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ABSTRACT: The disproportionation reaction of Mn** ions induced by the Jahn—Teller effect hinders the practical
application of Mn-based oxides in aqueous zinc-ion batteries (AZIBs). Herein, Ag,Mn;O is reported as a promising
cathode for AZIBs, and its performance improvement mechanism in a chlorine-containing electrolyte is
comprehensively investigated. As demonstrated, the partial deintercalation of silver ions promotes the valence
state and reactivity of the Mn element in Ag, MngO,4 and favors the formation of the AgCl layer. As an electronic
insulator and ionic conductor, the AgCl layer can effectively inhibit the manganese dissolution, reduce the activation
energy barrier, and facilitate the zinc diffusion kinetics in Ag,MngO ;. As expected, the Ag,MngzO,4 cathode exhibits
high capacity of 369.2 mAh g™' at 0.1 A ¢! and 269.6 mAh g™ after 200 cycles at 0.5 A g™ in the optimized
chlorine-containing electrolyte, implying the in situ interface engineering can eliminate the dilemma of dissolution

and inactivation of Mn-based oxides in aqueous batteries.

queous zinc-ion batteries (AZIBs) have attracted wide
Aattention because of their characteristics of low cost,
high safety, and high capacity.'”* Mn-based oxide
materials hold various oxidation states and crystal structure,
such as tunnel structure, layered structure, and three-
dimensional spatial framework, which can provide enough
space to accommodate zinc ions.”® In addition, Mn-based
oxides have the unique advantages of abundant resources, low
toxicity, high operating potential, and high theoretical capacity”
and have been considered as the most promising cathode
materials for zinc storage.”” "’
However, the practical applications of Mn-based oxide
cathode materials in AZIBs are still restricted by the inherent
low conductivity, slow diffusion kinetics, and poor structural

stability.'' In particular, the disproportionation reaction of
Mn’* ions aroused by the Jahn—Teller effect'”™"*
induces manganese dissolution and structural collapse of Mn-

always

based compounds in an aqueous electrolyte, thereby leading to
the voltage drop, capacity attenuation, and asymmetric changes
in the Mn—O bond length of octahedral Mn**O4 and
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Figure 1. (a) XRD patterns, (b) Mn 2p XPS spectra, (c) TEM image, (d) HRTEM image, (¢) HAADF image, and (f—h) the elemental

mapping images of Ag,MngO 4 raw material.

Mn**O4.">"'® Therefore, Mn-based oxide cathodes suffer from
great challenges of active material dissolution and structural
instability."” Interface layer engineering is an effective strategy
to improve the interfacial stability,'*~*° which can not only
reduce the direct contact between Mn-based oxide cathodes
and aqueous electrolytes to ease the manganese dissolution but
also enhance the electron charge and ion transfer on the
surface of the cathode material.”' ~>* Currently, carbonaceous
materials,”* ™ organic polymer materials,”’ ">’ and inorganic
nonmetallic materials®”*” have been adopted as the coating
layers to modify the surface of Mn-based oxide cathodes,
which play different roles to improve the battery performance
to a certain extent. Unfortunately, the inhibition of manganese
dissolution and the Jahn—Teller effect by these artificial
interface layers is at the cost of sacrificing the mass loading of
active materials and blocking the transport channel of zinc
ions, which reduce the zinc storage capacity of Mn-based oxide
cathodes and weaken the diffusion kinetics of zinc ions.

Considering the positive role of the solid electrolyte
interface (SEI) film in nonaqueous Li/Na-ion batteries,* >
in situ construction of the SEI layer on the surface of Mn-based
oxide cathodes can effectively guarantee fast diffusion kinetics
of zinc ions, suppress the dissolution of active component, and
give full play to the battery performance. As a typical case, a
CaSO42H,0 thin layer is spontaneously constructed on the
surface of Ca,MnO, cathode through the initial charge process
to 1.8 V in the ZnSO,based electrolyte for AZIBs.*® As
expected, the robust CaSO4-2H,O layer possesses the intrinsic
properties of electronic insulation and ionic conductor, thereby
inhibiting the manganese dissolution, reducing the activation
energy barrier, and facilitating the reversible (de)intercalation
of zinc ions.

