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A B S T R A C T   

Low-cost and nontoxic manganese dioxide (MnO2) cathodes have shown promising application in high-capacity 
and high-voltage rechargeable zinc ion batteries (ZIBs), but suffer from limited cycling life and energy density 
mainly due to poor electrical conductivity and structural failure induced by manganese dissolution and H+/Zn2+

co-intercalation in traditional aqueous electrolytes. Herein, two-dimensional strongly-coupled δ-MnO2/MXene 
heteronanosheets are efficiently developed for high-performance ZIBs, which mainly includes an in-situ poly-
merization of dopamine on Ti3C2 MXene surface and subsequent redox reaction between KMnO4 and polydop-
amine. Benefited from the conductive MXene nanosheets for fast electron transfer, and the thin thickness of 
δ-MnO2 nanosheets for improved Zn2+ insertion kinetics and structural stability, the δ-MnO2/MXene hetero-
nanosheets exhibit unique Zn2+-exclusive storage mechanism without proton storage induced disadvantages (e. 
g., Mn dissolution in traditional aqueous electrolytes) and superior zinc storage performance in 0.5 M zinc triflate 
in triethyl phosphate organic electrolyte (Zn(OTf)2/TEP), offering a capacity of ~163 mAh g− 1 at 100 mA g− 1, a 
high capacity retention of 84.5 % after 1000 cycles, and an areal capacity of 1.9 mAh cm− 2 when the mass 
loading is up to 10.5 mg cm− 2. This work provides unique Zn2+-exclusive storage mechanism of δ-MnO2 in 
organic electrolyte and opens up a new approach for building high-performance ZIBs.   

1. Introduction 

Rechargeable zinc ion batteries (ZIBs) hold great potentials in 
renewable energy fields as an alternative to prevailing lithium-ion bat-
teries mainly benefited from several merits of Zn metal, such as low cost, 
high theoretical capacity (820 mAh g− 1 or 5855 mAh cm− 3), and suit-
able anode potential (-0.76 V vs. standard hydrogen electrode) [1–4]. As 
a key component in ZIBs, advanced cathode plays significant role in 
determining the electrochemical performance of ZIBs. Especially, low- 
cost and abundant manganese dioxide (MnO2) has been deemed as 
one of the most promising candidates for ZIBs due to its high theoretical 
capacity (308 mAh g− 1) and high voltage plateau [5,6]. However, the 
undesirable conductivity (10− 5-10− 6 S cm− 1) [7] and manganese 
dissolution issues in traditional aqueous electrolytes (e.g., 1 M ZnSO4) 
[8,9] usually result in low capacity and limited cycling life, seriously 
hindering the practical application of MnO2 cathodes for ZIBs [10,11]. 

