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A B S T R A C T   

The rapid growth of wearable/portable electronics imposes a development of flexible, lightweight and highly 
efficient energy storage devices. In this work, we have synthesized λ-MnO2 nanoplates through one step co- 
precipitation method and used for flexible asymmetric supercapacitor (SC). The structural, morphological and 
electrochemical properties of synthesized λ-MnO2 were systematically investigated. The optical and electronic 
properties of λ-MnO2 were studied using UV–vis spectroscopy and density functional theory (DFT) calculations. 
The pseudocapacitive λ-MnO2 nanoplates-like electrode showed a maximum specific capacitance of 288.5 F g− 1 

at the scan rate of 5 mV s− 1. To check the practicability, symmetric (λ-MnO2//λ-MnO2) as well as asymmetric 
(λ-MnO2//AC and λ-MnO2//Ti3C2Tx MXene) SCs were fabricated and their performances were compared. The 
asymmetric λ-MnO2//Ti3C2Tx MXene SC demonstrated a maximum energy density of 15.5 Wh kg− 1 at the power 
density 1100 W kg− 1 along with 86.3 % of capacitive retention after 5000 cycles. Besides, to confirm the suit-
ability of these electrodes for flexible energy storage, a flexible λ-MnO2//Ti3C2Tx asymmetric SC was fabricated 
using PVA: Na2SO4 gel polymer electrolyte that operated in the potential window of 2 V and supplies high areal 
energy density of 39.9 μWh cm− 2 at a power density of 8586 μW cm− 2. Therefore, the λ-MnO2 prepared with a 
simple and scalable co-precipitation method may play a promising role in flexible energy storage.   

1. Introduction 

Electrical energy is prominent for technological development and its 
production through non-renewable resources greatly influences the 
world economy and ecological system [1]. Due to the expansion in the 
global need for energy, researchers have been focusing on exploring 
novel renewable energy sources and effective energy storage technolo-
gies [2]. Currently, electrochemical energy storage devices (EES) such as 
fuel cells, batteries and supercapacitors (SCs) have attracted great 
attention due to their good safety, reliability and eco-friendliness [3]. 
Amongst, SCs are mainly attracted due to their high power density and 
extended cycle life, exhibiting a wide range of applications in electric 
vehicles, communication technology, smart electronics, aircraft and 

smart grids [4]. Depending on the storage mechanism, SCs are classified 
into electric double-layer capacitors (EDLCs) and pseudocapacitors. 
EDLCs store electrical energy through ion adsorption/desorption while 
pseudocapacitors store charge via rapid redox reaction at the interface 
between electrode and electrolyte [5]. SCs are largely suffered from 
their poor energy density (ED), therefore, a significant amount of 
research is anticipated to develop novel electrodes and device configu-
rations [6,7]. The ED of SC can be improved by enhancing capacitance 
and operating voltage according to the relation E = (0.5) × CV2, where C 
is capacitance and V is operating voltage. The operating voltage and 
thereby the energy performance can be effectively enlarged by fabri-
cating asymmetric SCs (ASCs). The ASC is fabricated by combining two 
dissimilar electrodes mainly pseudocapacitive (positive) and EDLC 
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(negative) type, exhibiting high energy density, acceptable power den-
sity and long cycle life [8]. Recently, various non‑carbon negative 
electrodes have been prepared for asymmetric as well as hybrid SCs 
including VO [9], V2O5 [10], WO3 [11], MXene [12], etc. The 2D 
MXenes have attracted great attention due to their intrinsic electrical 
conductivity, hydrophilicity and layered structure [13]. In our previous 
work, we evidenced that the hybrid SC based on 2D MXene as a negative 
electrode device showed superior energy and power performance as 
compared with the SCs fabricated using activated carbon (AC) as a 
negative electrode [14,15]. In our attempt of improving the ED of SCs, 
we chose to prepare pseudocapacitive MnO2 as a positive electrode due 
to its high theoretical capacitance (1370Fg− 1), multiple oxidation 
states, natural abundance, thermal stability and inexpensiveness [16]. 
The SC performance of MnO2 depends on its crystallographic poly-
morphs such as α, β, γ, δ and λ-MnO2. Amongst, the α-MnO2 has been 
frequently reported for SC application, however, its operating potential 
window ranges typically from 0 to +0.8 V in aqueous electrolyte. On the 
other hand, the λ-MnO2 demonstrates an extended potential window up 
to 2 V along with excellent specific capacitance. Recently, the λ-MnO2 
has emerged as a promising candidate as an electrode material for SC 
application due to its excellent electrochemical properties [17]. How-
ever, there are very few reports available on synthesizing λ-MnO2 for SC 
application. For instance, Zhang et al. [18] synthesized λ-MnO2 nano-
particles by using the acid leaching method that showed a maximum 
specific capacity of 390.7 mAh g− 1 at 13.6 mA g− 1. It is observed that the 
λ-MnO2 was mainly prepared using the acid leaching method which is 
multi-step and involves toxic chemicals. Therefore, it is highly desirable 
to synthesize λ-MnO2 with a simple, scalable and cost-effective method. 