Inspired by this key point, Ag,MngO,4 material is prepared
by the common hydrothermal method and comprehensively
demonstrated as a promising cathode in the chlorine-

containing electrolyte for AZIBs owing to the spontaneous
formation of interface layer during the initial charge process. In
particular, the partial extraction of silver ions from Ag,MngO 4
material can effectively facilitate the valence state and reactivity
of Mn element, while the following precipitation reaction
between silver ions and chlorine ions in the electrolyte can
efficiently drive the spontaneous formation of AgCl layer,
which prohibits the manganese dissolution, reduces the
interface impedance, and reinforces the transport behavior of
zinc ions. As a result, Zn//Ag,MngO 4 batteries can deliver a
high reversible capacity of 369.2 mAh g~' at 0.1 A g~ and
269.6 mAh g™ after 200 cycles at 0.5 A g™ in a 2 M ZnSO, +
0.1 M MnSO, + 0.1 M ZnCl, electrolyte, manifesting the high
zinc storage capacity and superior structural stability. This
work can provide new reference for the in situ construction of
SEI layer on the surface of cathode materials in an aqueous
electrolyte and contributes to addressing the issues of
dissolution loss and inactivation failure of metallic elements
(Mn/V/Fe/Co/Ni etc.) with variable valence in aqueous
energy storage devices.

As shown in Figure la, the phase composition and
crystalline structure of the prepared material is characterized
by X-ray diffraction (XRD) and identified as Ag,MngO;4
(PDF# 29-1143),”” in which Ag atoms are bridged with
[MnOg4] polyhedrons through Ag—O bonds and firmly
confined in the tunnel structure constructed by [MnOg]
polyhedrons (insert image). To reveal the bonding structure
and valence states of elements in Ag,MngyO 4 X-ray photo-
electron spectroscopy (XPS) has been employed. As presented
in Figure 1b and Figure S1, Mn 2p, Ag 3d, and O 1s can be
detected in the survey spectra of Ag,MngO,4 sample, while Mn
2p spectra is composed by Mn 2p,/, (654.1 eV) and Mn 2p;,
(642.6 V), which can be further divided into Mn*" and Mn>*
areas, demonstrating the mixed valence state and intrinsic high
reactivity of the Mn element in AgZMngOlé.38 Figure S2 and
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Figure 2. Normalized CV curves of Ag,MngO 4 cathode at 0.1 mV s~* tested in 2 M ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl, electrolyte under
(a) the charge before discharge mode and (b) the discharge before charge mode, and tested in 2 M ZnSO,, + 0.1 M MnSO, electrolyte under
(c) the charge before discharge mode and (d) the discharge before charge mode; cycling performances of Ag,MngO ¢ cathode at (e) 100 and
(f) 500 mA g~" in the electrolytes with different amount of ZnCl, additive (0.05 M ZnCl,/0.1 M ZnCl,/0.15 M ZnCl,); (g) rate performance
of Ag,MngO,4 cathode in 2 M ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl, electrolyte at 100, 200, 300, 500, and 1000 mA g~ '; long-term cyclic
stability of Ag,MngO;4 cathode at 1000 mA g~' in chlorine-free (blue line) and chlorine-containing (orange line) electrolytes.

Figure 1c respectively represent the SEM and TEM images of
Ag,MngO,4 samples and display the typical nanorod
morphology of Mn-based oxides. The HRTEM image in
Figure 1d presents a clear lattice spacing of 0.308 nm,
corresponding to the (310) plane of Ag,MnzO,s Moreover,
the mapping images in Figure le—h further verify the uniform
distribution of Ag, Mn, and O elements in the interwoven
nanorod-like Ag,MngO .

As a promising cathode material for AZIBs, different charge/
discharge modes and electrolyte compositions have been
investigated to achieve the best zinc storage performance of the
Ag,MngO 4 cathode. Figure 2a,)b exhibits the normalized CV
curves of Zn//Ag,MngO ¢ batteries in 2 M ZnSO, + 0.1 M
MnSO, + 0.1 M ZnCl, (chlorine-containing) electrolyte under
different charge/discharge modes. For the charge before
discharge mode (Figure 2a), the oxidation peak at 1.565 V
in the first anodic lap can be attributed to the local
deintercalation of silver ions from the crystal framework of
Ag,MngO 6 accompanying the formation of cation defects
and the increase of valence state as well as reactivity of Mn
element in the residual Ag, MngO,¢ cathode. Additionally,
the extracted silver ions will precipitate with the chlorine ions
in the electrolyte and spontaneously cover the surface of the
cathode material. The moderate and sharp reduction peaks at
1.39 and 1.155 V appearing in the first cathodic lap can be

