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The design and synthesis of manganese oxide-based materials with high-rate performance and long cycle life
is @ major challenge for aqueous zinc-ion batteries (AZIBs). This research reports the presence of a synergistic
collaboration between vacancies, lattice water and nickel ions on enhancing the hydrated protons hopping via
the Grotthuss mechanism for high-performance zinc ion batteries. The Grotthuss mechanism allows for the
efficient transfer of a proton charge without the actual movement of the molecule over long distances,
resulting in high ionic conductivity. NiMnzO,-3H,0O achieves a capacity of 318 mA h g~ under 200 mA g~*
and 121 mA h g~ under 5 A g* with a retention of 91% after 4000 cycles. The relationship between the
remarkable performance and Grotthuss topochemistry is investigated using techniques including synchrotron
X-ray absorption spectroscopy and density functional theory. Protons prefer to bond with O~ ions on the
Mn-0O layer, and proton transfer is favoured in the presence of vacancies. The continuous hopping of protons

Received 2nd December 2023, within the host material induces periodic, temporary local structural changes in the lattice. This dynamic beha-
Accepted 15th January 2024 viour alters the energy barriers for ions intercalation and deintercalation. Nickel ions facilitate the ongoing
DOI: 10.1039/d3ee04161a mobility of hydrated protons via Grotthuss hopping by preserving the system'’s electrical neutrality, which

counterbalances the dynamic changes caused by proton migration. This study provides insight into the Grot-
rsc.li/ees thuss conduction mechanism for the development of high-performance cathode materials in AZIBs.

Broader context

As an electrochemical energy storage system, zinc-ion batteries have attracted significant attention, benefiting from the low cost and abundant reserves of zinc.
However, the practical utility of zinc-ion batteries is restricted by the limited performance of the cathode materials. Manganese oxide cathode materials have been
extensively researched because of their comparatively high discharge plateau and satisfactory theoretical capacity. Although significant efforts have been undertaken
to enhance the performance (lifespan and capacity) of manganese oxides, understanding the energy storage mechanism remains constrained. Notably, the hydrated
proton collaborates with the zinc cation to complete the intercalation/deintercalation process, hence enhancing the battery’s capacity. However, the mechanism of
hydrated protons remains insufficiently understood. Here, we uncover the presence of a synergistic collaboration between vacancies and lattice water on the
Grotthuss mechanism of hydrated protons. Experiments and computational studies have revealed that vacancies in the lattice serve as a driving force for proton
hopping, while water molecules act as conduits for proton hopping during the Grotthuss process. Hydrated protons exhibit a tendency to migrate via vacancy sites
with reduced barriers. This would enable the hydrated proton to move through the periodic variation of vacancies. Moreover, the stability of the cathode material is
improved because nickel cations preserve the system’s electrical neutrality, which counterbalances the dynamic changes caused by charge carriers’ migration in the
lattice. We use a controllable hydrothermal approach to generate abundant vacancies and improve the diffusion mechanism. As a result, the cathode material
NiMn;0; that has been developed demonstrates an improved energy storage mechanism.

“ Department of Chemistry, University College London, 20 Gordon Street, London WC1H 04], UK. E-mail: i.p.parkin@ucl.ac.uk, g.he@ucl.ac.uk

b Key Laboratory of Comprehensive and Highly Efficient Utilization of Salt Lake Resources, Qinghai Province Key Laboratory of Resources and Chemistry of Salt Lakes,
Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, Xining, Qinghai 810008, P. R. China

¢ School of Chemistry, University of Lincoln, Brayford Pool, Lincoln, LN6 7TS, UK

4 Max Planck Institute for Chemical Energy Conversion, Stiftstrasse 34-36, 45470 Miilheim an der Ruhr, Germany

¢ Department of Chemistry, KU Leuven Celestijnenlaan 200F, Leuven 3001, Belgium

S School of Chemical and Material Engineering, Jiangnan University, No. 1800, Lihu Avenue, Wuxi 214122, China

t Electronic supplementary information (ESI) available: Experimental and computational details, and supplementary figures and tables. See DOI: https://doi.org/10.

1039/d3ee04161a

This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024,17,1497-1508 | 1497


https://orcid.org/0009-0005-7017-4924
https://orcid.org/0000-0002-5897-1729
https://orcid.org/0000-0002-4945-0737
https://orcid.org/0000-0002-4072-6610
https://orcid.org/0000-0002-7365-9645
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ee04161a&domain=pdf&date_stamp=2024-01-22
https://doi.org/10.1039/d3ee04161a
https://doi.org/10.1039/d3ee04161a
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee04161a
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE017004

Open Access Article. Published on 16 ianuarie 2024. Downloaded on 31.01.2026 08:09:34.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Introduction

