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Suppressing Formation of Zn—Mn—O Phases by In Situ Ti
Decoration of MnO, for Long Lifespan MnO,-Zn Battery

Qiaohui Duan, Yiyi Zheng, Yu Zhou, Shuyu Dong, Calvin Ku, Patrick H.-L. Sit,

and Denis Y. W. Yu*

Mildly-acidic MnO,-Zn batteries are considered as a promising alternative for
large-scale energy storage systems for their low toxicity, high safety, and low
cost. Though, the degradation of MnO, with cycling still hinders the further
development of the batteries. In this study, it is observed that the decrease in
available capacity of MnO, with charge and discharge is accompanied by a
structural transformation with the emergence of Zn—Mn—O phases. An
electrodeposition test indicates that the Zn—Mn—O phase is formed from a
co-precipitation of Zn and Mn during the charge process. Further, the
structural change of MnO, is suppressed and its cycle stability is improved
with the addition of TIOSO, as a facile electrolyte additive. As a result, under
a current of 1200 mA g~', the MnO, electrode still gives a capacity of 230
mAh g for over 1500 cycles. Capacity retention is 75% after 10 000 cycles
under a current rate of 4800 mA g~'. These findings provide fundamental
insights on the degradation mechanism of MnO, and a new strategy to
improve the electrochemical performance of aqueous MnO,-Zn batteries.

with the introduction of a Mn?" addi-
tive into the mild acidic electrolyte, as
it is claimed that the additive can sup-
press the dissolution of Mn?** from the
MnO, active material.l’} Though, capacity
fading is still observed with Mn?* addi-
tive into the electrolyte.®1% Thus, there
is another mode of degradation that gov-
erns the long-term stability of MnO,.

Formation of new phases upon cy-
cling was reported as one of the causes
of the poor electrochemical reversibility
for different MnO,-based polymorphs.[}1-13]
So far, many strategies such as surface
coatings,['*1¢ designing different MnO,
morphologies and crystal structures,!718]
introducing vacancies and dopants, /192!
and electrode additive (2] etc. were pro-
posed to overcome the issue. However,

1. Introduction

Aqueous rechargeable Zn-ion batteries (ARZIBs) are promising
for grid-scale energy storage applications owing to the merits in
abundant Zn source, intrinsic safety, and low cost.['*] Among
the different cathode materials, MnO, is attractive because it is
environmental friendly, available in large quantity, and also has
high capacity.[*3!

MnO,, however, undergoes fast capacity fading with cycling.[%!
The reversibility of the MnO,-Zn system is greatly enhanced
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most of the reported works were only

able to demonstrate stable cycling per-

formances under high current rate with
low capacity utilization (e.g., <150 mAh g=! over 1000 cycles), as
the MnO,-Mn** dissolution-deposition reaction during each cy-
cle would form new MnO, that is different from the originally
designed MnO, structure.[?3] For practical applications, it is de-
sirable to find an alternative method to suppress the formation
of new phases to maintain a high capacity utilization of over 200
mAh g~! for extended number of cycles.

In general, it is recognized that MnO, undergoes two differ-
ent reactions during charge and discharge: 1) H* (de)insertion
reaction®?! with MnO, + H* + ee=HMnO, or MnOOH and
2) MnO,-Mn?** electro-dissolution/deposition reaction (2526 with
MnO, + 4H* + 2e-=Mn?* + 2H, O. In this work, we first quan-
tify the contribution of the two reactions to the observed ca-
pacity of electrolytic manganese dioxide (EMD), showing that
both reactions occur simultaneously. Upon cycling, though, X-
ray diffraction (XRD) analyses show that the original EMD
phase disappears with the gradual emergence of ZnMn, 0, and
ZnMn, O, phases in the electrode, leading to capacity loss. These
new Zn-containing phases are formed during a co-deposition
of Mn?** and Zn** during charging, as verified by an elec-
trodeposition test of EMD onto a cathode-free carbon nanotube
(CNT) electrode. We further demonstrate that the addition of
TiOSO, as an electrolyte additive is an effective method to
maintain the original EMD phase and suppress the formation
of the Zn-containing phases with cycling. Energy-dispersive X-
ray spectroscopy (EDX) indicates that a small amount of Ti is

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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incorporated into EMD during cycling while co-deposition of Zn
and Mn is suppressed. Density functional theory (DFT) calcula-
tions confirm that it is less thermodynamically favorable for Zn
to be incorporated into MnO, in the presence of Ti in the mate-
rial. In addition, inductively-coupled plasma (ICP) spectroscopy
results show that the changes in Mn?* concentration in the
electrolyte are reversible while electrochemical impedance spec-
troscopy (EIS) measurements reveal that cell resistance of MnO,-
Zn batteries is stable over cycling with TiOSO, additive. As a re-
sult, with 0.5 wt.% TiOSO, additive, MnO,-Zn battery demon-
strates a stable capacity of 230 mAh g~! for over 1500 cycles under
a current of 1200 mA g~!, corresponding to a charge-discharge
time of ~#12 min (5C rate). Stable cycling can be achieved at even
higher current rates, with a capacity of 92 mAh g=' at 4800 mA
g1 after 10 000 cycles.

