surface morphology of the TisC2 sample at both low and high
magnifications respectively. It is evident that the as-prepared TisC2 is made up of
stacked sheet-like structure similar to that of exfoliated graphite or transition metal
oxides [37]. The as-observed image confirms the successful removal of the aluminum
layer through the HF treatment resulting in a stacked TisC2 accordion-like morphology
which could enhance the electrode/electrolyte contact thereby resulting in efficient ionic
transport and pseudo-capacitance performance [1].

Fig. 1 (c-d) displays the FESEM micrographs of Mn3Os4 material at low and high
magnifications accordingly. It could be noticed that the material is composed majorly of
tiny, agglomerated irregular nanoparticles that have probably been constituted by the
aggregation of smaller Mn3O4 nanostructures [38].

Fig. 1 (e-f) displays the FESEM images of TisC2-Mn3O4 composite at various
magnifications. It can be observed that the addition of Mn3O4 leads to its integration in-
between the TisC2 sheets giving the TisC2-Mn3O4 nanocomposite mix. In addition, the
TisC2 nanosheets function as a conductive support base for the aggregated MnsOa4
nanostructures which will likely serves as a nanoscale collector for electron transfer

[1,39].
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Fig. 1. SEM images of (a-b) the pristine TisCz, (c-d) the pristine Mn3O4 and (e-f) TisC2-MnsOa4 hybrid at low
and high magnifications respectively.

Fig. 2 (a-b) indicates the HRTEM images of the Mn3Os sample portraying uniformly
distributed irregular nanoparticles which agrees well with SEM results from Fig. 1 (c—d).
Fig. 2 (c-d) demonstrates a characteristic HRTEM micrograph of the TizC2-Mn3Oa4
nanocomposite electrode material indicating the fine layered structure of the material.
The interlayer spacing of the material was estimated to be ~ 12.51-18.64 nm as shown
in Fig. 2(c). The Mn203 nanostructures are obviously seen located in the interlayer

spacing of the MXene sheets along with some located on the surfaces as indicated with
12



the arrows in Fig. 2 (d). It can also be noticed that the TisC2 nanosheets are evenly
loaded with numerous MnsO4 nanoparticles as shown in Fig. 2d with an approximate

thickness of ~ 7.89-10.25 nm.

Fig. 2. HRTEM images of (a-b) MnsOs and (c-d) TisC2-MnsOs4 nanocomposite at low and high
magnifications respectively.

Fig. 3 (a) shows the XRD spectra of TizC2, Mn3Oa4, and TizsC2-Mn3O4 composite. There
exist peaks at 26 values of about 10° (d-spacing; 5.15201 A), 20.8° (d-spacing; 4.91807
A) and 32° (d-spacing; 3.08401 A) which correspond to (002), (006) and (008) planes of

a pure TizC2 material earlier reported by other researchers [3,21,40].
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Fig.3. (&) XRD patterns, (b) FTIR spectra and (c) Raman spectra of the as-prepared TisC: pristine, MnzO4
pristine and TisC2-Mnz04 nanocomposite respectively.

The broad and low intensity (002) peak at 20 = 10° arises from the larger d-spacing due
to the structural expansion from HF etching as well as Al substitution with -F and the -
OH/=0 bonding groups. The broad peak observed at approx. 39.6° (104) is typical of
the 2D TisC2Tx MXene materials [41]. The diffraction pattern of Mn3Os4 shows strong
peaks corresponding to (101), (112), (211), (220), (204), (015) and (400) planes
ascribed to the hausmannite Mn3O4 tetragonal structure indexed according to JCPDS
card No. 00-24-0734. The intense peaks from the XRD pattern of the TizC2-Mn3Oa4
nanocomposite corresponding to both TisC2 and Mn3Oa4 indicated that the TisC2-Mn3sOa4

