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w ell- or d er e d st a c k e d δ - M no 2 - c ar b o n i b er c o m p o sit e c at h o d e s i n d e e p e ut e cti c s ol v e nt ( D E S) b a s e d 
zi n c-i o n b att er y ( ZI B) i s r e p ort e d. R e s ult s of m or p h ol o gi c al, el e m e nt al, a n d str u ct ur al a n al y s e s r e v e al e d 
dir e ctl y gr o w n a n d i nt er c o n n e ct e d δ - M no 2  cr u m pl e d n a n o s h e et s o n a c ar b o n i b er s u b str at e. M or e o v er, 
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t h e s el e ct e d ar e a el e ctr o n di fr a cti o n ( S A E D) h e x a g o n al si n gl e cr y st al p att er n. B e si d e s, t h e f or m ati o n of 
t h e w ell- or d er e d st a c ki n g of � - M no 2  s h e et s e x hi bit e d i m pr o v e d el e ctr o c h e mi c al p erf or m a n c e a n d 
c y cl a bilit y, a s c at h o d e m at eri al f or ZI B. T h e n o v el str at e g y d e s cri b e d i n t hi s st u d y i s a n e s s e nti al st e p f or 
t h e d e v el o p m e nt of bi n d er-fr e e δ - M no 2 - C i b er c o m p o sit e wit h a w ell- or d er e d st a c ki n g of δ - M no 2  
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t ur b o str ati c � - M no 2  s h e et s a n d t h e w ell- or d er e d st a c k e d δ - M no 2  s h e et s.

N o w a d a ys, a zi n c-i o n b att er y ( ZI B) is h otl y p urs u e d b y r es e ar c h ers. his is d u e t o its i nt er esti n g pr o p erti es as 
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nanostructures: 1D, 2D, and 3D self-assembled into varieties of forms such as tunnels, sheets etc. which could 
serve as intercalation type electrode for ZIBs. Further, MnO2 has ease of synthesis via common scalable routes: 
electrodeposition, chemical reduction, thermal decomposition, and hydrothermal methods14,15.

Although Zn-MnO2 based batteries are well-documented, most of the literature published in this field has 
been typically reported under aqueous16–19 and non-aqueous20,21 electrolyte systems. Accordingly, a previous 
paper had investigated the deep eutectic solvent (DES) based electrolyte system and applied it to Zn-MnO2 sec-
ondary battery22. DES23,24, which is typically formed from the eutectic mixture of Lewis or Bronsted acids and 
bases, is interesting for the fact that H+ ion intercalation and electrolysis of water (hydrogen evolution) can be 
avoided. Besides, anode passivation and formation of ZnO and dendrites commonly observed in aqueous systems 
could be prevented. This development will eventually make Zn2+ intercalation as the governing route to under-
stand the complex interaction mechanism of divalent cations with MnO2 cathode. An understanding of the said 
mechanism is not only important experimentally but also important for simulation and theoretically researches 
whereby improvement can be undertaken to boost the electrochemical performance of ZIBs.

At present, a common obstacle encountered in using MnO2 cathode is its poor conductivity25 which could 
increase the internal resistance of the ZIBs resulting in poor electrochemical performance. A remedy frequently 
used by researchers is the addition of conductive materials such as carbon black26, reduced graphene oxide 
(RGO)27, conducting polymer28 and carbon nanotubes (CNTs)29 usually with the aid of polymeric binder to 
enhance the adhesion of the additives and active material on the current collector. However, this not only com-
plicates the system but also makes the cost of producing the ZIBs expensive. In this study, a novel strategy was 
developed to address the poor conductivity of MnO2 as well as the undesirable corrosion problem which is widely 
encountered in aqueous based ZIBs. A first approach, based on direct deposition and growth of active material 
MnO2 on a conductive carbon fiber, was to synthesize a binder-free MnO2-C composite cathode via an econom-
ical hydrothermal process. This method not only eliminated the need for expensive polymer binders, but most 
importantly improved the adhesion and connectivity of the active materials to the substrate which is necessary 
for efficient charge transfer. Secondly, the introduction of an annealing technique was undertaken to enhance 
δ-MnO2 sheets stacking order, surface area, and conductivity of the active materials. This was done to generate 
more redox and intercalation sites for charge storage. Further, it was found that annealing at 300 °C for 1 h can 
induce the transformation from turbostratic stacking to a well-ordered stacking of δ-MnO2 sheets. Hence, in a 
review of the literature, it would appear that this study is the first to analyze the transformation from turbostratic 
stacking to a well-ordered stacking of δ-MnO2 sheets via annealing, and its effect on the electrochemical perfor-
mance of δ-MnO2, as cathode material for ZIB utilizing DES as electrolyte.

Experimental
Materials. All chemicals were used as received without further purification: potassium permanganate 
(KMnO4, QReC), ammonium sulfate ((NH4)2SO4, Sigma-Aldrich), urea (Ajax Finechem), choline chloride 
(Sigma-Aldrich), zinc chloride (ZnCl2, Ajax Finechem), zinc sulfate (ZnSO4, Ajax Finechem), carbon cloth 
(AvCarb 1071 HCB, AvCarb Material Solutions), deionized water, isopropyl alcohol (IPA, Ajax Finechem) and 
nickel foam (99.97%, 100 pores per inch (PPI) and 1 mm thick, Qijing Trading Co., Ltd.), sulfuric acid (H2SO4, 
Ajax Finechem).