ascribed to the activated insertion reaction of Ag, MngO 4
cathode by zinc ions, while the small peak at 0.862 V may be
caused by the reduction reaction of chlorine ions. In the
second and third lap, the couple peaks at 1.082 and 0.862 V
can be attributed to the redox reaction of chlorine ions.***'
The prominent oxidation peak around 1.581 V and the
gradient reduction peaks at 1.377 and 1.251 V respectively
correspond to the deintercalation and intercalation reaction of
the Ag, .MngO cathode.”** For the discharge before the
charge mode (Figure 2b), the paired peaks at 1.083/0.864 V
also appear, indicating the redox reaction of chlorine ions is
not affected by the charge/discharge modes.

Figure 2c,d displays the normalized CV curves of Zn//
Ag,MnO4 batteries in 2 M ZnSO, + 0.1 M MnSO,, (chlorine-
free) electrolyte under different charge/discharge modes.
Without the addition of ZnCl,, the anodic peak at 1.554 V
in Figure 2c¢ during the initial charge process is also related to
the extraction of silver ions from Ag,MngO 4 Notably, the
paired peaks belonging to the redox reaction of chlorine ions
are absent, and the remaining redox peaks match with the
reversible (de)intercalation behavior of zinc ions, suggesting
the different reaction mechanism of Ag,MngyO 4 in chlorine-
free and chlorine-containing electrolyte. Additionally, the
crystalline structure of Ag,MngO;4 and B-MnO, has been
compared, while the normalized CV curves of the -MnO,



cathode at 0.1 mV s™* in 2 M ZnSO, + 0.1 M MnSO, + 0.1 M
ZnCl, electrolyte under the discharge before charge mode have
been tested. As presented in Figure S3a,b, f-MnO, has the
tunnel structure similar to Ag,MngO;4 only without the
existence of [AgO,] bonding planes. As for the CV curves
(Figure S3c), the coupled peaks at 1.083/0.864 V ascribed to
the redox reaction of chlorine ions do not appear, suggesting
that the redox reaction of chlorine ions does not spontaneously
occur without the participation of silver ions as well as the
formation of a AgCl interface layer. Therefore, the chlorine-
containing electrolyte of 2 M ZnSO,4 + 0.1 M MnSO, + 0.1 M
ZnCl, is the optimal choice for the performance improvement
of Ag,MngO 4, and the positive adsorption effect on chlorine
ions at the interface between AgCl and Ag, .MngO4 can
promote the redox reaction of chlorine ions and increase the
additional capacity.

The effects of different amounts of ZnCl, additive on the
cycling performance of Zn//Ag,MngO 4 batteries have been
comprehensively disclosed (Figure 2e). In detail, the reversible
capacity of Ag,MngO 4 cathode in 2 M ZnSO, + 0.1 M MnSO,,
+ 0.1 M ZnCl, electrolyte can achieve 369.2 mAh g™" after 30
cycles at 100 mA g~". In sharp contrast, the specific capacity of
Ag,MngO 4 cathode in 0.05 M ZnCl, and 0.15 M ZnCl,-
containing electrolytes at 100 mA g~ after 30 cycles only
retain 141.7 mAh g_1 and 1.4 mAh g_1 , respectively, implying a
severe capacity decay. In addition, the cyclic stability of the
AgyMngO 4 cathode in 2 M ZnSO, + 0.1 M MnSO, + 0.1 M
ZnCl, electrolyte can be increasingly enhanced at 500 mA g™,
and it can stabilize at 269.6 mAh g~ after 200 cycles (Figure
2f), much higher than that in 0.05 M ZnCl, and 0.15 M ZnCl,-
containing electrolytes. Moreover, Ag,MnyO 4 cathode also
delivers inferior cycling stability and lower capacity in 2 M
ZnSO, + 0.1 M MnSO, electrolyte (Figure S4), and the
specific capacity only remain 73.86 mAh ¢! and 77.6 mAh g™
after 40 and 200 cycles at 100 and 500 mA g~', respectively.
These results demonstrate that moderate addition of ZnCl, in
the electrolyte can effectively facilitate the zinc storage capacity
and cycle life of Zn//Ag,MngO 4 batteries, and 2 M ZnSO,, +
0.1 M MnSO, + 0.1 M ZnCl, electrolyte is chosen for the
reaction mechanism analysis of the Ag,MngO,¢ cathode.
Furthermore, the Mn content of the Ag,MngO 4 cathode in
chlorine-containing and chlorine-free electrolytes after 10 and
100 cycles has been measured by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). As presented in
Table S1, the Mn content of the Ag,MngO,4 cathode in 2 M
ZnSO, + 0.1 M MnSO, electrolyte decreases from 14.49 to
9.81 mg mL™' between 10 and 100 cycles, verifying the
presence of manganese dissolution behavior, which seriously
affects the cyclic stability of the Mn-based cathode. As
demonstrated in Figure S4b, the Ag,Mn;O 4 cathode exhibits
an obvious capacity fading within 50—100 cycles in 2 M
ZnSO, + 0.1 M MnSO, electrolyte at SO0 mA g~'. In contrast,
the Mn content of Ag,MngO 4 cathode in 2 M ZnSO, + 0.1 M
MnSO, + 0.1 M ZnCl, electrolyte remains nearly constant
between 10 and 100 cycles, manifesting the effective inhibition
of manganese dissolution of the in situ AgCl layer. Meanwhile,
the corresponding cycling behavior of Ag,MngO 4 cathode in 2
M ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl, electrolyte also
keeps stable, certifying that inhibiting manganese dissolution is
of great significance for boosting the structural stability and
cyclic stability of Mn-based cathodes.