nanocomposite was properly synthesized. 14



Fourier transform infrared spectroscopy (FTIR) was performed to examine the surface
functional groups. The FTIR spectra of the TisC2, Mn3zO4 and TisC2-Mn3O4 are shown in
Fig. 3 (b). The two strong transmission peaks around 601 and 520 cm™ can be
designated to the combined mode connecting Mn-O stretching modes of tetrahedral and
octahedral sites in Mn3zO4. However, in the Mn3O4 spectrum, the bands around 1630 and
1400 cm are characteristics of resonances of the surface adsorbed O-H molecules and
carbonate ions that are present with Mn atoms proportionally in atmosphere. In addition,
the spectrum for the nanocomposite material recorded peaks around 596 and 515 cm™
which can also be observed for Mn3O4 spectrum, indicating the presence of MnzOa in the
nanocomposite. For all the samples, the peaks around 3400 and 1520 cm* are known to
be an attribute of strongly hydrogen-bonded (—OH) groups or external water molecules
been absorbed on the surface. Therefore, the accomplished coating of MnzOa4

nanoparticles on the TisCz sheets is further confirmed by the FTIR results.

Fig. 3 (c) demonstrates the Raman spectra of TisC2, Mn3Os, and TizsC2-Mn3O4
nanocomposites in the 100-2000 cm™ region. Raman spectroscopy peaks of the as-
prepared TizC2 samples at around 150, 275, 435, and 623 cm™ are consistent with that
of the reported data in the literature [38,42]. The observed peaks at around 275, 360,
and the strong peak centered at 655 cm™ are characteristic features of the tetragonal
Mn3Oa4 structure [38], which conform with the XRD analysis in Fig. 3 (a). The TisCo-
Mn3O4 nanocomposite Raman spectrum shows strong peaks at around 275, 434, and
623 cm™ indicating the successful synthesis of TisC2-Mn3O4 hanocomposite.

Fig. S1 (see supporting information) shows the elemental and chemical analysis of
Ti3C2-Mn304 nanocomposite. Fig. S1 (a) shows the EDX spectrum, while Fig. S1 (b)
depicts a table of the chemical analysis for the as-synthesized TizC2-Mn3Oa4

nanocomposite respectively. From the Fig., it is evident that the nanocomposite material
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is mainly made up of C, O, Ti and Mn. The material reveals traces of Cl and Si which
could be linked to the resin used in the EDX substrate sample preparation, and the F
contents is ascribed to the HF etching step employed in the TisC2 MXenes preparation.

Fig. S2 displays the nitrogen adsorption—desorption isotherms obtained from the
analysis and used in evaluating the BET surface area alongside with the pore size
distribution of TisC2-Mn3O4 nanocomposite. The results indicate an increase in the SSA

after deposition of the Mn3O4 material (see Fig. S2 (a) in the supporting information).

A BET SSA of 37.0 m? g was recorded for the synthesized nanocomposite material
compared to that of the pristine TisC2 sample (5.5 m? g™!). The improved SSA was
ascribed to the integration of numerous Mn3O4 nanoparticles into the interlayer spaces
between the TisC2 sheets resulting in an enlargement of pore sites after the
solvothermal process. Fig. S2 (b) displays the corresponding pore-size distribution
(PSD) plots of the pristine MXene material and the TisC2-Mn3O4 composite confirming
the presence of mesopores within structure of the material [1]. From the PSD plots, the
presence of both micropores and mesopores is confirmed within both materials with a
peak centered at ca. 2.0 nm and a higher volume of mesopores recorded between 3.0 —
4.5 nm. Furthermore, the introduction of Mn3O4 nanoparticles into the TisC2 nanosheets
provides larger SSA and more mesopores for cation intercalation which is also indicated
with the higher pore volume displayed for the TisC2-Mn3O4 nanocomposite. This unique
layered pore structure in the composites could improve the material’s charge storage

performance when applied as supercapacitor electrodes [43].

