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Boosting the Energy Density of Aqueous Batteries via Facile Grotthuss

Proton Transport

Qinghe Zhao', Aoye Song', Wenguang Zhao", Runzhi Qin, Shouxiang Ding, Xin Chen,
Yongli Song, Luyi Yang, Hai Lin, Shunning Li,* and Feng Pan*

Abstract: The recent developments in rechargeable aqueous
batteries have witnessed a burgeoning interest in the mecha-
nism of proton transport in the cathode materials. Herein, for
the first time, we report the Grotthuss proton transport
mechanism in a-MnO, which features wide [2x2] tunnels.
Exemplified by the substitution doping of Ni (=5 at.%) in a-
MnO, that increases the energy density of the electrode by
~25%, we reveal a close link between the tetragonal-
orthorhombic (TO) distortion of the lattice and the diffusion
kinetics of protons in the tunnels. Experimental and theoretical
results verify that Ni dopants can exacerbate the TO distortion
during discharge, thereby facilitating the hydrogen bond
formation in bulk a-MnO,. The isolated direct hopping mode
of proton transport is switched to a facile concerted mode,
which involves the formation and concomitant cleavage of
O—H bonds in a proton array, namely via Grotthuss proton
transport mechanism. Our study provides important insight
towards the understanding of proton transport in MnO, and
can serve as a model for the compositional design of cathode
materials for rechargeable aqueous batteries.

Introduction

Despite the spectacular success of lithium ion batteries
(LIBs) over the past few decades for small-scale applica-
tions,!l the safety issues arising from the flammable organic
electrolytes, as well as the high price of Li, Co and Ni
elements, have restrained their deployment in large-scale
energy storage, such as grid energy storage systems and
renewable energy sources.” Indeed, studies on alternative
battery technologies are steadily increasing in recent years,
among which the rechargeable aqueous batteries hold
particular practicability due to their low flammability, high
natural abundance, and good environment compatibility.”!
Intensive efforts have been directed towards the Zn-MnO,
systems.[l However, the industrialization of reversible aque-
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ous Zn/MnO, cells is plagued by their insufficient energy
density, mainly on account of the limited operating voltage,
which is inherently suppressed by the narrow electrochemical
stability window (ESW) of water. While the ESW can be
expanded by the tailor design of electrolytes including “water-
in-salt” electrolytes® and hydrate-melt electrolytes,® another
intuitive approach to increase energy density is to improve the
cathode capacity. Hence, there is a great need to elucidate the
intercalation mechanisms of cations in the MnO, cathode,
which can help to develop strategies for achieving high
capacity delivery over a satisfactory life span.

Several studies have shown that when mild aqueous Zn-
salt electrolytes are employed, protons will inevitably partic-
ipate in the electrochemical reaction as the charge carriers in
Zn/MnO, cells. This is known as H/Zn>" co-intercalation,
which was first introduced by Wang’s group in 2017.1” Since
then, the H/Zn*" co-intercalation has been shown to prevail
in MnO, cathodes regardless of the polymorphs, for example,
tunnel-type a-MnO,®¥ and B-MnO,,**! and layer-type o-
MnO,," etc. The ratio between intercalated H and Zn?* can
vary among different polymorphs owing to the diversity of
diffusion paths, such as the wide [2 x 2] tunnels featured in a-
MnO,M and the compact [1x1] tunnels in B-MnO,."”
Nevertheless, in general, promotion of H"/Zn?>" co-intercala-
tion presents a significant advance in the electrochemical
performance of the corresponding cathode, with merits of
higher capacity,'® better cyclability,” and superior rate
capability."® Accordingly, the detailed knowledge of proton
transport mechanism in MnO, is a prerequisite for the
development of high-performance aqueous batteries.

In this work, a-MnO, with Ni-doping is successfully
synthesized, in which the tetragonal-orthorhombic (TO)
distortion of the lattice is promoted by the Ni dopants during
discharge, resulting in much higher capacity (increased by
~29%, and close to the capacity limit), energy density
(increased by ~25%) and power density (increased by
~67%) as compared to the counterpart without doping.
Based on the experimental and density functional theory
(DFT) calculation results, we ascribe the improvement in
electrochemical performance to a facilitating effect of TO
distortion on Grotthuss proton transport. The Grotthuss
mechanism of proton diffusion was postulated to describe the
fast conduction of protons in aqueous mediates, and was
recently interpreted as being attributable to the high-rate
behavior of Turnbull’s blue analogue electrodes that hosts
abundant lattice water."! In this mechanism, protons are
translocated through proton relay, which is accomplished via
the concerted cleavage and formation of hydrogen-bonding
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among neighboring water molecules, presenting a scenario
similar to Newton’s cradle.'* Here, as the first example, we
demonstrate that the Grotthuss mechanism is also applicable
to proton hopping on tunnel walls of solid-state materials. The
comprehensive picture of cooperative proton transport in o-
MnO,, along with its modulation by the degree of TO
distortion, can help us to capture the proton intercalation
mechanism in other electrodes, and at the same time
engender new opportunities for boosting the energy density
of rechargeable aqueous batteries.