2. Results and Discussion

2.1. Contributions to Capacity of MnO,

Commercial EMD is selected as the active material in this
study as they are readily available. The ball-milled material
has a particle size of ~100 nm from scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM)
observations (Figure S1a,b, Supporting Information). Brunauer-
Emmett-Teller (BET) surface area of the material is 57.3 m? g!
after ballmill (Figure S1c, Supporting Information). The X-ray
diffraction (XRD pattern of the commercial EMD is given in
Figure S1d (Supporting Information), which shows that it has a
crystalline phase of y-MnO, (JCPDS #14-0644), a tunneled struc-
ture with an intergrowth of Pyrolusite and Ramsdellite phases
with (1 x 1) and (2 x 1) tunnels of MnO, octahedral units, respec-
tively (Figure Sle, Supporting Information). EDX analysis of the
material shows that it contains Mn and O (Figure S1f, Supporting
Information).

To investigate the structural changes in the electrode during
charge—discharge, in situ XRD was conducted during first cy-
cle (Figure 1a,b; Figure S2, Supporting Information). Before dis-
charge, the pristine y-MnO, peaks located at 16.7°, 19.2°, 24.9°,
and 29.3° can be observed, together with the peak of the poly-
tetrahluoroethylene (PTFE) binder at 8.2° and paraffin pouch
bag at 9.7°. Along with discharge at 30 mA g, all the y-MnO,
peaks shift to lower angles with an increase in lattice parame-
ters, while the peaks shift back during charging. For example, the
(160) crystal plane located at 24.9° has a linear increase in lattice
space from 1.65 to 1.70 A after fully discharge (Figure 1b). This
behavior is consistent with the intercalation/de-intercalation of
proton into the lattice, as previous works have shown that it
is unlikely for Zn?* to intercalate into MnO, tunnels.#?”) We
note that the shift of the EMD peaks is linear with time, sug-
gesting that the proton reaction occurs evenly throughout the
charge-discharge process. Meanwhile, invariant peaks at 7.5°,
11.3°, 15.2°, 15.9°, 22.5°, and 26.0°, etc. emerge after discharg-
ing for ~3 h (60 mAh g~') and disappear in the middle of the
charge process. These peaks are attributed to zinc hydroxide sul-
fate (ZHS, Zn,SO,(OH),-5H,0, JPCDS #39-0688), which is typ-
ically formed when the pH of the electrolyte is increased.?®! This
confirms that there are proton-coupled reactions (PCRs) during
the discharge—charge process.!*’!

Small 2024, 2404368

2404368 (2 of 13)

www.small-journal.com

EMD electrodes were extracted from the batteries at different
states of charge and observed by SEM to further investigate the
emergence of the ZHS phase. In Figure 1c, the SEM image of
the pristine MnO, electrode shows that the cathode is mainly
composed of compact EMD particles. When the battery is dis-
charged to 1.2 V, some flake-like products that are attributed to
ZHS are observed on the electrode surface (Figure 1d). After the
cell is fully discharged to 0.8V, the electrode surface is completely
covered by the flakes (Figure 1le). During the charge process, the
flakes gradually disappear, and the original particle-like morphol-
ogy is observed again (Figure 1f,g). The SEM results are consis-
tent with the XRD data in Figure 1a.

Since there are two parallel charge—discharge processes, here,
we further quantify the contribution from the Mn dissolu-
tion/deposition reactions by measuring the Mn?* concentration
in the electrolyte at different states of charge. The ICP results
of the Mn?* concentration during the first cycle (Figure 1h) are
shown in Figure 1i. Since the electrolyte contains 0.1 M MnSO,,
the initial Mn?* concentration is 100 mM. During initial dis-
charge, the Mn?* concentration increases linearly by around
30 mM, which indicates that Mn dissolution accounts for a ca-
pacity of 107.2 mAh g=' (42.8% of the observed capacity) (see cal-
culation method in Note S1, Supporting Information). When the
MnO, electrode is charged, the Mn?** content decreases, indicat-
ing that it is re-deposited onto the electrode. After the end of 1st
charge (state G with a charge capacity of 244 mAh g™'), the Mn**
concentration drops back close to the initial value of 100 mM, in-
dicating complete reversibility of the Mn dissolution/deposition
process during the first cycle.

Meanwhile, the capacity contribution from H* (de)insertion is
investigated by an electrolyte-swapping experiment. Specifically,
an EMD electrode was initially fully discharged in 1 M ZnSO,
+ 0.1 M MnSO, (1Zn+0.1Mn) electrolyte. The cell was then dis-
assembled and the EMD electrode was washed carefully with de-
ionized water to remove the electrolyte, where the dissolved Mn**
from discharge process is removed. The electrode was then re-
assembled with 1 M ZnSO, (1 Zn) electrolyte and charged. Since
there is no Mn?* in the electrolyte anymore after electrolyte swap-
ping, the charge capacity can only come from proton desertion
from the active material. Figure 1j shows that the charge profile
of the cell with electrolyte-swapping is different from the usual
charge curve in Figure 1h. In particular, a much smaller charge
capacity of 145 mAh g~!, corresponding to 59.2% of the discharge
capacity is observed from the cell after electrolyte swapping.

Overall, the electrolyte-swapping and ICP tests complement
each other and suggest that about 60% of the charge capacity of
EMD comes from proton desertion and 40% comes from Mn de-
position.