To address the mentioned challenges, one efficient strategy is to 
rationally design and construct advanced MnO2 cathodes, such as 
interlayer engineering [12], defective engineering [13], and MnO2 
based hybrid cathodes [14], among which, the latter strategy is 
considered to be most effective due to the rich choices of various func-
tional materials and different designs of hybrid nanostructures [15,16]. 
Notably, as a new star of 2D materials after graphene, transition metal 
carbides and nitrides (MXene) nanosheets possess high conductivity up 
to 20,000 S cm− 1 and abundant functional groups (e.g., –OH, and –F), 
providing possibility to construct advanced MnO2/MXene hybrid cath-
odes for high-performance ZIBs [17–19], in which MXene nanosheets 
can effectively improve the conductivity and structural integrity of 
MnO2. For example, the gas-phase spray drying strategy was employed 
to encapsulate MnO2 nanoparticles and MXene nanosheets [20], hence 
the assembled MXene-MnO2 hybrid cathode displayed superior zinc 
storage performance (e.g., a capacity retention of 90.6 % at 100 mA g− 1 
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after 2000 cycles) to pure MnO2 (a capacity retention of 21.4 %). 
Moreover, V2CTx MXene was introduced for the uniform MnO2 nano-
sheets via in-situ growth strategy, and a high specific capacity of 119.2 
mAh g− 1 at 10 A g− 1 was achieved in the resulting manganese-vanadium 
hybrid cathode after 10,000 cycles [21]. Another efficient strategy is to 
rationally design suitable electrolytes. For instance, introducing addi-
tives (e.g., Mn2+ ions) into aqueous electrolytes (e.g., ZnSO4) is able to 
change the dissolution equilibrium of Mn2+ ions from MnO2 and thus 
greatly suppress Mn dissolution [22]. Moreover, rationally regulating 
the concentration of Mn2+ ions to 0.005 mol L− 1 can achieve both 
MnO2/Mn3+ and MnO2/Mn2+ redox conversion in a stable and revers-
ible manner within the broad voltage window of ~2.3 V [23]. Despite 
great progress, rational design and efficient synthesis of 2D well-defined 
MnO2/MXene hybrids are still rarely reported since MnO2 with desired 
crystal structures and nanostructures are usually uncontrollably depos-
ited on MXene nanosheets. Meanwhile, H+/Zn2+ co-insertion into MnO2 
matrix usually results in pH variation of aqueous electrolytes and the 
irreversible formation of by-products (e.g., zinc sulfate hydroxide) [24], 
and correspondingly, inferior cycling life is frequently recorded. 
Therefore, it is of great importance yet challenging to develop a 
controllable synthesis strategy for MnO2/MXene hybrids and explore 
novel zinc storage mechanisms in new electrolytes for stable ZIBs. 

Considering that layered δ-MnO2 greatly facilitates reversible Zn2+

ion intercalation, herein 2D δ-MnO2@MXene heteronanosheets are 
synthesized via in-situ polymerization of dopamine (DA) on MXene 
nanosheets and subsequent vertical deposition of δ-MnO2 nanoflakes on 
MXene based on the redox reaction between polydopamine (PDA) and 
KMnO4. The strongly-coupled MnO2@MXene heteronanosheets present 
thin thickness of ~15 nm, and can be assembled into free-standing films 
via filtration with graphene or phase inversion-freeze drying processes. 
Importantly, the resulting MnO2@MXene film cathodes in organic 
electrolyte of 0.5 M zinc triflate (Zn(OTf)2) in intrinsic safe triethyl 
phosphate (TEP) solvent show fast reaction kinetics and stable structural 
stability due to the contribution of MXene nanosheets and organic 
electrolytes, avoiding the formation of by-products, Mn dissolution, and 

structural collapse in aqueous electrolyte and sluggish reaction kinetics 
in pure MnOx cathode (Fig. 1). Therefore, the as-assembled Zn//MnO2 
batteries exhibit stable charge/discharge processes for up to 1000 cycles 
and a high capacity retention of 84.5 %. This work provides a reliable 
way to develop advanced organic Zn-MnO2 batteries with unique Zn2+- 
exclusive storage mechanism. 

2. Experimental 

2.1. Material synthesis 

Interfacial synthesis of MnO2@MXene heteronanosheets: 
MnO2@MXene heteronanosheets were synthesized by in-situ self-poly-
merization of dopamine on Ti3C2 MXene nanosheets and subsequent 
reduction of KMnO4 by PDA. Typically, 4 mL delaminated few-layer 
MXene nanosheets (5 mg mL− 1, 11 Technology Co., ltd.) were pipet-
ted into 50 mL tris-buffer solution (10 mM, pH = 8.5), followed by 
stirring for 1 h. Subsequently, 50 mg dopamine hydrochloride was 
added into above solution and stirred for 9 h at room temperature, 
which was subjected to centrifugation and washing for five times to 
obtain PDA@MXene nanosheets. Then, the resulting samples were 
dispersed in 70 mL KMnO4 solution (5 mM) under stirring for 4 h, and 
the final products of MnO2@MXene heteronanosheets were collected by 
centrifugation and washing, and freeze-drying. Moreover, MnO2@M-
Xene heteronanosheets with different ratio of MXene to MnO2 were 
fabricated and compared by varying the dose of Ti3C2 MXene suspen-
sion. In addition, MnO2 nanospheres were synthesized according to the 
above method except for the absence of MXene nanosheets. 

