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ABSTRACT

Crystalline manganese oxides have attracted the most attention in aqueous zinc-ion batteries due
to their diverse nanostructures and low cost. However, extensive studies on amorphous manganese
oxides are lacking. Herein, we report a mesoporous amorphous manganese oxide (UCT-1-250) as
a cathode material with high capacity (222 mAh g!), good cyclability (57% capacity retention
after 200 cycles) and acceptable discharge plateau (between 1.2 and 1.4 V). A new approach to
mechanistic studies was performed by comparison of UCT-1-250 and other crystalline manganese
oxides through electrochemical, elemental, and structural analyses. An in situ conversion to
ZnMn,Oy4 spinel phase after initial cycles contributes to the high performance. The irreversible

capacity fading is due to the formation of the woodruffite phase.



Zinc-ion batteries (ZIBs) with mild acidic aqueous electrolytes have been considered as
promising batteries with high safety, low cost, high capacity, and good cycle performance.'?
Polymorphs of crystalline manganese based oxides have been widely reported in ZIBs, such as -
MnO,,* y-Mn0O3,> &-MnO2,° 0-Mn0,,”® §-MnO,,'® and ZnMn,04.!'"'? Benefitting from their
tunnel or layered structures, Zn*>*/H" insertion and extraction can be achieved during cycling. In
most cases, insertion and extraction occur, in addition to structural changes. So far, multiple phases
have been reported after cycling, including Zn-buserite, ZnMn204, ZnMn307-2H>0, and other
tunnel or layered structures.> *'% 13 A couple of mechanisms (e.g. Zn?* insertion/extraction,” 14
Zn?*/H* co-insertion/extraction,® and chemical conversion reactions®) are responsible for
complicated phase transformations. All the above mechanisms are reported for crystalline
manganese oxides. To reduce complexity, it is important to study the process of crystallization
from amorphous systems.

A review article by Yan, S. H. et. al., discusses the interest in amorphous metal oxides (AMO)

for electrochemical applications from recent years. Different types of AMOs have been reported

having many advantages versus more crystalline materials in electrochemical applications like

lithium-ion batteries (LIBs), post-lithium-ion batteries (Na-, K-, Mg-, Zn-, Al-ion batteries),

supercapacitors, fuel cells, electrocatalysts, sensors, and others. Some advantageous properties of

AMOs are structural randomness, lack of grain boundaries, defect richness, more active sites,

improved ion diffusion, shorter diffusion lengths, and structural plasticity. One other advantage

is the different synthesis techniques known for creating AMOs. The most common being solution

based syntheses, but others include atomic layer deposition (ALD), photochemical decomposition,

and near-infrared-driven decomposition (NIRDD).!*- These concepts have been used recently

studying supercapacitors, using heterostructured FeEOOH quantum dots as the active material on



graphene where the amorphous material showed enhanced capacitance over the crystalline iron

oxide.'®

In addition, Mn?* is soluble in aqueous solution. Dissolved Mn?* can be further deposited on
cathodes during charging. Deposition includes the formation of crystal nuclei and growth of

formed crystals from amorphous to crystalline phases. Restricted by the chemical and physical

environments inside batteries (e.g., Zn/Mn molar ratio, pH, potential and current density) , the

deposited phases are different from the pristine phase. Therefore, the redox processes are partially
chemically irreversible, leading to capacity fading.

To prevent capacity degradation, the most common strategy is the suppression of Mn?>*
dissolution into the aqueous electrolyte. This strategy can be achieved by adding soluble Mn?" into
the electrolyte. Increased Mn?" concentrations can significantly affect the dynamic equilibrium of
Mn?* solubility. In this equilibrium, a solid electrolyte interface may form by the deposition of
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Mn?* as well.!* As a result, the continual Mn?* dissolution is suppressed during
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cycling.® Other efforts focus on stabilizing structures, such as birnessite with polyaniline as a
crosslinking agent,'? the porous predominant ZnMn,O4 phase suggested by Pourbaix diagrams,®
" and in situ formed Zn-buserite from B-MnO..* These attempts suggest that pure crystalline
manganese oxides with octahedral layered or tunnel structures may be unstable during cycling.
Amorphous manganese oxides are neglected in ZIBs due to lack of high manganese valency and
cation host structure. However, mesoporous amorphous manganese oxides could be good cathode
candidates with advantages like oxygen vacancies, mesoporosity, high surface area, and structural
plasticity. These properties are reported to benefit ZIB cyclability. Zn?* adsorption can be