It is noteworthy that even though there is 0.1 MM MnSO, pre-
added into the electrolyte, there is still a significant amount of Mn
dissolution that gives rise to the reversible capacity. This observa-
tion is contradictory to a common belief that the Mn?* additive
can suppress the Mn dissolution caused by Jahn-Teller effect.l’!
In fact, considering the MnO,-Zn system as a partial electrolytic
Mn-Zn battery, the Mn?* additive in the electrolyte can act as
a Mn reservoir to promote the re-deposition of Mn**, thereby
improving the reversibility of the MnO, dissolution/deposition
reaction. The effect is more obvious in the case of an excess
amount of electrolyte. Figure S3 (Supporting Information) shows
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Figure 1. In situ XRD profiles of EMD electrode during the 1st cycle: a) full spectrum, b) lattice spacing of the (160) crystal plane of EMD; SEM images
of EMD electrodes: c) pristine, d) discharge to 1.20 V, e) discharge to 0.80 V, f) charge to 1.52 V, g) charge to 1.80 V; h) voltage profile of the st cycle; i)
concentration change of Mn?* in the electrolyte from ICP; j) voltage profile of the electrolyte-swapping experiment.

the 1st cycle charge-discharge profile of MnO,-Zn batteries in
1 M ZnSO, electrolyte with or without MnSO, additive in an
electrolyte-lean coin cell (200 pL) and an electrolyte-rich beaker
cell (5 mL) with the same amount of MnO, active material mass.
For both cells with 1Zn+0.1Mn electrolyte (Figure S3b, Support-
ing Information), they show similar voltage profiles, capacity, and
first cycle efficiency as there is ample Mn?* in the electrolyte
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that can be re-deposited during charging. On the other hand, the
electrode tested in a beaker cell with 1 Zn electrolyte exhibits a
much lower charge capacity than that from a coin cell (Figure
S3a, Supporting Information). Because of the larger amount of
electrolyte in the beaker cell, the overall concentration of Mn**
in the electrolyte after discharging is lower. The voltage polariza-
tion during charging is therefore larger and a smaller amount
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Figure 2. a) DFT calculation comparing the formation energy difference (AE) per Zn atom of Zn-incorporated EMD with different amount of Ti; b)
molecular structures of EMD, EMD (with 3/32 Ti substitution), Zn-inserted EMD and Zn-inserted EMD with Ti in the calculation; c) schematic illustration
of the electrodeposition test configuration; d) Tst cycle voltage profiles of the electrodeposition tests in 1Zn+0.4Mn and 1Zn+0.4Mn+0.5Ti electrolyte

with a capacity limit of 0.5 mAh cm=2.

of MnO, can be deposited back before the voltage reaches the
upper cutoff. This observation is also consistent with previous
studies.3%]

2.2. Effect of Ti and Zn on Mn Dissolution/Deposition Process

As the electrolyte in a MnO,-Zn battery contains both Zn** and
Mn?* and Mn dissolution/deposition process accounts for a large
part of the capacity, it is plausible that Zn ions can be co-deposited
during charging to form Zn—Mn—O phases. To study the likeli-
hood of it, here, we first conducted DFT simulations to calcu-
late the formation energy difference (AE) of EMD (MnO,) and
ZnMn,0O,. We found that ZnMn, O, has alower energy of 3.24 eV
per Zn atom than MnO,, indicating that it is more thermody-
namically favorable for Zn to be incorporated into MnO, (Figure
2a,b).

To suppress the co-deposition of Zn and Mn, one would need
to make it less favorable for Zn to enter the MnO, structure. Pre-
vious research works have shown that Ti-doping can improve
the stability of MnO, in alkaline medium.[?83!] We therefore
further study here whether the addition of Ti can also reduce
the formation of Zn—Mn—O phases. First, we calculated how
the difference in the formation energy between MnO, with Ti
(TiyMn,, Oq,) and the corresponding Zn-containing compound
(Zn,Ti,Mn;, ,O,) changes with Ti content by DFT. The results
(Figure 2a,b) show that the energy gain from inserting Zn into
MnO, with Ti is reduced with increasing Ti content, which sug-
gests that the formation of Zn—Mn—O phases is less likely with
Ti in the structure, compared to without.
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Then, to prove the effect of Ti experimentally, we designed
a MnO, electrodeposition test in electrolyte in the presence of
Zn?* with or without Tj, as illustrated in Figure 2c and character-
ized the deposited films. Specifically, a bare CNT film is used as
the cathode using a 1 M ZnSO, + 0.4 M MnSO, (1Zn+0.4Mn)
electrolyte with and without 0.5% TiOSO, additive. Note that the
MnSO, content in the electrolyte is higher in the electrodeposi-
tion test compared to the battery test so as to facilitate Mn deposi-
tion, and TIOSO, that can be dissolved easily in water was used as
the Ti source. During the constant voltage charge at 1.8 V, Mn?*
in the electrolyte is oxidized to EMD and deposited on the CNT
substrate surface. The charge capacity is limited to 0.5 mAh cm™2,
which corresponds to the deposition of 0.81 mg cm™ of MnO,
assuming 2e~ transfer.

After deposition (initial charge), the CNT electrodes were stud-
ied with XRD to investigate the structure of the deposited ma-
terials. The results in Figure 3a show that y-MnO, similar to
commercial EMD are mainly formed with or without TiOSO,
additive.[3?] For the sample deposited in 1Zn+0.4Mn electrolyte,
small peaks attributed to ZnMn, 0, and ZnMn;O, can also be
observed,!3] which indicates that there are Zn-containing side-
products from the EMD deposition, apart from the main reac-
tion. On the other hand, the peaks of the EMD deposited in 1 M
ZnSO, + 0.4 M MnSO, + 0.5 wt.% TiOSO, (1Zn-+0.4Mn+0.5Ti)
electrolyte are broader, which is attributed to the reduced crys-
tallinity of the EMD with Ti, while no zinc-containing phases can
be observed.