Synthesis of MnO2@MXene based film electrodes: MnO2@MXene 
based thin film electrodes were prepared with the help of electro-
chemical exfoliated graphene (EG) nanosheets (Fig. S1). Specially, EG 
nanosheets were firstly mixed with MnO2@MXene suspension (5 mg 
mL− 1, 5.54 mL), then MnO2@MXene based thin film was fabricated by 
filtering the mixed suspension via vacuum filtration and dried at 80 ◦C in 
vacuum. Afterwards, MnO2@MXene based thick films were prepared via 

Fig. 1. Schematic illustration of the superiority of MnO2@MXene in organic electrolyte. (a) MnO2@MXene cathodes in aqueous electrolyte suffer from structural 
collapse and the formation of by-products. (b) Organic electrolyte ensures structural stability of MnO2@MXene cathodes. (c) Ti3C2 MXene nanosheets with good 
conductivity enable fast electron transfer kinetics. 
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a modified phase-inversion strategy [25–28], which facilitates the con-
struction of free-standing porous film electrodes. Specially, a slurry 
consisting of MnO2@MXene heteronanosheets, polyvinylidene difluor-
ide (PVDF), and carbon black with a mass ratio of 7:2:1 dispersing in N- 
methyl-2-pyrrolidone solvents was injected into a home-made poly-
ethylene terephthalate mold, which was subject to immersion in 
deionized water for 8 h and subsequent freeze-drying to obtain the free- 
standing thick electrodes. The as-synthesized thick films with a high 
mass loading of 10.5 mg cm− 2 were cut into square-like shape with size 
of 0.5 × 0.5 cm for the assembly of ZIBs. 

2.2. Material characterization 

The morphology and chemical composition of MnO2@MXene het-
eronanosheets were characterized by scanning electron microscopy 
(SEM, SU8010, HITACHI) coupled with an energy dispersive X-ray 
spectroscopy (EDS) detector, transmission electron microscope (TEM, 
JEM-2100) with elemental dispersive spectrometer, high resolution 
TEM (HRTEM, JEM-2100), X-ray diffraction patterns (XRD, PANalytical 
Empyrean), X-ray photoelectron spectroscopy (XPS, Thermo Scientific 
K-Alpha + ), Raman spectroscopy (Xplora, HORIBA JOBIN YVON S.A. 
Company), and Fourier transform infrared spectroscopy (FTIR, TENSOR 
27). 

2.3. Electrochemical measurement 

To measure the ion conductivity of electrolytes, glass fiber separator 
saturated with targeted electrolytes was sandwiched by two stainless 
steels, and thus the ionic conductivities of electrolytes can be calculated 
according to the equation of σ = l

R×S, in which l (cm), R (Ω) and S (cm2) 
represent the thickness of separator, bulk resistance in electrochemical 
impedance spectroscopy (EIS) test and electrode area, respectively. 
Then, after measurement of the ionic conductivities of targeted elec-
trolytes at different temperatures ranging from 0 to 60 ◦C, activation 
energies (Ea) could be calculated based on Arrhenius equation of σ =
A
T ∗ exp( − Ea/RT). 

Zn//Zn symmetrical batteries were assembled with Zn foils as elec-
trodes, 0.5 M Zn(OTf)2/TEP as electrolytes, and glass fiber membrane as 
separators. For Zn//MnO2 batteries, MnO2@MXene film, Zn foil, and 
glass fiber membrane were used as cathode, anode, and separator in 
coin-type cells (CR2016), respectively. Moreover, 0.5 M Zn(OTf)2/TEP 
and 2 M ZnSO4 with 0.2 M MnSO4 additive were prepared as organic and 
aqueous electrolyte, respectively. Galvanostatic charge/discharge 
(GCD) profiles, rate capability, and cycling performance of ZIBs were 
conducted with LAND (CT2001A) test system. Cyclic voltammetry (CV) 
curves, linear sweep voltammetry (LSV) measurements, and EIS tests 
with the amplitude of 5 mV and the frequency from 100 kHz to 0.01 Hz 
were carried out with an electrochemical workstation (CHI 660E). 