Results and Discussion

a-MnO, is composed of MnQOy structural units, which are
interlinked into chains via edge-sharing and are further
assembled into one-dimensional tunnel framework via cor-
ner-sharing (Figure 1 A). There are two kinds of tunnel sizes,
[2x2] and [1x 1], both available for H" intercalation. The
pre-intercalated K" ions can reside in the [2 x 2] tunnels and
help to stabilize the structure.'”! We synthesized Ni-doped a-
MnO, via a simple one-step hydrothermal reaction using
KMnO,, carbon black, and Ni(NOs), as reactants. It is found
that a layered polymorph of MnO, will emerge as a reaction
product for Ni(NO;), concentrations (Cyino,),) larger than
0.2molL"" (Figure S1), and that higher Cyo,, tends to
result in more promising electrochemical performance (Fig-
ure S2). Accordingly, here we select the sample prepared with
Cripvoy), =0.2 mol L' as the model compound for the study of
Ni-doped a-MnO,. To identify the dopant location of Ni, X-
ray diffraction (XRD) refinements are conducted (Figure 1B
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Figure 1. Structural characterization and electrochemical performance
of KMO and NKMO electrodes. A) Ni-doped a-MnO, with pre-interca-
lated K ions. (B and C) XRD refinement of the samples prepared with
B) cni(no,), =0 mol L™ (KMO) and C) ¢yno,), =0.2 molL™' (NKMO).
D) CV curves in potential range of 0.95-1.95 V with scan rate of

0.1 mVs™'. E) Galvanostatic charge/discharge curves at current of
0.05C (1C=308 mAhg™'). F) Rate performances in the current range
from 0.1C to 10C. G) Energy density and power density of KMO and
NKMO electrodes. H) Long-term cycling performances and corre-
sponding Coulombic efficiencies at current density of 4C.

www.angewandte.org

© 2020 Wiley-VCH GmbH

and C), which suggest that ~5% of the Mn sites are
substituted by Ni. According to the results from inductively
coupled plasma (ICP) and thermal-gravimetric analysis
(TGA, Figure S3), the stoichiometry of the representative
Ni-doped a-MnO, is determined as Nigs5,Kg;10Mngg450,-
0.208H,0 (NKMO), whereas the reference sample prepared
without Ni(NOs), is K ;;,Mn0O,-0.136 H,O (KMO). Scanning
transmission electron microscope (STEM) results identify
a small difference in lattice plane spacing between both
samples (Figure S4), and reveal a uniform distribution of Ni in
NKMO (Figure S5). The BET measurements (Figure S6)
indicate that Ni-doping can increase the surface area, thus
allowing more electrolyte to infiltrate into the cathode and
leading to shortened ion diffusion distance.