The electrodes were further studied with SEM and EDX
to investigate the morphology and composition of the de-
posited EMDs. The deposited EMD in the 1Zn+0.4Mn electrolyte
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Figure 3. Characterizations of the electrodes after charging from the 1Zn+0.4Mn and 1Zn+0.4Mn+0.5Ti electrolyte in the electrodeposition tests: a)
XRD patterns; SEM images of b) CNT electrode after charging in the 1Zn+0.4Mn electrolyte, c) CNT electrode after charging in the 1Zn+0.4Mn+0.5Ti
electrolyte; d,e) elemental mapping images of (b,c), respectively; f) Raman spectra, g) XPS Mn 2p spectra, h) Mn 3s spectra, i) Zn 2p spectra, j) Ti 2p
spectra of the two samples together with commercial EMD.

exhibits a flake-like structure (Figure 3b), while the one deposited ~ in 1Zn+0.4Mn electrolyte shows &5 at.% of Zn in it, while the
in electrolyte with TiOSO, is particle-like (Figure 3c). EDX im-  one deposited in 1Zn+0.4Mn+0.5Ti electrolyte does not show
ages (Figure 3d,e) show that the different elements are dis- any Zn signal, but instead about 3 at.% Ti (see Table S1, Sup-
tributed uniformly in the deposited samples. For both samples,  porting Information, for the specific atomic ratios). Since no S
Mn and O are the main elements observed, indicating thatthe de-  element is observed in both samples, SO,?~ ions do not partic-
posited product is mainly MnO,. Though, the electrode deposited  ipate during the deposition process, and so there is no residual
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electrolyte on the surface. The results indicate that there is a co-
deposition of Zn and Mn in 1Zn+0.4Mn electrolyte during the
charge process. In comparison, in the presence of Ti in the elec-
trolyte, Ti is preferably incorporated into EMD instead of Zn, con-
sistent with the DFT calculations.

Raman spectra of the 2 electrodes were further taken, as shown
in Figure 3f. The EMD deposited in the TiOSO,-containing elec-
trolyte exhibits only the Mn-O peak located at 636 cm™! similar
to that of commercial EMD,**] while the electrode deposited in
1Zn+0.4Mn electrolyte contains an extra peak at 486 cm™!, which
can be attributed to the Zn-O peak in Zn,Mn,O phases.*"

The samples were also analyzed with X-ray photoelectron spec-
troscopy (XPS) to further investigate the Mn valence states. The
Mn 2p spectra can be deconvoluted into Mn** and Mn** dou-
blet peaks as shown in Figure 3g.**] Comparing to the commer-
cial EMD and the electrode deposited with TiOSO,, the Mn 2p
peaks of the electrode deposited in the 1Zn+0.4Mn electrolyte
shift to a lower binding energy, suggesting the sample contains
more Mn**. Moreover, the magnitude of Mn 3s peak splitting
of the electrode in 1Zn+0.4Mn electrolyte is also increased com-
pared to the other two samples (Figure 3h). As the magnitude of
Mn 3s peak splitting depends on the Mn oxidation state because
of the coupling of non-ionized 3s electron with 3d valence-band
electrons, both Mn 2p and 3s spectra reveal that the Mn aver-
age oxidation state of the deposited EMD without Ti is lower.*¢]
This is consistent with the presence of ZnMn,O, products as
shown in the XRD analysis with a Mn valance of 3+. The co-
deposition of Zn with Mn is also verified as Zn 2p XPS peaks can
be observed from the electrode (Figure 3i; Figure S4, Supporting
Information).?’]

On the other hand, the deposited EMD from the TiOSO,-
contained electrolyte shows mainly XPS peaks corresponding to
Mn**, which indicates that Ti not only suppresses the forma-
tion of Zn-containing products but also has little effect on Mn
valence of the product. A small amount of Ti is incorporated into
the deposited EMD, as Ti 2p XPS peaks can be observed in the
electrode made with TiOSO, (Figure 3j; Figure S4, Supporting
Information),®! consistent with the EDX results (Table S1, Sup-
porting Information).

Overall, the results indicate that EMD with Zn—Mn—O phases
are formed during electrodeposition in the presence of Zn and
Mn ions in the electrolyte. In contrast, only EMD phase with a
small amount of Ti is detected when Ti ions are added to the elec-
trolyte without Zn—Mn—O phases. It is unlikely that the Ti atoms
existin the form of TiO,, as TiO, phases are not detected from the
XRD nor Raman spectroscopy (Figure S5, Supporting Informa-
tion) of the electrode.*! Ti is also not likely to be in the tunnels
of EMD, as the tunnel sizes are 2.3 A x 2.3 Aand 2.3 A x 4.6 A,
which are smaller than the typical Ti-O bonds of ~3.7 A.[*0) More-
over, the Ti element in the structure is not ion-exchangeable. Af-
ter immersing the electrode in 0.5 M NaSO, solution overnight,
the electrode shows no Na signal while the Mn/Ti ratio remains
the same from EDX measurements (Table S2, Supporting In-
formation). It is therefore likely that Ti** is incorporated into
the MnO, octahedral units of EMD, as Mn and Ti have similar
size, charge, and coordination number, as illustrated in Figure
S6 (Supporting Information).[*!]

The reversibility of the electrodeposited EMD electrodes in the
two electrolytes was also tested by discharging them to 0.8 V af-
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terward. From the voltage profiles shown in Figure 2d, one can
see that the electrode in 1Zn+0.4Mn+0.5Ti electrolyte exhibits
a larger initial discharge capacity, as compared to that with the
1Zn+0.4Mn electrolyte. Similar behaviors are also observed with
different areal capacity limits (Figure S7, Supporting Informa-
tion). This indicates that the EMD deposited with TIOSO, addi-
tive is more reversible. Apart from the higher 1st cycle reversibil-
ity, EMD deposited in 1Zn+0.4Mn+0.5Ti electrolyte also shows
improved cyclability (Figure S8, Supporting Information), which
is attributed to the absence of zinc-containing phases in the ma-
terial.