Fig. 2. (a) Schematic illustration of the preparation of MnO2@MXene heteronanosheets. (b) SEM image, (c) TEM image, and (d) HRTEM image of MnO2@MXene. (e) 
XRD pattern, (f) XPS spectra, and (g) high resolution O1s spectra of MnO2@MXene. 
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3. Results and discussion 

The MnO2@MXene heteronanosheets were fabricated through an in- 
situ self-polymerization of dopamine and subsequent MnO2 deposition 
on Ti3C2 MXene nanosheets through the redox reaction between KMnO4 
and PDA, as illustrated in Fig. 2a. Specifically, dopamine was in-situ self- 
polymerized to form a PDA layer on few-layer Ti3C2 MXene nanosheets 
in tris-buffer solution (pH = 8.5) to obtain PDA@MXene hybrid nano-
sheets with smooth surface (Fig. S2). Subsequently, MnO2 nanoflakes 
were grown on MXene nanosheets via the redox reaction between 
KMnO4 and PDA, resulting in MnO2@MXene heteronanosheets 
(Fig. 2a). As shown in Fig. 2b, the heteronanosheets display obvious 2D 
structures and rough surface due to the presence of thin and vertical 
MnO2 nanosheets (Fig. 2b-c). HRTEM image further demonstrates clear 
diffraction fringes of MnO2 with interlayer spacings of ~0.33 and 0.73 
nm attributed to (0 0 2) and (0 0 1) planes of δ-MnO2 (Fig. 2d), 
respectively. Elemental mapping analysis confirms the uniform and 
apparent distribution of Mn, O, Ti, and C on the selected area of 
MnO2@MXene heteronanosheets (Fig. S3). For comparison, MnO2 mi-
crospheres were fabricated via self-polymerization of dopamine into 
PDA microspheres with smooth surface and subsequent KMnO4 reduc-
tion by PDA, resulting in MnO2 microspheres decorated with nanosheets 
(Fig. S4). 

Various characterizations were conducted to investigate the evolu-
tion of chemical composition during the preparation of MnO2@MXene 
heteronanosheets. After PDA coating on MXene, most diffraction peaks 
of MXene in XRD patterns become weaker (Fig. S5a), and notably, the (0 
0 2) peak of Ti3C2 MXene at 7.4◦ can’t be observed in the range from 5◦

to 90◦ for PDA@MXene sample because the presence of PDA coating 
layers significantly enlarges the interlayer spacing of MXene nanosheets. 
Meanwhile, Raman spectrum further demonstrates the presence of Ti–O 
and Ti–C signals at 220 and 672 cm− 1 (Fig. S5b), respectively. When 
MnO2 nanoflakes are vertically decorated on MXene nanosheets, the 
typical but weak diffraction peaks at 12.0◦, 25.3◦, 37.3◦, and 42.7◦ are 
observed (Fig. 2e), corresponding to (0 0 1), (0 0 2), (1 1 1), and (1 1 2) 
crystal plane of birnessite-type manganese oxide (JCPDS no. 80-1098), 
respectively, demonstrating the successful preparation of low- 
crystalline δ-MnO2 on MXene. In addition, XPS analysis demonstrates 

the presence of Mn, O, Ti, and C elements (Fig. 2f), which is consistent 
with elemental mapping results in Fig. S3. Moreover, N element can be 
detected in the MnO2@MXene heteronanosheets (Fig. 2f), possibly due 
to the presence of trace amount of N containing product from the redox 
reaction between KMnO4 and PDA. In addition, four peaks at 529.7, 
530.0, 531.1, and 532.4 eV were performed from the high-resolution O 
1 s spectrum after peak deconvolution, which are assigned to the signals 
of Mn–O–Mn, Ti–O, Mn–OH, and H–OH (Fig. 2g), respectively [29,30]. 