The positive contribution of chlorine ions also can be further
demonstrated by the cycling performance of the Ag,MngO 4

cathode at 500 mA g™ in 2 M ZnSO, + 0.1 M MnCl, (Figures
S5), 2 M ZnSO, + 0.1 M MnSO, + 02 M LiCl, and 2 M
ZnSO, + 0.1 M MnSO, + 02 M NH,Cl (Figures S6)
electrolytes. Figure 2g exhibits the rate capability of
Ag,MngO 4 cathode in 2 M ZnSO, + 0.1 M MnSO, + 0.1
M ZnCl, electrolyte, and the reversible capacity is 344.7, 308.9,
284.1, 257.6, and 208.8 mAh g~' at 100, 200, 300, 500, and
1000 mA g~ . After recovering to 100 mA g~', the specific
capacity can come back to 354.4 mAh g~'. In contrast, the zinc
storage capacity in the 2 M ZnSO, + 0.1 M MnSO, electrolyte
(Figure S7) is only 61.7 mAh g™" at 1000 mA g~'. Meanwhile,
the rate performances of the Ag,MnyO4 cathode in 2 M
ZnSO,4 + 0.1 M MnSO, + 02 M LiCl and 2 M ZnSO, + 0.1 M
MnSO, + 0.2 M NH,CI electrolyte (Figure S8) are also better
than that in the chlorine-free electrolyte, implying the
enhanced rate capability by chlorine ions. In addition, the
long-term cycling performance of the Ag,MngO 4 cathode in
chlorine-containing and chlorine-free electrolyte (Figure 2h)
also shows a significant difference, in which the corresponding
capacity stabilize at 167.8 mAh g™' after 409 cycles and 47.7
mAh g™ after 357 cycles at 1000 mA g~', respectively,
verifying the superior cycling stability in the chlorine-
containing electrolyte. The zinc storage performances of the
Ag,MngO 4 cathode, including specific capacity and cycling
stability, also have been compared with the previous Mn-based
oxide cathodes (Table S2), and the higher capacity as well as
stability of the Ag,MngO4 cathode in chlorine-containing
electrolyte further demonstrate the effectiveness of in situ AgCl
interface strategy. Furthermore, the manganese dissolution
inhibition effect of the AgCl layer is also demonstrated without
the addition of MnSO, in the electrolyte. Figures S9a,b
compare the normalized CV curves of Zn//Ag,MngO g
batteries in 2 M ZnSO, + 0.1 M ZnCl, and 2 M ZnSO,
electrolyte, which are similar to the CV curves in 2 M ZnSO, +
0.1 M MnSO, + 0.1 M ZnCl, electrolyte (Figure 2a) and 2 M
ZnSO, + 0.1 M MnSO, electrolyte (Figure 2c). Figure S9c
exhibits the cycling performance of Zn//Ag,MngO ¢ batteries
at 500 mA g~' in 2 M ZnSO, + 0.1 M ZnCl, and 2 M ZnSO,
electrolyte. Notably, Zn//Ag,MngO 4 batteries exhibit a sharp
capacity decay from 254.2 to 50.81 mAh g~' within S0 cycles
in the 2 M ZnSO, electrolyte, verifying the positive effect of
the introduction of Mn*" ions on the cyclic stability of Mn-
based cathodes for AZIBs.'™> In contrast, Zn//Ag,MngOg
batteries display a relatively stable cycling behavior, and the
corresponding capacity drops from 257.6 to 200.7 mAh g™
within 100 cycles in the 2 M ZnSO, + 0.1 M ZnCl, electrolyte,
demonstrating the manganese dissolution inhibition effect of
the AgCl layer. In addition, the cycling performance of Zn//
Ag,Mn;O 4 batteries in the 2 M ZnSO, + 0.1 M MnSO, + 0.1
M ZnCl, electrolyte (Figure 2f) is more stable than that in the
2 M ZnSO, + 0.1 M ZnCl, electrolyte, manifesting that the
synergistic effect of Mn®* ions in the electrolyte and the AgCl
layer on the Ag,MngO,4 cathode can effectively promote the
structural stability and cycling stability of Mn-based cathodes
for AZIBs.

