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1. Introduction

Compared with organic electrolytes, 
aqueous electrolytes are safer (no risk of 
burning) and can achieve an ionic conduc-
tivity several orders of magnitude higher 
than organic electrolytes.[1–4] This makes 
aqueous rechargeable batteries cheap, non-
polluting and safe, with potentially high 
power density capability (although the cell 
voltage is limited).[1] However, the widely 
studied aqueous lithium-ion batteries 
and sodium-ion batteries have low spe-
cific capacities (<150 mAh g−1).[2] Among 
potential alternatives, the aqueous Zn-ion 
battery (AZIB) is currently attracting 
significant attention due to key features 
of Zn metal, including abundance (low 
cost) and high theoretical specific capacity  
(820 mAh g−1).[5–9] The main challenges 
for the development of aqueous Zn-ion 
batteries are to achieve dendrite-free Zn 
deposit at the anode[10,11] and find suit-
able cathode materials. MnO2 (theo-

retical capacity is 308 mAh g−1) is one of the most attractive 
cathode materials for aqueous zinc ion batteries due to their 
high energy density and high power density.[5,6,8,11–15] Among 
various crystallographic polymorphs (α-, β-, γ-, δ-, λ-, and ε-
type), birnessite-type δ-MnO2 with layered structure owns a 
large interlayer spacing (≈0.7  nm), which is more suitable for 
rapid and reversible (de-)insertion of Zn ions.[16] However, δ-
MnO2 was reported to show poor rate capability and cycling 
stability.[15] According to the literature, δ-MnO2-based cath-
odes are limited by the serious structural degradation with 
phase transformation, which is mainly attributed to the co-
intercalation of water molecules and dissolution of Mn during  
cycling processes.[17,18] It has been reported that the pre-
intercalation of large cations (such as, K+, Ce3+, and Ca2+) 
in MnO2 during synthetic process can stabilize the struc-
ture through coordination of guest-ions with adjacent host 
atoms.[16,19–25] Moreover, the preintercalation of alkaline ion 
strategy in MnO2 has also attracted much attention as an effec-
tive approach to enhance the electronic conductivity, activating 
more active sites, and promoting diffusion kinetics.[25]

To date, various types of reaction mechanisms have been 
reported for Mn oxide-based positive electrode of Zn-MnO2 bat-
tery in Zn-containing aqueous electrolyte.[15,26–28] Pan et  al.[26] 
proposed a chemical-assisted conversion reaction mechanism 
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between α-MnO2 and MnOOH from TEM observation and 
NMR spectroscopy measurements. MnOOH was formed 
likely by intercalation of H+ from H2O in MnO2, while the 
resulting OH− ions further react with ZnSO4 thus forming 
ZnSO4[Zn(OH)2]3·xH2O at the surface of the electrode.[26] 
Another mechanism based on Zn2+ insertion/extraction from 
MnO2 was proposed by Alfaruqi et  al., who observed the for-
mation of ZnMn2O4 and ZnxMnO2, via ex situ X-ray diffraction 
(XRD) analysis.[15] Moreover, Sun et al. reported the co-insertion 
of H+ and Zn2+ by galvanostatic intermittent titration tech-
nique and ex situ XRD analysis,[27] where Zn2+ intercalation 
occurred only after H+ insertion during the reduction process. 
However, ex situ XRD analysis may introduce some uncertainty 
because of the need for cell dismantling. Finally, Guo et  al. 
recently proposed a charge storage mechanism at the positive 
MnO2 electrode in the mild acidic electrolyte, dominated by a 
dissolution–precipitation of ZnSO4[Zn(OH)2]3·xH2O. At the 
same time, they propose that only a minor capacity contribu-
tion was coming from the (de)intercalation of H+ and Zn2+, 
which may be questionable since the Zn4(OH)6(SO4)·5H2O 
(ZHS) precipitation is a chemical mechanism.[28]

In this work, we study the electrochemical behavior of 
MnO2 electrode pre-intercalated with alkali ions (Na-ion or 
K-ion), which expands the MnO2 interlayer distance for fast 
ion diffusion, while consolidating (pillar effect) the expanded 
layer structure at the same time. Furthermore, a series of 
advanced techniques including in-operando XRD and elec-
trochemical quartz crystal microbalance (EQCM) have been 
used to understand the charge storage mechanism. While the 
precipitation of ZHS on the surface of the electrode makes it 
difficult to distinguish between Zn2+ or H3O+ intercalation by 
in-operando XRD technique, EQCM experiments shed light 
on the charge storage mechanism of K0.27MnO2·0.54H2O 
(KMO) in AZIBs.