Substrate preparation. The carbon cloth was surface treated with 1.0 M sulfuric acid for 1 h, washed with 
DI water several times, and vacuum dried at 60 °C for 2 h before usage.

Cathode synthesis and fabrication. In a typical experiment, 0.1264 g KMnO4 and 0.0428 g (NH4)2SO4 
were dissolved and mixed in 40 mL deionized water. The resulting solution was then sonicated for 1 h and hydro-
thermally synthesized at 110 °C for 18 h using Teflon lined autoclave decorated with carbon cloth on its inner wall. 
Next, the carbon cloth, deposited with MnO2 particles, was washed with deionized water several times and rinsed 
with IPA. Finally, the fabricated cathode was vacuum dried for 2 h and annealed for 1 h at 300 °C with a heating 
rate of 10 °C/min.

Anode synthesis and fabrication. In a typical experiment, Nickel foam was used as a substrate immersed 
in 1.0 M ZnSO4 solution to deposit Zn via electrodeposition. The applied voltage was set at 1.4 V for 1.5 h.

DES synthesis and electrolyte preparation. In a typical experiment, 50 g choline chloride and 43 g urea 
were mixed together inside a glove box until a homogenous solution was achieved. Then, 4.1 g ZnCl2 was added 
to the mixture and thoroughly mixed overnight.

ZIB assembly. CR2032 cell was used to assemble the ZIB. The assembled battery typically consisted of an 
anode, cathode, and electrolyte made up of Zn electrodeposited on Ni foam. Further, MnO2 hydrothermally 
was grown on carbon cloth, and ZnCl2 electrolyte was dissolved in DES, respectively. The electrodes were sepa-
rated with microfiber glass and were enclosed within circular metal cases. To prevent the electrode from moving 
around, a metal spacer and spring were placed adjacent to the anode and the negative case, respectively, as shown 
in Fig. S1.

Material characterization. Both elemental analysis and morphology were investigated using scanning elec-
tron microscope (SEM, JEOL JSM-6480LV, 15 kV) and transmission electron microscope (TEM, JEOL JEM-1400, 
100 kV). The crystalline and phase structure was determined using X-ray diffraction (XRD, Bruker D8-Advance, 
Cu Kα radiation, λ = 1.5418 Å) operating at 40 kV and 40 mA with 2θ range of (5 to 90) degrees. The surface area 
was determined using BET (Microtrac, BELSORP mini II).
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Electrochemical characterization. To evaluate the electrochemical performance of the fabricated 
Zn-MnO2 battery, the following electrochemical tests were conducted: cyclic voltammetry (CV), electrochemical 
impedance spectroscopy (EIS) and galvanostatic charge-discharge test.

 1. The galvanostatic charge-discharge test was conducted using battery testing system (NEWARE) within the 
voltage range: (0.4–1.9) V for 10 cycles per current density (50, 100, 150, and 200) mA g−1.

 2. The electrochemical impedance spectroscopy was conducted using VersaSTAT 3F (AMETEK) within the 
frequency range: (0.01–100,000) Hz.

 3. The cyclic voltammetry test was conducted using VersaSTAT 3F (AMETEK) within the voltage window of 
(0.4–1.9) V at a scan rate of 0.005 V/s.

Results and Discussion
The aim of this study is to synthesize a binder free MnO2-C fiber composite with improved conductivity without 
the addition of a conductive agent e.g. conductive carbon, graphene or carbon nanotube (CNT). A further objec-
tive is to investigate its electrochemical performance as a cathode material for ZIBs. To realize this, it is imperative 
to produce particles with uniform morphology i.e. size, shape, and structure. In so doing, a relationship among 
morphology, structure, and property can be established. This is important not only for basic or fundamental 
science but especially important for enhancing the performance of ZIBs. Hence, this study focuses on thorough 
optimization of the synthesis parameters viz. time and temperature which can significantly affect the resulting 
morphology, structure, and the performance of the battery30–33.

Figure 1 shows the morphology of samples synthesized at 110 °C for 13 h in un-annealed and annealed condi-
tions. It can be observed that the particles hydrothermally synthesized have a flower-like morphology (Fig. 1a) 
which was retained even after annealing at 300 °C (Fig. 1b). EDS analysis of the samples, as shown in Fig. S2a,b, 
revealed the presence of elements Mn, O and K in the produced microsphere, for both un-annealed and annealed 
conditions which strengthen the likelihood of the existence of MnO2. To investigate the phase and structure of the 
synthesized powder, XRD analysis was done for the as-synthesized powder in its un-annealed and annealed con-
ditions, as shown in Fig. Sα. XRD analyses revealed that the as-synthesized powder (un-annealed) had a δ phase 
that can be judged from the broad prominent peaks around 2θ = 12.636°, 25.43°, 36.551°, 54.031° and 65.432° 
corresponding to (200), (400), (020), (613), and (033) planes respectively of the orthorhombic δ-MnO2 poly-
morph34–40. On the other hand, the annealed powder showed similar peaks with that of the un-annealed sample 
with more intense and sharper peaks at 2θ of ~36° and ~65°. These peaks can be attributed to the change in the 

Figure 1. SEM micrograph of hydrothermally synthesized MnO2 in (a) un-annealed and (b) annealed 
conditions.
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stacking of δ-MnO2 and not to the formation of another compound since the annealing temperature employed is 
not enough to cause phase or structural transformation41,42. This phenomenon will be discussed in the following 
paragraph.