With this knowledge, in the present work, we have synthesized phase 
pure λ-MnO2 with chemical homogeneity using a single-step scalable co- 
precipitation method for the first time. This λ-MnO2 was characterized 
for structural, morphological and electrochemical analyses. The band 
gap of the λ-MnO2 was determined as 5.65 eV using UV–Vis spectros-
copy which was in good agreement with that predicted from density 
functional theory (DFT) calculations. The λ-MnO2 demonstrated a 
maximum specific capacitance of 288.5 F g− 1 at the scan rate of 5 mV 
s− 1. To test the practicability, three types of aqueous SCs were fabricated 
and compared using λ-MnO2, (λ-MnO2//λ-MnO2) Ti3C2Tx MXene 
(λ-MnO2//Ti3C2Tx) and AC (λ-MnO2//AC) electrodes. Interestingly, the 
λ-MnO2//Ti3C2Tx ASC reflected the highest ED of 15.5 Wh kg− 1 at the 
power density (PD) of 1100 W kg− 1 which was quite higher than the ASC 
based on AC (λ-MnO2//AC). Besides, the λ-MnO2//Ti3C2Tx ASC 
exhibited excellent capacitance retention of 86.3 % after 5000 cycles 
with coulombic efficiency (CE) maintained around 99 %. Furthermore, 
to understand the applicability of this device in wearable electronics, the 
flexible ASC was fabricated using PVA: Na2SO4 gel electrolyte that 
operates within a wider potential window of 2 V and provided a 
maximum areal ED of 39.9 μWh cm− 2 at a PD of 8586.4 μW cm− 2. 

2. Experimental section 

2.1. Chemicals and materials 

Manganese (II) nitrate tetrahydrate (Mn(NO3)2.4H2O) was pur-
chased from Alfa Aesar, UK. Analytical grade sodium hydroxide (NaOH) 
and sodium sulfate anhydrous (Na2SO4) were purchased from Sisco 
Research Laboratories Pvt. Ltd. (SRL), India. Hydrogen peroxide (H2O2) 
was obtained from Isochem Laboratories, India. The Ti3AlC2 (MAX 
phase) powder was procured from Jinzhou Haixin Metal Materials Co., 
Ltd. The 304 stainless steel (SS) with a thickness of 0.05mm was 
received from Labtronics Enterprises, India. 

2.2. Synthesis of λ-MnO2 

The λ-MnO2 powder was synthesized using a single-step co-precipi-
tation method. Initially, the aqueous solution of 0.3 M Mn(NO3)2.4H2O 

was prepared, to this solution, the NaOH pellets were added (0.67 M). 
After 5 min, 30 ml of H2O2 (9.79 M) was added and the mixture was 
stirred for 30 min at 200 rpm. Then, the brown-black precipitated so-
lution was centrifuged for several cycles by using DI water at 8000 rpm 
until pH becomes neutral. Finally, the sediment was dried at 70 ◦C 
overnight to get λ-MnO2 powder. 

2.3. Synthesis of 2D MXene (Ti3C2Tx) 

The Ti3C2Tx MXene was prepared as per our previous work [14]. 
Briefly, 25 ml of concentrated HCl was taken in a Teflon container and to 
this, 1 g of LiF was added. The mixture was maintained at 45 ◦C under 
constant stirring (200 rpm). Furthermore, 1 g of MAX phase (Ti3AlC2) 
powder was slowly added to this solution and the reaction was main-
tained for 24 h. After, a solution was centrifuged with DI water for 7 
cycles at 9000 rpm to remove the unreacted MAX phase and neutralize 
the pH. Then the sediment was dissolved in 100 ml of DI water and 
ultrasonicated for 30 min under an Ar atmosphere. Finally, the solution 
was centrifuged at 2000 rpm for 30 min, to obtain black ink-like 
dispersion of Ti3C2Tx MXene. This ink is not stable for a longer dura-
tion of time and maybe oxidized in ambient conditions. Therefore, in the 
present work, freshly prepared ink was used for coating. Its life can also 
be extended by storing it in sealed argon-filled vials as well as by keeping 
it away from the light [19]. 

2.4. Fabrication of electrodes and SCs 

The λ-MnO2 or AC electrodes were prepared by making a homoge-
neous slurry of active material (λ-MnO2 or AC), acetylene black, and 
polyvinylidene fluoride (PVDF) in the ratio of 8:1:1 in N-Methyl-2-pyr-
rolidone (NMP) solvent. The slurry was coated on stainless steel (SS) 
substrate (1 × 1 cm2) followed by drying at 80 ◦C overnight. The active 
masses of λ-MnO2 and AC electrodes were 0.62 and 1.3 mg cm− 2, 
respectively. To prepare Ti3C2Tx MXene negative electrode, the ink-like 
dispersion was centrifuged at 10,000 rpm for 30 min and obtained 
sediment was coated on SS substrate (1 × 1 cm2) and dried at 70 ◦C 
overnight in a vacuum oven. Both symmetric and asymmetric SCs were 
fabricated using a Swagelok cell. A symmetric SC was assembled by 
taking two identical λ-MnO2 electrodes separated by a soaked separator 
(Whatman filter paper soaked in 1 M of Na2SO4 solution). Asymmetric 
(λ-MnO2//Ti3C2Tx MXene and λ-MnO2//AC) SCs were fabricated using 
λ-MnO2 as a positive electrode and Ti3C2Tx MXene or AC as a negative 
electrode. The flexible λ-MnO2//Ti3C2Tx MXene ASC device was fabri-
cated by sandwiching PVA: Na2SO4 gel electrolyte in between λ-MnO2 
and Ti3C2Tx MXene-coated SS flexible electrodes. The gel electrolyte was 
prepared as follows, 5 g of PVA was added in 45 ml of DI water and the 
solution was continuously stirred and maintained at 90 ◦C until a clear 
and transparent gel-like substance was formed. To this, 15 ml of 1 M 
Na2SO4 solution was dropwise added at room temperature to obtain gel 
electrolyte. 