enhanced in vicinities of the oxygen vacancies.!” High surface area increases the number of active

sites and mesopores shorten ion diffusion pathways.!! Structural plasticity allows the
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Figure 1. Coin-cell performance and materials characterization. (a) XRD patterns; (b) In
situ XRD patterns of UCT-1 from 150 °C to 500 °C; (c) cycling performance in 2 M ZnSO4
at 100 mA g'; (d) Nyquist plots; (¢) SEM images (left), TEM images (middle, right) and

SAED pattern (middle inset) of UCT-1-250.




transformation from amorphous phases to the predominant phase under mild acidic conditions,

significantly improving ZIB cyclability.!* 131

Inspired by these advantages, we propose a mesoporous amorphous manganese oxide (UCT-1-
250) as a promising cathode material (226 mAh g™ at 100 mA g'!, 57 % capacity retention after

200 cycles) in ZIBs. UCT-1-250, previously published by our group. has been used extensively to

study heterogeneous catalysis, can_be converted to a-, B-, or y-MnO> phase by acid washing or

calcination_without losing mesoporosity (Figure S1).2?'_However, UCT-1-250 has never been

studied for use as_rechargeable zinc-ion batteries. A comparative study reveals the battery

performance of UCT-1-250 is better than other tunnel crystalline phases, due to the fast in situ

formation of ZnMn2Oj4.

All manganese oxides were first tested in coin cells with 2 M ZnSO4 aqueous electrolyte to
evaluate their battery performance. UCT-1 calcined at 250 °C, expressed as UCT-1-250, exhibits
the highest capacity retention and largest specific capacity (77.35%, from the 6th cycle to the 45th
cycle, 193 mAh g at 45th cycle) (Figure 1c). Due to the lack of pyrolysis of P123 at 150 °C
(Figure S2), the surfactant in UCT-1-150 blocks mesopores and results in the poor impregnation
of electrolyte. Phase transformation of UCT-1 happens at 400 °C, forming f-MnO> with a 1 X 1
octahedral tunnel structure (Figure 1b). Limited by tunnel size, hydrated Zn?>* cannot be
encapsulated into tunnels, leading to the low capacity. New assembled coin cells were further
tested using electrochemical impedance spectroscopy (EIS) at open circuit potential (OCP) (Figure
1d). The obtained spectra in the high frequency range display a clear trend for amorphous
manganese oxides, especially UCT-1-250, having smaller charge transfer resistance (smaller

semicircle) than crystalline manganese oxides. In the low frequency range, UCT-1-250 exhibits a



more vertical line than non-mesoporous AMO and mesopore-blocked UCT-1-150. This indicates
a smaller ionic resistance for diffusion processes enhanced by mesopores. Therefore, mesoporous
and amorphous character enhance battery performance of UCT-1-250.

To understand the amorphous features of UCT-1-250, the morphology was examined by
scanning electron microscope (SEM). There is neither sharp surface nor shaped crystalline
construction, which agrees with the amorphous characteristic (Figure le, left). To investigate the
microstructure, transmission electron microscopy (TEM) was applied. Mesopores can be found in
UCT-1-250 (Figure 1le, middle), in agreement with nitrogen sorption isothermal type IV, Barrett-
Joyner-Halenda pore size distribution and low-angle X-ray diffraction (XRD) patterns (Figure S4,
S5a and Table S1). In addition, no long-range ordered lattice fringes can be found and the selected
area electron diffraction (SAED) pattern exhibits only two diffuse rings without discrete
reflections, which is in agreement with XRD patterns (Figure 1 and le, middle). However, there
are a few short-range ordered lattice fringes in high-resolution TEM images (Figure le, right).
These crystalline sites are perhaps from low-crystalline Mn3O4 according to the lattice fringes in
TEM images (Figure S6b).