δ-MnO2 has a 2-D layered structure (Fig. S3b) wherein the layers typically consist of edge-sharing MnO6 
octahedra with space in between layers which can be occupied by cations such as K+, Li+, Na+, other alkaline 
metals ions, and water molecules to stabilize the randomly distributed deficiency of charges in the structure36. 
The orthorhombic δ-MnO2 (K0.33MnO2·0.66H2O), was found to be in good agreement with that of the EDS ele-
mental analysis (Fig. S2c), wherein the amount of K+ per Mn atom in both un-annealed and annealed samples are 
~14–20% which is one of the polymorph of K0.33MnO2·0.66H2O34. The broadening of peaks that can be seen are 
usually attributed to small nanoparticles, amorphous, and disordered structures. These are commonly observed 
phenomenon in hydrothermally synthesized δ-MnO2. However, in some instances, this occurrence can also be 
associated with the variation in the interlayer spacing or interlayer order34,43.

Figure 2a,b show the TEM images of the particles formed for both un-annealed and annealed samples. It was 
observed at micro-level that the flower-like morphology under SEM were actually crumpled nanosheets that have 
a flower-like morphology. The formation of sheet-like morphology was found to be in good agreement with the 
Wulff-constructed equilibrium shape of δ-MnO2 (Fig. S4) wherein the surface of the nanosheets contains the low 
surface energy plane {001}. According to Chen et al.34, this structure had an average surface energy of 0.11 Jm−2 
and an atomic volume of 32.9 Å3/Mn atom. The sheet-like morphology was examined under SAED, as shown 
in Fig. 2c,d. It was observed that the un-annealed sample had a polycrystalline structure which is indexed to the 
planes of the orthorhombic δ-MnO2. The annealed sample exhibited single crystal diffraction which is indexed 
to {020} and {510} for the inner hexagonal pattern and {530} and {10 0 0} for the outer hexagonal pattern. These 

Figure 2. (a,b) TEM images and (c,d) SAED pattern of (a,c) un-annealed and (b,d) annealed samples. In 
(a,b) the inset images correspond to the low magnification images. In (c,d) the inset images indicate the TEM 
images of the analyzed area. In (c) the inset graph is the calculated XRD spectrum of orthorhombic δ-MnO2 
(K0.33MnO2·0.66H2O)34.
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were in good agreement with the XRD peaks, wherein the annealed sample exhibited sharp and intense peaks at 
2θ = 36.551°, 36.923°, 66.041°, and 66.769° which correspond to {020}, {510}, {530} and {10 0 0}, respectively. The 
absence of the hexagonal single crystal pattern for the un-annealed sample can be attributed to the large degree 
of disorder, i.e. turbostratic stacking of MnO2 sheets. This observation well agreed with the obtained broadening 
of XRD peaks for the un-annealed sample along with the results obtained by other researchers34,43. Hence, after 
annealing, the hexagonal single crystal pattern SAED profile indicated that the well-ordered MnO2 structure was 
obtained.

Figure 3 illustrates the formed particles before and after annealing. Hydrothermal synthesis at 110 °C for 13 h 
utilizing KMnO4 and (NH4)2SO4, produced crumpled sheet-like morphology of orthorhombic δ-MnO2, which 
were directly grown on the carbon current collector in the absence of any polymeric binder. These particles have 
a high degree of disordered stacking i.e. turbostratic stacking, as indicated by the circular rings (polycrystal-
line) in the SAED analysis and the broad XRD peaks. However, these disordered structures realigned to form 
a well-ordered structure after annealing at 300 °C for 1 h. This phenomenon was clearly observed through the 
transition from the polycrystalline SAED pattern of un-annealed to the hexagonal single-crystal SAED pattern 
of the annealed sample.

As shown in Fig. 4 and Table S1, BET analysis and pore size distribution of the un-annealed and annealed 
MnO2 were measured. This was carried out to determine the change in the surface area upon the transition from 
turbostratic stacking to well-organized stacking. The adsorption-desorption of both the un-annealed (turbo-
stratic stacking) and annealed (well-ordered stacking) sample exhibits Type II isotherm, as shown by the large 
measured C value (BET) in Table S1. Both samples also follow an H3 hysteresis loop in the range (0.5 to 1.0) 
P/Po and (0.4 to 1.0) P/Po for un-annealed (turbostratic stacking) and annealed (well-ordered stacking) sam-
ples, respectively. According to IUPAC classification, this indicates the presence of sheet-like particles form-
ing slit-shaped pores44. Computation of its corresponding BET surface area revealed that the annealed δ-MnO2 

Figure 3. Formation of orthorhombic δ-MnO2 via hydrothermal method and the transition from turbostratic 
stacking to well-ordered structure of orthorhombic δ-MnO2 via annealing. The red hexagonal disk and blue 
circles correspond to the sheet-like MnO2 and surface water, respectively.