2.5. Characterization 

The X-ray diffraction (XRD) patterns were recorded by using an X-ray 
diffractometer (X'Pert3, Panalytical, Netherlands). The elemental ana-
lyses of the samples were performed by energy-dispersive X-ray spec-
troscopy (XFlash, Bruker, Germany) and X-ray photoelectron 
spectroscopy (XPS) (K-Alpha, Thermo Fisher Scientific, USA). The spe-
cific surface area and pore size distribution were measured using Bru-
nauer–Emmett–Teller (BET) technique (ASAP 2020, Micromeritics, 
USA). The optical measurement was done via Ultraviolet-visible 
(UV–Vis) spectroscopy (Carry 60, Agilent Technologies Inc., USA). The 
morphological characteristics were obtained using a field emission 
scanning electron microscope (FESEM) (ZEISS, USA) and transmission 
electron microscope (TEM) (JSM2100, JEOL, Japan). The electro-
chemical performance of individual electrodes was examined in the 
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three-electrode system using cyclic voltammetry (CV), galvanostatic 
charge-discharge (GCD), and electrochemical impedance spectroscopy 
(EIS) techniques via Biologic SP-150 electrochemical workstation. The 
λ-MnO2 or Ti3C2Tx MXene or AC-coated SS, coiled platinum and Ag/ 
AgCl were used as working, counter, and reference electrodes, respec-
tively. All electrochemical tests were carried out in 1 M Na2SO4 aqueous 
electrolyte. The EIS study was performed in the frequency range from 
0.1 Hz to 1 MHz with an AC amplitude of 10 mV at open circuit voltage. 

3. Result and discussion 

3.1. Formation mechanism of λ-MnO2 

The synthesis procedure along with the materials formation mech-
anism is illustrated in Fig. 1. When Mn2+ ions from manganese nitrate 
solution react with sodium hydroxide, the Mn(OH)2 precipitation is 
formed. Furthermore, the addition of H2O2 oxidizes Mn species to form 

Fig. 1. Schematic of material formation mechanism.  

Fig. 2. (a) XRD pattern of λ-MnO2; (b) XPS survey spectrum and core level spectra of (c) Mn 2p and (d) O 1 s for λ-MnO2.  
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λ-MnO2 nuclei as per the reaction depicted below. These nuclei grow to 
form MnO2 crystal grains which further evolve into horizontal planes via 
self-assembly to form λ-MnO2 nanoplates-like microstructure. 

Mn(NO3)2.4H2O+ 2NaOH+H2O2→MnO2 + 2NaNO3 + 4H2O (1)  

3.2. Structural and morphological analyses 

The crystal structure, phase and purity of the prepared powder 
sample were analyzed using the XRD pattern as shown in Fig. 2a. 
Diffraction peaks corresponding to 2θ values of 19.2, 35.6, 37.8, 46.1, 
49.3, 58.8, 65.4, and 68.0o can be indexed to miller indices of (111), 
(311), (222), (400), (331), (511), (440), and (531), respectively of the 
cubic λ-MnO2. The XRD pattern of λ-MnO2 was in good agreement with 
JCPDS card no. 00-044-0992. Moreover, the XPS analysis was performed 
to confirm the elemental composition and oxidation state of the λ-MnO2 

sample. The survey spectrum confirmed the presence of Mn, O, Na, and 
C elements with atomic percentages of 22.7, 53.9, 3.7 and 19.8 %, 
respectively (Fig. 2b). The high-resolution Mn 2p core level spectrum 
depicts two major peaks at 642.68 and 653.58 eV, corresponding to Mn 
2p3/2 and Mn 2p1/2, respectively (Fig. 2c). The spin energy separation 
between these levels was ~11 eV, confirming the presence of the Mn4+

state. Besides, the Mn 2p3/2 peak can be split at 642.08 and 643.48 eV, 
indicating the co-existence of Mn3+ and Mn4+ oxidation states, corre-
sponding to Mn2O3 and MnO2, respectively [20]. Also, in Mn 2p1/2 peak, 
two peaks situated at 653.18 and 654.38 eV confirm the presence of 
mixed oxidation states (Mn4+ and Mn3+), respectively [21]. The O 1s 
spectrum can be deconvoluted into two components at 529.98, and 
531.58 eV which may be attributed to the characteristic metal‑oxygen 
bonds (Mn–O–Mn) and hydroxyl groups (Mn–O–H), respectively 
(Fig. 2d) [22]. 

The morphology of λ-MnO2 was examined using field emission 

Fig. 3. FESEM images of λ-MnO2 at (a) lower (×10,000) and (b) higher (×1,50,000) magnifications; (c) TEM and (d) HRTEM images of λ-MnO2; e) SAED pattern of 
λ-MnO2; The electronic image (f) and elemental mapping for (g) Mn and (h) O elements; (i) The EDS spectrum of λ-MnO2. 
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scanning electron microscopy (FESEM) as shown in Fig. 3a and b, 
demonstrating irregularly distributed, self-assembled and porous 
nanoplates-like structure. This type of microstructure may provide high 

surface area, numerous electrochemically active sites and reduced ionic 
pathways for rapid surface redox reactions during the charging- 
discharging process [23]. As shown in the elemental mapping and EDS 

Fig. 4. (a) BET analysis and (b) pore size distribution of λ-MnO2 (inset: zoomed region).  