Moreover, the influences of charge/discharge modes on the
zinc storage performance of the Ag,MngO,s cathode in
chlorine-containing electrolyte are further revealed. As
exhibited in Figure S10, the corresponding specific capacity
of the Ag,MngO,s cathode adopting the discharge before
charge mode is lower than that of charge before discharge
mode (Figure 2) under the same test conditions, implying that
the partial deintercalation of silver ions from the Ag,MngO 4



material can effectively facilitate the valence state and reactivity
of the Mn element and accommodate more zinc ion storage.
Thus, charge before discharge mode is also a key factor
determining the zinc storage capacity of Ag,MngO,4 cathode
and is employed for the further analysis of reaction kinetics and
reaction mechanism. As a brief summary, the superior cycling
durability and rate capability in the chlorine-containing
electrolyte can be attributed to the spontaneous formation of
a AgCl layer with the characteristics of electronic insulation
and ionic conductor, which plays the role of an SEI film and
suppresses the manganese dissolution and structural changes of
the Ag,Mn;O 4 cathode during the cycling process.**

To identify the changes in electrochemical impedances and
diffusion coefficients of Zn>* ions (D,,) during the formation
of the AgCl layer, the corresponding Nyquist plots and fitting
lines of —Z" with @™"/? profiles of the Ag,MngO,4 cathode in
the 2 M ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl, electrolyte at
different charge and discharge potentials are depicted in Figure
3ab. In brief, the charge transfer resistances (R) at the
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Figure 3. (a) Nyquist plots and (b) the corresponding Warburg
factors of Ag,MngO 4 cathode at different charged and discharged
states; (c) CV curves of Ag,MngO, cathode at different scan rates
(0.1-1.2 mV s7") and (d) the corresponding b values for the redox
peaks; (e) capacitive contribution ratio of Ag,MngO,¢ cathode at
different scan rates (0.1-1.2 mV s '); (f) activation energy of
Ag,Mn;gO,4 cathode at fully charged state in chlorine-containing
(orange line) and chlorine-free (blue line) electrolytes determined
by Arrhenius equation; in situ pH changes of Zn//Ag,MngO,q
batteries in (g) chlorine-containing and (h) chlorine-free electro-
Iytes tested in electrolytic tank at 100 mA g™'.

middle-high frequency region (inset image of Figure 3a) have
little differences, indicating the newly generated AgCl layer in
the initial charge process does not disturb the subsequent
charge transfer behavior. Based on eqs S1—S3 and Figure 3b,
the Warburg parameter (o) can be determined by the fitting
slope of —Z" with @™"/% which is directly related to the
straight line in the low-frequency region of Nyquist plots and
inversely proportional to the D, value (eq S3). The & values at
the charged state of 1.5, 1.6, and 1.8 V, as well as the
discharged state of 1.4 V are 286.9, 237.5, 235.4, and 230.4 Q
s respectively; that is, the diffusion coefficients of Zn>* ions
gradually increase with the formation of the AgCl interfacial
layer, suggesting the spontaneous AgCl SEI film is conducive

to the diffusion kinetics behavior of Zn** ions in the
Ag,MngO 4 cathode.