2.3. Electrochemical Performances of MnO, Electrodes
with/without TIOSO, Electrolyte Additive

As shown in the previous section, Ti additive in the electrolyte fa-
cilitates the reversibility of Mn dissolution and deposition with-
out the formation of zinc-containing phases. Here, we will ex-
plore how the TiOSO, additive affects the electrochemical perfor-
mance of composite electrodes with MnO, powder. First, 1 Zn,
1Zn+0.1Mn or 1 M ZnSO, + 0.1 M MnSO, + 0.5 wt.% TiOSO,
(1Zn+0.1Mn+0.5Ti) electrolytes were prepared and their ionic
conductivity and pH are shown in Table S3 (Supporting Infor-
mation). The ionic conductivities of them are about the same.
Even though the pH of the electrolyte drops from 4.61 to 2.03
after TiOSO, addition, we demonstrated that this pH change
is not responsible for the improved cycle stability of MnO,, as
the cycle performance of the EMD is poor in an electrolyte with
pH 2.1 without Ti (Figure S9, Supporting Information). EMD-Zn
cells with the different electrolytes were then subjected to cyclic
voltammetry (CV) tests. The results in Figure 4a show that all the
cells exhibit two distinctive redox peaks that are originated from
the charge—discharge reactions of EMD, as negligible capacity is
obtained from a bare Ketjen black (KB) cathode without EMD
(Figure S10, Supporting Information). So MnO, undergoes the
same charge—discharge mechanisms (i.e., proton (de)insertion
and Mn dissolution/deposition processes) initially in all three
electrolytes with or without Ti additive.

To test the cycle stability of the EMD electrode with different
electrolytes, they were first charged and discharged at a current
of 1200 mA g=! (about 5C). The results are shown in Figure 4b.
While EMD tested in ZnSO, electrolyte shows a fast capacity
decay, the cell with 1Zn+0.1Mn electrolyte exhibits a better cy-
cle stability with a slower capacity fading, indicating Mn addi-
tion can improve reversibility, in line with the observations of
many other literatures.l”) However, the capacity still suddenly
drops after about 200 cycles. In comparison, the cell tested with
1Zn+0.1Mn+0.5Ti electrolyte shows significant improvement in
cyclability. After 1500 cycles, it still exhibits a capacity of 230
mAh g1, corresponding to a capacity retention of ~100% com-
paring to the initial cycle capacity. The voltage profiles of the three
cells at different cycle numbers are shown in Figure 4d—f. Differ-
ent from the drastic decay in capacity for the cells in 1 Zn and
1Zn+0.1Mn electrolytes, that tested in 1Zn+0.1Mn+0.5Ti elec-
trolyte exhibits overlapping discharge—charge curves over 1500
cycles. This indicates that during cycling, the charge—discharge
mechanism of EMD in 1 Zn and 1Zn+0.1Mn electrolytes is
changed, while that tested in 1Zn+0.1Mn+0.5Ti remains the
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Figure 4. Electrochemical tests of the cell using 1Zn, 1Zn+0.1Mn, 1Zn+0.1Mn+0.5Ti electrolyte: a) CV curves; b) cycle stability at 1200 mA g~; c) cycle
stability at 4800 mA g~'; voltage profiles of cells with d) 1Zn electrolyte, €) 1Zn+0.1Mn electrolyte, f) 1Zn+0.1Mn+0.5Ti electrolyte.

same throughout. In addition, the cycle stability of EMD elec-
trode with TiOSO, electrolyte additive is improved also under
different current densities. As displayed in Figure 4c, the cell
with 1Zn+0.1Mn+0.5Ti electrolyte can still obtain a capacity of
92 mAh g ! after 10 000 cycles under 4800 mA g~!, superior
to those of the cell with 1Zn+0.1Mn electrolyte (60 mAh g! af-
ter 3000 cycles at 4800 mA g~'). The cycling performance is also
the best amongst recently reported MnO,-Zn batteries, as sum-
marized in Table S4 (Supporting Information).[121421:24:42-46] The
superior cycle performance of EMD in 1Zn+0.1Mn+0.5Ti elec-
trolyte is also observed at a low current rate of 300 mA g~! (about
1C) where 90% capacity is maintained after 400 cycles (Figure
S11, Supporting Information). In comparison, drastic capacity
fading is observed in cells tested in electrolyte without Ti.