The electrochemical performance of a-MnO, cathodes
(electrode preparation is given in the Supporting Informa-
tion) are investigated in coin cells using Zn plate as anode in
3M ZnSO, + 02M MnSO, aqueous electrolyte. Adding
MnSO, in electrolyte is crucial for suppressing Mn*" disso-
lution™ and promoting the capacity delivery of MnO,
electrodes (Figure S7). We note that the capacity contribution
from MnO,/Mn*" redox is negligible (< 0.2 %) during cycling
(Figure S8). Cyclic voltammetry (CV) curves of Zn/KMO and
Zn/NKMO cells are shown in Figure 1D and S9, in which two
pairs of cathodic/anodic peaks correspond to H'/Zn*' in-
sertion/extraction processes in KMO and NKMO electrodes,
respectively. As compared with Zn/KMO, the Zn/NKMO cell
shifts the cathodic peaks (~1.26 and ~1.38 V) to higher
values, and the anodic peaks (~1.58 and ~1.63 V) to lower
values. Combined with the observation of a narrower half-
width of the anodic peaks for NKMO (& 64 mV) than KMO
(=106 mV), it is clear that Ni-doping can induce depolariza-
tion in the cathode, which is potentially linked to a major
change in diffusion kinetics of the ionic charge carriers.
Figure 1 E shows the galvanostatic charge/discharge curves of
Zn/KMO and Zn/NKMO cells at current of 0.05C (active
loading: >1.5mgcm ?). The discharge capacity of Zn/
NKMO cell (~303 mAhg™') is about 29 % higher than that
of Zn/KMO (~235mAhg "), which is surprising in view of
the relatively low concentration of Ni in NKMO. The
advantage of NKMO cathode in capacity delivery is well
maintained even at high rates, as shown in Figure 1 F and S10.
A high energy density of 421 Whkg™' (at 0.1 C) and a max-
imum power density of 1766 Wkg™" (at 10C) based on the
active mass are displayed for NKMO (Figure 1G), which
ranks it among the best reported MnO,-based cathodes for
Zn-ion batteries (Table S1). The long-term cycling stability of
Zn/KMO and Zn/NKMO cells examined at 4C (1C=
0.308 mAhmg !, Figure 1 H) indicates that the above features
of NKMO will require a slight sacrifice of capacity retention
(73.6% for KMO vs. 71.4% for NKMO after 2000 cycles).
This may be attributed to the enlarged surface area upon Ni
doping that renders the electrode more susceptible to Mn?"
dissolution.

To understand the doping effects, a detailed analysis of the
ion intercalation mechanism from both experimental and
theoretical aspects is carried out. Previous report by our
group” has unraveled a ubiquitous H*/Zn>* synergistic
intercalation in manganese oxide cathodes, which can be
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assessed by comparing the capacities of cells with different
electrolytes: only Zn** and H" alone are intercalated into the
cathode when using ZnSO,/dimethyl sulfoxide (DMSO) and
MnSO,/H,O electrolytes, respectively, while H'/Zn*" co-
intercalation takes place with ZnSO,+ MnSO,/H,0. Fig-
ure 2 A and S11 demonstrate that Ni doping can induce higher
capacity for single Zn*" (55.8mAhg™'), single H'
(141.6 mAhg™') and H"/Zn*" (299.4 mAhg™") intercalation
than the KMO counterpart (54.8, 91.5, and 230.8 mAhg',
respectively). It is noteworthy that for both electrodes, H*/
Zn*' co-intercalation yields extra capacity to the sum of single
Zn*" and single H' intercalation, suggesting a synchronous
(mutual promoting) effect of H" and Zn?" intercalation. The
ICP results indicate that in the case of H'/Zn*" co-interca-
lation, Zn>" contributes to a capacity of 27.3 and 28.1 mAhg™*
for KMO and NKMO, respectively. Thus, H" intercalation
dominates the capacity delivery in the co-intercalation
process, whereas Zn** intercalation, although non-negligible,
is rather limited and may hardly be influenced by Ni doping,
probably due to the sluggish diffusion kinetics of Zn*" in a-
MnO, cathodes.

The intercalation mechanism is also unveiled by X-ray
photoelectron spectroscopy (XPS), as shown in Figure 2B
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Figure 2. H*/Zn*" co-intercalation and the structural evolution during
cycling. A) Capacities of KMO and NKMO electrodes using ZnSO,/
DMSO (single Zn?" intercalation), MnSO,/H,O (single H" intercala-
tion) and ZnSO, +MnSO,/H,0 (H"/Zn*" co-intercalation) electrolytes.
For H'/Zn?" co-intercalation, the contributions of H™ and Zn*" in
electrode capacity are also indicated. B) and C) XPS spectra of (B) Mn
3s and (C) O Ts peaks for NKMO electrode at fully charged and
discharged states. D) Ex situ XRD patterns at different states of charge
for Zn/KMO and Zn/NKMO cells. E) The DFT-predicted formation
energies, E, of all the H™-intercalation configurations (open circle)
including the ground states in the convex hull (filled circle) for KMO,
and the theoretical voltage profiles of both KMO and NKMO.

F) Optimized structure of H,Ni ;6K; sMny5,,60, with x=1.375, in which
some of the Mn ions will be displaced from the octahedral sites.