Driven by the practical need for safety and cost-effectiveness,
aqueous zinc-ion batteries (AZIBs) have recently gained signifi-
cant attention. MnO, has attracted extensive research due to its
relatively high discharge plateau and lifespan. However, the
development of manganese oxide cathode materials is hin-
dered by their unsatisfactory lifespan at low current densities,
which is attributed to the bivalency of the Zn*" cation, i.e., the
strong electrostatic interaction between the Zn>' cations
and the host frameworks slows down its transport. The high
desolvation energy of Zn>" at the electrode-electrolyte interface,
compared to its monovalent counterpart, imposes an extra
energy penalty on its intercalation in manganese oxide. The
relatively strong electrostatic repulsion between the charge
carrier and manganese oxide during intercalation and deinter-
calation also limits ion transfer in AZIBs. Thus, enhancing the
kinetics of charge carriers within manganese oxide materials is
a crucial aspect of AZIBs cathode research.™”

According to several prior studies, the Grotthuss mechanism
is considered to be an efficient conductivity process because it
implies the collective chain-like proton transfer, where the net
charge, in principle, can be transported faster than a proton
itself.>” The Grotthuss mechanism provides more efficient
proton transport because it does not require the mobility of
entire molecules. The synergy between defect engineering and
the Grotthuss mechanism could enhance the charge carrier
kinetics (Fig. 1(a)). A recent study indicates that Grotthuss
conduction can occur in defective Prussian blue analogues.®

a

Grotthuss mechanism

‘Newton’s cradle’ hopping

Fig. 1
lattice. (c) Illustration of hydrated proton hopping via Grotthuss mechanism.
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In this mechanism, a hydrogen atom hops between two
hydrogen-bonded water molecules, displacing one of the mole-
cule’s existing H atoms and causing a cascade of identical
displacements along the hydrogen-bonding network.’ This
motion is akin to Newton’s cradle (Fig. 1(b)), with correlated
local displacements leading to long-range transport of
protons.'”"™ This allows for the fast, efficient transfer of pro-
tons without the need for a proton to travel the entire structure
solely. The continuous hopping of protons across the host
material can induce periodic but temporary, local structural
changes in the lattice, simultaneously changing the energy
barriers for zinc ion intercalation and deintercalation in the
lattice, which optimise the diffusion pathways for zinc ions.
Furthermore, the presence of manganese vacancies in the
lattice not only serves as the low energy barrier pathways for
proton hopping but also can serve as additional sites for both
proton and zinc ion intercalation and increase the capacity of
the battery. Defect engineering has been proven to be a facile
strategy to modify the electronic structures of host materials
and alter the energy barrier for charge carrier transfer.>™*® The
most prevalent cation vacancy in manganese oxides is Mn
vacancy. By comparing the density of states of manganese oxide
with and without vacancies, it has been proposed that introdu-
cing Mn vacancies into the manganese oxide framework can
lead to an increase in the charge density at the Fermi level and
can result in a lower surface energy barrier.”” Furthermore,
unlike the homogeneous charge distribution in typical manga-
nese oxide, the electrons in defective manganese oxide con-
gregate near the Mn vacancy. Defect-induced local structural

a. Cationic vacancy:
Driving force, Lower energy barrier
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(a) Hopping Grotthuss mechanism for proton conductivity. (b) Newton’s cradle illustration of proton hopping Grotthuss mechanism in NiMnzO,
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changes and charge redistribution can facilitate charge transfer
and accommodate the volume changes associated with ion
intercalation.

A strategic approach needs to be developed for achieving the
Grotthuss mechanism in manganese oxide-based AZIBs. This
approach should focus on two key aspects: (i) constructing a
continuous hydrogen bond network in lattice to facilitate the
proton migration from the electrolyte to cathode material
interlayer space and (ii) mitigating the energy barrier for
charge transfer within the host cathode material via defect
engineering.'® >’ By effectively addressing these challenges, the
efficient operation of AZIBs through the Grotthuss conduction
mechanism can be realised, leading to improved energy storage
performances.

This study presents a unique strategy to enhance the rate
performance and long-term cycling stability of aqueous zinc ion
batteries by utilising the Grotthuss mechanism in manganese
oxide. A facile hydrothermal synthesis process was employed to
prepare Ernie nickelite NiMn;O,. We found that the specific
peak intensity and lattice structure in NiMn;O, could be
tailored by altering the synthesis conditions. The optimisation
led to the formation of vacancies in the lattice. For conveni-
ence, the resulting samples are ascribed as V,,-NMO (with
vacancy) and NMO (without vacancy). It was demonstrated that
Vm-NMO can be used as highly reversible and high-capacity
cathode materials for aqueous zinc ion batteries. The prepared
cathode material V,-NMO, containing abundant cation vacan-
cies, exhibits an enhanced ion transfer and a high capacity of
318 mA h g at a current density of 200 mA g, along with a
stable capacity of 121 mA h g ' at 5 A g ' and a capacity
retention of 91% over 4000 cycles was achieved. Furthermore,
the energy storage mechanism of the V,,,-NMO cathode material
was systematically investigated by combining synchrotron X-ray
absorption spectroscopy with density functional theory (DFT)
simulations. In aqueous electrolytes, protons react with water
molecules, forming hydronium ions (H;O"). The numerous
lattice water molecules within the host material create a con-
tinuous hydrogen bond network, which opens corridors for the
migration of abundant water molecules from the electrolyte to
the interlayer spaces in the layered manganese oxides. Our
results indicate that protons prefer to bond with O>~ ions on
the Mn-O layer rather than staying with water molecules.
Additionally, energy barrier calculations for proton transfer
with and without Mn** vacancies indicate that proton transfer
is favoured in the presence of defects. Mn*" vacancies are the
driving force for proton hopping in the V,,-NMO systems. The
continuous hopping of protons within the host material
induces periodic, temporary local structural changes in the
lattice. This dynamic behaviour alters the energy barriers for
ion intercalation and deintercalation, optimising the diffusion
pathways for zinc ions. Moreover, the presence of manganese
vacancies in the lattice serves as low-energy barrier pathways
for proton hopping and additional sites for proton and zinc ion
intercalation, resulting in an increased battery capacity. This
dynamic behaviour raises an interesting point regarding the
Grotthuss-like mechanism on the Mn-O layer in V,,-NMO.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