In addition, as derived from Figure 3c, the reaction
mechanism of Ag,MngO,¢ cathode in 2 M ZnSO, + 0.1 M
MnSO, + 0.1 M ZnCl, electrolyte is revealed by the CV curves
measured at different scan rates (0.1—1.2 mV s™'). According
to eqs S4 and S5 and Figure 3d, the b values for the
(de)intercalation reaction of Zn>* ions are calculated to be
0.662/0.596 and 0.502/0.559, corresponding to the cathodic
peaks (dis.1/dis.2) and anodic peaks (cha.2/cha.3), respec-
tively. Additionally, the b values for the redox reactions of
chlorine ions are determined to be 0.522 and 0.692, belonging
to the reduction peak (dis.3) and oxidation peak (cha.l).
Moreover, all of the b values for the redox peaks are close to
0.5, verifying that the major zinc storage capacity of the
Ag,MngO,¢ cathode depends on the diffusion-controlled
reaction mechanism. Based on eqs S6 and S7, the capacitive
and diffusion contribution ratio of Ag,MngO 4 cathode in 2 M
ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl, electrolyte can be
quantitatively calculated and are summarized in Figure 3e. The
capacitive ratio increases from 40% to 66% accompanied by
the scan rates from 0.1 to 1.2 mV s, further confirming the
diffusion-controlled reaction mechanism of the Ag,MngO 4
cathode at low scan rates.”** Furthermore, the Nyquist plots of
the Ag,MngO 4 cathode at a fully charged state in chlorine-free
and chlorine-containing electrolytes at different temperatures
(30—70 °C) have been measured. In the equivalent circuit of
Figure S1la, R; represents the solution impedance and R,
represents the Ag, . MngO 4/solution interface impedance. In
the equivalent circuit of Figure S11b, R, represents the solution
impedance and R, and R; represent the AgCl/solution and
Ag, MngO 4/AgCl interface impedance, respectively. Nota-
bly, it can be detected that the Ag, . MnzO,s/AgCl/solution
impedances in chlorine-containing electrolyte are slightly lower
than that of Ag, ,MngO,4/solution in chlorine-free electrolyte
(Table S3). Based on the Arrhenius equation (eqs S8 and S9),
the calculated activation energy values (Figure 3f) of the
Ag,MngO 4 cathode in chlorine-containing and chlorine-free
electrolytes are 0.42 and 1.75 k] mol™, respectively. These
results demonstrate that the partial deintercalation of silver
ions and the formation of a AgCl SEI layer are conducive to
accelerating the charge transfer, reducing the activation energy,
and promoting the interfacial reaction of Ag,MngO,4 cathode
in chlorine-containing electrolyte.11’36’46 Additionally, the pH
changes of Zn//Ag,MngO 4 batteries in chlorine-containing
and chlorine-free electrolytes have been monitored real time
(Figure S12). As presented in Figure 3g)h, the pH values in a
chlorine-containing electrolyte are more stable than that in a
chlorine-free electrolyte, which can fluctuate within the narrow
range of 5.16—5.32, further indicating that the resulting AgCl
interface layer can relieve the pH changes of the electrolyte
induced by manganese dissolution and endow the Ag,MngO 4
cathode with a stable electrochemical reaction environment.

To reveal the zinc storage mechanism of the Ag,MngO4
cathode in 2 M ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl,
electrolyte, XPS, XRD, and TEM techniques have been
adopted. Compared with the raw state (Figure 1b), the
Mn*" areas increase and the Mn>' areas of Mn 2p spectra
decrease at the initially charged state (Figure 4a), indicating
the enhanced reactivity of the Mn element in the Ag,  MngO 4
cathode.*” This case can be caused by the deintercalation of
silver ions and the generation of cation defects, thereby
inducing the possibility of accommodating more zinc ions. At
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Figure S. Schematic diagram of the protection mechanism of AgCl interface layer on the Ag,MngO,4 cathode during cycling process.