G) Sequence of ground-state configurations through which H* ions are
intercalated into KMO and NKMO.
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and C. Since KMO and NKMO produce similar XPS patterns
(Figure S12), here we emphasize on the results of NKMO. It
can be seen that the intensity of Zn (at ~# 91.3 eV) and M-O-H
(at 531.4 eV)!">!" peaks increases gradually upon discharge,
and then decreases during recharging process (Figure S13 and
S14), thus justifying the co-intercalation of Zn*" and H'. We
note that whenever a H" is intercalated into the cathode, an
OH"™ would be left in the electrolyte, which, when accumu-
lated to a certain level, will eventually lead to the formation of
Zn,(OH),(SO,)-5H,0 (ZOSH) on the cathode surface.'!
The ZOSH products are removed before XPS tests by
immersing in a dilute sulfuric acid. Figure 2D and S15 show
the XRD patterns and SEM morphologies of KMO and
NKMO electrodes without ZOSH removal at different
charge/discharge states. The intensity of ZOSH peaks grows
sharply for NKMO during the discharge period, which is
much more prominent than that of KMO. This substantiates
the above observation that Ni doping promotes H* interca-
lation. On the other hand, STEM energy dispersive spectros-
copy (EDS) mapping of the electrodes (without ZOSH)
verifies the successful intercalation of Zn*' into the bulk
phase of KMO and NKMO (Figure S16 and S17).

To shed light on the underlying relationship between Ni
doping and the promoted H* intercalation, DFT calculations
on the structural evolution during charge/discharge are
conducted. In pristine a-MnQO,, four symmetrically equivalent
H™ intercalation sites exist in each cavity along the [2x2]
tunnel, while in the [1x 1] tunnel each cavity can only be
occupied by one H" ion (Figure S18). The computed forma-
tion energies of different intercalation configurations for
H,K;sMnO, and HNi,;(K,sMn;s5,c0,, corresponding to
KMO and NKMO, are shown in Figure 2E. Here, the upper
bound of H' intercalation is determined to be x = 1.25, above
which significant distortion of MnOy structural units will
occur, with some of the Mn ions migrating to nearby
tetrahedral sites (Figure 2F). From the derived convex hull,
we obtain the theoretical voltage profiles for KMO and
NKMO. Two predicted discharge plateaus (vs. Zn/Zn*") at
1.56 (1.53) and 1.24 (1.38) V for KMO (NKMO) indicate the
good agreement between theoretical and experimental re-
sults. Voltage drops to below 1 V at x=1, meaning that for
both electrodes, the theoretical discharge capacity above 1 V
is 1 H per formula unit. Therefore, the capacity limit remains
unchanged upon Ni doping, and the experimentally observed
increase in H' intercalation capacity upon Ni doping could
not be ascribed to thermodynamic origins. Figure 2G shows
the structural transformation of both electrodes upon H*
insertion, in which the tetragonal-orthorhombic (TO) dis-
tortion of the lattice is observed, accompanying with the
establishment of hydrogen bonds inside both [2 x2] and [1 x
1] tunnels. Previous studies on Li intercalated a-MnO, have
reported this kind of distortion and proposed that such
changes could be attributed to Jahn-Teller deformation of
[Mn**Qq] octahedrons.””’ The TO distortion offers an addi-
tional basis for rationalizing the essential role of Ni dopants,
which will be focused on in the following discussion.

The degree of TO distortion can be quantified by both the
interlayer spacing of (200) planes and the joint angle (0)
between corner-shared MnO, blocks, as depicted in Fig-
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Figure 3. Effects of Ni-doping on tetragonal-orthorhombic distortion.
A) The predicted interlayer spacing of (200) planes, d,q, and the joint
angle between corner-shared MnOg blocks, 6, as a function of H*
content. B) Oxygen framework in pristine and distorted 0-MnO,, and
schematics of the interaction between O 2p and transition metal 3d
states. (C and D) DOS of the Mn and Ni 3d orbitals in C) KMO and
D) NKMO, and the schematics of the corresponding band structures.
Fermi level is set to zero. E and F) STEM analysis and corresponding
SAED patterns of (E) fully charged and (F) fully discharged states of
NKMO electrode.

ure 3A. In both KMO and NKMO, the (200) interlayer
distance is contracted by ~7% from x=0 to x=1. Differ-
ential elongation of the Mn—O bonds upon discharge is found
(Figure S19), implying that Mn*"**Og octahedra undergo
concerted deformation to relieve the internal stress induced
by TO distortion. The O ions at the middle of the walls of the
[2x2] tunnel become closer to each other with increasing
degree of distortion (Figure 3B), thereby facilitating the
formation of hydrogen bonds. We note that Ni doping gives
rise to smaller d,, and larger 6, that is, more significant TO
distortion.