Characterisation of the V,,-NMO and NMO cathode material
structure

NiMn;O; nanoparticles were synthesised using a facile hydro-
thermal synthesis method, and the V,,-NMO nanoparticle
with vacancies was synthesised by optimising the synthesis
parameter.*' Detailed synthesis process is included in ESL+ To
examine the impact of the synthesis parameter on the crystal
structure. We conducted a series of experiments to investigate
by varying the amount of synthesis precursors and tempera-
ture. The effects of different NH,Cl adding amounts were
examined in ESI,j Fig. S1. The synthesis experiment indicates
that the optimal NH,CIl concentration for promoting NiMn;0,
formation is 0.04 mol L™". Concentrations exceeding 0.4 mol L™*
result in a phase transition from NiMn;O, to alpha-MnO,.
The impact of varied synthesis temperatures was studied in
ESI,¥ Fig. S2. The XRD results show that the formation of
vacancies in NiMn;O, is highly sensitive to the temperature.
The optimized NiMn3;0; synthesis temperature is 200 °C, lower
temperature than 180 °C can lead to mixed phase products while
temperature higher than 260 °C can lead to the product phase
transition from NiMn;O, to NiMn,0,. The X-ray diffraction
(XRD) pattern of the as-prepared V,,-NMO and NMO (Fig. 2(a)
and (b)) matched well with Ernie nickelite NiMnz;O,-3H,0
(JCPDS: 46-1476), which belongs to hexagonal R*(148) space
group and has corresponding lattice constants of a = 7.5293(4) A
and ¢ = 20.752(1) A.>> Defects and vacancies in the crystal
structure of the material can alter the XRD pattern by modifying
the spacing between the crystal planes. The main difference
between V,,-NMO and NMO lies in (101), (012) and (003) crystal
planes. The significant absence of (101) and (012) in the V-
NMO lattice indicates lattice changes in the crystal structure,
which can be due to preferred orientation or preferred crystal
growth. Additionally, the intensity of the (003) lattice plane is
significantly reduced, indicating disrupted long-range order of
Vi-NMO and increased disorder of the lattice. The Mn atoms,
which are octahedrally coordinated by six oxygen atoms, and
form MnOg octahedra that connect along common edges to
create a two-dimensional layer. The Mn;O layer is formed by
periodically removing 1/7 of the Mn atoms in a triangular lattice,
resulting in a maple-leaf-lattice (MLL) structure consisting of
Mn** ions. The Mn;0; layers are separated by a nonmagnetic
block layer composed of Ni** ions located above and below the
Mn-vacant sites of the Mn;O, layer, as well as lattice water
molecules. The Mn-Mn distance between the layers (6.8 A) is
much greater than the layer thickness (2.8 A), providing ample
room for ion diffusion within the crystal lattice and helping to
accommodate the volume changes by reducing the strain that
occurs during ion intercalation and extraction process.”® The
spacious layered framework also permits the insertion of water
molecules from the electrolyte into the interlayer space.>* The
presence of crystal water in the lattice was confirmed by thermo-
gravimetric analysis measurement (TGA), which showed that
Vi-NMO contains 13% lattice water (Fig. 2(c)), consistent with
its chemical formula. In comparison, NMO lost 10% of weight
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Fig. 2 Material characterisation of as-prepared V,,-NMO and NMO (a) XRD profile. (b) Enlarged XRD profile. (c) TGA profile. (d) FTIR profile. (e) Raman
profile. (f) XPS Mn 2p profile. (g) XAFS fitting on the Mn—Mn coordination numbers.