Figure 4. BET N2 adsorption-desorption isotherm, with inset of BJH pore size distribution.
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(well-ordered structure) had a surface area equal to 246.18 m2 g−1 greater than the surface area of the un-annealed 
δ-MnO2 (turbostratic stacking) which was around 106.05 m2 g−1. Moreover, the pore volume (1.3188 cm3 g−1) of 
the annealed sample increased in comparison to the pore volume of the un-annealed sample (0.7776 cm3 g−1). 
The increase in the BET surface area and BJH pore volume after annealing can be attributed to the removal of 
adsorbed and interlayer water molecules, as illustrated in Fig. 5. Hereafter, the term annealed and un-annealed is 
used to represent well-ordered stacking and turbostratic stacking, respectively, for simplicity.

Figures 6 and S5, representing the galvanostatic charge-discharge capacity profile, show the galvanostatic 
charge-discharge capacity at different current densities. It was observed that the un-annealed sample exhibited 
a higher initial discharge capacity of about 208 mAhg−1 in comparison to the annealed sample having an initial 
discharge capacity of 158 mAhg−1. However, during cycling, in the 2nd and 10th cycle, the discharge capacity of the 
un-annealed sample drastically dropped to 130 mAhg−1 and then dropped down to 88 mAhg−1, respectively. As 
for the annealed sample, the discharge capacity did not drastically change. However, in the 2nd and 10th cycle, the 
capacity slowly dropped to 140 and 105 mAhg−1, respectively.

Subsequently, when the current density increased to 100 mAg−1, it was found that the un-annealed sample 
reached a plateau of around 75 and 66 mAhg−1. Nevertheless, the annealed sample attained a plateau at 84 and 
74 mAhg−1. At 150 mAg−1, the un-annealed sample approached a plateau at around 56 mAhg−1 and the annealed 
sample at 60 mAhg−1. Furthermore, at 200 mAg−1, the un-annealed sample displayed a plateau around 45 mAhg−1 
and the annealed one displayed a plateau around 50 mAhg−1. Finally, when the applied current density was 

Figure 5. Schematic illustration of the proposed mechanism for the increase in the BET surface area of δ-MnO2 
after annealing. The structure corresponds to a single unit cell of orthorhombic δ-MnO2.

Figure 6. Galvanostatic charge-discharge capacity of the un-annealed (turbostratic stacking: red) and annealed 
(well-ordered stacking: black) samples at different current densities. The hollow and filled circles correspond to 
charge and discharge values respectively, while diamond corresponds to the coulombic efficiency data.
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returned to 50 mAhg−1, the un-annealed sample showed a plateau around 70 mAhg−1 and the annealed sample 
showed a higher discharge capacity plateau of 80 mAhg−1.

After the 50th cycle (Fig. S6), both un-annealed and annealed samples showed a stable discharge capacity of 
around 70 mAhg−1 at an applied current density of 100 mAg−1. During the 1st and 2nd cycle, especially for the 

Figure 7. (a–d) Cyclic voltammogram of the (a,b) annealed and (c,d) un-annealed samples within the voltage 
window: (0.4–1.9) V vs. Zn/Zn2+ using (a,c) 0.5 mV/s scan rate and (b,d) multiple scan rates. (e) log (i) vs. log 
(v) of the cathodic peaks of both annealed (red) and un-annealed samples (black). (f) Contribution ratio of 
capacitive and diffusion-controlled capacity at different scan rates for both annealed (black) and un-annealed 
(red) samples.
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un-annealed sample, discharge capacity abruptly faded. This most probably happened due to irreversible struc-
tural/volumetric change45 during the insertion of Zn2+and the dissolution of the active material MnO2. This is 
a common phenomenon since MnO2 is somewhat soluble in DES46. Besides, CV information after 50th cycle is 
shown in Fig. S9. The CV result revealed that the structure did not significantly change due to insignificant change 
in position of the redox peaks.

Figure 7 shows the cyclic voltammogram of un-annealed and annealed samples within the voltage window: 
(0.4–1.9) V measured at a scan rate of 0.5 mV/s (a, c). Prominent peaks around 1.05 V and around 1.5 V were 
observed which proved to be in good agreement with the results obtained by other researchers22. These peaks are 
attributed to the insertion (discharge)/extraction of Zn2+ (charge) on the MnO2 cathode during the discharging 
and charging of the ZIB. It can also be inferred that overlapping curves of the first 3 cycles in both un-annealed 
and annealed conditions (a, c) imply good cycling stability of both samples. At low scan rate (b, d), obvious peaks 
were observed implying redox reaction on the electrodes. However, at high scan rate, the redox peaks are no 
longer visible, and both samples were showing surface capacitive-like behavior.

To understand the overall governing charge storage mechanism, Eq. (1) was employed:

= +i V k v k v( ) (1)1 2
1/2

where k1v corresponds to the surface capacitive effects attributed to pseudocapacitive behavior and double layer 
charge storage, and k v2

1/2 corresponds to the diffusion part4,18,47–50. Based on the histogram shown in Fig. 7f and 
the tabulated values of percent contribution (Table S2) obtained from the relationship given in Eq. (1), it can be 
assumed that the governing charge storage mechanism, for both un-annealed and annealed samples in the con-
sidered scan rates, is dominated by diffusion. This result is consistent with the b values obtained which are around 
0.6 (Fig. 7e and Table S3) for both conditions and is therefore predominantly diffusion controlled, as in Eq. (2):

=i av (2)b

where a and b are adjustable parameters. If b is approximately equal to 1, the charge storage mechanism is 
predominantly surface capacitive in nature, whereas if b is approximately equal to 0.5, then it is diffusion con-
trolled30–33. However, of the two considered conditions, the un-annealed sample is more capacitive than the 
annealed one and to understand this behavior further, the electrochemical impedance of the samples was inves-
tigated via EIS.