A key factor in the doping effects is probably the
electronic structure of Ni ions, which can be described by
the electronic density of states (DOS) shown in Figure 3 C and
D. For KMO, the donated electrons from pre-intercalated K
transfer to the bottom of conduction band, which is con-
stituted by the Mn 3d states. Mn is reduced with its average
valence state below 4+. In NKMO, Ni dopant generates
defect states near the conduction band minimum of a-MnO,
and shows a propensity to accept the 4s electrons from K (the
charge density is shown in Figure S20). With an atomic ratio
of 2:1 between K and Ni ions, each Ni ion would receive 2
electrons, leading to a reduction from Ni*' to Ni*" and a slight
increase of Mn valence state. It is worth mentioning that the
XPS results (Figure S12) indicate a decrease in the energy
splitting of Mn 3s doublet peaks upon Ni doping (from
4.979 eV for KMO to 4.817 ¢V for NKMO), corroborating
with our theoretical prediction of the increased valency of Mn
ions. From the DFT calculations, we find that the valence
state of Ni ions in NKMO remains nearly unchanged during
discharge (Table S2), implying that Ni have no direct
contribution to the redox reaction of the electrode. This is
consistent with the theoretical finding that Ni doping does not
alter the capacity limit of a-MnO,.

According to the crystal field theory, Mn*" ion in
octahedral coordination exhibits an orbital occupation of
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£;,¢,, While Ni** ion has #5,e; configuration (Figure 3B). The
low-lying t,, orbitals (d,,, d,, and d,;) will not participate in
bond formation between transition metal and O ions, whereas
the high-lying e, orbitals (d,._,., d..) are antibonding. There-
fore, increasing the electrons in ¢, orbitals, as occurs in H,K;,
MnO, (x >0) intermediates and by substituting Mn*" with
Ni**, which provides even stronger metal-oxygen interactions
due to two occupied e, electrons on Ni*", will result in
destabilization of the tetragonal lattice. In the distorted Ni-
doped a-MnO,, the occupied d,. orbital of the transition
metal ion has relatively weaker spatial overlap with the O 2p
orbital as compared with the case in pristine a-MnO,, where
the O 2p orbital tends to polarize its electrons toward the
octahedral sites. Our analysis implies that the TO distortion
exerted by Ni dopants can be rationalized by the tendency to
lower the orbital energy of the antibonding states. The
variation in distortion can also be confirmed by HRTEM and
the corresponding selected area electron diffraction (SAED)
results in Figure 3 E,F, and S21, in which the interlayer spacing
of (200) plane (4.518 A at discharged state) of NKMO
electrode is relatively smaller than that of KMO (4.571 A at
discharged state).

To provide a mechanistic account of how H* ions diffuse
in the tunnels and how Ni dopants influences H* intercala-
tion, we perform climbing-image nudged elastic band calcu-
lations that consider different H" hopping schemes in the [2 x
2] tunnel. When there is no lattice distortion (Figure 4 A),
direct hopping of H" ion involves a transition state where the
H" is bonded to two neighboring O ions. The activation
energy is as high as 1.28 eV (Figure 4 C), indicating extremely
sluggish diffusion of H" ions in the tunnel. In comparison, H*
diffusion barrier in the [1x 1] tunnel is 0.83 eV (Figure S22).
When the TO distortion is imposed (Figure 4B), hydrogen
bonds are established and a new H' diffusion pathway
appears, which bears remarkable resemblance to the Grot-
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Figure 4. The kinetics of protons in distorted a-MnO,. A) H' ion
migration pathway via direct hopping along the [2x2] tunnel in a-
MnO,. B) Grotthuss proton transport of three H' ions along the [2x 2]
tunnel in distorted 0-MnO,. C) The corresponding energy barriers for
both H* migration mechanisms. D) Schematic illustration of Grot-
thuss mechanism for cooperative diffusion of a H"* array. E) EIS
spectra of KMO and NKMO electrodes at potential 1.39 V vs. Zn/Zn*".
F) Proposed mechanistic model of how TO distortion regulates the
capacity of a-MnO,.
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thuss proton hopping in water. Along this pathway, the O ion
on the wall of the [2x2] tunnel accepts two H' ions
(Configuration II) after the facile transfer of H* via hydrogen
bonds (I — II). The transition state (Configuration IIT) during
subsequent H* transfer process (II — IV) is overcome by the
energy gain due to the transformation from the weakly-bound
-OH, to stable -OH configuration. In Configuration IV, the
H" is situated at a metastable site, that is, on an O ion that lies
at the corner of the [2x 2] tunnel. Such a scenario is made
possible by the TO distortion that stabilizes this metastable
structure. The processes [V — Vand IV — I are identical and
hence display the same energy landscape. As a consequence,
the energy barrier of this mechanism (0.55 eV) is significantly
lower than that of direct hopping mechanism. Figure 4 D and
S23 visualizes the Grotthuss mechanism for cooperative
diffusion of a long H* array. It can be concluded that
Grotthuss proton transport is critical for fast H" intercalation
into a-MnO,, and the Ni dopants, which promotes TO
distortion, can accelerate the H' diffusion in the [2x2]
tunnels by advancing the onset of Grotthuss hopping Scheme.