2. Results and Discussion

2.1. Materials Characterizations

Low-temperature molten salt mixtures were prepared using low 
melting inorganic salts such as nitrates, sulfates or chlorides.[26] 
Since salt is at a molten state, ions have a higher diffusion coef-
ficient (10−5 to 10−8 cm2 s−1)[27] and diffuse faster than the con-
ventional solid-state chemistry route (diffusion coefficient is 
in the order of 10−18 cm2 s−1),[27] resulting in an enhancement 

of the reaction kinetics and homogeneous mixing of reac-
tants.[27–29] In our experiments, nitrate powder was firstly heated 
in air to reach a molten state (Figure 1a). The precursor powder 
(MnSO4) was then added to the melt and the reaction time was 
kept to only 1 min, leading to the formation of solid product 
well dispersed in the colorless molten salt (Figure  1b). Once 
cooled down to room temperature (air quench), the recrystal-
lized salt was solubilized in water and the KMO was recovered 
by filtration (Figure 1c). More synthesis details have been given 
in the experimental part.

After removing the extra salts, the structure, composition 
and morphology of the samples were analyzed by XRD, SEM, 
and TEM. The XRD pattern in Figure 2a displays mainly four 
characteristic peaks at 12.5°, 25.0°, 36.7°, 65.9°, which are 
indexed with respectively (003), (006), (012), and (110) planes 
of KMO (JCPDS 52-0556). The rhombohedral structure of 
KMO (a = 2.849 Å, b = 2.849 Å, and c = 21.536 Å) is built from 
layers of edge-shared [MnO6] octahedra stacked along [001] with 
K+ and H2O intercalated in interlayer space, as shown in the 
inset of Figure 2a. The diffraction peaks are broad, suggesting 
nano-sized crystallites roughly estimated around 5  nm using 
Scherrer’s equation.[30] SEM (Figure S1, Supporting Informa-
tion) and TEM (Figure  2b) experiments images reveal that 
KMO adopts a 2D nanosheet morphology which is expected to 
be favorable for cation (Zn2+ and/or H+) insertion/extraction. 
As shown in Figure  2c, sample thickness was measured to 
about 3.2 nm, corresponding to ≈4 layers considering the thick-
ness of a monolayer (7.18 Å). Atomic force microscopy (AFM) 
image even shows a smaller thickness of about 2–3  nm (see  
Figure S2a, Supporting Information). This supports the forma-
tion of ultrathin 2D KMO morphology. Moreover, a BET surface 
area of 123.74 m2g−1 was measured (see Figure S2b, Supporting 
Information), resulting in improved accessible surface area 
for redox activity. EDS elemental mapping images depicted in 
Figure S3, Supporting Information, show that K, Mn, and O are 
homogeneously distributed in the KMO.

Furthermore, the surface composition was checked by X-ray 
photoelectron spectroscopy (XPS), as shown in Figure  2d–f.  
The Mn2p signal is split into two contributions corresponding 
to the presence of Mn3+ and Mn4+ chemically bound with 
oxygen, while the O1s energy level can be split into three peaks, 
corresponding to MnOMn, MnOH, and HOH contri-
butions.[28] This result confirms that the interlayer water mole-
cules form chemical bonds with the MnO2 layers, indicating a 
good structure stability of KMO structure. Na-intercalated MnO2 
was also prepared from the same synthesis method. Monoclinic 

Figure 1.  Schematic representation of molten salt method synthesis process. a) The MnSO4 powder precursor was added into the molten KNO3.  
b) The sample was removed from the furnace after 1 min. c) The samples were obtained after washing with deionized water.
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Na0.55Mn2O4·1.5H2O (NMO) (JCPDS 43-1456) was identified 
using the X-ray diffraction technique, with Na-ion and crystal 
water filling the interlayer gap, with a similar 2D nanosheet 
morphology (Figures S4 and S5, Supporting Information).