2.4. The role of Ti Additive Toward the Stability of EMD-Zn
Batteries

To understand why Ti additive is able to improve cycle stabil-
ity, we charged/discharged the EMD-Zn batteries in 1Zn+0.1Mn
and 1Zn+0.1Mn+0.5Ti electrolytes to different number of cycles
and extracted the electrolytes and the EMD cathodes from them
for XRD studies. For the MnO, electrode tested in 1Zn+0.1Mn
(Figure 5a), after 5 cycles, the original EMD peaks can hardly be
seen, while weak XRD peaks located at 32.9° and 36.4° corre-
sponding to ZnMn, 0, (JPCDS#24-1133) are observed.[*’] After
300 cycles, the characteristic XRD peak of ZnMn; 0O, (JPCDS#47-
1825) shows up at 18.5°.481 We can find that these Zn-containing
phases exist under both the discharge and charge states after 300
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cycles, which indicates their irreversibility. Note that during ini-
tial cycle from in situ XRD (Figure 1a), the Zn—Mn—O phases
can hardly be seen because their amount is small. With cycling
(i-e., 5th, 300th, and 500th XRD profiles in Figure 5a), one can see
that their X-ray peak intensities continue to grow, showing that
these phases accumulate with repeated charge—discharge. Even
though the emerged Zn—Mn—O phases such as ZnMn, O, can
be charged and discharged, as shown from an electrochemical
test of as-synthesized ZnMn,O, electrode in Figure S12 (Sup-
porting Information) as an example, they give a much smaller
capacity than the original MnO,. Thus, the reduction in capac-
ity of EMD in ZnSO, and MnSO, containing electrolyte can be
attributed to the formation of Zn—Mn—O phases with cycling,
which consumes the active Mn in the electrolyte.

In comparison, the XRD patterns of the EMD cathodes cy-
cled with 1Zn+0.1Mn+0.5Ti electrolyte show different behaviors
(Figure 5b). Specifically, EMD peaks and ZHS peaks as observed
at the charged and discharged states, respectively, are well main-
tained for 500 cycles, and Zn-containing phases can hardly be
observed. In addition, SEM observations of the electrode tested
in 1Zn+0.1Mn electrolyte (Figure 5¢) show nanoflakes on its sur-
face, similar to that reported in previous literature,[*’”! while that
tested in 1Zn+0.1Mn+0.5Ti electrolyte (Figure 5d) exhibit a nano
particle morphology, in line with the observed morphologies of
our electrodeposited material in Figure 3b,c. Moreover, high reso-
lution transmission electron microscopy (HRTEM) images of the
electrode tested with 1Zn+0.1Mn electrolyte (Figure 5c) show lat-
tice fringes that are attributed to (002) from ZnMn;0, and (211)
from ZnMn,0O,, which are consistent with the XRD peaks lo-
cated at 18.5° and 36.4° in Figure 5a, while those from electrode
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tested with Ti-containing electrolyte (Figure 5d) only show long-
range (131) lattice fringe of EMD. All the above results clearly
demonstrate that TIOSO, addition suppresses the formation of
Zn-containing phases and improves the reversibility of EMD.

We also systematically monitored the changes in the Mn** con-
centration of the electrolytes over cycles via ICP analysis to better
reveal the effect of Ti to the Mn dissolution/deposition process
and the electrochemical performance of EMD. In general, we ob-
served that the Mn?** concentration rises during discharging due
to Mn dissolution while it falls during charging due to Mn depo-
sition. Though, the overall amount of Mn?* in the electrolyte can
change with cycling. As shown in Figure 6a, in a cell tested with
1 Zn electrolyte without any additive, Mn?* content in the elec-
trolyte increases within the initial 100 cycles, indicating there is
more Mn dissolution than Mn deposition. This is likely because
there is no Mn?* in the electrolyte at the beginning, so some of
the dissolved Mn?* stays in the electrolyte with cycling. After 100
cycles, the Mn?* concentrations of both discharged and charged
states start to decline owing to the consumption of Mn?* from
the irreversible formation of Zn-containing Mn oxide species.

The addition of 0.1 M MnSO, into the electrolyte changes the
overall trend of Mn?* with cycling (Figure 6b). The Mn?** concen-
tration rises and falls during discharge and charge, respectively,
and the value remains around 0.1 M during the initial cycles, in-
dicating that the Mn?* additive can effectively facilitate the re-
deposition of Mn**. Though, with further cycling, an irreversible
consumption of Mn?* occurs where Mn?** content continues to
decrease, which is attributed to the formation of Zn—Mn—0O
phases. It is noteworthy that the drastic decrease in Mn?* con-
tent after 300 cycles coincides with the abrupt capacity drop of
the material in Figure 4b. In contrast, with TiOSO, additive, the
normal rise and fall in Mn?* concentration during each cycle re-
mains stable even after 500 cycles (Figure 6¢). Mn dissolution
and deposition are reversible and there is no side reaction that
consumes Mn with cycle. This confirms that TIOSO, additive is
effective in suppressing the deposition of Zn-Mn oxides.

We further study how the electrolyte affects the impedance of
the EMD-Zn with EIS measurements. The Nyquist plots of EMD-
Zn cells with different electrolytes at the charged state after dif-
ferent number of cycles are displayed in Figure 6d—f. The EIS
profiles exhibit two semi-circles, which can be assigned to inter-
face resistance R; and charge transfer resistance R, from higher
to lower frequency, respectively. For all the three cells, the semi-
circle representing R, increases with cycle number. The values
of R, are obtained by fitting the curves with an equivalent circuit
shown in Figure 6g and the results are shown in Figure 6h. Both
cells tested with 1 Zn and 1Zn+0.1Mn electrolytes exhibit dras-
tic increase in R, to about 300 Q after 500 cycles. In contrast, the
R, of the cell tested in 1Zn+0.1Mn+0.5Ti electrolyte only grows
slightly to 57 Q after 500 cycles. This indicates that TIOSO, addi-
tion can suppress impedance growth of the electrode. Based on
our previous discussion, the growing R, can be ascribed to the
formation of Zn-Mn oxides on the electrode which hinders the
ion diffusion, and TiOSO, can impede such reaction.