The thermal stability of the Ti2Cs, Mn3O4 and the Ti2C3-Mn3O4 samples was evaluated
by thermogravimetric analysis (TGA) performed in air between 20 °C and 1000 °C as
shown in Fig. S2 (c) in the supporting information. From the TGA profile, a very slight

weight loss close to a 100 °C temperature point was observed which was related to the
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loss of interfacial-adsorbed moisture in both Mn3Os4 and Ti2C3-Mn3O4 samples. The
weight loss just below 300 °C was asserted to the evaporation of adsorbed water
molecules [44,45]. The TGA profile of the oxidized TisC2 was observed to depict two
processes which contribute to the weight change. The weight gains at around 420 °C is

attributed to the TisC2 (MXene) oxidation, forming titanium dioxide and carbon [47].

The corresponding weight loss is due to the carbon combustion with further heating
[46,47]. From the residual weights of the two samples (90.10% (Mn30Oa4) and 57.23%
(TisC2-Mn304)) at 994 °C, the Mns3Os contents in the composites materials was

estimated to be ~32.87 wt%.

Fig. S3 (see supporting information) portrays the surface elemental composition of the
as-synthesized TisC2-Mn3O4 sample analyzed further using the XPS technique. The

high resolution XPS survey scans exhibited the presence of Mn, Ti, O and C atoms.

Fig. S3 (a) shows the Mn2p core level peaks with a 2ps2—2p12 doublet at 639.2 eV and
650.8 eV coupled with a spin-splitting width of 11.626 eV in the Mn 2p spectrum which
is in accordance with the spectrum for Mn3Oa4 [48,49]. The peaks observed at 639.2 eV
and 650.8 eV are ascribed to Mn 2ps2 and Mn 2pis2, correspondingly. This binding
energy corresponds to the oxidation state of Mn(ll) and Mn(lll).

Fig. S3 (b) shows the Ti 2p core levels with doublets (Ti 2p3/2 and Ti 2p1/2) at 455.770
and 461.5 eV respectively coupled with a splitting width of 5.7 eV which agrees well with
earlier studies reported in the literature [50,51].

Fig. S3 (c) shows the deconvoluted Cls peaks with the main C-C bond recorded at a
binding energy of 282.0 eV, and other associated bonds like the C-O bonds and the

C=0 bonds observed at 283.2 eV and 286.0 eV binding energies respectively [52].
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Fig. S3 (d) shows the deconvoluted Ol1s core level peaks. The peak conprises two
components at 529.2 eV (a characteristic of metal-oxygen bonds) and at 527.3 eV
which could be linked to the lattice oxygen in the material and the oxygen of the

hydroxide ions respectively [53,54].

A molar ratio of 5:1 was obtained for the Mn304:Ti2Cs in the composite material using
XRF method and is depicted in Table S1 in the supporting document. The ARL
Perform'X Sequential XRF instrument with Uniquant software was employed for the
analysis of elements in the periodic table in interval of Na and U, with just the elements
discovered over the detection bounds been described. Carbon (C) falls outside the
detection ability of XRF but the program adopted in this study was used to calculate
semi-quantitatively values for specific compounds such as TisC2. The values were
normalized, as no loss of ignition (LOI) was done to determine crystal water and
oxidation state changes. The presence of Al2O3 in significant quantity (2.4 wt. %) could
be ascribed to the sample preparation [33] in the laboratory; since small amount of
Al203 are expected in the parent MAX phases, also another source of Al could be the
presence of some residual Al from the parent MAX phase material during the etching
process to produce the TisC2. Other trace elements/compounds recorded are portrayed

owing to the impurities from chemicals used in sample preparation.

3.2 Electrochemical characterization

3.2.1 Electrochemical measurements of single electrodes in a three-electrode set-up
The electrochemical evaluation of the as-synthesized electrode materials was
investigated via a three-electrode measurement configuration done in 6 M KOH
aqueous electrolyte. The associated CV curves of the TizC2, Mn3O4 and TizC2-Mn30a4

electrodes at 50 mV s scan rate in both negative and positive operating potentials are
18



shown in Fig. 4(a-b). The different plots reveal that the TisC2-Mn3sO4 composite
electrode has a higher current response in the positive potential indicating a higher
specific capacity. The CV curve of the TisC2 material compared to that of Mn3O4 and
TisC2-Mn3O4 exhibits a quasi-rectangular shapes, showing a contribution of both faradic
nature and electrical double layer capcitance (EDLC). The inset to Fig. 4(a) is the
zoomed-in section of the CV curves of the three different materials showing clearly the
overshadowed curve for the MnzO4. This signifies the ability of the material to be
charged and discharged at a pseudoconstant rate over the entire voltammetric cycle in
the negative potential range [55].

