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ABSTRACT: Zn/MnO, systems using non-alkaline aqueous electrolytes have attracted
tremendous interest as rechargeable aqueous Zn ion batteries due to their safety and high
specific capacities. Despite their promising electrochemical performance, however, their
reaction mechanism has remained elusive. Here, we examined the structural evolution of
cryptomelane a-MnO; cathode by ex-situ transmission electron microscopy after
electrochemical testing using two different non-alkaline aqueous Zn electrolytes with acetate
and triflate salts, of different pH. We have discovered that the systems tested in both
electrolytes ~ exhibit a  dissolution-deposition  reaction = mechanism  through
dissolution/deposition of Mn** ions from/on the cathodes with display of similar
discharge/charge product formation. We have also found that the cell tested using the acetate
electrolyte shows evidence of structural irreversibility that might contribute to its rapid capacity
degradation. This finding offers an important insight toward optimizing the cathode design for

enhanced electrochemical function of aqueous Zn/MnO> batteries.



INTRODUCTION

Increasing concerns regarding environmental sustainability have raised the urgent need to
develop large-scale energy storage systems (ESSs).! Over many decades, Li-ion battery
technologies have attracted enormous interest as the promising ESSs for high energy density
and cycle stability but the concerns of their flammability make consideration of safety
unavoidable, demanding a storage system with high operating stability. In this regard,
tremendous effort has been devoted on exploring technologies such as aqueous rechargeable
batteries that use non-flammable aqueous electrolytes. Especially, aqueous zinc batteries are
considered promising due to their utilization of water-friendly Zn metal that offers low cost
and high theoretical capacity to the system.>> Among many cathode systems reported up to
date, manganese oxide (i.e. MnQO;) systems such as a-MnO> have been of great interest due to
their high specific capacity and low cost of fabrication.*>

Although the electrochemistry of aqueous Zn/a-MnO; system using non-alkaline electrolyte
such as mildly acidic electrolyte has been widely studied, the reaction mechanism of a-MnO»
has remained largely elusive due to the conflicting evidence from structural characterization
associated with the electrochemistry. The bulk analytical techniques have their own limitations,
making the deciphering of the reaction mechanism difficult for a cathode system as complex
as those of aqueous batteries. In our previous studies using a-MnQO; cathodes and aqueous
ZnSO0y electrolyte, we identified the reaction mechanism to be dominated by a dissolution-
deposition mechanism using operando X-ray fluorescence mapping that revealed the change in
concentration of dissolved Mn?* within the cell during cycling and local examination of
individual nanorods using ex-situ high-resolution scanning transmission electron microscopy

(STEM).%7 Moving forward from this result, we have identified an additional question on



whether the reaction mechanism is more universally applicable towards the Zn/MnQO> system
when using different non-alkaline aqueous electrolytes.

Hence, we prepared the two known aqueous electrolytes of different pH: aqueous 1M Zn-
triflate (i.e. Zn(CF3SO3)2) (pH = 4) and IM Zn-acetate (i.e. Zn(CH3COO);) (pH = 6)
electrolytes to be used for the electrochemical tests of Zn/a-MnO: cells. By conducting
electrochemical discharge/charge of these cells, we have examined the cells ex-situ by
employing transmission electron microscopy (TEM) and associated analytical tools such as

energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS).

EXPERIMENTAL METHODS

Synthesis & Characterization

Cryptomelane 0-MnO> nanorods were synthesized via a hydrothermal method adopted from
previous literature®. Products were calcined at 300°C in air prior to use. X-ray diffraction
(XRD) was performed with a Rigaku SmartLab X-ray diffractometer with Cu Ka radiation and

Bragg-Brentano focusing geometry.

Electrochemistry

As-synthesized cryptomelane nanotubes were mixed with multi-wall carbon nanotubes
(CNTs) (Cheap Tubes, USA) to form composite electrodes. Coin type cells were assembled
using the electrodes, glass fiber separators, and Zn foil with aqueous 1M zinc acetate
(Zn(CH3COOQ),) or 1M zinc triflate (Zn(CF3S0s3)») as electrolytes. Galvanostatic cycling tests
were conducted using a Maccor testing system at 30°C. Electrodes were recovered from the

cycled cells and washed with deionized water before drying.