To explore new zinc storage behavior (e.g., Zn2+-exclusive storage 
mechanism) of MnO2@MXene heteronanosheets for excellent electro-
chemical performance, an organic electrolyte (Zn(OTf)2/TEP) 
comprised of 0.5 M Zn(OTf)2 salt and TEP solvent was specially devel-
oped. Signals at 2912 cm− 1 and 2986 cm− 1 in the FTIR spectroscopy of 
the organic electrolyte are assigned to the –CH2 and –CH3 asymmetric 
stretching modes (Fig. 3a), respectively [31]. Meanwhile, peaks in the 
range of 975–1163 cm− 1 further indicate the presence of phosphate 
[32,33]. The organic electrolyte exhibits higher pH value of 4.6 and 
lower ionic conductivity of 2.83 mS cm− 1 than aqueous electrolyte (pH 
= 4.3, 27.31 mS cm− 1), mainly due to the high activity of water mole-
cules (Fig. 3b). Therefore, higher Ea of 11.36 kJ mol− 1 was calculated for 
Zn(OTf)2/TEP electrolyte compared with 7.83 kJ mol− 1 for aqueous 
electrolyte (Fig. 3c and S6) [34,35]. In addition, LSV measurements of 
organic electrolyte further demonstrate a broad voltage window of -2.5 
to 2.5 V in Zn//MnO2 batteries with organic electrolyte, which is wider 
than the counterpart with aqueous electrolyte (-0.3 to 2.46 V) (Fig. 3d). 
Furthermore, the organic electrolyte endows Zn foil anodes with high 
reversibility and dendrite-free features for long cycling life (1000 h) in 
Zn//Zn symmetrical batteries (Fig. S7). 

The electrochemical performance of MnO2@MXene based thin film 
electrode in the organic electrolyte of Zn(OTf)2/TEP were systematically 
investigated. As shown in Fig. 4a, b, the MnO2@MXene thin film cath-
ode in the 2 M ZnSO4 aqueous electrolyte displays two obvious pairs of 
redox peaks at 1.20/1.33 V and 1.62/1.67 V (Fig. 4a), which correspond 
to H+ (region I) and Zn2+ intercalation (region II), respectively (Fig. 4b) 
[36], respectively. Interestingly, a cathodic peak at ~1.30 V and an 
anodic peak at ~1.56 V can be observed in the case of the organic 
electrolyte within the wide voltage window of 0.2–2.1 V (vs. Zn/Zn2+), 
and there is no proton storage behavior (Region I) (Fig. 4a). 

Fig. 3. (a) FTIR spectrum of organic electrolyte. (b) Ionic conductivity and pH value of aqueous and organic electrolytes. (c) Arrhenius plots of aqueous and organic 
electrolytes. (d) LSV curves of MnO2@MXene in organic and aqueous electrolytes. 

L. Wu et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 459 (2023) 141662

5

Correspondingly, the GCD profiles also display a pair of voltage plateaus 
(Fig. 4b), demonstrating the unique Zn2+-exclusive storage mechanism 
of MnO2@MXene hybrid in Zn(OTf)2/TEP electrolyte, which can effec-
tively avoid undesired proton storage induced disadvantages and side 
reactions (e.g., Mn dissolution) in traditional aqueous electrolytes. To 
highlight the unique roles of MXene nanosheets, the cycling perfor-
mance of MnO2@MXene, MnO2, and MXene cathodes are examined at 
100 mA g− 1. As shown in Fig. 4c, MnO2@MXene cathodes exhibit a 
specific capacity of ~163 mAh g− 1 at 100th cycle, which obviously 
surpass both pure MnO2 (157 mAh g− 1) and MXene cathodes (~22 mAh 
g− 1). Moreover, high capacities of 184, 178, 154, 126, 100, and 57 mAh 
g− 1 are recorded at current densities of 50, 100, 200, 300, 500, and 
1000 mA g− 1, respectively, superior to the values of MnO2 electrode. 
Moreover, when the current density shifts back to 50 mA g− 1, a high 
capacity of 220.9 mAh g− 1 can be recovered, demonstrative of fast re-
action kinetics enabled by the presence of MXene (Fig. 4d). Similarly, 
the enhanced electrochemical performance of MnO2@MXene thin film 
cathodes can be reproduced in traditional aqueous electrolyte (Figs. S8 