the initially discharged state (Figure 4b), most of the Mn*
areas in Mn 2p spectra transform into the Mn>" areas owing to
the intercalation of zinc ions. Figure S13 delivers the XPS
spectra of Ag 3d, O 1s, and Zn 2p at fully discharged and
charged states, verifying the regular change of valence states of
the component elements. As exhibited in Figure 4c, the
crystalline phase of AgCl can be first detected when initially
charged to 1.5 V, hold the highest diffraction intensity when
initially charged to 1.8 V, and stably exist during the
subsequent discharge process. In addition, the weak diffraction
peaks at 28.9° and 37.5° can be assigned to the (310) and
(211) characteristic peaks of the Ag, .MngO,¢ cathode,

respectively, which regularly shift along with the insertion
and extraction of zinc ions. Furthermore, the XRD patterns
(Figure S14), HRTEM image (Figure S15a), and elemental
mapping images (Figure S15b) of Ag,MngO,4 cathode after
100 cycles have been supplemented. In detail, four diffraction
peaks at 25.8°, 28.9° 37.5°, and 46.1° can be assigned to the
(220), (310), (211), and (321) peaks of Ag, ,MngO,
respectively, while the (111) and (200) characteristic peaks
of AgCl appear at 27.8° and 32.2°. The (310) characteristic
peaks of Ag,_.MngO,s and the (200) characteristic peaks of
AgCl can be further detected in the HRTEM image (Figure
S15a), and the elemental mapping images (Figure S15b) of Ag,
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Figure 6. (a) Density of states (DOS) of AgCl material; adsorption energy for (b) zinc ions and (c) chlorine ions on the surface of
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Mn, O, Cl, and Zn also can intuitively certify the stable
existence of the AgClI layer, which can effectively inhibit the
manganese dissolution, stabilize the crystal structure, and
maintain the cyclic stability of the Ag,MngzO 4 cathode.

The phase transformation of the Ag,MngzO 4 cathode can be
further characterized by the HRTEM images at the fully
charged and discharged state. As presented in Figure 4d, the
(310) characteristic peaks of Ag, ,MngO;s and the (111)
characteristic peaks of AgCl can be detected in the inside and
outside region, respectively. Similarly, the (310) and (101)
characteristic peaks of Ag, . MngO,4 and the (200) character-
istic peaks of AgCl can be found in the fully discharged state
(Figure 4f), manifesting the stable existence of AgCl after
initial anodic oxidation. Notably, the interplanar spacing
corresponding to the characteristic peaks of Ag, MngO,q,
ie, 0.27 and 0.304 nm for (101) and (310) crystal planes,
respectively, are smaller than that of raw Ag,MngO 4 material
(0.308 nm for (310) crystal plane), demonstrating that the
partial deintercalation of silver ions weakens the electrostatic
repulsion in the crystal structure and reduces the lattice
spacing.”® Additionally, the elemental mapping images of Ag,
Mn, O, Cl, and Zn at fully charged (Figure 4e) and discharged
(Figure 4g) states also can intuitively testify to the formation
and crystal phase stabilization of AgCl during the cycling
process. According to the characterization analysis, the

protection mechanism of the AgCl interface layer on the
Ag,MngO,4 cathode during the cycling process can be
schematically illustrated as in Figure 5. The partial
deintercalation of silver ions from Ag,MngO4 during the
initial charge process and the following precipitation reaction
between silver ions and chlorine ions in the electrolyte jointly
facilitate the spontaneous formation of AgCl interface layer,
which is beneficial to the inhibition of manganese dissolution,
fast migration of zinc ions, low activation energy barrier of
interface reaction, and durable cycling stability of the
AgyMngO 4 cathode.

To deeply understand the theoretical properties and
multiple effects of the AgCl SEI layer, detailed DFT
calculations have been performed. Figure 6a and Figure S16
respectively present the density of states (DOS), energy band
structure, and electron conductivity of AgCl material, and AgCl
possesses a simulated band gap of 1.0 eV, determining its
inferior electrical conductivity and electronic insulation
property. The insert image in Figure 6a is the crystal structure
of AgCl material, which is halite structured and crystallizes in
the cubic Fm3m space group, and Ag atoms are bonded to six
equivalent Cl atoms to form a mixture of corner and edge-
sharing [AgCly] octahedra with an ionic bond length of 2.77 A
for Ag—Cl. As shown in Figure 6b and Figure S17, the
adsorption energy of zinc ions on the surface of Ag,MngO,,