The rate performances of EMD electrodes in different elec-
trolytes were investigated, as shown in Figure 6i. One can see that
the addition of MnSO, additive into the electrolyte can enhance
the rate performance of EMD. This is attributed to the improved
kinetic of the re-deposition of Mn?* during the charge process
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with higher content of Mn?* in the electrolyte. Further addition
of TIOSO, into the electrolyte does not have a significant effect on
the rate performance of the electrode. Specifically, the EMD elec-
trode tested with 1Zn+0.1Mn+0.5Ti electrolyte shows a capacity
of 302, 275, 250, 212, 165, 136, and 118 mAh g~ at a current rate
of 300, 600, 1200, 2400, 3600, 4800, and 6000 mA g™*.

Overall, the power and energy that can be obtained from EMD-
Zn cells with 1Zn+0.1Mn+0.5Ti electrolyte are plotted in the
Ragone plot in Figure 6j. The battery can deliver an energy den-
sity of 390 Wh kg~! at a power density of 390 W kg™! (calcu-
lated based on the mass of cathode active material), and still
holds an energy density of 153 Wh kg=! when the power den-
sity is increased to 7800 W kg~!, which is superior to most of the
previously reported ZIBs.[1214212442-44] Stability of EMD in fact
depends on the amount of TiOSO, additive. Figure S13 (Sup-
porting Information) shows the cycle performance of EMD in
1Zn+0.1Mn electrolyte with different amounts of TiOSO,. One
can see that the addition of 0.2 wt.% TiOSO, can already improve
cycle stability, but it is not sufficient. Too much TiOSO, on the
other hand reduces the overall capacity. 0.5 wt.% is the optimal
amount that gives a good balance between stability and capacity.

We have seen that the addition of Ti into the electrolyte re-
sults in a Ti-decorated MnO, after charge—discharge, which im-
proves the stability of the active material. A schematic illustra-
tion of such in situ Ti-decoration strategy is shown in Figure 7.
One question that arises is whether a pre-doped MnO, with Ti
(Ti-MnO,) can also be cycled stably. To find out, we synthesized
a pre-doped MnO, material with 2 at.% Ti by a precipitation
method between a solution with 3.55 g MnSO,, 6 mL of concen-
trated nitric acid with TiOSO, in 100 mL distilled water with an-
other solution with 0.07 M KMnO, in 100 mL distilled water at 90
degrees. The synthesized Ti-MnO, material was made into elec-
trodes and tested with 1 Zn electrolyte (Figure S14, Supporting
Information). The result shows that the pre-doped MnO, with Ti
still shows a decrease in capacity with cycling, compared to the
in situ Ti-decorated EMD. This is probably because for the pre-
doped MnO,, Mn, and Ti are dissolved into the electrolyte dur-
ing discharging, and the concentration of Ti in the electrolyte is
too low for it to be re-deposited upon charging. Thus, in situ Ti-
decoration is a more effective way to stabilize MnO,. In addition,
the TiOSO, additive can also improve the cycle stability of the
other MnO, polymorphs like f-MnO,, §-MnO, and synthesized
7-MnO, (Figure S15, Supporting Information).

3. Conclusion

In this work, through systematic investigations of the EMD elec-
trode and electrolyte, we verified the proton insertion and Mn
dissolution-deposition reaction both contribute to the observed
capacity in mild acidic aqueous MnO,-Zn battery. It is found
that the co-deposition of Zn?* and Mn?* during the charge pro-
cess will irreversibly transform the original EMD phase into Zn-
Mn oxides during cycling, and because the Zn-Mn oxides have
much lower capacity than EMD, the overall capacity of the ac-
tive material decays. By adding Mn?* additive into the electrolyte
at the beginning, reversibility of the Mn dissolution-deposition
reaction can be improved but the Zn—Mn—O phase forma-
tion still impairs the cyclability of EMD upon cycling. Here, we
show that TIOSO, as an electrolyte additive facilitates the in situ
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formation of a Ti-decorated EMD, which can suppress the for-
mation of the Zn-Mn oxide species and significantly improve
the cycle stability, as demonstrated through an electrodepo-
sition test and other characterizations such as XPS, Raman,
XRD, DFT calculations, etc. As a result, the EMD-Zn cell using
1Zn+0.1Mn+0.5Ti electrolyte achieves a remarkable cycle sta-
bility. Overall, our work provides fundamental insights into the
battery mechanism with a strategy for improving the stability of
EMD, which paves way for the further development of the mild
acidic aqueous MnO,-Zn batteries.

4. Experimental Section

Electrolyte Preparation and Cell Assembly: ZnSO,-H,O (>99.9%),
MnSO4-H,0 (>99%) and titanium oxysulfate TIOSO, (>29% Ti basis)
were purchased from Sigma-Aldrich. The 1 M ZnSO, electrolyte was de-
noted as “1Zn”. The ZnSO, + MnSO, electrolyte was prepared through
dissolving 1 MM ZnSO, and 0.1 M MnSO, in de-ionized water, denoted
as “1Zn+0.1Mn" for MnO,-Zn battery testing; or 1 M ZnSO, and 0.4 M
MnSQy,, denoted as “1Zn+0.4Mn” for the electrodeposition tests with
CNT. The “1Zn+0.1Mn+0.5Ti” and “1Zn+0.4Mn+0.5Ti" electrolytes were
prepared through dissolving 0.5 wt.% TiOSOy in the ZnSO, + MnSO,
electrolytes. Electrolytes with other TIOSO, contents were prepared with
the same method. All the electrolytes were prepared by stirring the elec-
trolyte salts in water for more than 1 h at room temperature.