Transmission Electron Microscopy

TEM (transmission electron microscopy) and STEM (scanning TEM) imaging, SAED
(selected area electron diffraction), and EELS (electron energy loss spectroscopy) of pristine,
discharged, and charged a-MnO> cathodes were conducted using a JEOL ARM 200CF
microscope, operated at 200 kV, equipped with double spherical aberration correctors (CEOS
GmbH) and GIF Quantum ER Energy Filter (Gatan). Analysis of EELS spectra includes zero-
loss calibration, background subtraction, and multiple scattering correction. For quantification
of Mn valence state, the L3/L> edge ratio was calculated by fitting a EELS spectrum with a
combined Gaussian and Lorentz function and using the Pearson method with double step
functions.” Mn valence state was then estimated from the relation between Mn valence and
Ls/L> ratio obtained using the reference MnxOy samples. The EELS maps were processed using
principal component analysis for noise filtering. Energy dispersive X-ray spectroscopy (EDS)
mapping was performed using a spectrometer (Oxford) inside a JEOL JEM 2100F microscope

operating at 200 kV.

RESULTS AND DISCUSSION

Figure l1a-d demonstrates the representative image of as-synthesized cryptomelane-type K-
inserted 0-MnO, (i.e. KxMnO>:nH,0) nanorods. It has high crystallinity with K* ions
occupying the 2x2-tunnel center, as demonstrated from high-resolution STEM annular dark
field (ADF) image and the selected area electron diffraction (SAED) pattern. From EELS
quantification of the ratio of L3/L> edges from the MnO: bulk, Mn valence was found to be
~3.87 (L3/L2: 1.91). By making a composite electrode from the pristine nanorods and CNTs,
we conducted its galvanostatic discharge/charge at a current of 150 mA g™ and examined it

both at the 5" cycle and the 20" cycle using ex-situ TEM.
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Upon discharge of an aqueous Zn/MnQO; cell, H" ions are expected to insert into MnO> to

induce the reaction, possibly such as following!®:

Upon consumption of H, OH in the electrolyte will increase its pH to drive the chemical
deposition of layered zinc hydroxide, which accompanies with active dissolution of Mn?" ions

from MnO:».

Figure 1. (a) Low-magnification and (b,c) the corresponding high-resolution STEM-ADF
images and (d) SAED pattern of the pristine K*-inserted a-MnQ2 nanorod (zone axis: [100]).
The image in (c) is acquired from the center hole region shown in (b). (e,f) Low-magnification
TEM images and the corresponding SAED patterns of zinc hydroxyacetate (ZHA) and zinc

hydroxytriflate (ZHT), respectively.



TEM images of the system upon discharge at 5™ cycle in Figure le,f show large plates that
were deposited in both aqueous Zn-triflate and Zn-acetate electrolytes. From SAED and XRD
analysis (Figure sl), we identified the plates to be layered zinc hydroxide. For the case of
aqueous Zn-acetate electrolyte, the plates are likely =zinc hydroxyacetate (i.e.
Zns(OH)3(CH3COO),-xH20, ZHA) upon referring to the past XRD study on the structure as
there is a good agreement in 26 peak positions with our pattern'!. The structure consists of salt
anions occupying the sites in between interlayers of layered zinc hydroxide (Figure s2)'.
Similarly, upon discharge using Zn-triflate electrolyte, zinc hydroxytriflate (ZHT) was formed.
The structure is likely similar to that of ZHA as it has a XRD pattern with peaks occupying
similar 26 positions (Figure s1) and SAED pattern (Figure le,f) to that of ZHA.'> The
deposition of layered zinc hydroxide shown in both electrolytes agrees well with our previous
studies on Zn/0-MnQO; system using aqueous ZnSOs electrolyte with formation of zinc
hydroxide sulfate upon discharge. We have found that the average (100) and (110) lattice
spacings measured from the SAED patterns to be ~0.265 nm and ~0.154 nm, which are slightly
smaller than those reported from XRD patterns'!. The difference might likely be attributed to
the local features of the nanorods such as strain. EDS elemental mapping (Figure s3)
qualitatively confirms the phases of the plates with the composition of Zn and elements from
salt anions.

