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Lattice collapse and associated mechanical fracture frequently
occur in Li-intercalated metal oxide cathodes at the deep charge
upon Li-ion removal, governed by chemical compositions and the
resulting electron density of the oxygen atoms. However, similar
lattice collapse for metal oxide electrodes in aqueous storage and
its mitigation have not been well studied. Herein, we reported the
lattice collapse of MnO, layered birnessite during the aqueous de-
sodiation process at high voltage due to the structural water
motion, evidenced by in situ XRD. Unlike non-aqueous Li-
intercalated electrodes, Ni-dopants mitigated the lattice collapse of
birnessite at deep charge states. Moreover, density functional
theory (DFT) calculations showed that Ni doping induces charge
depletion of lattice oxygen due to its higher electronegativity than
Mn. This charge reduction, in turn, yields a significant decrease in
electrostatic repulsion between the oxygens belonging to lattice
and structural water. Classical molecular dynamics simulations
based on atomic charges obtained from DFT elucidate that Ni-
doping facilitates immobilization of structural water in (Ni)MnO,
and prevents lattice collapse upon Na-ion removal. (Ni)MnO,
exempted from lattice collapse shows an improved storage
capacity relative to MnO, while maintaining similar cycling stability.

Introduction

Layered transition metal oxides (TMOs) are attractive high-
capacity electrode materials for electrochemical energy storage
owing to their large interlayer spacing, i.e., the distance
between the adjacent transition metal-oxygen polyhedral
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layers, where the alkaliions are accommodated.? Ni-rich LiNi;.
«yCoxMn, 0, (NCM) is a promising layered cathode material in
non-aqueous Li-ion batteries. But it suffers from significant
capacity fading and low structural stability at high voltages,
limiting its stable operation.? The negative charge transfer from
O to Ni atoms in highly charged NCM depletes the effective
oxygen between Li-metal-O
polyhedral slabs, and causes an abrupt collapse of the interlayer

charge, reduces repulsion
spacing (c-lattice).* > Recent results showed that charge-
transfer-induced lattice collapse in NCM materials on the deep
charge states is instead a universal behavior unaffected by Co
or Mn substitution.®8 Such anisotropic lattice changes during Li-
removal (charging) cause mechanical strain at the grain
boundaries, causing the fracture of the primary electrode
material and mechanical disintegration.! The abrupt collapse of
the c-lattice at highly charged states was recently reported in
aqueous layered NayMnO, birnessite electrode materials at
high voltage.® Unlike non-aqueous NCM Li-ion electrode, MnO,
birnessite possesses cations (e.g., Na*) and water in the
interlayers of [MnOg] octahedral layers and the large interlayer
spacing around 7 A to accommodate Na-ions. In general, when
MnO, pseudocapacitive alkali ion
storage with a relatively low storage capacity (< 40 mAh/g), its

birnessite experiences

lattice structure with slight lattice changes upon charging and
discharging process within a moderate voltage window (i.e., -
0.05V to 0.85 V vs. Ag/AgCl).1° However, when MnO, birnessite
experienced the deep charge at high voltage, the c-lattice
collapse of 0.4 % was observed. As MnO, birnessite is one of
the essential cathode materials for aqueous batteries, and thus,
it is of great significance to understand and mitigate the lattice
collapse in MnQO, birnessite while sustaining storage capacity
and structural stability.

Given the promise of TMO layered electrode materials for
alkali ion storage in both aqueous and non-aqueous
electrolytes, an essential question remains open on whether
the lattice collapse could be effectively suppressed during the
deep charge without compromising its storage capacity.

Previous results showed that the lattice collapse of NCM
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Figure 1. (a) XRD of layered MnO, and (Ni)MnO,; (b) X-ray PDF analysis of (Ni)MnO,; (c) crystal structures of MnO, and (Ni)MnO, with (001) layered planes
(red: O; magenta: Mn; cyan: cations, e.g. Na-ion or K-ion; blue: Ni); (d) CV of MnO, and (Ni)MnO, from -0.45 V to 1.25 V (vs Ag/AgCl) at the scan rate of 5
mV s%; (e) The CP of MnO, and (Ni)MnO, between -0.45 V and 1.25 V (vs Ag/AgCl) at current density of 1 A g%; (f) the normalized capacity retention at 2

A g for 100 cycles.

materials could be mitigated by introducing alien ions (dopants)
such as Al, Mg, and La, collectively.? 11-13 However, alleviation of
lattice distortion always accompanies with a capacity penalty
due to a less amount of Li extracted under the same
electrochemical conditions. Here, we showed that Ni-doped
birnessite [(Ni)MnO,] instead exempted from lattice collapse
due to the inhibited structural water motion during
electrochemical cycling, different lattice variation mechanism
observed in NCM materials. The density functional theory (DFT)
calculations suggested that the decreased effective charge of
oxygen atoms due to high-voltage Ni oxidation led to the
decreased repulsion force between lattice oxygen and
structural water oxygen, then lower mobility of structural water
in (Ni)MnO, birnessite relative to MnO,. Therefore, lattice
collapse from co-de-intercalation and co-intercalation of
structural water with Na-ions at the high voltage only occurs in
MnO,; while not for (Ni)MnO,.