Fig. 5. (a) CV curve of λ-MnO2 at 5 mV s− 1; (b) CV curves of λ-MnO2 at different scan rates; (c) GCD curves of λ-MnO2 at different current densities; (d) The variation 
of specific capacitance and current density for λ-MnO2; (e) The variation of peak current versus the scan rate; The deconvolution of surface capacitive and diffusion- 
controlled contributions at the scan rate (f) 5 and (g) 50 mV s− 1 for λ-MnO2 electrode; (h) Contributions at various scan rates; (i) Nyquist plot for λ-MnO2 (inset: 
equivalent circuit). 
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spectrum of λ-MnO2 (fig. S1), the Mn and O were present and uniformly 
distributed throughout the surface. The low magnification TEM image of 
λ-MnO2 supports the formation of ultrathin nanoplates-like micro-
structure Fig. 3c. As shown in the high-resolution TEM (HRTEM) image, 
the d-spacing of 0.45 nm belongs to the (111) plane of λ-MnO2, matching 
well with the value obtained by XRD analysis (Fig. 3d). The SAED 
pattern demonstrates the polycrystalline nature of λ-MnO2 as shown in 
Fig. 3e. The elemental mapping images and EDS spectrum are shown in 
Fig. 3f-i, inferring uniform distribution and presence of both Mn and O in 
the λ-MnO2. 

3.3. Optical and theoretical studies 

The electrical conductivity of the electrode material is one of the 
important demanding properties for SC application. The electronic band 
gap gives a good estimate of material whether it is conducting or sem-
iconducting or insulating. Therefore, the electronic properties of λ-MnO2 
were studied using UV–visible absorption spectroscopy and DFT calcu-
lations as shown in Fig. S2. The experimental band gap was estimated 
using the Tauc relation αhν = B(hν − Eg)n, where α, hν, B and Eg are the 
absorption coefficient, photon energy, proportionality constant, and 
optical band gap, respectively. The Eg is a direct allowed band gap for n 
= ½. The extrapolation of the straight line in the plot decides a band gap 
which was found to be 5.65 eV, indicating poor conducting behavior of 
λ-MnO2. Besides experimental findings, the density of states (DOS) 
spectrum and band structures of MnO2 were explored to find the elec-
tron density distribution within the system and the band gap energy 
using an open-source quantum espresso software package [24]. The 
single point energy of MnO2 in an orthorhombic face-centered cubic 
lattice was obtained by using ultrasoft pseudopotentials (USPP) for Mn 
and O atoms. The number of k-points and cut-off for the wave function 
and charge were identified by repeated energy convergence of MnO2 up 
to 0.0001 Ry. The self-consistent field energy of MnO2 is predicted as 
− 1094.48339738 Ry. The calculated band gap energy of MnO2 was 5.6 
eV which was in good agreement with the experimental band gap. The 
density of states spectrum (Fig. S2c) shows that the up-spin configura-
tion of oxygen occupies the highest energy of the valance band and the 
lowest energy of the conduction band is occupied by the up-spin 
configuration of both Mn and O atoms. The band structure (Fig. S2d) 
evidenced the direct band gap of λ-MnO2 as the electrons in the HOMO 
and LUMO occur at the same value of momentum. 

The nitrogen (N2) adsorption–desorption isotherm of λ-MnO2 was 
carried at Standard Temperature and Pressure (STP). It shows a signif-
icant hysteresis loop between relative pressure (P/P0) of 0.8 and 1.0 
which reveals the capillary condensation with type-IV isotherm and H3- 
type hysteresis loop, demonstrating the mesoporous structure of λ-MnO2 
(Fig. 4a) [25]. This type of loop is normally observed for non-rigid ag-
gregates of plate-like particles, supporting the formation of nanoplates- 
like morphology of the λ-MnO2 [26]. Moreover, the BET-specific surface 
area and the pore volume of λ-MnO2 were estimated as 64.13 m2 g− 1 and 
0.409 cm3 g− 1, respectively. The pore size distribution of the λ-MnO2 
was obtained from desorption isotherms using the Bar-
ret–Joyner–Halenda (BJH) method (Fig. 4b), indicating that the pore 
size is mainly concentrated at 2.36 nm. Also, the small amount of pore 
sizes was centered at around 70 nm, displaying the significant macro-
porosity in the material. The high specific surface area and the meso- 
macro porous structure of λ-MnO2 may provide numerous electro-
chemically active sites and hassle-free ionic transport during the 
charging-discharging process. 

3.4. Electrochemical analysis 

The electrochemical performance was tested using a three-electrode 
system via CV, GCD, and EIS techniques as shown in Fig. 5. The CV curve 
of λ-MnO2 within the potential window of − 0.6 to 1.4 V vs Ag/AgCl at 
the scan rate of 5 mV s− 1 in 1 M Na2SO4 electrolyte is shown in Fig. 5a, 

demonstrating two clear oxidation and reduction peaks corresponding 
to insertion-extraction of Na+ ions in the 8a and 16c lattice sites of 
λ-MnO2 (Eqs. (2) and (3)) [18]. It is also noted that the oxygen and 
hydrogen evolution was not taken place during the charging-discharging 
of λ-MnO2. 