2.2. Electrochemical Characterizations

Figure 3a shows the initial three charge/discharge galvanostatic 
plots test at C/3 (1 C = 0.3 Ag−1) current rate within a potential 
window of 0.7–1.8 V versus Zn2+/Zn. The initial discharge pro-
file shows a clear plateau located at 1.25 versus Zn2+/Zn with 
an open-circuit voltage of about 1.45 V versus Zn2+/Zn; another 
small discharge plateau is also visible at 1.38  V versus Zn2+/
Zn. During subsequent discharges, two plateaus with similar 
capacity are observed. During charge, mainly one single plateau 
is observed at 1.52 V versus Zn2+/Zn although a slight potential 
increase can be seen at about 150 mAh.g−1, which could corre-
spond to the transition between the two redox plateaus observed 
on discharge. This electrochemical profile is similar to the ones 
reported for MnO2 used as cathode in aqueous ZIBs.[31] The 
initial discharge and charge capacity are around 288 mAh g−1, 
which is close to the theoretical capacity (308 mAh g−1, based 
on the molecular weight of MnO2 and 1 e– transfer reaction).[32] 
Figure 3b shows the galvanostatic profiles from C/3 to 10 C-rate. 
The maximum discharge capacity of 280 mAh g−1 achieved 
at C/3 decreases of about 14% (240 mAh g−1) at 1 C. Interest-
ingly, 90 mAh g−1 could still be delivered at 10 C, indicating the  
high-power capability of the KMO electrode. These values 

positively compare with MnO2 with nanorod morphology,[33] 
and it is also competitive compared with other MnO2 with 
2D nanosheet structure.[15,24,34] This could be ascribed to the 
ultrathin nanosheet morphology of KMO, which increased sur-
face area contact between the electrolyte and active material and 
reduce the diffusion distance.[35] Figure  3c shows the voltage 
profile and the discharge capacity at C/3. The capacity decreases 
during the first 20 cycles and remains then stable at about 260 
mAh.g−1. As a whole, the capacity retention reaches 86% after 
100 cycles with a minimal loss of 3% between the 20th and 100th 
cycles (Figure 3d). When the current density increases to 5 C, the  
capacity retention reaches 92% after 300 cycles (Figure S6, 
Supporting Information). Moreover, as shown in Figure  3e, 
the cycling stability of KMO was also evaluated at a high cur-
rent density (10 C). A decent specific capacity of 84 mAh g−1 
was measured after 1000 cycles; as a result of the fast charge/ 
discharge rate, the capacity retention was improved to reach 
91% at the 1000th cycle. This cycling stability compare posi-
tively to most of the reported δ-MnO2 materials for Zn-ion 
batteries (see Table S1, Supporting Information),[19–21,23–25] and 
similar to the previously reported other ions pre-intercalated 
MnO2 as cathode for Zn-ion batteries as shown in Table S2, 
Supporting Information.[9,11,17,18,24,33] The good cycling stability 
could be explained by the pre-intercalated K+ and H3O+ in the 
KMO structure, as a result of charge balancing,[28] which acts as 
pillars to stabilize the layered structures.[29]

The high K-ion insertion capacity, rate capability and capacity 
retention reported for the present KMO in aqueous Zn-ion 
battery positively compares with most of the other previously 

Figure 2.  Characterization of K0.27MnO2·0.54H2O. a) XRD pattern and structure, b) low resolution TEM images, c) high resolution TEM images, XPS 
spectrums of d) K 2p, e) Mn 2p, and f) O1s.
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reported Zn-MnO2 batteries[5,14,15,17,18,33,34,36–39] (see Table S1, 
Supporting Information). Additionally, the rapid and simple 
synthesis route and the limited synthesis temperature used 
to prepare our NMO (350  °C) and KMO (380  °C) makes the 
process and materials competitive versus all the MnO2 used as 

cathode in Zn-ion batteries listed in Table S1, Supporting Infor-
mation. However, beyond the electrochemical performance, a 
key point is the understanding of the charge storage mecha-
nism in MnO2 electrodes for zinc ion battery applications, 
and this will be the focus of the next part. Indeed, several 

Figure 3.  Electrochemical characterization of K0.27MnO2·0.54H2O in 2 m ZnSO4 + 0.3 m MnSO4 electrolyte. a) Galvanostatic charge/discharge profiles 
of the first three cycles at C/3. b) Discharge–charge curves at various C-rates. Cycling performance at a current density of c) C/3 and e) 10C. d) Com-
parison of cycling stability of first 100 cycles at C/3, 5 C, and 10 C.
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mechanisms were reported in the literature to describe the 
reaction mechanism of MnO2-based electrode in ZnSO4-based 
aqueous electrolyte, ranging from Zn2+ and/or H+ cations inter-
calation to balance the reduction of M+IV cations, to MnO2 dis-
solution into Mn2+ followed by precipitation of zinc hydroxysul-
fate (ZHS) salt.[15,31,37,40]