and S9). Notably, the mass ratio of MXene in MnO2@MXene nanosheets 
significantly influences the zinc storage performance, which can be 
easily regulated by varying the dose of MXene nanosheets during the 
synthesis of PDA@MXene precursor. Specifically, less MXene dose (10 
mg) results in a high average capacity of 179 mAh g− 1 at 100 mA g− 1 but 
inferior rate capability (Figs. S10, S12), and more MXene dose (30 mg) 
leads to an undesirable average capacity of 150 mAh g− 1 (Figs. S11, 
S12). The optimal zinc storage performance can be recorded in the case 
of MXene dose (20 mg), which corresponds to a MXene ratio of 20.7 wt% 
in MnO2@MXene hybrid (Fig. S13). Further, MnO2@MXene thin film 
cathode can display a high capacity retention of 84.5 % at 100 mA g− 1 

after 1000 cycles in the organic electrolyte, which is comparable to the 
state-of-the-art electrodes or batteries, such as Mn-metal batteries (100 
% capacity retention after 200 cycles) [29], metal–organic frameworks 
based cathode (77.2 % capacity retention after 950 cycles) [3], and 
triphenylphosphine selenide organic cathode (85.3 % capacity retention 
after 4300 cycles) [2]. While in the case of aqueous electrolyte, an 
activation process is recorded during the initial 140 cycles, which is 

Fig. 4. Electrochemical performance of flexible MnO2@MXene/EG films for ZIBs. (a) CV curves and (b) GCD curves of MnO2@MXene in organic and aqueous 
electrolytes. (c) Cycling performance of MnO2@MXene, MnO2, and MXene cathodes in organic electrolyte. (d) Rate performance of MnO2@MXene and MnO2 
cathodes in organic electrolyte. (e) Long-term cycling performance of MnO2@MXene in organic and aqueous electrolytes. 
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mainly attributed to H+/Zn2+-dominated insertion/extraction processes 
[37]. Subsequently, serious capacity decay in the initial 300 cycles is 
observed (Fig. 4e), suggestive of the superiority of the organic electro-
lytes over aqueous counterpart for MnO2@MXene cathode. 

To disclose the zinc storage mechanism of MnO2@MXene cathodes 
in organic electrolytes, ex-situ structural characterizations were carried 
out to investigate the chemical composition and surface state of the 
electrodes in different charge/discharge states (Fig. 5a). Raman spectra 
recorded the structural evolution of MnO2@MXene during charging and 
discharging processes (Fig. 5b). Specifically, the MnO2@MXene cathode 
was firstly discharged to 0.2 V (D 0.2), and then charged to 2.1 V (C 2.1). 
Correspondingly, the peak at 670 cm− 1 responding to Mn–O symmetric 

vibration in the [MnO6] octahedral structure, almost disappears with 
negligible peak intensity. When MnO2@MXene cathode was subse-
quently discharged to 0.2 V (2D 0.2) for the 2nd cycle, the peak recovers 
to the initial state, indicating the reversible change of interlayer spacing 
of MnO2 layers. Moreover, energy dispersive X-ray spectra (EDS) spectra 
of MnO2@MXene in the investigated states suggest that the peak in-
tensity of Zn peaks are firstly reduced from D 0.2 to C 2.1 states, and 
meanwhile, the atomic ratio of element Mn to Zn greatly increases from 
1.3 to 4.1 (Fig. S14). Notably, both the peak intensity and the atomic 
ratio can be recovered to the initial states at 2D 0.2 (Fig. S14). In 
addition, the peak of Zn 2p in the XPS spectrum of MnO2@MXene 
slightly shifts to lower binding energies from D 0.2 to C 2.1 (Fig. 5c), and 