[]8a16c[Mn2]16d[O4]32e→[Nax]8a16c[Mn2]16d[O4]32e (2)  

[Nax]8a16c[Mn2]16d[O4]32e→[Nax]8a

[
Nay

]

16c[Mn2]16d[O4]32e (3) 

As shown in Fig. 5b, when the scan rate increased, the oxidation and 
reduction peaks shifted toward more positive and negative sides, 
respectively due to the internal resistance of the electrode [27]. The 
specific capacitance of λ-MnO2 was estimated to be 288.5 F g− 1 at the 
scan rate of 5 mV s− 1. Also, this electrode showed an extended potential 
window of − 0.4 to 1.6 V in 1 M Na2SO4 electrolyte. Moreover, the 
charging and discharging behavior of λ-MnO2 was investigated using the 
GCD technique. Fig. 5c shows GCD curves for λ-MnO2 electrode at 
current densities ranging from 1 to 10 A g− 1. The non-linear GCD curves 
may be attributed to the pseudocapacitive behavior of the electrode 
[28]. The iR drop at the beginning of the charging as well as the dis-
charging cycle is mainly due to the internal resistance of λ-MnO2. 
Furthermore, the value of specific capacitance was calculated to be 250 
F g− 1 at the current density of 1 A g− 1. This value was quite higher when 
compared with the reported λ-MnO2 and equivalent to other poly-
morphs of MnO2 (Table S1). This improved value of capacitance is 
attributed to the nanoplates-like morphology and the high specific sur-
face area of the λ-MnO2 electrode [29]. The values of specific capaci-
tance were estimated to be 250, 181.6, 154.2, 138.8, and 121.9 F g− 1 at 
the current densities of 1, 3, 5, 7, and 10 A g− 1. As shown in Fig. 5d, the 
capacitance retention was shown to be 48.7 % even at the higher current 
density of 10 A g− 1, depicting the appreciable rate capability of the 
electrode. 

To explore the charge storage mechanism, the correlation between 
scan rate (v) and peak current (i) was studied using the power law Eq. 
(4), 

i = a× vb (4)  

where a and b are constants. The b-value of 1 indicates a capacitive or 
surface-controlled process and b = 0.5 intends the diffusion-controlled 
process. The calculated b-values of 0.63, 0.67, 0.81, and 0.53 corre-
sponding to A1, A2, C1 and C2 (anodic and cathodic peaks), respectively 
reveal that the charge storage is neither dominated by surface-controlled 
nor diffusion-controlled processes (Fig. 5e). This demonstrates the cur-
rent response is controlled by both mixed surface and diffusion- 
controlled processes. Moreover, to separate the rapid capacitive and 
slow diffusion-controlled charge storage contributions, the following 
equation was used (5), 

i(V) = k1v+ k1v0.5 (5) 

where ‘i(V)’ is the current response and ‘v’ is the scan rate. The ‘k1’ 
and ‘k2’ are constants corresponding to rapid and slow kinetic processes, 
respectively. As shown in Fig. 5f and g, the λ-MnO2 nanoplates electrode 
demonstrated a capacitive contribution of 34.3 and 62.8 % at the scan 
rates of 5 and 50 mV s− 1. The capacitive contribution increases with the 
increase in scan rate (Fig. 5h), indicating a fast kinetic process of 
λ-MnO2. 

The electrical properties of λ-MnO2 were examined using three 
electrode system via EIS. As shown in the Nyquist plot (Fig. 5i), the 
depressed semicircle was observed in the high-frequency region and a 
straight line in the low-frequency region. The diameter of the semicircle 
provides a charge transfer resistance (Rct) and the straight line in the 
low-frequency region signifies the frequency-dependent diffusion- 
controlled Warburg impedance (W0). The intercept on the real axis (Z') 
implies the solution resistance (Rs), relating to the conductivity of the 
electrolyte and thicknesses of the active material as well as the separator 
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Fig. 6. (a) CV curve at 5 mV s− 1 and (b) different scan rates for Ti3C2Tx MXene electrode; (c) GCD curves of λ-MnO2 at different current densities; d) The variation of 
specific capacitance versus current density of Ti3C2Tx MXene electrode; e) Nyquist plot for Ti3C2Tx MXene electrode (inset: magnified high-frequency region). 

B. Thanigai Vetrikarasan et al.                                                                                                                                                                                                              



Journal of Energy Storage 72 (2023) 108403

8

[30,31]. The Rct is contributed by electronic and ionic resistances. The 
electronic resistance includes the intrinsic resistance of the active ma-
terial, contact resistance between materials particles and resistance 
between the current collector and active material. The ionic resistance is 
the resistance experienced by the electrolyte ions inside the pores of the 
electrode, depending on the conductivity of the electrolyte, pore struc-
ture and thickness of active material. The equivalent circuit containing 
Rs, Rct, CPE (constant phase element), Cp and W0 circuit elements cor-
responding to experimental data is shown in the inset of Fig. 5i. The CPE 
is a non-intuitive circuit element considered for the inhomogeneity in 
the surface and porous nature of the electrode material. The Rs and Rct 
values for λ-MnO2 electrode were estimated as 4.25 and 27.24 Ω, 
respectively which were relatively smaller when compared with the 
reported values for MnO2 [32], indicating good conducting behavior of 
λ-MnO2 nanoplates. 