2.3. Reaction Kinetics

Cyclic voltammetry tests were performed at various potential 
scan rates to gain insight into the reaction kinetics of KMO in 
ZIBs. Figure 4a shows CV plots of a KMO electrode recorded 
at different scan rates. At 0.2 mV s−1, there is one main sharp 
obvious oxidation peak located at 1.59 V s. Zn2+/Zn, associated 
with another slight peak at 1.62 V versus Zn2+/Zn. During the 
reduction process, two peaks centered at 1.23 and 1.38 V versus 
Zn2+/Zn are visible, in line with the potential plateaus observed 
during galvanostatic experiments (Figure 3a). These two redox 
peaks suggest at least two steps are involved in the reaction 
mechanism. According to the report of Kim et al.,[41] the reduc-
tion peak located at 1.38 V versus Zn2+/Zn corresponds to the 
reduction of MnO2 into MnOOH, while the other peak cen-
tered at 1.23 V versus Zn2+/Zn could be associated with the fur-
ther reduction of MnOOH into soluble Mn2+. During oxidation, 
Mn2+ is converted back into MnO2 via the reverse process. Such 
a mechanism was proposed based on ex situ XRD analyses.[41]

Moreover, according to the relationship between the peak 
current and scan rate as shown in the following Equation (1):[42]

i avb= 	 (1)

where the b value can be calculated by plotting the peak current  
i (mA g−1) versus the scan rate v (mV s−1) in log scale (see Figure S7,  
Supporting Information), which is obtained from Figure  4a. 
The b value of the anodic peak was calculated at 0.61 while the 
other two cathodic peaks were 0.58 and 0.52, respectively. Since 
all these three b values are approaching 0.5, we can deduce that 

the Zn-ion charge storage process is mainly controlled by the 
ion diffusion in the KMO material.

Electrochemical impedance spectroscopy (EIS) measure-
ments were also performed at different potentials during the 
discharge process of the KMO·electrode to have a further 
understanding of the reaction kinetics. As shown in Figure 4b, 
the large difference in different potential regions can be 
observed. The EIS plot at 1.4  V versus Zn2+/Zn during dis-
charge shows the expected signature, with a high frequency 
loop associated with a charge transfer resistance, followed by a 
45° Warburg impedance characteristic of semi-infinite ion dif-
fusion behavior.[43] However, when the discharge potential is 
decreased down to 1.2 V, a large loop is visible, resulting in a 
drastic impedance increase. This loop, which could be associ-
ated with a charge transfer process in a first approximation, evi-
dences a major change in the electrode mechanism associated 
with a shift of the electrode impedance along the real part of 
the real axis (see later). When the potential is increased back to 
1.6 V, the charge transfer resistance decreases back to the initial 
value (≈125 Ω) and the EIS signature stands for a semi-infinite 
diffusion behavior.[43] The sharp peak current during the oxida-
tion at 1.59 V (see Figure 4a) in the CV curve also supports the 
diffusion limitation during the oxidation process.

To get further insights about the cation at the origin of 
the charge compensation during the reduction process (Zn2+  
or/and H3O+), KMO electrode has also been tested in Zn2+-free, 
0.3 m MnSO4 electrolyte and the result is shown in Figure S8, 
Supporting Information. In 0.3 m MnSO4 electrolyte, a sloping 
discharge profile can be observed together with 41% capacity reten-
tion, which makes it difficult to assign to either Zn2+ or H+ cations.

2.4. Charge Storage Mechanism

In situ XRD study (Figure 5) was performed (2θ range of 5° to 
60°) to evaluate the structure and phase transformation of KMO 
during charge/discharge cycles. Under the operating conditions 
used for in situ experiments (low mass loading combined with 