Fig. 5. Structural analysis of MnO2@MXene cathodes at the charged (2.1 V) and discharged (0.2 V) states in organic electrolytes. (a) GCD curves. (b) Raman spectra. 
(c) High resolution Zn 2p XPS spectra. (d) Schematic illustration of Zn2+ storage mechanism in organic electrolyte. 

Fig. 6. Free-standing thick MnO2@MXene films with mass loading of 10.5 mg cm− 2 enabled by phase inversion strategy. (a, b) Optical image (inset in (a)) and top- 
view SEM images. (c) Cross-sectional SEM image. (d) Elemental mapping analysis on the selected zone of MnO2@MXene films. 
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then restores to the initial state at 2D 0.2, indicative of the reversible 
Zn2+ insertion/extraction in/from MnO2@MXene cathodes. Based on 
the above results, Zn2+-exclusive storage mechanism of MnO2@MXene 
cathode in organic Zn(OTf)2/TEP electrolyte is clearly revealed 
(Fig. 5d). Notably, previous works on TEP based electrolytes for ZIBs 
mainly focused on the issues of metal anodes, such as dendrites and side 
reactions [38–40]. Differently, in our work, the feasibility of TEP based 
electrolytes for Mn-based cathodes was demonstrated, and importantly, 
unique Zn2+-exclusive storage mechanism without proton storage was 
revealed in the as-fabricated δ-MnO2/MXene cathodes. 

The excellent zinc storage performance of MnO2@MXene hetero-
nanosheets encourages us to further construct thick film electrode with a 
high mass loading up to 10.5 mg cm− 2 (Fig. 6a). SEM image of the free- 
standing MnO2@MXene thick film demonstrates the presence of abun-
dant macropores and MnO2@MXene heteronanosheets and auxiliary 
materials (carbon black and PVDF) (Fig. 6a-b). Notably, the thickness of 
the film can be up to 372 μm (Fig. 6c), and importantly, the thickness 
could be precisely controlled in a large range (e.g., 128, 268, and 372 
μm) (Fig. S15) corresponding to the mass loading ranging from 2.1 to 
10.5 mg cm− 2. Furthermore, XRD patterns were employed to confirm 
the main component of MnO2@MXene nanosheets, in which the char-
acteristic peaks of δ-MnO2 appear at ~25.4◦, ~37.7◦ and ~65.5◦

(Fig. S16). Moreover, elemental mapping analysis further reveals the 
uniform distribution of Mn, O, C, Ti, and F elements in the investigated 
area of the free-standing thick film (Fig. 6d). 