Upon subsequent charge of a Zn/MnOz cell, Mn?* ions originally dissolved in electrolyte are
deposited onto a cathode surface, leading to the formation of distinct charge products around
both the MnO» nanorods and the CNTs. Figure 2a, b demonstrates the cluster of nanoparticles
deposited around CNTs from the cell charged at the 5™ cycle with the aqueous Zn-acetate
electrolyte. Although their existence was not evident in the SAED pattern, combined EELS

(Figure 2e and g), EDS (Figure s4), and high-resolution ADF imaging (Figure 2b) revealed that
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these crystalline nanoparticles are likely a Zn-containing manganese compound (ZMC),
possibly either oxide or hydroxide, with the crystallite size as small as 3-5 nm in diameter.
Based on the high-resolution ADF image (Figure 2b) on the aggregate, one likely phase is a
layered brucite-like Zn-inserted Mn(OH) as the phase has crystallographic similarity with
layered ZHA formed upon discharge, both having layered hexagonal structure. However,
according to a Pourbaix diagram of Mn-H,O system'?, it is highly unlikely to observe the
Mn(OH), formation within our electrochemical test voltage and pH windows. This leaves the
possibility of another phase, namely layered vernadite-type ZnMnO>-nH>O, where x is
dependent on the amount of Zn>" present within the structure upon charge. Vernadite is known
as a disordered type of birnessite, where there is lack of ordering in layer stacking. Indeed, a
SAED pattern from the ZMC upon 20™ cycle charge shows the measured lattice spacing of
~0.14 and ~0.24 nm (Figure s5), which are known to be characteristic spacings of
MnOnH,0.">!® Although a high-resolution ADF image entails another spacing of ~0.29 nm
(Figure 2b), which was not well accounted for based on our SAED patterns, it was recently
identified as one of the spacings in hydrated monolayers of MnO> exfoliated from its original
stack!”, similar to those we observed in our study. Notice XRD patterns obtained upon 20
cycle charge agree with the TEM results above. (Figure s6) Interestingly, the average Mn
valence state of ZMC, determined from these particles as ~2.5 (L3/L2: ~2.8), is far less than
what is expected upon charge (i.e. ~4). This was similarly detected in an EELS study done on
the electrolytic MnO> cathode upon charge at a 100" cycle that also illustrated a low Mn

oxidation state (< 3+).'8
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Figure 2. (a) Overall morpohology and (b) the corresponding high-resolution STEM-ADF
images of ZMC clusters in the Zn/a-MnO; cell charged in aqueous Zn-acetate electrolyte. (c)
Low-magnification and (d) high-magnification TEM images of ZMC clusters formed around
the MnO» nanorod for the cell charged in aqueous Zn-triflate electrolyte. (Inset: Noise-filtered
image from the yellow circle) Low-magnification STEM-ADF images of ZMC clusters from
the cell charged in (e) aqueous Zn-acetate and (f) aqueous Zn-triflate electrolytes. (g) EELS
Mn L edge spectra collected from Regions 1 and 2. For Region 2, EELS spectra were collected

from both ZMC only (“surface”) and ZMC and MnO> combined (“inside”).

For the case of MnO> charged within aqueous Zn-triflate electrolyte, nanoparticles were
predominantly deposited around the parent MnO; structure. (Figure 2c, d) Based on the
HRTEM image, these are similar in the lattice spacing to those identified from the cell charged

inside aqueous Zn-acetate electrolyte. However, the average Mn valence state identified from



these particles is ~ 3.1 (La/La: ~2.3), higher than that of the Zn-acetate analog. Figure 2g
demonstrates the comparison of EELS Mn L edge spectra acquired from ZMC nanoparticle
clusters from the electrodes charged in aqueous Zn-acetate (Figure 2¢) and Zn-triflate (Figure
21) electrolytes. Clearly, more Mn reduction took place in the former case than the latter.
Hence, based on the results above, ZMCs formed from the cells cycled in two different
electrolytes demonstrate similar crystallography but have different Mn valence state. A high-
resolution ADF image on the cross-section of one of these clusters also formed around another
nanorod charged in Zn-triflate electrolyte (Figure 3a) exhibits the layered structure with
interplanar spacing of ~0.48 nm (Figure 3b). According to previous reports, nano-sized
vernadites may have either ~0.72 nm or ~0.96 nm spacing along the stacking direction. For a
0.96 nm-vernadite, it contains (002) spacing of ~0.48 nm, which agrees with our finding.!'¢
Figure 3d demonstrates the Mn L edge spectra collected from different regions around the
MnO:> nanorod (Figure 3c). Mn L edge spectra collected from Regions 1 and 2 exhibit similar
edge positions and L3/L, intensity ratio, revealing that both regions likely correspond to planar
and cross-sectional views of the same, if not similar, ZMC phase. Obviously, the spectra are
different from that collected from Region 3 that embraces both ZMC and MnO». Notice the
slight peak shift of Mn L edge indicating more Mn valence reduction on the Regions 1 and 2
than Region 3. The result above implies that the lattice spacings found in Figures 2b and 3b are

likely from the same phase.
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Figure 3. (a) Low-magnification and (b) the corresponding high-resolution STEM-ADF
images of the cross-section of ZMC sheets shown at the surface of the a-MnO» nanorod from
the electrode upon 5™ cycle charge in Zn-triflate electrolyte. (c) EELS maps (Mn L and Zn L
edges) near the surface of the different nanorod. (d) EELS spectra collected from different areas
within the region-of-interest for a Mn L edge map. (e) low-magnification TEM image and (f)

the corresponding SAED pattern of the woodruffite structure upon 20" cycle charge.