The electrochemical performance of Ti3C2Tx MXene was tested via a 
three-electrode system in 1 M Na2SO4 electrolyte. As shown in the CV 
curve (Fig. 6a), the quasi-rectangular shape indicates the pseudocapa-
citive nature of the Ti3C2Tx MXene electrode [33]. The possible elec-
trochemical reaction corresponding to the charging-discharging of the 
Ti3C2Tx electrode is shown below (6), 

Ti3C2Tx + xNa+ + xe− ↔ NaxTi3C2Tx (6) 

The Ti3C2Tx electrode demonstrated a maximum specific capacitance 
of 71.2 F g− 1 at the scan rate of 5 mV s− 1 with an extended negative 
potential window from 0 to − 0.8 V. When the scan rate increased, the 
current under the CV curve also increased, indicating excellent capaci-
tive behavior of the Ti3C2Tx MXene electrode (Fig. 6b) [34]. GCD curves 
at different current densities are shown in Fig. 6c, depicting slightly 
deviated linear charging and discharging curves, suggesting the pseu-
docapacitive behavior of the Ti3C2Tx MXene electrode. The maximum 
value of specific capacitance was obtained as 89.2 F g− 1 at the current 
density of 1 A g− 1. The variation of specific capacitance and current 
density is shown in Fig. 6d, inferring good capacitance retention and 
hence the rate capability of Ti3C2Tx MXene electrode even at the high 
current density of 10 A g− 1. This rate capability is mainly attributed to 
the superior electrical conductivity of the Ti3C2Tx MXene electrode [35]. 
Furthermore, the electrical properties of the Ti3C2Tx MXene electrode 
were tested using EIS as shown in the Nyquist plot (Fig. 6e). The Rs and 
Rct values for the Ti3C2Tx MXene electrode were estimated as 5.0 and 
1.3 Ω, respectively. These lower values are ascribed to the superior 
electrical conductivity and hassle-free charge transfer reactions of the 
Ti3C2Tx MXene electrode. The vertical spike in the low-frequency region 
indicates the capacitive behavior of the MXene electrode. This type of 
highly capacitive and kinetically fast negative electrode exhibits a 
promising role in the fabrication of ASCs. Similarly, the performance of 
commercially available AC electrodes was tested using CV, GCD and EIS 
techniques in 1 M Na2SO4 electrolyte (Fig. S3), exhibiting a maximum 
specific capacitance of 70.5 F g− 1 at the current density of 1 A g− 1 and 
relatively lower values of solution (4.092 Ω) and charge transfer (2.843 
Ω) resistances. 

To test the electrochemical behavior of materials in the device form, 
different configurations were made including symmetric and asym-
metric SCs. The electrodes were prepared by coating active materials on 
the flexible SS substrate (1 × 1 cm2) and the electrolyte (1 M Na2SO4) 
was incorporated using soaked filter paper. The symmetric SC was 
fabricated using two identical λ-MnO2 electrodes, whereas two types of 
ASCs were fabricated using two different negative electrodes namely 
Ti3C2Tx MXene and AC to effectively utilize the capacitances of both 
positive and negative electrodes by balancing charges on both electrodes 
as per the following Eq. (7) [15], 

C+V+m+ = C− V− m− (7)  

where, C+ and C− are specific capacitances, V+ and V− potential win-
dows and m+ and m− are actives masses of positive and negative 

electrodes, respectively. The schematic of a representative λ-MnO2// 
Ti3C2Tx ASC is shown in Fig. 7. The CV curves of symmetric λ-MnO2// 
λ-MnO2, asymmetric λ-MnO2//AC and λ-MnO2//Ti3C2Tx SCs at the scan 
rate of 5 mV s− 1 are shown in Fig. 8a, displaying a wide potential 
window (0 to 2.2 V) and enhanced area under the curve of λ-MnO2// 
Ti3C2Tx ASC. The values of specific capacitance for λ-MnO2//λ-MnO2, 
λ-MnO2//AC, and λ-MnO2//Ti3C2Tx SCs were obtained as 11, 24.7, and 
28.5 F g− 1 at the scan rate of 5 mV s− 1, respectively. The enhanced 
specific capacitance of λ-MnO2//Ti3C2Tx ASC may be attributed to the 
high specific capacitance contributed by the 2D Ti3C2Tx MXene negative 
electrode and the synergic effect between both positive and negative 
electrodes. The relatively poor specific capacitance of λ-MnO2//AC ASC 
may be due to the increased diffusional resistance associated with the 
AC electrode in the device form. As shown in Fig. 8b, when the scan rate 
increased from 5 to 50 mV s− 1, the shape of CV curves doesn't change 
significantly, implying the superior rate capability of the λ-MnO2// 
Ti3C2Tx MXene ASC [36]. The GCD curves of λ-MnO2//λ-MnO2, 
λ-MnO2//AC and λ-MnO2//Ti3C2Tx SCs at the scan rate of 1 A g− 1 are 
shown in Fig. 8c. The specific capacitances calculated from GCD curves 
were 3.3, 13.2, and 23.1 F g− 1 at the current density of 1 A g− 1, 
respectively. Each curve demonstrates a significant iR drop, however, 
the iR drop of λ-MnO2//Ti3C2Tx MXene ASC was relatively small which 
may be due to the excellent conductivity contributed by the Ti3C2Tx 
MXene electrode. To test the rate capability of all devices, the GCD was 
performed at different current densities ranging from 1 to 7 A g− 1 