The electrochemical reaction kinetics is further evaluated
by electrochemical impedance spectroscopy (EIS). The
results of KMO and NKMO in Figure 4E show semicircles
associated with interfacial resistance and a diffusion tail
corresponding to H*/Zn>* co-intercalation.’”! The NKMO
electrode presents steeper diffusion slope and smaller semi-
circle value than KMO, indicating the efficiency of Ni doping
on boosting the kinetics of H/Zn>" ions. In addition, the
relationship between the peak current (i) and the scanning
rate (v) in CV curves can be described as i=a»”, where
a larger value for b signifies more facile diffusion of the
charge carriers.”! For NKMO (Figure S24), the b values of all
peaks (0.695-0.846) are higher than that of KMO (0.646—
0.707), which justifies the theoretical analysis above. The
diffusion coefficients of KMO and NKMO calculated on the
basis of CV curves (Table S3) suggest a lower hindrance to
diffusion upon H" extraction than H* intercalation, consistent
with the expectation that Grotthuss mechanism is prominent
with high H* concentration while the direct hopping mech-
anism prevails at dilute H* limit.

A summary of the proposed causal link between Ni
doping and the improved energy density of a-MnO, electrode
is shown in Figure 4F. According to experimental measure-
ments and DFT calculations, the possibility that Ni dopants
introduce extra intercalation sites for H' is excluded since the
dopants are not redox-active in NKMO. Instead, more serious
TO distortion is accumulated in the presence of Ni, which can
mediate the cooperative motion of H' ions. Also facilitated
by TO distortion is the formation of hydrogen bonds, which
initiates the Grotthuss hopping Scheme. This diffusion
mechanism dramatically improves the kinetics of H* as
compared with direct hopping mode and permits rapid ion
access to the redox-active sites in the bulk of a-MnO,. At low
levels of H" intercalation, the H" in pristine a-MnO, would
be easily trapped in the [2 x 2] tunnel if TO distortion is not
successfully created, thus leaving empty intercalation sites in
this tunnel after discharge. The higher propensity of TO
distortion originating from Ni doping could circumvent the
above issue, therefore exemplifying that the proton diffusion
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mechanism is tunable simply by compositional modification
and can be optimized for obtaining a higher capacity. The
derived conclusion that TO distortion exacerbated by Ni
dopants enhances the capacity delivery of a-MnO,, can in
turn be regarded as an excellent support to the proposed
Grotthuss mechanism. Moreover, it is worth emphasizing that
the enhancement in capacity delivery is achieved not at the
cost of decreased voltage or hampered cyclability, which
ensures a high energy density of the electrode during long-
term cycling. We anticipate that the electrochemical perfor-
mance of a-MnO, can be further improved by a combination
of compositional tuning and nanostructure design, which
entails further investigation in this area.

Conclusion

In this work, we have demonstrated that Grotthuss proton
transport plays a key role in the electrochemical performance
of a-MnO,, and can be modulated by compositional control,
such as Ni doping. Upon discharge, large numbers of H" and
a small ratio of Zn?" ions co-intercalate into the bulk of a-
MnO,, which is accompanied by TO distortion of the lattice.
The Ni dopants can enable a higher degree of TO distortion
whereby the established hydrogen bonds and the flattened
energy landscape helps to promote Grotthuss proton trans-
port in the [2 x 2] tunnels. As a result, the Ni-doped a-MnO,
exhibits drastic improvement in electrochemical perfor-
mance, including high capacity delivery of 303 mAhg ' and
impressive energy density of 421 Whkg ™, as well as excellent
power density. This study presents a strategy of substitution
doping for taming the tunnel structure of MnO, and regulat-
ing the proton transport inside, which may allow for develop-
ment of a wide variety of high-energy-density cathode
materials for rechargeable aqueous batteries.
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