Fig. 4 (b) displays the CV profile of the TisC2-Mn3zO4 composite and its constituents, with
that of Ni-foam pristine in the positive potential window range. It is noticed from the Fig.,
that the redox peaks from the Ni-foam are negligible compared to those from the as-
synthesized Mn3O4 and Ti3C2-Mn304 materials which clearly depicts no contribution of
capacity. An indication that the redox peaks are essentially attributed to the electrode

materials.
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Fig. 4. CV curves of the TisCz pristine, Mn3Oa pristine and TisC2-MnsO4 composites (a) in the negative
potential window, inset to (a) is the zoomed-in CV curves of the samples and (b) including that of pristine
Ni-foam in the positive potential window at a scan rate of 50 mV s respectively, (c) and (d) GCD curves
of all the three materials in both negative and positive potentials at a specific current of 1 A g*
respectively.

Additionally, the peak specific current of the TisC2-Mn3O4 nanocomposite is much higher
than that of TisC2 and Mn304 at the same 50 mV st scan rate implying a larger specific
capacity of the material is obtainable [56]. However, it is considered that the redox
peaks are essentially assigned to the TizC2-Mn3Oa4 electrode material [36].

Fig. 4 (c-d) shows a plot comparing the CD profiles of the as-synthesized electrode
materials in both negative and positive potential windows indicating an improved
electrochemical charge storage capability which is faraidic in nature in the positive

operating potential range.
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To further examine the electrochemical properties of TisC2-Mn3Os4 nanocomposite
electrode material, the CV curves at varying scan rates in a potential range of 0.0 — 0.35
V are displayed in Fig. 5 (a). The curves at distinct scanning rates show a pair of well-
defined redox peaks associated with the reversible transformation of Ti*/Ti** and

Mn3*/Mn**.

Fig. 5 (b) shows the CD curves at different specific currents. The nonlinear CV and CD
curves demonstrate oxidation and reduction peaks owing to the reversible redox faradic
reaction of a mixed proportion, comprising Ti%*, Ti®*, Mn?* and Mn?3* affirming the faradic
property of the TizC2-Mn3Oa4 electrode. The nonlinear CD curves and the voltage plateau
observed corresponds well to the peaks displayed by the CV curves [57], a further

confirmation of the material’s faradic behavior.

A shift of the anodic and cathodic peaks potentials in the positive and negative
directions is observed with increasing scan rate (Fig. 5(a)), owing to the aggravated
polarization [58,59], emanating from the inadequacy of ion diffusion rate to fulfil
electronic neutralization in the redox process [60]. The redox peaks intensities are
improved relative to increasing scanning rate [59]. Fig. 5 (c) displays a linear
relationship of the peak specific current as a function of the square roots of scan rate.
The linearity of the plots confirmed that the electrochemical reaction is diffusion
controlled, and further affirms the swift faradaic charge storage process within the TisCo-
Mn3O4 nanocomposite electrode [61].

The electrical resistance of the electrode materials was further evaluated through the
EIS technique at an open circuit potential, 0.0 V with frequencies ranging from 10 mHz
t0100 kHz. A demonstration of the Nyquist impedance plots of the TisC2, Mn3O4 and

TisC2-Mn304 nanocomposite is shown in Fig. 5 (d).
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Fig. 5. (a) CV curves of the TisC2-Mn30O4 composite at distinct scan rates, (b) CD curves of the TisCo-
MnsO4 composite at various specific currents, (c) anodic and cathodic peak specific current plotted as
function of square root of scan rate for TisC2-Mn3O4 composite and (d) EIS Niquist plots comparison of the
TisC2, Mn304 and TisC2-Mn304 with an enlarged high-frequency region as the inset respectively.