(Fig. 8d and S4). The variation of specific capacitance versus current 
density is shown in Fig. 8e. The capacitance retentions at the higher 
current density of 7 A g− 1 were obtained as 2.98, 5.79 and 44.07 % for 
λ-MnO2//λ-MnO2, λ-MnO2//AC and λ-MnO2//Ti3C2Tx SCs, respectively. 
The relatively higher rate performance of λ-MnO2//Ti3C2Tx MXene ASC 
is attributed to the good conducting behavior of the Ti3C2Tx MXene 
negative electrode. The λ-MnO2//Ti3C2Tx MXene ASC showed a 
maximum energy density of 15.5 Wh kg− 1 at the power density of 1100 
W kg− 1 with a wide potential window from 0 to 2.2 V. This value is 
higher than the values obtained for symmetric λ-MnO2//λ-MnO2 (7.3 

Fig. 7. Schematic diagram of λ-MnO2//Ti3C2Tx MXene ASC assembled using 
Swagelok cell. 
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Wh kg− 1@1000 W kg− 1) and asymmetric λ-MnO2//AC (1.3 Wh 
kg− 1@1200.0 W kg− 1) SCs. The superior performance of MXene-based 
ASC may be mainly due to the high conducting nature of Ti3C2Tx 
MXene, good specific capacitance and extended potential window of the 
device. To further shed light on the electrical properties of λ-MnO2// 
λ-MnO2, λ-MnO2//AC, and λ-MnO2//Ti3C2Tx SCs, these devices were 
subjected to EIS analysis as shown in Fig. 8f. The estimated Rs and Rct 
values are shown in Table S2. Since all SCs were fabricated with iden-
tical dimensions and the same electrolytic solution, the Rs values were 
similar, displaying the good conductivity of electrolyte/planar elec-
trodes and small thicknesses of active material and separator. As 
compared to other SCs, the λ-MnO2//Ti3C2Tx ASC showed a very small 
value of Rs (0.61 Ω) which may be due to the relatively higher con-
ductivity of Ti3C2Tx MXene negative electrode. Besides, the highest Rct 
value (184 Ω) of symmetric λ-MnO2//λ-MnO2 SC was owing to the poor 
conductivity of λ-MnO2. The Rct value of λ-MnO2//Ti3C2Tx ASC was 

smaller than the λ-MnO2//AC ASC which can be ascribed to the excel-
lent intrinsic conductivity of the Ti3C2Tx MXene electrode. Also, the 
straight line in the low-frequency region for λ-MnO2//Ti3C2Tx ASC was 
steeper than that for symmetric λ-MnO2//λ-MnO2 and asymmetric 
λ-MnO2//AC SCs, implying the capacitive character of the Ti3C2Tx 
MXene based ASC. Furthermore, the stability of the λ-MnO2//Ti3C2Tx 
device was examined using the GCD technique for 5000 GCD cycles at 
the current density of 5 A g− 1 (Fig. 8g), highlighting the capacitance 
retention of 86.3 % with the CE of ~99 % after 5000 cycles. The per-
formance of MXene-based SC was found to be appreciable when 
compared with the other devices (Fig. S4). Furthermore, to understand 
the effect of cycling on the electrical properties of λ-MnO2//Ti3C2Tx 
MXene ASC, the EIS was performed before and after cycling as shown in 
Fig. 8h. The Rs value before and after cycling was reported as 0.6 and 
1.7 Ω, depicting there is no significant change in the electrode and 
electrolyte resistance of the device. However, the Rct value was 

Fig. 8. (a) CV curves of λ-MnO2//λ-MnO2, λ-MnO2//AC, and λ-MnO2//Ti3C2Tx MXene SCs at the scan rate of 5 mV s− 1; (b) CV curves of the λ-MnO2//Ti3C2Tx SC at 
different scan rates; c) GCD curves of λ-MnO2//λ-MnO2, λ-MnO2//AC, and λ-MnO2//Ti3C2Tx MXene SCs at the current density of 1 A g− 1; (d) GCD curves of 
λ-MnO2//Ti3C2Tx MXene SC at different current densities; (e) The variation of specific capacitance versus current density of λ-MnO2//λ-MnO2, λ-MnO2//AC, and 
λ-MnO2//Ti3C2Tx MXene SCs; (f) Nyquist plot for λ-MnO2//λ-MnO2, λ-MnO2//AC, and λ-MnO2//Ti3C2Tx MXene SCs in the frequency range 0.01 Hz to 1 MHz (inset: 
zoomed high-frequency region); (g) The stability study of λ-MnO2//Ti3C2Tx MXene SC; (h) The Nyquist plots of λ-MnO2//Ti3C2Tx MXene SC before and after cycling; 
(i) Comparison of energy and power densities of both λ-MnO2//AC and λ-MnO2//Ti3C2Tx MXene SCs with the values reported in literature. 
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increased from 26 to 35 Ω, indicating that the capacitance fading could 
be due to the increased charge transfer resistance. This increased charge 
transfer resistance may be attributed to the morphological changes of 
electrodes. To check these changes after cycling, the λ-MnO2//Ti3C2Tx 
MXene ASC was disassembled and cycled electrodes were subjected to 
FESEM analysis. As shown in Fig. S5, the morphology of λ-MnO2 was 
significantly altered after cycling. However, the microstructure of 
Ti3C2Tx MXene was well retained. The ED and PD values of λ-MnO2// 
Ti3C2Tx MXene and λ-MnO2//AC ASCs were compared with the help of 
Ragone plot (Fig. 8i) and Table S3, showing excellent performance when 
compared with the reported SCs fabricated with MnO2 and its com-
posites shown. 