during TGA testing. Previous research confirmed that the lattice
water molecules are located at the layered manganese oxide
interlayer spaces.”*>® TGA results indicate that V,,-NMO has a
higher crystal water content, which could contribute to building
a continuous hydrogen bond network and screening the electro-
static interaction between charge carriers and the host
framework.”® The chemical vibrational modes in the as-
prepared materials were confirmed by Fourier transform infra-
red spectroscopy (FTIR). A series of absorption peaks in Fig. 2(d)
could be assigned to different metal oxide vibration modes of
Mn-O (530-570 cm™ ", 600-620 cm ™), Ni~O (480-490 cm™ ') and
the vibration of O-H, H-O-H (3200-3400 cm ') in crystal water,
respectively, which are in line with previous research.>** The
intensity of the water vibration signals in V,,,-NMO is stronger
than that in NMO, indicating that V,,-NMO contains more lattice
water. The contact angle measurement of the V,,,-NMO material
is 83°, which is smaller than the contact angle of NMO (122°).
The difference in contact angle suggests that the V,-NMO
material has better wettability (ESLt Fig. S3). Raman spectro-
scopy was utilised to examine the intricate structural distinctions
between V,;,-NMO and NMO, employing an excitation wave-
length of 532 nm. The V,,-NMO Raman profile showed three
distinct bands in the range of 450 to 700 cm ™' (Fig. 2(e)): two
obvious Raman features at ~490 and ~620-640 cm™ ' assigned
to out-of-plane Mn-O vibrations perpendicular to the layers and
the band around 570 cm ' correspond to in-plane Mn-O
stretching vibration along with the octahedral layers in V-
NMO. Raman features of NMO with different vibrational modes
were compared to V;,-NMO (ESL Fig. S4). A dominant in-plane
Mn-O stretching vibration was observed at 571 cm™ ", and an

1500 | Energy Environ. Sci., 2024, 17,1497-1508

out-of-plane Mn-O vibration was found at 621 cm ™. These in-
plane and out-of-plane bands are sensitive markers related to the
changes in the coordination states of octahedral Mn cations and
structural distortions of the related Mn-O environments.>*>%3*
The valence of the as-prepared cathode materials was investi-
gated by X-ray photoelectron spectroscopy (XPS). The Mn 2p XPS
profiles shown in Fig. 2(f) and ESI,T Fig. S5 exhibit two distinct
peaks in both V,,-NMO and NMO materials, illustrating the co-
existence of Mn** and Mn**. We found that the ratio of Ni/Mn in
Vim-NMO is higher than that of the NMO material. As shown in
ESI, T Fig. S6 and S7, the normalised ratios of Ni, Mn, and O in
Vi-NMO is about 2:13:33 while the ratio in NMO is 1:13:34.
This difference can be attributed to the presence of cation
vacancies in the V,-NMO.**?® In the crystal structure, cation
vacancies create local geometrical distortions and changes in the
coordination of neighbouring atoms, leading to an altered
distribution of cations within the material. Ni and Mn have
similar ionic radii, making Ni a suitable substitute for Mn in the
crystal lattice.’”*® The charge neutrality of the material is main-
tained by the presence of cation vacancies, which can accom-
modate the substitution of Ni ions without significantly altering
the overall charge balance.'® The comprehensive analysis of the
structural differences between V,-NMO and NMO was investi-
gated by X-ray absorption fine structure analysis. The Mn-Mn
coordination number of V,,-NMO depends on the specific
arrangement and concentration of the vacancies, which is an
important structural parameter that can influence various mate-
rial properties, such as electronic structure, transport properties,
and reactivity.*> NMO, V,,-NMO, V,-NMO, V,-NMO and V,-NMO
are synthesised by varying the addition of NH,CI from 0 mol L ™"

This journal is © The Royal Society of Chemistry 2024
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to 1 mol L' while keeping other conditions the same. In
Fig. 2(g), an increase in Mn-Mn coordination number was observed
in V,,-NMO. This increase can be due to the presence of lattice
vacancies, inducing structural rearrangements and facilitating the
formation of additional coordination bonds between neighbouring
manganese atoms to share their electronic states.'” With a higher
coordination number, there is an expanded overlap of atomic
orbitals between adjacent manganese atoms. The overlapping
orbitals increase the delocalisation of electronic states and reduce
the energy separation between the occupied and unoccupied
orbitals. This increased connectivity between manganese atoms
lowers the energy barriers that charges need to overcome to move
between adjacent sites. Charge carriers, including proton and zinc
ions, can more easily transfer from one manganese atom to
another, enabling more efficient charge storage.***>