The zinc storage performance of MnO2@MXene based thick film 

cathodes in the developed organic electrolyte was systematically 
investigated. As shown in Fig. 7a, a pair of cathodic and anodic peaks 
can be observed at 1.18 and 1.71 V in the CV curves of the MnO2@M-
Xene based thick film electrode at 0.02 mV s− 1. Correspondingly, one- 
step Zn2+ insertion/extraction in/out of layered MnO2 reflect in the 
GCD profiles (Fig. 7b). EIS measurement further indicates a charge 
transfer resistance (Rct) of 358.6 Ω (Fig. 7c). Notably, MnO2@MXene 
thick film cathode delivers a capacity of 290 mAh g− 1 (3.05 mAh cm− 2) 
and 142 mAh g− 1 (1.49 mAh cm− 2) for the 1st and 100th cycles at 0.1C 
(1C = 308 mAh g− 1) in organic Zn(OTf)2/TEP electrolyte (Fig. 7d), 
respectively. While in the case of aqueous electrolyte, the thick film 
electrode only displays low capacities (<100 mAh g− 1) in the initial 100 
cycles, and the cell fails after 120 cycles. Notably, such high areal mass 
loading of 10.5 mg cm− 2 of this thick film electrode surpasses those of 
the most reported ZIBs with manganese-based cathodes (Fig. 7e), such as 
electrodeposited Mn3O4 on carbon paper (Mn3O4/CP, 0.4 mg cm− 2) 
[41], nanorod β-MnO2 (1 mg cm− 2) [42], Mn3O4 nanoparticles encap-
sulated in the hollow carbon fibers (Mn3O4@HCFs, 1.2 mg cm− 2) [43], 
onion-like N-doped carbon nanowalls coated MnOx nanorods 
(MnOx@N–C, 1.5 mg cm− 2) [44], MnO2 nanorods on acid-treated 
carbon nanotube (MnO2/a-CNT, 1.6 mg cm− 2) [45], γ-MnO2-graphene 
composite (γ-MnO2/G, 2 mg cm− 2) [46], MnO2 anchored on nitrogen- 
doped porous carbon nanosheets (N-CNSs@MnO2, 2.3 mg cm− 2) [14], 
α-MnO2 nanofibers/CNT hierarchically assembled microspheres 
(α-MnO2/CNT, 2.5 mg cm− 2) [47], ZnMn2O4 (3 mg cm− 2) [48], MnO2 
nanorod arrays (MnO2 NRAs, 3.2 mg cm− 2) [49], phosphate ions 

Fig. 7. Electrochemical performance of free-standing thick MnO2@MXene films with mass loading of 10.5 mg cm− 2 in organic electrolyte. (a) CV curves. (b) GCD 
profiles. (c) EIS test. (d) Cycling performance of thick MnO2@MXene film electrodes at 0.1C in organic and aqueous electrolytes. (e) Comparison with some pre-
viously reported works on manganese based cathodes for ZIBs from the perspective of mass loading of active materials. (f–h) Three batteries connected in series could 
power an electronic watch under either (f) flat or (g-h) bending states. 
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intercalated manganese dioxide/vertical multilayer graphene (VMG) 
arrays with oxygen defects (P-MnO2− x@VMG, 4.1 mg cm− 2) [50], 
α-MnO2 (5 mg cm− 2) [22], and MXene-MnO2 microflowers (8 mg cm− 2) 
[20]. Besides, three MnO2@MXene based Zn-MnO2 batteries connected 
in series can readily power an electronic watch under either normal or 
bending states (Fig. 7f-h), demonstrative of the promising applications 
of our organic Zn-MnO2 batteries in flexible devices. 

4. Conclusions 

In summary, we successfully developed an interfacial assembly 
strategy to prepare strongly-coupled MnO2@MXene heteronanosheets 
via an in-situ polymerization of dopamine on Ti3C2 MXene nanosheets 
and subsequent redox reaction between KMnO4 and polydopamine, in 
which thin layered δ-MnO2 nanoflakes vertically deposited on conduc-
tive MXene nanosheets greatly facilitated fast electron/ion transfer ki-
netics and structural stability. Importantly, the MnO2@MXene 
heteronanosheets exhibited a unique Zn2+-exclusive storage mechanism 
in our developed organic electrolyte of Zn(OTf)2/TEP, avoiding unde-
sired proton storage induced disadvantages and side reactions (e.g., Mn 
dissolution) in traditional aqueous electrolyte. Therefore, the 
MnO2@MXene heteronanosheet based film cathode exhibited promi-
nent zinc storage performance, such as a high capacity retention of 84.5 
% for 1000 cycles and a high areal capacity of 1.9 mAh cm− 2 at a mass 
loading of 10.5 mg cm− 2. This work will pave a new way to construct 
high-performance ZIBs via the rational design of manganese-based 
cathodes and selection of suitable electrolytes with unique Zn2+-exclu-
sive storage mechanisms. 
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