As shown in Fig. 8, the Bode magnitude and phase plots of the samples can be designated into high, mid, and 
low-frequency regions. Thus, the high-frequency region corresponds to the anodic reaction (>103 Hz). The 
mid-frequency region corresponds to the faradaic reaction (101–103) Hz. The low-frequency region corresponds 
to the cathodic reaction (10−2–101) Hz. It can be observed that of the three regions, the cathodic region displayed 
an obvious difference in magnitude and phase which could be the consequence of annealing the MnO2 cathode. 
Herein, the annealed sample demonstrated lower values of magnitude and phase in comparison to the 
un-annealed one. On the other hand, fitting of the Nyquist plot using the equivalent circuit model (Fig. S7 and 
Table S4) showed that the annealed sample (139.8 Ω) had lower resistance in the cathodic region than the 
un-annealed one (171.8 Ω). This implied therefore that indeed the conductivity of the cathode was enhanced 
after annealing treatment through the reorientation of the δ-MnO2 sheets to form a well-ordered stacking.

Figure 8. Bode magnitude and phase plots within the frequency range (0.01 to 105) Hz.
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conclusion
A novel binder-free orthorhombic δ-MnO2-C composite electrode was successfully synthesized via hydrothermal 
method. The strategy enabled the direct growth of interconnected δ-MnO2 particles with crumpled sheets-like 
morphology on the surface of the carbon fiber substrate. The as-synthesized (un-annealed) sample exhibited 
a high stacking disorder: namely, turbostratic stacking, of the δ-MnO2 sheets. Annealing of the δ-MnO2 facili-
tated the rearrangement of the δ-MnO2 sheets, thus forming a well-ordered structure, as indicated by the SAED 
hexagonal single crystal pattern, in comparison to the polycrystalline (ring) pattern of the un-annealed sample. 
Annealing of the orthorhombic δ-MnO2 showed an enhancement in δ-MnO2 sheets ordered stacking, surface 
area, and conductivity of the active material. Consequently, this produced efficient charge transfer as well as 
improved cyclability. Overall, better electrochemical performance of MnO2 as cathode material for DES based 
Zinc-ion battery (ZIB) was noted.
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Received: 26 July 2019; Accepted: 7 October 2019;
Published: xx xx xxxx

References
 1. Song, M., Tan, H., Chao, D. & Fan, H. Recent Advances in Zn-Ion Batteries. Adv. Funct. Mater. 28, 1802564, https://doi.org/10.1002/

adfm.201802564 (2018).
 2. Ming, J. et al. Zinc-ion batteries: Materials, mechanisms, and applications. Mat. Sci. Eng. R. 135, 58–84, https://doi.org/10.1016/j.

mser.2018.10.002 (2019).
 3. Fang, G., Zhou, J., Pan, A. & Liang, S. Recent Advances in Aqueous Zinc-Ion Batteries. ACS Energy Lett. 3, 2480–2501, https://doi.

org/10.1021/acsenergylett.8b01426 (2018).
 4. Xia, C. et al. Rechargeable Aqueous Zinc-Ion Battery Based on Porous Framework Zinc Pyrovanadate Intercalation Cathode. Adv. 

Mater. 30, 1705580, https://doi.org/10.1002/adma.201705580 (2018).
 5. Kim, C. et al. High-Power Aqueous Zinc-Ion Batteries for Customized Electronic Devices. ACS Nano 12, 11838–11846, https://doi.

org/10.1021/acsnano.8b02744 (2018).
 6. Zeng, Y. et al. Achieving Ultrahigh Energy Density and Long Durability in a Flexible Rechargeable Quasi‐Solid‐State Zn-MnO2 

Battery. Adv. Mater. 29, 1700274, https://doi.org/10.1002/adma.201700274 (2017).
 7. Cheng, F., Chen, J., Gou, X. & Shen, P. High‐Power Alkaline Zn-MnO2 Batteries Using γ-MnO2 Nanowires/Nanotubes and 

Electrolytic Zinc Powder. Adv. Mater. 17, 2753, https://doi.org/10.1002/adma.200500663 (2005).
 8. Verma, V. et al. Batteries: Progress in Rechargeable Aqueous Zinc- and Aluminum-Ion Battery Electrodes: Challenges and Outlook. 

Adv. Sustainable Syst. 3, 180011, https://doi.org/10.1002/adsu.201970004 (2019).
 9. Wei, T., Li, Q., Yang, G. & Wang, J. Highly reversible and long-life cycling aqueous zinc-ion battery based on ultrathin 

(NH4)2V10O25·8H2O nanobelts. J. Mater. Chem. A 6, 20402–20410, https://doi.org/10.1039/C8TA06626D (2018).
 10. Lao-atiman, W., Julaphatachote, T., Boonmongkolras, P. & Kheawhom, S. Printed Transparent Thin Film Zn-MnO2 Battery. J. 