Figure 4.  Characterizations of K0.27MnO2·0.54H2O in 0.3 m MnSO4 + 2 m ZnSO4 aqueous electrolyte; a) CV curves recorded at various potential scan 
rates from 0.2 to 2 mV s−1. b) EIS analysis at different potentials during the first cycle.
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fast XRD scan rate), it was not possible to detect KMO diffrac-
tion peaks, such as already reported for similar experiments 
with MnO2 materials.[40] Besides, the diffraction peaks located, 
for all scans, at constant diffraction angles 26.5° and 40.2°; 
46.5° which correspond to respectively the SpectroMembrane 
film and Pt foil, during discharge/charge process, the growing/
disappearance of a series of new peaks, located at 8.2°, 16.4°, 
and 24.2° is observed. These peaks can be assigned to ZHS in 
agreement with previously reported experiments on both Mn-
based[44–46] and vanadium-based[47–49] materials for recharge-
able aqueous Zn-ion battery. The evolution of the intensity 
of these peaks confirms that upon discharge ZHS progres-
sively precipitates (maximal intensity at 0.7  V vs Zn2+/Zn)  
and, in a reversible way, is solubilized during the charge (no 
remaining diffraction peak above 1.6  V). The reversibility of 
this precipitation/dissolution process is confirmed as the same 
evolution is observed for subsequent discharge/charge cycles. 
The precipitation of such insulating ZHS on the cathode sur-
face could also explain well the large resistance observed 
from EIS experiments during discharge below 1.4  V versus  
Zn2+/Zn (Figure  4b). Another three peaks located at 10.5°, 
15.3°, and 31.1° match well with ZnSO4·xH2O, that could be 
explained by the consummation of the water during ZHS for-
mation. Peaks located at 12.5°, 36.7°, and 65.9° well match with 
KMO (the peak at 25.0° overlaps with the peak of the Spec-
troMembrane used to avoid electrolyte leakage from the cell), 
suggesting the good stability of the KMO structure and further 
confirms the effectiveness of pre-intercalation strategy. In addi-
tion, a slight shift of the (003) peak at 12.5° can be observed, 
suggesting ion (de)intercalation during the charge/discharge 
cycles. In summary, in situ XRD confirms the precipita-
tion/dissolution process of ZHS in agreement with previous 
results,[45–49] but does not give clear evidence about intercala-
tion of Zn2+ and/or proton in KMO. Therefore, an additional 
advanced characterization technique should be used to reveal 
the charge storage mechanism of aqueous Zn-ion batteries.

In the next step, EQCM has been used to study the charge 
storage mechanism of Mn oxide positive electrode during cycling 
in Zn-containing aqueous electrolyte. Figure 6a shows the CV 
profile at 5 mV s−1 of a KMO electrode in 2 m ZnSO4 + 0.3 m  
MnSO4 aqueous electrolyte. In these experiments, KMO powder 

was deposited onto the quartz resonator of an EQCM set-up, 
further used as the working electrode (see the experimental 
section for details). Two reduction peaks (1.4  V and 1.25  V vs 
Zn2+/Zn) and one oxidation peak (1.62  V vs Zn2+/Zn) can be 
observed during EQCM measurement, which is similar to the 
obtained previous results (Figure 4a). The validity of the gravi-
metric mode of EQCM measurements was checked by tracking 
the motional resistance change (∆R) during the experiments. 
∆F/∆R was found to be lower than 0.46% (see Figure 6b), thus 
validating the gravimetric mode and the further use of Sauer-
brey’s equation[50] to assign the change of the quartz resonance 
frequency in this potential range. Moreover, the average ∆R 
change from 0.8 to 1.75 V (oxidation) is close to zero; whereas 
from 1.75 to 0.8 V (reduction), a slight increase of the motional 
resistance (20 Ω) could be consistent with the formation of 
ZHS. This is in accordance with the large high-frequency loop 
showing up during reduction in Figure 4b. Figure 6c shows the 
CV of KMO at 10  mV s−1 (black line), and the blue lines cor-
respond to the associated mass change measured by EQCM 
during the positive and the negative sweeps, calculated from 
Sauerbrey equation.[50] As noticed during the oxidation sweep, 
from 0.8 to 1.75 V versus Zn2+/Zn (Figure 6c), the sharp oxida-
tion peak of KMO is correlated with a drastic drop of the mass, 
in agreement with ion deintercalation from the structure (black 
line) together with, as highlighted by the in situ XRD study, the 
dissolution of ZHS. This is also consistent with a local increase 
of the motional resistance during the dissolution of the pre-
cipitate. But with an overall motional resistance over the whole 
oxidation sweep close to zero. Note that the weight increases 
during low anodic polarization (from 0.8 to 1.2  V vs Zn2+/
Zn) are likely due to the cathodic process still occurring upon 
potential reversal, up to about 1.2 V and could be also linked to 
the dissolution start of the ZHS, as observed from the slight 
increase of ∆R (Figure  6b). During the cathodic (reduction) 
sweep, from 1.75 to 0.8 V versus Zn2+/Zn, ion intercalation into 
KMO and the precipitation of ZHS jointly result in an electrode 
mass increase—∆R increase (Figure  6b) is likely correlated 
with the ZHS precipitation. Figure  6d shows the change of 
the electrode weight versus the charge passed in the electrode 
during the reduction process (from 1.75 to 0.8 V vs Zn2+/Zn). 
Shaded areas represent the two potential regions where the 