From the EIS plots for all three electrodes (Fig. 5(d)), a semicircle was noticed in the
high frequency region, displaying the interfacial charge transfer resistance, R and
mass transport via the material [34]. The inset to Fig. 5(d) portrays a zoomed-in high
frequency region of the plots.

The intersection to the real Z' axis is attributed to the electrode series resistance, Rs
that involves the electrolyte ionic resistance, the intrinsic resistance of the active
materials together with the contact resistance at the electrode material/current collector

interface [34].
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respectively.

From the Fig., the Rs values for the TizC2, Mn3O4 and TisC2-Mn3O4 nanocomposite
electrodes were recorded as 0.35 Q, 0.73 Q as well as 0.31 Q respectively.
Remarkably, the low Rs of the synthesized TisC2-Mn3Oa4 electrode material implies a
high electrical conductivity, resulting in a satisfying capacitive behaviour of the electrode
material based on the successful integration of the metal oxide into the MXene

framework.
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The specific capacity values plotted against the scan rate and specific current are

shown in Fig. 6 (a-b) for TisC2-MnsO4 electrode material, respectively.

The obtained specific capacity values evaluated from CV profiles at increasing scan
rates in a range of 5-100 mV s was 98.2-32.6 mAh g while the specific capacities
evaluated from the curves of a more accurate CD technique at increasing specific

currents of 1-10 A g ranged from 128.0-61.5 mAh g*.

It is obvious that the material displayed a higher specific capacity (128 mAh g?)
compared to some other similar TisCz2, and Mn3Oas-based composites materials earlier
reported in the literature [1,38,43,46,58-63]. The high performance is ascribed to the
presence of an optimized orientation of the MXene material in combination with the
metal oxide material which synergistically improved the individual properties of both
material to provide a combined improved conductivity, swift electron transportation, and
larger SSA for more access to aqueous electrolyte to the electrodes [51].

The higher specific capacity values could be attributed to the introduction of MnzOa4
nanoparticles, which further modifies the morphology and structure of the TizC2-Mn3zOa4
nanocomposite sample. Besides, Mn3zOs4 nanoparticles may act like a template for
mitigating potential volume changes from cations insertion, and as well as a secondary
current collector providing supports for electronic conductivity in the composite reflecting
the massive charge being stocked everywhere in the material as well as at the
electrolyte-electrode interface compared to TisC2 electrode [36,64]. Also, the TisC>
nanosheets in the composite sample perform as conductive span as well as nanoscale

collector for electron transfer [1,39].

Fig. 6 (c) demonstrates the EIS graphs of TisC2-Mn3O4 electrode before, and over 2000

charge and discharge cycling at 10 A g*. The semicircle in the high frequency region
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shows that resistance of the composite electrode material slightly increased after 2000
cycles as indicated by the inset to Fig. 6 (c).

Fig. 6 (d) is the specific capacity retention and energy efficiency of the TizC2-Mn3O4
composite electrode plotted the cycle number. A discharge capacity of about 77.7% was
retained for the single electrode, with a corresponding energy efficiency of about 83.5%
for over 2000 cycles at 10 A g. The high capacity retention could be ascribed to the
material’s higher electronic conductivity and the particular pore and perfect separated
layered nanosheets structure of TisC2-Mn3O4 material. Moreover, the TisC2 nanosheets
in TisC2-Mn30O4 nanocomposite electrode supply good adhesion to the Mn3Oas
nanomaterial with a -1 bonding energy which keeps the material intact. This bonding
helps to stabilize the TisC2-Mn3O4 nanocomposite mechanically, preventing loss of
electrode material while cycling against the prevalent trend of dissolution of Manganese
into the electrolyte solution and improves the cycle life of Mn3Os-based material

electrodes [65,66].
3.2.2. Electrochemical evaluations of the hybrid TisC2-Mn30.4//C-FP supercapattery