Electrochem. Soc. 164, A859–A863, https://doi.org/10.1149/2.1511704jes (2017).
 11. Wongrujipairoj, K. et al. Suppression of zinc anode corrosion for printed flexible zinc‐air battery. Phys. Status Solidi B 254, 1600442, 

https://doi.org/10.1002/pssb.201600442 (2017).
 12. Lao-atiman, W. et al. Model-based analysis of an integrated zinc-air flow battery/zinc electrolyzer system. Front. Energy Res. 7, 15, 

https://doi.org/10.3389/fenrg.2019.00015 (2019).
 13. Hosseini, S. et al. Discharge Performance of Zinc-Air Flow Batteries Under the Effects of Sodium Dodecyl Sulfate and Pluronic 

F-127. Sci. Rep. 8, 14909, https://doi.org/10.1038/s41598-018-32806-3 (2018).
 14. Zhang, N. et al. Rechargeable aqueous zinc-manganese dioxide batteries with high energy and power densities. Nat. Commun. 8, 

405, https://doi.org/10.1038/s41467-017-00467-x (2017).
 15. Sun, W. et al. Zn/MnO2 Battery Chemistry With H+ and Zn2+ Coinsertion. J. Am. Chem. Soc. 139, 9775–9778, https://doi.

org/10.1021/jacs.7b04471 (2017).
 16. Chamoun, M. et al. Rechargeability of aqueous sulfate Zn/MnO2 batteries enhanced by accessible Mn2+ ions. Energy Storage Mater. 

15, 351–360, https://doi.org/10.1016/j.ensm.2018.06.019 (2018).
 17. Alfaruqi, M. et al. Structural transformation and electrochemical study of layered MnO2 in rechargeable aqueous zinc-ion battery. 

Electrochim. Acta 276, 1–11, https://doi.org/10.1016/j.electacta.2018.04.139 (2018).
 18. Sun, G. et al. An aqueous Zn-MnO2 rechargeable microbattery. J. Mater. Chem. A 6, 10926–10931, https://doi.org/10.1039/

C8TA02747A (2018).
 19. Mo, F. et al. A flexible rechargeable aqueous zinc manganese-dioxide battery working at −20 °C. Energy Environ. Sci. 12, 706–715, 

https://doi.org/10.1039/C8EE02892C (2019).
 20. Han, S. et al. Mechanism of Zn Insertion into Nanostructured δ-MnO2: A Nonaqueous Rechargeable Zn Metal Battery. Chem. Mater. 

29, 4874–4884, https://doi.org/10.1021/acs.chemmater.7b00852 (2017).
 21. Tafur, J., Abad, J., Román, E. & Romero, A. Charge storage mechanism of MnO2 cathodes in Zn/MnO2 batteries using ionic liquid-

based gel polymer electrolytes. Electrochem. Commun. 60, 190–194, https://doi.org/10.1016/j.elecom.2015.09.011 (2015).
 22. Kao-ian, W. et al. Rechargeable Zinc-Ion Battery Based on Choline Chloride-Urea Deep Eutectic Solvent. J. Electrochem. Soc. 166, 

A1063–A1069, https://doi.org/10.1149/2.0641906jes (2019).
 23. Abbott, A. et al., Novel solvent properties of choline chloride/urea mixtures, Chem. Commun, 70–71, https://doi.org/10.1039/

B210714G (2003).
 24. Abbott, A. et al. Deep Eutectic Solvents Formed between Choline Chloride and Carboxylic Acids:  Versatile Alternatives to Ionic 

Liquids. J. Am. Chem. Soc. 126, 9142–9147, https://doi.org/10.1021/ja048266j (2004).
 25. Khamsanga, S. et al. δ-MnO2 nanoflower/graphite cathode for rechargeable aqueous zinc ion batteries. Sci. Rep 9, 8441, https://doi.

org/10.1038/s41598-019-44915-8 (2019).
 26. Hertzberg, B. et al. Effect of Multiple Cation Electrolyte Mixtures on Rechargeable Zn-MnO2 Alkaline Battery. Chem. Mater. 28, 

4536–4545, https://doi.org/10.1021/acs.chemmater.6b00232 (2016).
 27. Huang, Y. et al. Flexible high energy density zinc-ion batteries enabled by binder-free MnO2/reduced graphene oxide electrode. npj 

Flexible Electron. 2, 21, https://doi.org/10.1038/s41528-018-0034-0 (2018).
 28. Huang, J. et al. Polyaniline-intercalated manganese dioxide nanolayers as a high-performance cathode material for an aqueous zinc-

ion battery. Nat. Commun. 9, 2906, https://doi.org/10.1038/s41467-018-04949-4 (2018).
 29. Xua, D. et al. Preparation and Characterization of MnO2/ acid-treated CNT Nanocomposites for Energy Storage with Zinc Ions. 

Electrochim. Acta 133, 254–261, https://doi.org/10.1016/j.electacta.2014.04.001 (2014).