Figure 5.  In situ XRD patterns of the K0.27MnO2·0.54H2O in 2 m ZnSO4 + 0.3 m MnSO4 electrolyte cell under a current rate of C/3, corresponding to 
the voltage-capacity curve given on the right.
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redox reactions occur as described in Figure 6c. Average molar 
weights of m/z = 38 g∙mol−1 and 327 g∙mol−1 were obtained in 
the high (around 1.4  V vs Zn2+/Zn) and low (around 1.2  V vs 
Zn2+/Zn) potential regions, respectively. As a result, the calcu-
lated heavy molar weight 327 g∙mol−1 would support the precip-
itation of about 0.6 Zn4SO4(OH)6·5H2O (Mw=531 g mol−1) ZHS 
molecules in the lower potential range (around 1.2 V vs Zn2+/
Zn), which well agrees with the previous in situ XRD result and 
the redox peak at 1.2  V as shown in Figure  4a, and with the 
∆R increase observe in this region (Figure  6b). However, it is 
difficult to identify the cation responsible for charge compensa-
tion in the MnO2 electrode, which could be Zn2+ or H+. This is 
also the case during the first plateau at 1.4 V versus Zn2+/Zn. 
Yet, a mechanism can be proposed in light of the precipitation 
of ZHS during the second plateau. Indeed, the intercalation 
of one H3O+ (Mw = 19  g mol−1), together with H2O molecule, 
seems consistent with the molar weight 38  g mol−1 observed 
in the high potential region (around 1.4 V vs Zn2+/Zn). In this 
region, it can also be noticed the ∆R is zero (Figure 6b), which 
is expected for a pure intercalation mechanism. Also, and 
importantly, the H3O+ intercalation in the MnO2 electrode 
would result in a local pH increase that could explain the pre-
cipitation of ZHS, leading to both a ∆R and a mass increase. 
A similar molar weight of 377 g∙mol−1 was measured during 
the oxidation process (positive charge) as shown in Figure S9,  

Supporting Information, thus supporting the dissolution 
of ZHS and deintercalation of cations during the reverse 
process.

From the galvanostatic plots, 1F is exchanged during charge/
discharge process. By combining in situ XRD and EQCM analysis, 
a reduction mechanism could be proposed (Equations (2)–(4)).  
The proposed equations are theoretical ones considering that 
each of the different processes are complete.

ey y+ + → +− −K MnO H O HK MnO OH2 2 2 	 (2)

a b

a b

a b

( )
+ ↔ + + + +

+ =

+ + + −H K MnO H O
1

2
MnO

1

2
Mn H K 2OH

1

2 2 2
2

	 (3)

x ( )+ + + → ↓+ − −2

3
Zn

1

6
SO OH

5

6
H O

1

6
ZnSO 3Zn OH ·5H O2

4
2

2 4 2 2
 

	 (4)

The discharge is achieved by exchanging 1F, corresponding 
to the intercalation of 1 H+ (Equation (2)). Although Zn2+ cation 
intercalation cannot be ruled out, it is unlikely to occur. The inter-
calation of H+ (Equation (2)) leads to an increase of the local pH 
on the electrode surface and ZHS precipitation occurs according 
to Equation (4). Reverse process occurs during charge.