Multiple techniques were employed to thoroughly examine
the morphology and understand the role of vacancies in as-
prepared materials. Scanning electron microscope (SEM) was
used to analyse the morphology of V,,,-NMO, revealing a homo-
geneous three-dimensional flower-like particle composed of
nanoplates, as shown in ESI,{ Fig. S8. The structural symmetry
and crystallinity of as-prepared V;,-NMO materials were studied
using transmission electron microscopy (Fig. 3(a)), which
showed that an average length of V,,-NMO nanoplate is
150 nm. An inter-layer distance of 0.68 nm in the V,,-NMO
was illustrated by high-resolution transmission electron micro-
scopy (HRTEM) (ESL, Fig. S9), which corresponds to the (003)
lattice plane in V,,,-NMO. This lattice space result is consistent
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with relevant XRD findings. The elemental mapping results
demonstrated that Ni, Mn, and O are uniformly distributed
across V;,-NMO nanoplates and NMO nanorods (ESL Fig. S10-
S14). Scanning transmission electron microscopy (STEM)
images provide atomic-level insights into lattice distortion
and defects within V,,-NMO lattice (Fig. 3(b)). Atomic-
resolution STEM images of V,,-NMO show direct evidence of
atomically scattered Mn vacancies throughout the V,,-NMO
nanoplate (Fig. 3(c)). Lattice vacancies can facilitate hydrated
proton transfer by lowering the energy barrier, which enables
Grotthuss topochemistry. The k*-weighted Fourier transform of
the extended X-ray absorption fine structure (EXAFS) can pro-
vide information about the local atomic environment surround-
ing Mn atoms.”> The Mn K-edge EXAFS spectrum of the
as-prepared materials showed two peaks located at 1.5 A and
2.5 A, corresponding to the Mn-O (the six coordinated oxygen
atoms of the nearest neighbouring atom around the manga-
nese atom) and Mn-Mn (six coordinated manganese atom edge
sharing through oxygen atom within [MnOg] octahedral slab)
shells, respectively. The position and intensity of these peaks
provide information about the Mn-O and Mn-Mn bond length
and coordination number in the material. A reduction in Mn-
Mn peak intensity was observed in the V,,-NMO sample,
suggesting a reduction in the coordination number of Mn
cations in the V,,-NMO material. It is demonstrated that the
local structure of the V,-NMO material possesses defects in the
crystal lattice. This reduction further supports the presence of
Mn vacancies in V,,-NMO****

Mn-O
Mn-Mn

——V,-NMO
—— NMO

n

/)
| WA

6

T

z
Radial distance (A)

Fig. 3 Material characterisation of as-prepared NiMnz0,-3H,0 (a) TEM profile. (b) HRTEM profile. (c) Atomic resolution STEM profile. (d) k*-weighted
Fourier transform of the extended X-ray absorption fine structure data for V,,-NMO and NMO.
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Computational simulation on proton migration

To further gain insight into the proton hopping mechanism with
and without cationic (Mn*") vacancies in the NiMn;O, (001)
system, density functional theory (DFT) based quantum
chemical calculations were performed using the Vienna Ab initio
Simulation Package (VASP).*"*®* We note that while our experi-
mental results indicated the dominance of the (003) facet of
NiMn;0,, we chose to focus on the (001) facet for the sake of
simplicity in our calculations, allowing meaningful comparisons
and benchmarking with previous theoretical studies.'”*”™*° At
first, the stable sites for proton adsorption on the NiMn;0- (001)
surface were evaluated (Fig. 4(a)). For these calculations, three
models were considered, ie., (i) proton in the proximity of the
crystal water molecules between the NiMn;0- layers, (ii) proton
bonded to an Mn*" ion and (iii) proton bonded to an O*>~ ion on
the NiMn;0y layers. The fully relaxed geometries revealed that in
(i) and (ii) above, the protons were transferred to a nearby 0>~
ion and, in the third case, remained adsorbed on the O*" ion
(ESL, Fig. $15). The adsorption of protons is favoured on the 0>~
ions of the NiMn;O; layers. Previously, it was reported that the
transition metal vacancies (Mn, Cd, Zn) could contribute to easy
proton absorption/desorption and enable exceptionally high
proton conduction.’*™> Our experiments also evidenced the
presence of Mn*" vacancies in the NiMn;0, system.

Therefore, in the next step, the adsorption of a proton was
carried out around an Mn*" defect, i.e., (iv) on an O>~ ion next to
the defect site, (v) on another O~ ion away from the defect site

View Article Online
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and (vi) on the defect site. The relaxed structures showed that in
the fourth and fifth cases, the proton remained bonded to the
0" ions, but in the sixth case, as expected, the proton migrated
to a nearby O~ ion close to the defect site (ESL,t Fig. S16). The
calculated adsorption energies of the protons in the pristine
models without Mn** vacancies are in the range of —2.97 eV to
—3.07 eV, while in the models with Mn** vacancies, they are in
the range of —4.03 eV to —5.07 eV (ESL} Fig. S17). This indicates
higher stability of protons in the V,,-NMO systems with cationic
vacancies. The Bader charges of —1.13 eV and —1.21 eV on the
0”7, respectively for NiMn;0, systems without and with Mn**
respectively indicate that this may be due to relatively larger
charge localisation in the defective model. Additionally, within
the NiMn;O, system with Mn*" defect, we found that when
protons are adsorbed on the O*~ ions close to the defect site,
they are ~—1.04 eV more stable than when they are slightly
further away. This difference indicates that the protons could
easily hop to a site closer to the defect site. As shown in Fig. 4(d),
the calculated energy barriers for proton hopping between two
consecutive O~ ions in the absence (i.e., 0.79 eV) and presence
(i.e., 0.56 eV) further support these findings. Therefore, from the
DFT calculations, we conclude that Mn*" vacancies are the
driving force for proton hopping in NiMn;0-.