https://doi.org/10.1038/s41598-019-51692-x
https://doi.org/10.1002/adfm.201802564
https://doi.org/10.1002/adfm.201802564
https://doi.org/10.1016/j.mser.2018.10.002
https://doi.org/10.1016/j.mser.2018.10.002
https://doi.org/10.1021/acsenergylett.8b01426
https://doi.org/10.1021/acsenergylett.8b01426
https://doi.org/10.1002/adma.201705580
https://doi.org/10.1021/acsnano.8b02744
https://doi.org/10.1021/acsnano.8b02744
https://doi.org/10.1002/adma.201700274
https://doi.org/10.1002/adma.200500663
https://doi.org/10.1002/adsu.201970004
https://doi.org/10.1039/C8TA06626D
https://doi.org/10.1149/2.1511704jes
https://doi.org/10.1002/pssb.201600442
https://doi.org/10.3389/fenrg.2019.00015
https://doi.org/10.1038/s41598-018-32806-3
https://doi.org/10.1038/s41467-017-00467-x
https://doi.org/10.1021/jacs.7b04471
https://doi.org/10.1021/jacs.7b04471
https://doi.org/10.1016/j.ensm.2018.06.019
https://doi.org/10.1016/j.electacta.2018.04.139
https://doi.org/10.1039/C8TA02747A
https://doi.org/10.1039/C8TA02747A
https://doi.org/10.1039/C8EE02892C
https://doi.org/10.1021/acs.chemmater.7b00852
https://doi.org/10.1016/j.elecom.2015.09.011
https://doi.org/10.1149/2.0641906jes
https://doi.org/10.1039/B210714G
https://doi.org/10.1039/B210714G
https://doi.org/10.1021/ja048266j
https://doi.org/10.1038/s41598-019-44915-8
https://doi.org/10.1038/s41598-019-44915-8
https://doi.org/10.1021/acs.chemmater.6b00232
https://doi.org/10.1038/s41528-018-0034-0
https://doi.org/10.1038/s41467-018-04949-4
https://doi.org/10.1016/j.electacta.2014.04.001


1 0Scientific RepoRtS |         (2019) 9:15107  | https://doi.org/10.1038/s41598-019-51692-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

 30. Maggay, I. et al. ZnV2O4: A potential anode material for sodium-ion batteries. J. Taiwan Inst. Chem. E. 88, 161–168, https://doi.
org/10.1016/j.jtice.2018.03.052 (2018).

 31. Maggay, I. et al. Electrochemical properties of novel FeV2O4 as an anode for Na-ion batteries. Sci. Rep. 8, 8839, https://doi.
org/10.1038/s41598-018-27083-z (2018).

 32. De Juan, L. et al. β-Sn Nanorods with Active (001) Tip Induced LiF-Rich SEI Layer for Stable Anode Material in Lithium Ion Battery. 
ACS Appl. Nano Mater. 1, 3509–3519, https://doi.org/10.1021/acsanm.8b00664 (2018).

 33. De Juan-Corpuz, L. et al. Porous ZnV2O4 Nanowire for Stable and High-Rate Lithium-Ion Battery Anodes, ACS Appl. Nano Mater. 
https://doi.org/10.1021/acsanm.9b00703 (2019).

 34. Chen, B.-R. et al. Understanding crystallization pathways leading to manganese oxide polymorph formation. Nat. Commun. 9, 2553, 
https://doi.org/10.1038/s41467-018-04917-y (2018).

 35. Ma, Z., Wei, X., Xing, S. & Li, J. Hydrothermal synthesis and characterization of surface-modified δ-MnO2 with high Fenton-like 
catalytic activity. Catal. Commun. 67, 68–71, https://doi.org/10.1016/j.catcom.2015.04.010 (2015).

 36. Wang, L., Ma, W., Li, Y. & Cui, H. Synthesis of δ-MnO2 with nanoflower-like architecture by a microwave-assisted hydrothermal 
method. J. Sol-Gel Sci. Technol. 82, 85–91, https://doi.org/10.1007/s10971-016-4275-x (2017).

 37. Subramanian, V. et al. Hydrothermal Synthesis and Pseudocapacitance Properties of MnO2 Nanostructures. J. Phys. Chem. B 109, 
20207–20214, https://doi.org/10.1021/jp0543330 (2005).

 38. Wang, X. & Li, Y. Synthesis and Formation Mechanism of Manganese Dioxide Nanowires/Nanorods. Chem. Eur. J. 9, 300–306, 
https://doi.org/10.1002/chem.200390024 (2003).

 39. Zhu, Q., Zhang, B., Wang, T. & Fenga, X. Synthesis and properties of porous δ-MnO2/polymer millimeter-sized beads for Ni(II) 
removal. Micropor. Mesopor. Mat. 273, 90–98, https://doi.org/10.1016/j.micromeso.2018.07.001 (2019).

 40. Holland, K. & Walker, J. Crystal Structure Modeling of a Highly Disordered Potassium Birnessite. Clays Clay Miner. 44, 744–748, 
https://doi.org/10.1346/CCMN.1996.0440604 (1996).

 41. Zhu, T. et al. Improvement of hydrothermally synthesized MnO2 electrodes on Ni foams via facile annealing for supercapacitor 
applications. J. Mater. Sci. 49, 6118–6126, https://doi.org/10.1007/s10853-014-8343-8 (2014).

 42. Xu, M., Zhao, D., Bao, S. & &, H. Li, Mesoporous amorphous MnO2 as electrode material for supercapacitor. J. Solid State 
Electrochem. 11, 1101–1107, https://doi.org/10.1007/s10008-006-0246-4 (2007).

 43. Brock, S. L. et al. Particle Size Control and Self-Assembly Processes in Novel Colloids of Nanocrystalline Manganese Oxide. J. Phys. 
Chem. B 103, 7416–7428, https://doi.org/10.1021/jp991009u (1999).

 44. Zhang, Y. et al. Heterogeneous oxidation of naproxen in the presence of α-MnO2 nanostructures with different morphologies. Appl. 
Catal., B: Environ. 127, 182–189, https://doi.org/10.1016/j.apcatb.2012.08.014 (2012).