Figure 6.  EQCM result of K0.27MnO2·0.54H2O in 2 m ZnSO4 + 0.3 m MnSO4 electrolyte. a) CV test at 5 mv s−1, b) Change of frequency versus motional 
resistance during the polarization at 10 mV s−1. c) CV and EQCM frequency response at 10 mV s−1 and d) electrode mass change versus charge during 
the reduction polarization.
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The reduction reaction starts at a potential of about 1.4  V 
versus Zn2+/Zn, where protons intercalate into the KMO 
structure as a result of the reduction of Mn+IV down to Mn+III 
(Equation  (2)) with a reversible capacity of 1F. The net mass 
increase of 38  g.mol−1 obtained from EQCM measurements 
in this potential region (Figure  6d) is consistent with near-
surface desolvation of H+ ions from their water solvation, as 
previously observed by EQCM for Li intercalation in LiFePO4 
from aqueous electrolyte.[51] The resulting local pH increase at 
the electrode surface further leads to the precipitation of ZHS 
according to Equation (3)[44]—which leads to both a mass and 
∆R increase, consistent with the formation of a precipitate, as 
shown in Figure  6b,c. The intercalation of H+ cation in KMO 
well agrees with the local pH increase at the electrode surface 
for further ZHS precipitation, absence of important change in 
the interlayer distance of the KMO structure observed from in 
situ XRD measurements (Figure 5), and with faster diffusion of 
H+ versus Zn2+. As a result, although Zn2+ cation intercalation 
cannot be ruled out, it is unlikely to occur. Finally, the dismuta-
tion reaction of Mn+III into soluble Mn2+ and Mn+IV according 
to Equation (3) should occur. However, this reaction is strongly 
displaced to the left side (HaKbMnO2 formation) thanks to the 
presence of Mn2+ via the addition of 0.1 m MnSO4 in the elec-
trolyte: only small amount of soluble Mn2+ is produced. This 
reaction can also be supported by the fact that protons and K+ 
are in competition to occupy the same sites of MnO2 to keep 
the structure stability in acidic electrolyte as reported by Ceder 
at al.[52] and Yin et  al.[53] This well agrees with the reaction 
mechanism proposed by Pan et al.,[37] and it is also supported 
by the small weight loss observed by EQCM measurement 
in Figure  6c at 0.8  V versus Zn2+/Zn, which is visible during 
three cycles (see Figure S10, Supporting Information). During 
the charging process, the reversible reactions occur to form 
back HaKbMnO2,[40] leading to the decrease of pH value and 
ZHS dissolution. To get further insights into the mechanism, 
thermo gravimetric analysis (TGA) experiments were achieved 
on samples polarized at 1.2 and 1.4 V versus Zn2+/Zn, after the 
second discharge. The DTG curve of KMO after cycling at 1.4 V 
versus Zn2+/Zn (Figure S11a, Supporting Information) shows 
three small weight loss peaks at 207, 410, and 520 °C, similar to 
the TGA curve of MnO2.[54] For the KMO after cycling at 1.2 V 
(Figure S11b, Supporting Information), weight loss peaks at 
157, 267, and 397  °C are observed, in agreement with the dif-
ferent decomposition steps of ZHS into ZnO.[55]

Those results and the proposed mechanism are in good 
agreement with the work from Pan et  al.[37] Moreover, results 
of the EQCM/in-operando XRD study provide the first direct 
evidence of the generation of ZHS during cycling, assumed to 
originated from the local pH increase as the consequence of 
proton intercalation.

3. Conclusions

A molten salt synthesis route was used to prepare 2D MnO2 
nanosheets pre-intercalated with alkali ions (Na+, K+), which 
was further used as electrode material for aqueous Zn-ion bat-
teries. A K0.27MnO2 cathode could achieve a high capacity of  
280 mAh g−1 at C/3, as well as, long cycling stability with 90% 

retention after 1000 cycles at 10C rate. These features firstly high-
light the interest of the molten salt route for the preparation of 
nanomaterials with excellent performance for energy storage 
applications. Beyond that, we further combined EQCM together 
with in situ XRD techniques and thermogravimetric analysis to 
clarify the charge storage mechanism of KMO. Those measure-
ments confirm the dissolution/precipitation mechanism of zinc 
hydrosulfate ZHS, as a result of the local pH increase following 
protons intercalation into the KMO structure. The results show 
the interest in the EQCM technique in gravimetric mode as an 
efficient tool to study complex charge storage mechanisms in the 
field of electrochemical energy storage.

4. Experimental Section
Preparation of 2D K0.27MnO2·0.54H2O and Na0.55Mn2O4·1.5H2O: 

In a typical procedure, 5  g of nitrate powder was placed into a quartz 
crucible and then transferred into the muffle furnace at a temperature of 
350 °C (for NaNO3) or 380 °C (for KNO3) in the air atmosphere. Once 
the nitrate powder turns into the molten state after heating for ≈10 min, 
0.2 g of MnSO4 powder was added. After a short reaction time of 1 min, 
the sample was quenched in the air and washed with distilled water to 
remove excess nitrate powder.

Physical Characterizations: XRD data was collected using an X-ray 
diffractometer (X’Pert Pro, PANalytical). The morphology was analyzed 
by field-emission scanning electron microscopy (FEI Nova 450 Nano) 
and transmission electron microscopy with energy-dispersive X-ray 
spectroscopy (Tecnai G2 20 U-Twin and Titan G2 60-300). XPS (ESCALab 
250) was used to determine the electronic state of the elements and to 
get information on the nature of compounds. TGA (Setaram TGDTA 
92) was performed using an alumina crucible as sample holder, in Ar 
atmosphere with a ramping rate of 5 °C min−1.