The valences of Mn and O in UCT-1-250 were first investigated by X-ray photoelectron

spectroscopy (XPS). According to the NIST database, the Mn 2p high resolution spectra (Figure



2a) reveal a mixed valence of Mn? and Mn** with a 2p3» (641.6 €V) to 2pi2 (653.4 eV) splitting
of 11.8 eV. Based on the deconvoluted peak area of Mn>* and Mn**, more Mn?* (60.99%) is present
than Mn>* (39.01 %). The oxygen species are identified by O Is spectra (Figure 2b). The
asymmetric O Is peak with a shift to higher binding energy suggests the existence of surface
oxygen species other than Mn-O bonds. Three fitted peaks centered at 528.9, 530.2, and 532.0 eV
can be attributed to lattice oxygen (Or), oxygen vacancies (Ov), and adsorbed molecular water

(Omw), respectively.?>?3
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Figure 2. XPS spectra of UCT-1-250: (a) Mn 2p; (b) O 1s. EELS spectra of crystalline and

amorphous sites in UCT-1-250: (¢) Mn L; (d) O K.

Electron energy loss spectroscopy (EELS) was used to analyze the electronic structural features
of crystalline and amorphous sites of UCT-1-250. Ascribed to the 2p to 3d electron excitations and
d occupancy, the Lo (2p 112 to 3d) and L3 (2p 312 to 3d) white lines are highly related to the valence
of transition metals.>* As shown in the spectra of Mn-L, 3 edge (Figure 2c), the L3 (~641 eV)/L
(~652 eV) white-line ratio of amorphous sites (2.58) is higher than the crystalline sites (2.20),

indicating a lower Mn valence in amorphous sites. As the Ls/L, white-line ratio has a statistical

11



value of 2 and a maximum at d°, the reduced Mn?* (3d>) is responsible for the decreased valence.?
In the O-K edge spectra (Figure 2d), the O-K onset energy of amorphous sites is also higher than
crystalline sites. This agrees with the decreased Mn valence, as well as the presence of oxygen
defects in UCT-1-250.17-2° Oxygen vacancies have been reported to be highly conducive to Zn**
adsorption.!” The enhancement of Zn?>' adsorption was verified on UCT-1-250 by cyclic
voltammetry (CV). There is an intense cathodic peak at 1.22 V within the first cycle, caused by
the reduction of Mn*" and Zn?*/H" adsorption (Figure 3a).* 1 In the next four cycles, there are
two cathodic peaks increased at 1.39 V and decreased at 1.25 V, along with an overlapped anodic
peak shift from 1.59 to 1.62 V (Figure 3a). These significant changes decelerate at the 5th cycle
suggesting a phase formation during the initial five cycles. After 500 cycles, the CV curves show
two cathodic peaks shifting to 1.37 and 1.22 V and an anodic peak shift to 1.66 V with obvious
damping (Figure 3a and S12a). This trend is confirmed by the galvanostatic charge/discharge
curves from cycling (Figure 3b). Nyquist plots of UCT-1-250 after 500 cycles exhibit a double-
layer behavior, which is different from the faradaic reactions in pristine and 5-cycled UCT-1-250

(Figure 3c). These data suggest that another phase perhaps forms after 500 cycles.
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To understand the phase transformation of UCT-1-250 during cycling, four coin-cells were
disassembled after 5, 75, 200, and 500 cycles. Ex situ grazing incidence X-ray diffraction (GIXRD)
was used to analyze formed structures. After 5 cycles, two peaks are observed at 18.2°and 36.4¢,
which can be assigned to (101) and (211) facets of ZnMn,O4 (JPCDS No.77-0470), respectively
(Figure 3d). This observation is supported by the lattice fringes of (211), (103) and (112) in the
TEM image and the related SAED pattern (Figure 3e, S8a and S8c). Two peaks arise after 75
cycles due to the gradual formation of ZnMn>Os. However, a new XRD pattern appears after 200

cycles and peaks become sharp after 500 cycles. All recorded peaks of this pattern can