Ag, .MngO 4, and AgCl and the phase interface between AgCl
and Ag, MngO 4 have been explored. As a result, the
adsorption energies of Ag, ,MngO,s AgCl, and their phase
interface for zinc ions are —0.729, —1.038, and —1.266 eV,
respectively, which are thermodynamically stronger than that
of the raw Ag,MngO,¢ material (—0.503 eV), indicating the
enhanced zinc adsorption behavior after the partial extraction
of silver ions from Ag,MngO,4 and the in situ formation of a
AgCl SEI layer. Additionally, the corresponding adsorption
energies of chlorine ions on the above positions also have been
investigated in Figure 6¢ and Figure S18. The calculated
adsorption energy of Ag,MngO, Ag, MngO4 AgCl, and
their phase interface for chlorine ions are 0.818, —0.672,
—1.828, and —2.044 eV, respectively, manifesting that the
partial deintercalation of silver ions and the formation of AgCl
layer can promote the chlorine adsorption behavior, which is
essential for the redox reaction of chlorine ions.*’ This
interesting result well explains the differences in characteristic
peaks (1.083/0.864 V) of CV curves measured in chlorine-
containing and chlorine-free electrolytes. Moreover, the
diffusion energy barriers of zinc ions both on the surface and
inside the crystalline structure of Ag,MngO 4 Ag, ,MngOq,
and AgCl have been calculated. As exhibited in Figures 6d—f
and Figure S19, the surface zinc diffusion energy barriers of
Ag, .MngO 4 and AgCl are 0.365 and 0.192 eV, respectively,
which are much lower than that of Ag;MnzO;4 (1.899 eV),
demonstrating that the partial deintercalation of silver ions can
facilitate the zinc diffusion kinetics of Ag,MngO,4 and the
AgCl layer has intrinsic ionic conductor property as well as fast
zinc migration kinetics. Figures 6g—i and S20—S22 respectively
present the bulk zinc diffusion energy barriers and diffusion
paths of Ag,MngOy4 (3.618 V), Ag,_ MngO (0.648 eV), and
AgCl (0.499 eV), which are higher than the corresponding
surface diffusion energy barriers, implying that the bulk
diffusion of zinc ions is more difficult than the surface
diffusion. Notably, Ag, .MngO,s exhibits a lower bulk
diffusion energy barrier than Ag,MngOq, verifying that the
partial deintercalation of silver ions favors the zinc migration
behavior. In addition, AgCl also delivers the lowest bulk
diffusion energy barrier, further confirming its fast zinc
diffusion kinetics both on the surface and inside the crystal
structure. The above theoretical calculations verify that AgCl is
an ideal SEI layer for Ag,MngO,4 cathode in an aqueous
electrolyte, which can act as robust armor to prevent the
erosion of active solvent molecules, inhibit the manganese
dissolution, and guarantee the cycling stability of aqueous
batteries.”" >

In summary, a promising manganese-based material of
AgyMngO 4 is employed as the cathode candidate for AZIBs.
The influences of charge/discharge modes and electrolyte
compositions on the zinc storage performances of the
Ag,MngO 4 cathode have been deeply investigated. Combining
the charge before discharge mode with a chlorine-containing
electrolyte, the partial deintercalation of silver ions and the
formation of a AgCl SEI layer can spontaneously occur on the
surface of the Ag, ,MngO,4 cathode during the initial charge
process, which can suppress the manganese dissolution, reduce
the interface impedance, and facilitate the adsorption behavior
of chlorine ions as well as migration behavior of zinc ions.
Moreover, the partial deintercalation of silver ions during the
initial charge process also can effectively promote the valence
state and reactivity of Mn element in Ag, ,MngO,4 cathode
and improve the zinc storage capacity. Owing to these merits,

Zn//Ag,MngO 4 batteries can display high reversible capacity
of 369.2 mAh g_1 at 100 mA g_l, 269.6 mAh g_l after 200
cycles at S00 mA g, and 167.8 mAh g~' after 409 cycles at
1000 mA g™ in 2 M ZnSO, + 0.1 M MnSO, + 0.1 M ZnCl,
electrolyte, delivering superior zinc storage performance and
durable structure stability. This work will open the door for in
situ interface engineering of cathode materials in aqueous
electrolytes and pave the way for practical application of
aqueous rechargeable batteries.
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