 45. Lee, S. et al. Superior electrochemical properties of manganese dioxide/reduced graphene oxide nanocomposites as anode materials 
for high-performance lithium ion batteries. J. Power Sources 312, 207–215, https://doi.org/10.1016/j.jpowsour.2016.02.049 (2016).

 46. Abbott, A. et al. Solubility of Metal Oxides in Deep Eutectic Solvents Based on Choline Chloride. J. Chem. Eng. Data 51, 1280–1282, 
https://doi.org/10.1021/je060038c (2006).

 47. Wan, F. et al. Aqueous rechargeable zinc/sodium vanadate batteries with enhanced performance from simultaneous insertion of dual 
carriers. Nat. Commun. 9, 1656, https://doi.org/10.1038/s41467-018-04060-8 (2018).

 48. He, P. et al. High-Performance Aqueous Zinc–Ion Battery Based on Layered H2V3O8 Nanowire Cathode. Small 13, 1702551, https://
doi.org/10.1002/smll.201702551 (2017).

 49. Ming, F. et al. Layered MgxV2O5·nH2O as Cathode Material for High-Performance Aqueous Zinc Ion Batteries. ACS Energy Lett. 3, 
2602–2609, https://doi.org/10.1021/acsenergylett.8b01423 (2018).

 50. Fu, Y. et al. High-Performance Reversible Aqueous Zn-Ion Battery Based on Porous MnOx Nanorods Coated by MOF‐Derived 
N-Doped Carbon. Adv. Energy Mater. 8, 1801445, https://doi.org/10.1002/aenm.201801445 (2018).

Acknowledgements
The Thailand Research Fund (RSA6180008) and Rachadapisek Sompote Fund of Chulalongkorn University are 
acknowledged. R.C. and L.D. would like to thank the Postdoctoral Fellowship of Chulalongkorn University via 
Ratchadapisek Somphot Fund for financial support. S.K. thanks Hokkaido University for the financial support 
for his stay in Sapporo.

Author contributions
S.K. conceived the experiments. R.C. and L.D. conducted the experiments. Data analyses were done by R.C. with 
consultation with S.K. The paper was written by R.C., L.D. and S.K., R.C., L.D., S.P., R.P., T.Y., M.N. and S.K. 
contributed to the subsequent drafts and revision. All authors reviewed the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51692-x.
Correspondence and requests for materials should be addressed to S.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51692-x
https://doi.org/10.1016/j.jtice.2018.03.052
https://doi.org/10.1016/j.jtice.2018.03.052
https://doi.org/10.1038/s41598-018-27083-z
https://doi.org/10.1038/s41598-018-27083-z
https://doi.org/10.1021/acsanm.8b00664
https://doi.org/10.1021/acsanm.9b00703
https://doi.org/10.1038/s41467-018-04917-y
https://doi.org/10.1016/j.catcom.2015.04.010
https://doi.org/10.1007/s10971-016-4275-x
https://doi.org/10.1021/jp0543330
https://doi.org/10.1002/chem.200390024
https://doi.org/10.1016/j.micromeso.2018.07.001
https://doi.org/10.1346/CCMN.1996.0440604
https://doi.org/10.1007/s10853-014-8343-8
https://doi.org/10.1007/s10008-006-0246-4
https://doi.org/10.1021/jp991009u
https://doi.org/10.1016/j.apcatb.2012.08.014
https://doi.org/10.1016/j.jpowsour.2016.02.049
https://doi.org/10.1021/je060038c
https://doi.org/10.1038/s41467-018-04060-8
https://doi.org/10.1002/smll.201702551
https://doi.org/10.1002/smll.201702551
https://doi.org/10.1021/acsenergylett.8b01423
https://doi.org/10.1002/aenm.201801445
https://doi.org/10.1038/s41598-019-51692-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Annealing induced a well-ordered single crystal δ-MnO2 and its electrochemical performance in zinc-ion battery
	Experimental
	Materials. 
	Substrate preparation. 
	Cathode synthesis and fabrication. 
	Anode synthesis and fabrication. 
	DES synthesis and electrolyte preparation. 
	ZIB assembly. 
	Material characterization. 
	Electrochemical characterization. 

	Results and Discussion
	Conclusion
	Acknowledgements
	Figure 1 SEM micrograph of hydrothermally synthesized MnO2 in (a) un-annealed and (b) annealed conditions.
	Figure 2 (a,b) TEM images and (c,d) SAED pattern of (a,c) un-annealed and (b,d) annealed samples.
	Figure 3 Formation of orthorhombic δ-MnO2 via hydrothermal method and the transition from turbostratic stacking to well-ordered structure of orthorhombic -MnO2 via annealing.
	Figure 4 BET N2 adsorption-desorption isotherm, with inset of BJH pore size distribution.
	Figure 5 Schematic illustration of the proposed mechanism for the increase in the BET surface area of δ-MnO2 after annealing.
	Figure 6 Galvanostatic charge-discharge capacity of the un-annealed (turbostratic stacking: red) and annealed (well-ordered stacking: black) samples at different current densities.
	Figure 7 (a–d) Cyclic voltammogram of the (a,b) annealed and (c,d) un-annealed samples within the voltage window: (0.
	Figure 8 Bode magnitude and phase plots within the frequency range (0.