14
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Figure 3. Electrochemical and structural evaluation of UCT-1-250. (a) CV curves at 0.1 mV s

L; (b) galvanostatic charge/discharge curves at 100 mA g''; (c) Nyquist plots; (d) Ex situ GIXRD

patterns of UCT-1-250 at different cycles; () HR-TEM images; and (f) SEM images and STEM

EDS maps.
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be indexed to woodruffite (ZnMn307-2H,0, JPCDS No. 47-1825) (Figure 3d).'> ' Long-range-  Formatted: Indent: First line: 0"

(001) and (002) lattice fringes of woodruffite are identified by TEM, as well as the corresponding
SAED pattern (Figure 3e, S8b and S8d).

The morphologies of UCT-1-250 after cycling are different from pristine UCT-1-250. A
flowerlike nanostructure is observed after 5 cycles, which is similar to other ZnMn>O4
morphologies (Figure 31).2%?7 After 500 cycles, the nanostructure turns to a homogeneous

nanoflake structure (Figure 3f). Based on energy-dispersive X-ray spectroscopy (EDS) mapping,
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UCT-1-250 after 5 and 500 cycles show uniform elemental distributions of Zn, Mn, and O at both

low and high magnification (Figure 3f, S9 and S10), corresponding to the transformations

of ZnMn,04 and ZnMn307:2H,0 after 5 and 500 cycles, respectively. <  Formatted: Indent: First line: 0"

In order to enhance ZIB cyclability of UCT-1-250, long cycling was performed at 100 mA g!
with 2 M ZnSO4 and 0.2 M MnSOg. The initial four cycles were not counted due to the formation
of ZnMnyO4. A discharge capacity of 222 mAh g is achieved at the 5th cycle, which is
comparable with other crystalline manganese oxides (Figure 4a and Table S2).!> 2 With an
increased current density at 800 mA g, a discharge capacity of 64 mAh g'! is still maintained
(Figure 4b). Unlike the slow capacity fading of UCT-1-250 in 2 M ZnSOs, the discharge capacity
increases to 257 mAh g'! in the next 60 cycles. This improvement can be attributed to the gradual
in situ formation of highly active ZnMnO4 from amorphous UCT-1-250 and soluble MnSO4 in
the electrolyte (Figure lc and 4a).> ! 13 The capacity drops in the following 140 cycles and a

discharge capacity of 128 mAh g! remains at the 205th cycle with a 57% capacity

17



retention (Figure 4a). This capacity fading is caused by a phase transformation from ZnMn,O4 to

woodruffite as mentioned above.

Woodruffite contains 3 X 4 micro-tunnels supported by a ZnOs and MnQOs octahedral framework-  Formatted: Indent: First line: 0.14"

(Figure S11). Compared with intercalated Zn?", lattice Zn>" has less ion mobility, contributing to
irreversibility during cycling.!> As woodruffite has poor electronic conductivity across the 3 X 4
frame and high ionic conductivity along the large micro-tunnel, more nonfaradaic cation
insertion/extraction occurs than faradaic structure conversions (Figure S13).>%° As a result, for
UCT-1-250 after 500 cycles, EIS spectrum display a double-layer behavior (Figure 3c); Redox
peaks in CV become inconspicuous (Figure 3a and S12a), and the discharge plateau disappears

(Figure 3 b).
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In conclusion, UCT-1-250 was demonstrated to be a promising cathode material in aqueous ZIB.
Mesopores and oxygen vacancies contribute to the rapid formation of highly active ZnMn2O4
during initial four cycles. The fading mechanism is ascribed to the irreversible phase
transformation from ZnMn,O4 to woodruffite. The energy storage mechanism of manganese
oxides in ZIB is derived from a different approach using amorphous structures other than
crystalline structures. Since phase conversions are unavoidable in ZIBs, a new design of
amorphous cathode materials can be practical due to their lower energy consumption and higher

structural plasticity than crystalline materials.
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