Electrochemical performance of V,,-NMO and NMO materials

To systematically study the electrochemical performance of the
defective material for AZIBs, we prepared cathode materials
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(a) Fully relaxed pristine NiMnzO, (001) model showing the positions of different ions and interlayer water molecules. To properly reproduce the

majority of the structure, the position of the bottom two layers of NiMnzO, and water crystal molecules are held constant. Fully relaxed geometries of adsorbed
protons in the NiMnzO; (001) surface (b) without and (c) with Mn** defects and (d) the energy barriers of proton hopping with and without Mn** defects.
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and investigated them using cyclic voltammetry (CV) curves in
Swagelok cells with zinc metals as the anode. The CV curves of
NMO reveal two pairs of redox peaks, corresponding to proton
intercalation/deintercalation at ~1.12 V/1.63 V and zinc ion
intercalation/deintercalation at ~1.35 V/1.57 V. In contrast,
Vm-NMO cathode material exhibits reduced polarisation of
redox reactions (187 mV vs. 210 mV), implying enhanced ion
transport.>® The presence of Mn** vacancies in V,,-NMO and
its lattice water network can create pathways for Grotthuss
conduction, enabling the electrode to be charged and dis-
charged close to theoretical capacity and maintain stability
for thousands of cycles. Moreover, as shown in ESI,{ Fig. S18,
the CV curves of V;,-NMO remain unchanged after first cycle
activation, demonstrating the high reversibility. The galvano-
static intermittent titration technique (GITT) was employed to
estimate the diffusion coefficient of Zn>" (Dzp2+) in Vy,-NMO
material with manganese vacancies. Fig. S19 (ESIf) illustrates
that the average Dy..+ values at the charge and discharge
plateaus are approximately 10 *° to 10! em?* s, respectively.
This Zn diffusivity is comparable to the Li diffusion coefficient
(typically 10~"° cm s~ ") reported in the literature. In contrast, the
NMO electrode exhibits a lower D+ (107" to 107" em® s7*
and a larger overpotential, indicating the sluggish charge/dis-
charge mobility. The electrochemical impedance spectroscopy
(EIS) reveals that V,,-NMO defective cathode material with a
hydrogen-bonding network promotes charge transfer. The
charge transfer resistance of V,,-NMO (43 Q) is significantly
lower than NMO (75 Q), illustrating that manganese vacancies
with a continuous hydrogen bond network within the V,,-NMO
lattice could enhance charge transfer in the system. The galva-
nostatic charge-discharge curves of V,,-NMO and NMO cathode
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materials are illustrated in Fig. 5(c), and these were obtained
under various current densities, ranging from 0.2 to 5 A g~ ', with
eight cycles at each current density. Noticeable charge and
discharge plateaus could be observed, with a high specific
capacity of 318 mA h g achieved at 0.2 A g~ . The V,,-NMO
cathode material possesses substantial cycling performance
(91% over one hundred cycles). Moreover, the specific capacity
retains 38% after increasing the current density 25-fold to
5A g ". The detailed cycling and rate performance are illustrated
in Fig. 5(d). As the current density increases stepwise, the
corresponding specific capacity is retained at 254, 215, 173 and
121 mA h g ' at 0.5, 1, 2 and 5 A g, respectively. After the
current density returns to 0.2 A g ', the specific capacity
recovers, demonstrating stable charge/discharge performances
under different current densities. The remarkable rate perfor-
mance enables V,,,-NMO to maintain stably under high current
densities, with a capacity retention of 91% over 4000 cycles
(Fig. 5(f)). In contrast, the rate performance of NMO under
identical conditions is lower than that of V,,-NMO, indicating
superior ion transport in the V,,,-NMO cathode material.

Kinetic evaluation on the V,,-NMO and NMO cathode materials

To further investigate the influence of the Grotthuss mechanism
on the intercalation process in AZIBs, we analysed the electro-
chemical processes of V,-NMO and NMO using CV tests at
multiple scan rates. The b value, capacitive contributions, and
capacitive ratios of V,-NMO and NMO were compared in Fig. 6.
As shown in Fig. 6(a), two pairs of redox peaks (C1/D1 and C2/
D2) appeared in the CV curve of V,,-NMO, and these redox peak
positions shifted with increasing scan rate. To investigate the
diffusion behaviour in V,,,-NMO, the corresponding processes of
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V-NMO | 1187 mV * V_-NMO = < V_NMO .
- o
4 NMO i 1210 mv 200 NMO N o 500fMO ] 1002
—_ I ! = | S >
E ! 14 £ 400 S
I i —_ J ~
= 2 iy £ 1% ’ = f; L 91% S
c I i\ < B )L e e— =
[ \ ) ° 9 )
= 1 o\, =~ 1004 = g 200 50
= . - Q
o ¥ —— Lt — N L ] 74% 2
N\ 50+ o 10 p082° £ 100 C}
\l/ B &= 1 =]
Y I 2 v e : 2 Q
2 1 I .0 02 g Current den'sny. 02Ag . S
08 10 1.2 1.4 16 1.8 20 150 200 250 0 0 50 100
d Voltage (V vs. Zn/Zn?'} ' (ohm) f Cycle number (n)
o~ 400 - = 2501 o=
o 309080 o000 330090 309 203009 %0330 A 100 T Vm-NU o . \N/RigMO 3
= = e ; £ 10077
< P o> N A / / <C 2004 >
g 3007 2 2.6\ —— - - E a &
= 3 = — 2 150 3
b > J -t 5 %, . £ 1 ‘o
8 200+ 0.2 %0008 02 3‘5 K4 1 S ~‘—|7 91% %
o 05 ol 508 50 4 > 2 O e e ettt ¢ ¢
a L o < 5 @ 1004 50 .
bt 1 e 1 'E 8) Unit:Ag" o £
& 1004 2 2 6 S \C 2 & g
S >V -NMO 5 3 S \\ \ B 50 27% =
R s
(% 0 NMO Unit:Ag 0 [&] = \ \ \ 8‘ 5 Current density: 5A g i (&)
0 10 20 30 40 50 60 0 100 200 300 0 1000 2000 3000 4000