For the in-operando XRD test, 2-electrode Swagelok cells were 
assembled in air, using KMO as the working electrode deposited onto 
platinum disk as the current collector, and Zn metal disk as both counter 
electrode and reference electrodes. Before adding the KMO working 
electrode, a SpectroMembrane was placed onto the bottom part of 
the Swagelok cell to avoid electrolyte leakage. The in situ XRD cell was 
connected to a Biologic potentiostat to conduct the electrochemical 
cycling at a current rate of C/3. The XRD patterns were recorded 
in-operando during the galvanostatic test (a total of 5 min for one 
full pattern). AFM (Shimadzu) and high-resolution TEM were used to 
measure the thickness. Nitrogen adsorption desorption isotherms were 
measured at 77 K using a Micromeritics ASAP 2020.

Electrochemical Measurements: Rolled, free-standing KMO film 
electrodes were prepared with a specific composition (80 wt% of active 
material powders, 15 wt% of carbon black and 5 wt% of PTFE binder) 
and a controlled mass loading (around 2  mg cm−2). Zinc metal foil was 
used as counter and reference electrode while a Pt disk served as a current 
collector for the KMO positive electrode (the electrochemical signature of 
KMO on six different current collectors have been compared in Figure S12, 
Supporting Information, while KMO on Pt disk and glass carbon have less 
polarization). Two layers of 260 µm-thick porous borosilicate glass fibers 
(Whatman GF/B) were used as a separator. The electrolyte was 2 m ZnSO4 
plus 0.3 m MnSO4 (pH value is 3.8) since it is known that MnSO4 leads to 
hampering the dissolution of Mn element, thus help to improve the cycling 
performance.[37] The electrolyte was purged with argon gas prior to use.

Cyclic voltammetry, EIS and galvanostatic cycling were performed 
using a VMP3 potentiostat (Biologic, France). Cyclic voltammetry and 
galvanostatic cycling were carried out within a potential range from 0.7 
to 1.1 versus Zn2+/Zn. EIS (EIS) was performed at open circuit potential 
with a 10 mV rms amplitude between from 200 kHz down to 10 mHz.

For sample preparation of the EQCM, Bio-Logic 1 in. diameter 
Au-coated quartz crystals (oscillating frequency, f0, 5 MHz) were coated 
using a precise pipette (Gilson PIPET-MAN Classic P20) with a slurry 
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containing 80 wt% of active material KMO powder, 15wt% of conducting 
carbon (Super-P), and 5 wt% of polyvinylidene fluoride (Arkema, CAS 
#24937-79-9) binder in N-methyl-2-pyrrolidone (Sigma-Aldrich, CAS 
#872-50-4). The coated quartz crystal was placed on a PTFE holder 
in which the coated side was orientated toward the reference and the 
counter electrode served as the working electrode in a 3-electrode 
electrochemical cell. The reference electrode was a saturated calomel 
electrode and the electrolyte was 2 m ZnSO4 together with 0.3 m 
MnSO4. EQCM data were analyzed based on the Sauerbrey equation 
(Equation (5)):[50]

∆ = − × ∆fm C f � (5)

where Δm (g cm−2) is the mass change of the coated quartz, Cf is 
sensitivity factor of the crystal (g cm−2 Hz−1) and Δf is the quartz 
resonance frequency (Hz). The sensitivity factor of the coated quartz 
was obtained by performing a copper deposition experiment conducted 
in 0.1 m CuSO4 mixed with 1 m H2SO4 by applying a constant current 
of 5  mA for 120 s. In this experiment, the Cf was calculated to be  
12.3 ng·cm−2·Hz−1 (taking into account the Au crystal electrode surface 
of 1.27 cm2). For consistent results, few cycles were run before starting 
EQCM measurements, to obtain stable, reproducible electrochemical 
signatures. By giving a plot with the electrode weight change during 
polarization versus charge (Q), the molar weight of intercalated ions can 
be calculated according to Faraday’s law in Equation (6):[50]

∆
∆ =m

Q
M
nF

� (6)

where ΔQ is the charge passed through the electrode in coulomb, M 
is the molar weight of the intercalated ions, F is the Faraday constant  
(96 485 C mol−1), and n is the valence number of the ion.
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