Since Zn,MnO,'-nH>0 and layered zinc hydroxide both share a layered structure, one may
also speculate about the possibility of topotactic phase transition from layered zinc hydroxide
involving minimal structural changes upon a gradual change in re-deposited Mn valence state
from Mn?* towards Mn*". An operando XRD study, done by Chamoun et al., demonstrates a
non-abrupt but gradual phase change between layered zinc hydroxide and zinc-inserted

electrolytic MnO», as revealed by peak shifts.'® The result from the study may also explain the
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diffuse SAED pattern seen in ZMC (Figure s5) as the degree of Zn insertion within the charge
product may vary slightly across the nanoparticle cluster.

In both cells cycled in aqueous Zn-acetate or Zn-triflate electrolytes, the charge products
seem not fully reversible as they were observed in both discharged and charged states at the 5
cycle. Nonetheless, it is clear from a Mn oxidation state comparison between the two cells that
there is poorer reversibility of Mn oxidation state back to Mn*" for the cell cycled in Zn-acetate
electrolyte than that using Zn-triflate electrolyte; this is a strong suspect for the low capacity
and capacity retention of the cell in Zn-acetate electrolyte (Figure 4). Also, the standard
deviation for average Mn oxidation state of the charge product from the cell cycled in Zn-
acetate is higher than that cycled in Zn-triflate (~0.16 vs ~0.10), possibly implying a greater
degree of heterogeneity in state of charge in the former case. Indeed, the incomplete
reversibility of discharge product upon charge or vice versa inside Zn-acetate electrolyte was
observed in both EDS and EELS maps when examining the Mn and C contents within the
deposited products. A STEM image and EDS maps of the Zn/MnO> cell ended with discharge
at 5" cycle in Figure s7 show the plate with the urchin-like morphology different from that of
a layered zinc hydroxide with flat texture. EDS maps reveal signals from both Mn and C,
indicative of incompletely discharged state of a charge product. Similarly, when examining the
cell ending with charge at the 5™ cycle using EELS (Figure s8), C K edge map shows the
existence of carbon inside the charge product, revealing the presence of salt anions within the
structure. The incomplete structural reversibility being more prominent in the cell cycled in
Zn-acetate electrolyte is likely associated with the nature of CH3;COQO" interaction with the
interlayers. It can be hinted from CH3COO™ binding with Zn?" that is reported to be stronger
than CF3SOs™ and Zn?" binding; this is reflected in ionic conductivity of Zn(CF3SO;3). being a

magnitude higher than that of Zn(CH3;CO0),!*?!. Slow extraction of CH3COO" ions from
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layered zinc hydroxide might act an obstacle for timely Mn?" re-insertion for deposition of
charge products with Mn oxidation. Increasing salt concentration for aqueous electrolyte may
enhance its ionic conductivity and hence improve the electrochemistry of the Zn/a-MnO: cell,
but there is difficulty in dissolving acetate salt inside water.

Upon longer electrochemical cycling of the cells (i.e. 20" cycle), there was another phase
becoming increasingly prominent with cycles for both cases using Zn-acetate and Zn-triflate
electrolytes. It was formed into sheets as frequently seen as individual clusters upon the 5%
cycle charge, especially when cycled in aqueous Zn-triflate electrolyte. (Figure s9) Upon
charge at the 20" cycle in aqueous Zn-triflate electrolyte, the number of these sheets increased,
indicating the possibility of its irreversibility upon cycling. From the cluster of these sheets, we
acquired a clear polycrystalline SAED pattern that has a full indexing matching very close to

woodruffite ZnMn307-2H>0, which has 3 x 4 tunnels with Zn>" occupying both at tunnel walls

and inside the tunnels (Figure 3e, f). The presence of this phase was identified in previous
studies of Zn/MnO: cell via XRD, either at the initial stage or later stage of cycling.!%?> It
was reported that their formation may be irreversible upon cycling and may contribute to
capacity degradation due to continuous consumption of Mn?* ions®?, as seen in our cycle
retention profile. Despite differences in the degree of their formation within each cell, the two
distinct phases were observed upon charge of Zn/a-MnO; cells for both electrolytes, as found
in previous studies despite some differences in diffraction indexing for phase identification and
associated reaction schemes.!®?* As they are expected to form either in a single reaction path
or separately, the exact origin of the phases needs further examination in a future study.