Cycle number (n)

Specific capacity (mAh g')

Cycle number (n)
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charge storage were calculated according to the linear relation-
ship between log 7 versus logv using the equation below:

i=a’ (1)

In this equation, the peak current i and sweep rate v were directly
obtained, and a, b are parameters that change accordingly. The
value of b within a range of 0.5 to 1 implies different charge
storage behaviour with respect to capacitive (b = 1) and diffusion-
controlled (b = 0.5) behaviours. Accordingly, the linear fitting b
values result from the CV curves of both V,-NMO and NMO were
between 0.5 to 1, indicating that the ion storage behaviour
comprises both diffusion-controlled and capacitive behaviours.
In Fig. 6(b), the b values of V,,-NMO are 0.60, 0.92, 0.62, and 0.97,
indicating an enhanced capacitive behaviour that could contri-
bute to faster ion storage kinetics. In comparison, the b values of
NMO (Fig. 6(d)) are obviously lower than that of V,,-NMO,
indicating a sluggish ion storage process. These results indicate
that an improved ion transfer ability is due to the fast displacive
hydrated proton hopping mechanism. To further illustrate the
storage behaviour of V,,-NMO, capacitive contribution ratios
were revealed under different scan rates (Fig. 6(e)-(h)). The
capacitive behaviour contributes to 41% of overall storage at a
scan rate of 0.1 mV s~ ', and this ratio gradually increases to 46%
as the scan rate rises to 0.5 mV s~ . In contrast, NMO exhibits
only 18% of capacitive behaviour under a scan rate of 0.1 mV s~ .
A similar trend is observed at different scan rates, indicating that
capacitive behaviour is enhanced (ESL Fig. S20 and S21), which
aligns with the b value results. These results indicate the
enhancement in charge transfer can be attributed to the facili-
tated displacive hydrated proton hopping, which creates path-
ways for efficient ion migration.

Electrochemical insertion/deinsertion reaction mechanism

Ex situ XPS tests were conducted to uncover the valence
changes during the charging and discharging.”” Fig. 7(a)
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illustrates the classic manganese valence change in AZIBs.
The Mn 2p spectra fitting results, featuring two deconvoluted
peaks, indicate a mixture of multiple Mn valence states.>® In the
discharging state, the manganese valence peak position under-
goes a negative shift, signifying the reduction of manganese
oxide compared to the pristine state due to charge carrier
intercalation. During the charging process, Mn 2p peaks shift
positively toward the pristine position, indicating reversible
valence changes throughout charge and discharge cycles.”**
Fig. 7(b) and Fig. S22 (ESIt) demonstrate a persistent Ni 2p
signal in various states, confirming the stability of nickel atoms
in the cathode material, where it balances the charge induced
by vacancies. The nickel atoms in V,-NMO remain inactive
during charging and discharging cycles, with interlayer nickel
ions compensating for the charge imbalance caused by man-
ganese vacancy and contributing to cycling stability. In con-
trast, the Ni 2p XPS intensity of cycled NMO electrode
decreased, indicating a partial deintercalation of nickel in
NMO electrodes upon cycling. Fig. 7(d) and (e) show ex situ
XRD results that reveal characteristic peaks associated with the
discharging process of the V,,-NMO electrode. The reversible
peak appearance and disappearance of the zinc hydroxide
trifluoromethyl sulfonate peak at the low degree indicates the
proton intercalation during the discharging process.®>*> Con-
sistent with numerous manganese-based materials studies,
zinc hydroxide trifluoromethyl sulfonate forms through the
integration of OH, Zn(CF3S03),, and H,O in the electrolyte
following proton transfer to the V,,-NMO electrode.®®®” The
characteristic peaks disappear in the subsequent charging
phase, implying a reversible reaction. The formation and dis-
appearance of XRD characteristic peaks highlight the reversible
proton transfer during the discharging process.