For making the EMD electrode, commercial EMD (Xiangtan Electro-
chemical Scientific Ltd.) was first ball-milled in zirconium oxide bowls at
200 rpm for 12 h with ethanol as the dispersant (EMD: ethanol = 1:1 in
mass) to reduce the particle size. The resultant powder was dried at 60 °C
for 4 h under vacuum to evaporate the ethanol. The ball-milled EMD was
well mixed with Ketjen Black (KB-EC600JD) and polyvinylidene fluoride
(PVdF, solef 5130, Solvay) in N-methyl-2-pyrrolidone (NMP) with a ratio
of 7:2:1 to make a homogeneous slurry, which was coated on graphite pa-
per (GP, 50 um thick, Chenxin-Induction). The electrodes were punched
out into a disc with a diameter of 16 mm and dried at 80 °C for 4 h. The
typical EMD mass loading was ~1.5 mg cm~2. 2032 coin cells were assem-
bled using the as-described electrode as cathode, zinc foil (Sigma—Aldrich,
99.9%, 50 um thick) as anode, and glass fiber (Advantec #GD-120) as sep-
arator with 200 ul electrolyte. For the electrodeposition tests, a CNT sheet
was used as the cathode. To prepare the cathode substrate, single-wall car-
bon nanotube dispersion (SWCNT, 13 wt.% in water, Jiacai Technology Co.,
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Ltd.) was diluted 20 times with de-ionized water and stirred for 2 h at 70 °C.
Then, the solution was filtered through a hydrophilic PTFE membrane by
vacuum filtration to generate the free-standing CNT electrode with a thick-
ness of about 10 um. The CNT electrode was then coupled with Zn anode
and made into a coin cell, similar to the MnO,-Zn batteries.

To study the activity of the Zn—Mn—O phases, ZnMn,0, was synthe-
sized by a traditional sol-gel method based on a previous work.[4] Specif-
ically, zinc acetate, manganese acetate and citric acid were mixed in molar
ratio of 1:2:3.1 in de-ionized water, of which pH was adjusted to 6.8 with
ammonium hydroxide. The solution was dried at 80 °C to form a gel and
further annealed at 500 °C for 5 h to obtain the ZnMn, 0O, powder.

Electrochemical Tests:  Galvanostatic charge—discharge tests were per-
formed using a Neware battery tester between 0.8 and 1.8 V. Cyclic voltam-
metry (CV, scanning rate 0.1 mV s~') and electrochemical impedance
spectroscopy (EIS, frequency range 1 MHz-0.01 Hz) measurements were
performed on a Bio-logic potentiostat (VMP3). For the electrodeposition
tests, the cell was first charged with a constant current of 0.05 mA cm~2 to
1.8 V followed by a constant voltage step until the areal capacity reached
0.5 mAh cm™2, and then discharged to 0.8 V with 0.05 mA cm~2.

Characterizations: The morphological evolutions of the electrodes
were characterized by scanning electron microscopy (SEM, QUATTROS),
EDX, and transmission electron microscopy (TEM, JEOL 2100 F). X-ray
photoelectron spectroscopy (XPS, Thermo Scientific Escalab), ex situ XRD
(PANalytical X’Pert3 X-ray diffractometer with a Cu source), and Raman
spectroscopy (WITec RAMAN alpha 300R @ R7167 BOC) were used to
study the crystal structure changes of the electrodes. Nitrogen adsorp-
tion tests at 77K using Micromeritics 3Flex was applied to obtain the
Brunauer—Emmett—Teller (BET) surface area. Inductively-coupled plasma
atomic emission spectroscopy (ICP-AES) was used to detect the Mn?*
ion concentrations in the electrolytes, and each data point was measured
three times. To prepare the electrolyte samples for ICP, all parts from a
disassembled coin cell were soaked in 20 mL de-ionized water and stirred
overnight before sampling. For in situ XRD tests (Mo K, source), a thick
electrode (10 mg cm~2) was made by mixing EMD, KB, and polytetraflu-
oroethylene (PTFE, DAIKIN) in a ratio of 7:2:1, and the resulting film was
pressed on a stainless steel mesh. The experiment was conducted in trans-
mission mode with a pouch cell consisting of the EMD electrode, 1Zn +
0.1Mn electrolyte, and a Zn foil with a hole to eliminate the X-ray signals
from the anode.

Density Functional Theory Calculations: Density Functional Theory
(DFT) calculations were performed using the Quantum Espresso
package.’®37] The ultrasoft GBRV pseudopotentials!®?] were used with
the PBEIS3] exchange correlation functionals. The wavefunction and aug-
mented charge density cutoffs were set to 40 Ry and 280 Ry, respectively.
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PBE+U corrections were introduced to the Mn atoms with a U value of
4 eVl T-point sampling was used for both the MnO, and ZnMn, 0O,
systems with lattice parameters obtained from the XRD tests mentioned
earlier. For the case of MnO,, the lattice parameters obtained from XRD
matches the Ramsdellite phase. As a result, a Mn3;,0Og¢4 orthorhombic
simulation cell with lattice parameters of 8.18 A x 10.15 A x 12.72 A
was used. For the ZnMn, 0, system, a ZngMn3,Og, tetragonal simula-
tion cell with lattice parameters of 11.44 A x 11.44 A x 9.25 A was used.
Starting from the pristine MnO, and ZnMn, O, systems, the Ti-decorated
MnO, and ZnMn,O, systems were generated by successively replacing
randomly chosen Mn atoms with Ti atoms. Finally, a 2 X 2 X 2 hexagonal
supercell with lattice parameters of 5.33 A x 5.33 A x 9.89 Al**] and 8 x 8
% 8 k-point sampling was used for the Zn metal system with 16 Zn atoms
per simulation cell.
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