Owing to the remarkable performance of TisC2-Mn3Os4 nanocomposite electrode
material, a hybrid supercapattery was assembled and named as Ti3C2-MnzOa4//C-FP,
with TisC2-Mn304: C-FP mass balancing ratio, evaluated using equation 7, as 1.00: 0.74
corresponding to an aerial mass loading of approximately 1.9 and 1.47 mg/cm? with an
electrode area of nearly 1.54 cm?, resulting in a mass of ~ 2.9 and 2.3 mg for TisCo-
Mns3O4 and C-FP chosen as positive and negative electrodes, accordingly, and a total
mass of ~ 5.2 mg (~ 3.37 mg/cm?) for both TisC2-Mn3Os and C-FP active materials

components in the hybrid asymmetric device.
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Fig. 7 (a) indicates the CV curves of TisC2-Mn3O4 and C-FP tested as single electrodes
at a scan rate of 20 mV s*. The C-FP material electrode displayed a quasi-rectangular
CV curve that is truly comparable to double-layer capacitive properties. The assembled
hybrid device as observed in Fig. 7 (c), could operate in a much larger potential window
up to 1.5 V. Fig. 7 (b) depicts the potential profiles of TizC2-Mn3O4 and C-FP, at a
specific current of 1 A g1. The C-FP negative electrode delivers a specific capacitance
of 235 F gtat 1 A g!within -1.2 V to 0 V potential ranges. Fig. 7 (c) displays the CV
curves of the hybrid TisC2-Mn304//C-FP device performed at distinct scan rates in the
range of 5to 100 mV s*. To our notice, the CV profiles at distinct scan rates portrays a
mix of faradic and that of electric-double layer capacitive behaviors, a characteristic
feature associated with hybrid SCs [34,67]. Fig. 7 (d) exhibits the CD profiles of the
assembled device at various specific currents. The non-symmetric CD profiles indicates
the faradaic contribution via redox reactions to the hybrid TizC2-Mn3z04//C-FP device
[34,67,68]. This also confirms the assertion made earlier regarding the results from the
CV plots demonstrated in Fig. 7 (c). The nonlinear variation between potential and time
indicates a typical of faradaic process, which is as a result of the electrochemical redox
reactions in the material components of the device. The similarly nonlinear CD profiles
observed for the device implies that the capacity mostly results from the faradaic/redox
reactions. This indication matched well with the results observed from the CV curves in
Fig. 7 (c). The observed asymmetry in the CD curves below the ~ 1.2V potential is

attributed to some incompletely reversible electrochemical redox reaction [69].

Fig. 8 (a) demonstrates the estimated specific capacities of the TisC2-Mn3Oa4//C-FP
device using equation 2 and plotted against different specific currents. At specific
current of 1 A g?, the device was noticed to produce maximum a specific capacity of

78.9mAhgl
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Fig. 8 (b) is a display of the Ragone chart of energy and power densities as two key
parameters used to ascertain the applicability of a device. The equivalent energy
density together with power density of the assembled device were calculated using
equations 4 and 5. A high energy density of 28.3 Wh kg™, equivalent to a power density
of 463.4 W kg™ at a specific current of 1 A g was recorded. Remarkably, the device
retained a notably high energy density of 22.2 Wh kg™ that is equal to a power density

of 2285.5 W kg™t at 5 A g specific current.
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Fig. 7. (a) CV curves of TisC2-Mn3O4 and C-FP, (b) CD curves of TizC2-Mn3O4 and C-FP, (c) CV curves of
TizC2-Mn304//C-FP at distinct scan rates, and (d) CD profiles of TizC2-Mn3O4//C-FP at various specific
currents of the asymmetric device.
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This is an indication that the assembled hybrid SC is able to deliver a large power
density without a significant loss of the stored energy [34]. This indication resolves the
importance of the point that as greatly as the hope in the study of supercapacitor is to
enhance its energy capability to contend with that of battery, but not expected to be
accomplished at the cost of compromising its power density [34]. The energy density
obtained for asymmetric device in this work compares well with some other recently

published asymmetric devices in the literature [70-73].