Mn L-edge Near Edge X-ray Absorption Fine Structure (NEX-
AFS) spectra provide insights into the local bonding environ-
ment of manganese atoms in the cathode material. The pristine
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Fig. 7 The charge storage mechanism of V,,-NMO batteries. Ex situ XPS pro

files of V,,-NMO at different states: (a) Mn 2p. (b) Ni 2p. (c) Zn 2p. (d) and (e)

Ex situ XRD profiles of V,,-NMO at different states. (f) Mn Lz ,-edge NEXAFS profiles at different states. (g) O K-edge NEXAFS profiles of cathode materials
in different states. (h) NEXAFS profiles of Ni L-edge of cathode materials in different states.

state spectrum exhibits multiple peaks corresponding to dif-
ferent electronic transitions and variations in coordination
environment with oxygen atoms, namely A (638-639 eV, 2p-
3d, octahedral), B (641-642 eV, 2p-3d, tetrahedral), C (643-
644 eV, 2p-3d, mixed octahedral and tetrahedral sites).’® This
indicates that the Mn ions in V,,-NMO can occupy both
octahedral and tetrahedral sites, particularly Mn ions situated
at the edge or corner sites of MnOg octahedral units. The crystal
structure of V,,,-NMO comprises edge-sharing MnOg octahedra
layers interconnected by sharing corners with other octahedra.
Fig. 7(f) of Mn L; ,-edge NEXAFS reveals that the shape of V-
NMO in the charging and pristine state resembles MnO,(wv),
verifying that pristine valence is close to +4 and Mn valence can
be reduced to pristine in the charging state. The systematic
shift of the L; leading edge position and gravity centre of the
L;/L, edge towards lower energies is observable in the fully
discharging state, indicating that the Mn oxidation state in the

This journal is © The Royal Society of Chemistry 2024

discharging state is lower than in the pristine state and the fully
charging state. Additionally, the Mn L-edge intensity between
641-642 eV increased in the discharging state, the similarity in
the peak shape to Mn®*, indicating Mn atoms were reduced to a
valence close to Mn(m) in the discharged state after zinc ion
intercalation. Moreover, O K-edge NEXAFS spectra, determined
by the hybridisation of O 2p and Mn 3d states, lead to electron
transitions from ligand O 1s orbitals to unoccupied transition
metal 3d orbitals. In Fig. 7(g), the O K-edge spectra include
several distinct peaks around 529 eV and 532 eV. In the pristine
and fully charging state, two absorption peaks can be identified
due to the Mn(1v) with a 3d® (t3,eg) configuration, while a lower
energy peak belongs to spin-down t,, and spin-up e, transi-
tions, and a higher energy peak originate from the spin-down e,
transitions. In the fully discharged state, the peak intensity
increases with a broad absorption peak identifiable between
530-531 eV, caused by the Mn(m) content with a 3d* (t3zeq)

Energy Environ. Sci., 2024,17,1497-1508 | 1505
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configuration. The octahedral layers in NiMn;O; are separated
by tetrahedral voids occupied by nickel cations.>*®° In the
charging state, Ni L-edge NEXAFS spectroscopy provides
valuable information about the oxidation state of Ni and the
coordination environment of Ni atoms in the material. The
NEXAFS spectrum offers insight into the redox activity and
stability of nickel ions in the material. The peak A (853 eV) and
peak B (855 eV) are attributed to transitions from Ni 2p3, core
level to the unoccupied 3d orbitals and unoccupied 4p orbitals,
respectively. The intensity of these two peaks depends on the
oxidation state of the Ni ions and is sensitive to changes in the
local coordination environment of the Ni atoms. The multiple
peaks in Fig. 7(h) illustrate the high spin Ni** electronic
structure and its octahedral coordination structure. The inten-
sity and peak position remain stable in the charging and
discharging states, indicating that Ni** is electrochemically
stable in the V,-NMO lattice. Nickel ions facilitate the ongoing
mobility of hydrated protons via Grotthuss hopping by preser-
ving the system’s electrical neutrality, which counterbalances
the dynamic changes caused by proton migration.

Conclusion

In summary, our research demonstrates the synergistic colla-
boration between vacancies, lattice water and nickel ions on
enhancing the hydrated protons hopping via the Grotthuss
mechanism for high-performance zinc ion battery cathodes.
Energy barrier calculations for proton transfer with and without
Mn*" vacancies indicate that proton transfer is favoured in the
presence of defects. Mn*" vacancies act as the driving force for
proton hopping in the V,,-NMO systems. Additionally, the
presence of lattice water molecules within the host material
facilitates the migration of hydrated protons from the electro-
lyte to the interlayer spaces in the lattice. The simulation results
indicate that protons prefer to bond with O~ ions on the Mn-O
layer rather than staying with water molecules. The continuous
hopping of protons within the host material induces periodic,
temporary local structural changes in the lattice. This dynamic
behaviour alters the energy barriers for ion intercalation and
deintercalation, thereby optimising their diffusion pathways.
Moreover, the presence of manganese vacancies in the lattice
serve as additional sites for hydrated proton and zinc ion
intercalation, resulting in an increased capacity. The nickel
ions increase the stability by preserving the system’s electrical
neutrality. The as-prepared V,,-NMO cathode material
exhibits enhanced ion transfer and a high specific capacity of
318 mA h g ! at 200 mA g '. Furthermore, it demonstrates
excellent rate performances, and remarkable cycling stability,
with a capacity retention of 91% over 4000 cycles. Overall,
this study provides insights into the utilisation of the
Grotthuss mechanism and manganese oxide’s distinct charac-
teristics for the advancement of energy storage technologies.
These findings highlight the potential of utilising the Grotthuss
mechanism to develop high-performance energy storage
materials.
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