Upon comparing the 5 cycle and 20™ cycle charge cases, we found two notable aspects with

charge products upon electrochemical cycling. One is their increasing crystallinity as found in

the SAED patterns, likely attributed to increases in their crystallite size and quantity with cycle
13



number. Second is the change in Mn oxidation state from the products as revealed in EELS
measurements on both cells with different aqueous electrolytes. Mn oxidation state at the full
charge state improved from ~2.5 to 3.0 (Ls/La: ~2.3) for the cell cycled in aqueous Zn-acetate
electrolyte while the cell using aqueous Zn-triflate electrolyte showed an increased Mn
oxidation from ~3.1 to ~3.3 (L3/L2: ~2.1). Such a change can be attributed to an increase in
woodruffite or may also indicate an improved electrochemistry of the cell with cycling.
However, it seems that the former is more likely as there is a clear capacity degradation with
cycling, attributable to formation of the phase with poor electrochemical reversibility. The
presence of woodruffite is often regarded as a sign of cell degradation in previous studies on
aqueous Zn/MnO, system.???

Undoubtedly, it is clear that these charge products contribute to the electrochemistry of Zn/a-
MnO:; cells as revealed from the change in galvanostatic voltage profiles (Figure 4a, b) and the
corresponding dQ/dV curves (Figure s10) after the 1% discharge. Since the reduction/oxidation
peak positions for the cells in both Zn-acetate and Zn-triflate electrolyte agree qualitatively
with each other, both cells likely follow similar reaction routes. Unlike in the 1% discharge,
subsequent discharge yields two distinct peaks near ~1.3-1.4 V and ~1.1 V, respectively.
Although the previous studies claim those peaks to be characteristic of an insertion reaction
mechanism with subsequent H" and Zn?" insertion, the exact nature of those peaks needs further
investigation. Looking at the 1% charge, three peaks are present with the highest being the 1
peak at 1.4 V. With cycles, the intensity of a 1% peak fades gradually while the other two peaks
between 1.5 and 1.7 V become more pronounced, indicating the transition in reaction
mechanism. It is speculated that the 1% peak might correspond to formation and activation of

ZMC phases that gradually become dominant for the electrochemistry of a Zn/a-MnO- cell.
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Figure 4. Galvanostatic voltage profiles and the corresponding capacity retention profiles of

the Zn/a-MnO; cells cycled in aqueous (a,c) Zn-acetate and (b,d) Zn-triflate electrolytes.

Hence, despite complexity in structural evolution with electrochemical cycling, non-alkaline
Zn/a-MnQO> cells display reaction mechanisms consistent with dissolution-deposition,
regardless of the choice of the non-alkaline aqueous electrolyte with different pH. Upon
discharge, layered zinc hydroxide plates are deposited chemically via pH change from an
increase of OH™ ions with H" insertion into MnQO,. Upon charge, there is disappearance of
layered zinc hydroxide plates with OH" ion extraction along with salt anions and concurrent
emergence of charge products such as layered ZMC and woodruffite. Based on the

electrochemical profiles of the cells using both electrolytes, these charge products are likely
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involved in reversible discharge/charge reaction. There is likely a difference in kinetics
associated with phase transition with Mn*" dissolution and deposition on the cathode, which
likely determines capacity and its retention of a Zn/a-MnO; cell.

In conclusion, we have examined a Zn/a-MnQO; system cycled in two non-alkaline aqueous
electrolytes using transmission electron microscopy to search for the generality in its reaction
mechanism. In accordance with other previous studies using aqueous zinc sulfate electrolyte,
we have discovered the underlying reaction mechanism of a Zn/a-MnO- system upon cycling
in either aqueous Zn-acetate or Zn-triflate electrolyte is likely based on dissolution-deposition,
despite observing some differences in the degree of phase formation between the two cases
upon charge. This study provides important insights for a-MnO> cathode system for aqueous

Zn ion batteries using non-alkaline electrolytes.
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