From Fig. 8 (c), it could be noticed that the device showcased a superior energy
efficiency of 90.2 % determined using equation 3. The device also preserved 92.6 % of
the initial capacity after continuously cycling for up to a 10000 cycles at a specific
current of 3 A g™1. This demonstrates an excellent long-term electrochemical stability of
the asymmetric device. Such remarkable stability is mostly uncommon for
supercapattery-type devices but EDLC. The unmatched behavior is ascribed to the
mesoporous nature of the TisC2-Mn3O4 nanocomposite material that plays a crucial part
in raising the efficient electrode surface area, easing electrolyte permeability, thereby
narrowing electron pathway in the active materials [34,73]. The mesopores in the TiszCz-
Mn3Os4 nanocomposite structure provide improved accessibility towards the reactant
molecules cations through the interlayer space [75]. Furthermore, the distinguished
mesoporous structure could suit well the OH™ ions, thus promoting electrochemical
improvement as a result of closely packed ionic layers lying on both adjoining hole walls
[74,76]. This mesoporous nature could as well contribute to ion and electron flow,
repressing any modification of electrode volume in the charge-discharge process [77].

In Fig. 8(d) the EIS analysis employed to further assess the properties of the device is
shown. From the plots, the solution resistances, Rs before and after 10000 cycles were

estimated to be 0.86 2 and 0.89 Q, respectively, showing the suitability of electrical
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behaviours of the material adopted in fabricating the hybrid SC. The Rs which occurs at

the intercept to the Z’-axis in the high frequency region, is a summed up of resistance in

the electrolyte together with that between the contact and the material electrode.
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Fig. 8. (a) Specific capacity vs. specific current and (b) Ragone plot, (c) cyclic performance, (d) EIS

before and over 10000 cycles at a specific current of 3 A g, and (e) the fitted Nyquist plot by using

equivalent circuit (inset) of the TisC2-Mn304//C-FP asymmetric device.
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Following cycling, the diffusion path length was noticed to have drifted towards the
optimal perpendicular nature, and is attributed to the optimum use or sufficient active
material during redox reaction [34], irrespective of the high specific current.

Moreover, the Nyquist plot for TisC2-Mn3O4//C-FP asymmetric device was fitted as
shown in Fig. 8(e) with aid of a ZFIT fitting program v11.02, with its corresponding
electrical circuit displayed in the inset. From the circuit, the Rs is joined in series with a
constant phase element (CPE) Qu, that is parallely connected to the charge transfer
resistance, Rct. The leakage current resistance, RL is in series with another CPE, Qo.
The mass capacitance indicated as C is joined parallel to load resistance, R, all of

which are in series with the Rs.

Conclusion

TisC2-Mn3O4 nanocomposite electrode materials were successfully synthesized by a
solvothermal process which permits for the exact influence on the magnitude, form, as
well as crystallinity of the metal oxide nanostructures, by introducing Mn3zOa4 into the
TisC2 layers with the aim of taking advantage of the surface functionalities on the
MXene sheets. The characterization of the composite electrode material confirmed that
the as-synthesized material is composed of a layered structure of nanosheets which are
clearly delaminated with the integration of the metal oxide nanoparticles into the
interlayer spaces. The material demonstrated an enhanced electrochemical
performance with a recorded specific capacity value of 128 mAh g at specific current of
1 A gt A great performance was illustrated by the TizC2-Mn304 composite material
capacity, satisfactory cycling stability as well as the 77.65 % capacity retention ability for

up to 2000 constant CD cycles at 10 A g*. An assembled low cost hybrid TisCo-
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Mn3O4//C-FP SC device in 6 M KOH electrolyte yielded a comparable energy density of
28.32 Wh kg™ with an equivalent high power density of 463.42 W kg™ at a specific
current of 1 A g, and a 92.6% capacity retention for over 10000 cycling test. The
device was observed to maintain a considerably high energy density of 22.22 Wh kg
with corresponding power density of 2285.49 W kg at a high specific current of 5 A g*.
The research provides an addition to the knowledge of 2D MXene-based composites
and is useful in designing novel high-performance hybrid electrode materials with

promising device efficiency for supercapacitors applications.
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