To assess the applicability of the λ-MnO2 and Ti3C2Tx electrodes in 
the flexible SCs, the flexible ASC of thickness 0.247 mm was fabricated 
using λ-MnO2 as the positive electrode, Ti3C2Tx MXene as the negative 
electrode and PVA: Na2SO4 polymer gel as an electrolyte (Fig. 9a). The 
CV curves of fabricated flexible λ-MnO2//Ti3C2Tx MXene ASC at 
different scan rates with the operating potential of 2 V are shown in 

Fig. 9b, demonstrating quasi-rectangular shape which may be due to the 
pseudocapacitive nature of λ-MnO2 and Ti3C2Tx electrodes. Moreover, 
the flexible λ-MnO2//Ti3C2Tx MXene ASC device was examined using 
the GCD technique at different current densities as shown in Fig. 9c, 
revealing maximum volumetric ED of 606 μWh cm− 3 at a PD of 130.4 
mW cm− 3. Also, it shows an areal ED of 39.9 μWh cm− 2 at a PD of 8586 
μW cm− 2. The flexibility performance of the flexible λ-MnO2//Ti3C2Tx 
MXene ASC was explored by recording CV and GCD curves at different 
bending angles (Fig. 9d-f), depicting excellent capacitance retention of 
89.8 % even at the bending angle of 180◦. To test rate capabilities at 
different bending angles, GCD curves at current densities ranging from 1 
to 7 A g− 1 were recorded (Fig. S6), demonstrating a decrement in the 
rate capability at extreme bending condition of 180◦. However, the rate 
capabilities are appreciable at moderate bending conditions. The cyclic 
stability of the flexible device at 0 and 180o bending angles was exam-
ined for 5000 GCD cycles at 5 A g− 1, exhibiting appreciable capacitance 
retention of 86.4 and 81.3 % respectively, along with CE of ~99 % 
(Fig. 9g). Fig. 9h shows the Nyquist plots for flexible λ-MnO2//Ti3C2Tx 

Fig. 9. (a) Schematic diagram of λ-MnO2//Ti3C2Tx MXene flexible SC; (b) CV curves of flexible λ-MnO2//Ti3C2Tx MXene SC at different scan rates; (c) GCD curves of 
flexible λ-MnO2//Ti3C2Tx MXene SC at different current densities; (d) CV curves of flexible λ-MnO2//Ti3C2Tx MXene SC at different bending angles; (e) GCD curves of 
flexible λ-MnO2//Ti3C2Tx MXene SC at different bending angles; (f) The variation of capacitance retention versus bending angle for flexible λ-MnO2//Ti3C2Tx MXene 
SC (inset: the photographs of flexible λ-MnO2//Ti3C2Tx MXene SC at various bending angles); (g) The stability study of flexible λ-MnO2//Ti3C2Tx MXene SC at 0 and 
180◦ bending angles; (h) Nyquist plots for flexible λ-MnO2//Ti3C2Tx MXene SC before and after cycling (zoomed high-frequency region); (i) Demonstration of a 
glowing LED powered by flexible λ-MnO2//Ti3C2Tx MXene SCs. 
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ASC before and after 5000 GCD cycles. The estimated Rs and Rct values 
before and after cycling were found to be 2, 4 Ω and 18, 43 Ω, respec-
tively. The increase in Rs, as well as Rct values, may be attributed to the 
increased ionic resistance of polymer gel electrolyte that might be 
resulted due to the evaporation of water from the gel electrolyte. To 
demonstrate the wearability, the flexible λ-MnO2//Ti3C2Tx MXene ASC 
was fixed on the human wrist which was found to be glowing LED for 5 
min after charging for 1 min (Fig. 9i). Thus, this study concludes that the 
λ-MnO2 prepared through a simple and scalable co-precipitation method 
exhibits a promising role in Ti3C2Tx MXene-based asymmetric flexible 
supercapacitor. 

4. Conclusion 

In summary, the nanoplates-like λ-MnO2 was successfully synthe-
sized using a facile, single-step and scalable co-precipitation method. 
This λ-MnO2 nanoplates-like material depicted a high specific surface 
area of 64.13 m2 g− 1 with a meso-macro porous structure. It displayed a 
maximum specific capacitance of 288.5 F g− 1 at the scan rate of 5 mV 
s− 1. Moreover, the λ-MnO2//Ti3C2Tx ASC device exhibited a high ED of 
15.5 Wh kg− 1 at the PD of 1100 W kg− 1. Besides, it exhibited excellent 
cyclic stability up to 86.3 % with a CE of 98.8 % after 5000 cycles. The 
flexible λ-MnO2//Ti3C2Tx MXene ASC demonstrated an appreciable 
potential window of 2 V with a superior areal ED of 39.9 μWh cm− 2 at 
PD of 8586.4 μW cm− 2. Therefore, the ASC fabricated from a synergic 
effect between all pseudocapacitive λ-MnO2 nanoplates and 2D-Ti3C2Tx 
MXene electrodes can be considered a favorable candidate for flexible 
electrochemical energy storage. 
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