Results and discussion

MnO, and Nig5sMng750;, [(Ni)MnO,] layered birnessite
materials were synthesized using methods developed
previously,® 4 15 involving solid-state annealing of Mn30,4 with
NaOH and co-precipitation of Mn and Ni salts in KOH solution.
The synthesis details are provided in the experimental section.
The chemical compositions of Na-intercalated MnO, and K-
intercalated (Ni)MnO, birnessite were analyzed by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS), showing formula
of NagyMnO, and  Kg12(Nig23Mng77)0,,  respectively.
Transmission electron microscopy (TEM) images show that
MnO, and (Ni)MnO, birnessite have plate- or sheet-like two-
dimensional morphologies (Figure S1). Figure 1a shows X-ray
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diffraction (XRD) patterns of layered MnO, and (Ni)MnO,m,
confirming their birnessite-type MnO, layered structure
comprised of [MnOg] octahedral planes with structural water
and cations (e.g., Na* or K*) residing between interlayers.® 15
Both materials show the characteristic (001) basal diffraction
peaks at low 28 angles with d-spacing (dgo1) of 7.1 A for MnO,
and 7.2 A for (Ni)MnO,, which could be attributed to several
factors, such as structural water and alkali residing between
interlayers, as well as the covalence of Mn-O and Ni-O bonds.
Bragg diffraction peaks, including (100), (110), and (020), also
appear at similar peak positions at higher 20 angles. Notably,
relative intensities of Bragg peaks to the (001) peak are
different. Such peak broadening suggests the local structure of
MnO; and (Ni)MnO, might be different. The diffraction has only
involved the analysis of Bragg scattering, providing long-range
ordering structure information. Thus, we conducted total X-ray
scattering, including Bragg and diffuse scattering, and pair
distribution function (PDF) analysis to comprehensively analyze
the local structures of both materials, as shown in Figures 1b
and S2. The resulting lattice parameters obtained from the PDF
refinement are provided in Tables S1 and S2. PDF analysis
suggested that both materials had a disordered long-range
structure. However, in (Ni)MnO, octahedral layers Ni-ions are
homogeneously mixed into the [MnOg] octahedral, while the Ni-
site is relatively distorted compared to that of Mn (Figure 1c),
confirmed by the larger ADP values of Ni sites relative to Mn
sites (Table S2). Additionally, TGA measurements show similar
water weight loss in MnO; (5.8%) and (Ni)MnO, (4.7%) (Figure
S3), indicating the large amounts of structural water residing in
the open space between interlayers. With similar crystal
structures and morphologies, MnO, and (Ni)MnO, were then
studied relatively to understand how Ni-dopant affects

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8



Page 3 of 8

a

159 MnO, pristine
T ——MnO, Chg 1.25V s
=1 — (Ni)MnQ, pristine i
g 10 (Ni)MnO, Chg .25V,
® ----LimMn"0,
% =z Mn“’02 , ’
g 0.5] oo i.g
[¢]
z

0.04——

6530 6540 6550 6560 6570
Energy (eV)

Journal ofcMaterials . Chemistry A

b 5.
GI — (Ni)MnOQ, pristine
= —— (Ni)MnO, Chg 1.25 V
c 10‘
L ----Ni'"0
‘g ----LiN"O,
= | ,
= 0.5
—
o
z
0.0

8340 8350 8360

Energy (eV)

8320 8330

Figure 2. Ex situ XANES spectra of (a) Mn K-edge and (b) Ni K-edge for pristine and high-voltage charged MnO, and (Ni)MnO,.

electrochemical charge-discharge behaviors as the cathodes for
aqueous Na-ion storage. Figure 1d showed the cyclic
voltammetry (CV) of MnO, and (Ni)MnO, conducted in three-
electrode half-cells within 0.1M NaSO, solution at a scan rate of
5 mV s1. Notably, (Ni)MnO, showed a larger total charge
storage capacitance than MnO, (489 coulomb g! vs. 367
coulomb g1), equivalent to the enclosed area from the CV for
total charge storage. The results suggested Ni-doping improves
the redox activity of MnO, materials, congruent with the fact
that (Ni)MnO, showed more distinct redox peaks during the
anodic and cathodic scans than MnO,. Figure 1le shows the
chronopotentiometry (CP) of MnO, and (Ni)MnO, conducted
under the same conditions as CVs with two redox plateaus at
charging and discharging profiles. (Ni)MnO, showed a higher
discharge capacity of 96 mAh g! at 1 A g* from CP tests than
MnO, (47 mAh g1). The first-order derivatives of CP (dQ/dv)
plots were further analyzed to reveal the cathodic and anodic
peaks, shown in Figure S4. The plots showed that (Ni)MnO, had
two oxidation peaks (~ 0.4V and 0.8 V) and two reduction peaks
(~ 0.0V and 0.7 V). Similar redox features were displayed in
MnQO, materials with more significant peak-broadening and
slightly shifted peak positions, possibly due to the lower redox
activity of MnO, and its more significant capacitive charge
storage mechanism.

To further understand the electro-kinetics of (Ni)MnO, and
MnO, birnessite, we analyzed the current (i) at different scan
rates (v) at a given potential. Assuming the peak current (i)
obeys the power-law relationship with the scan rate (v) at peak
potential, and can be expressed as a combination of surface-
controlled capacitive Na-ion storage (i; = a;v) and diffusion-
controlled Na-ion intercalation (i, = a,v):
i=av+avt=av’

By fitting the value of b, insight into the Na-ion storage process
can be provided. Figure S5 shows the results for fitting the b-
value of the peaks in all the anodic and cathodic scans. During
anodic scans, the (Ni)MnO, showed the b-values of 0.75 and 0.9
for the two anodic peaks, higher than the b-values from MnO,
(0.72 and 0.82). Similarly, the (Ni)MnO, showed a higher b-
value of 0.82 for the major cathodic peak than MnO, (0.74). All
the calculated b-values are between 0.5 and 1.0, suggesting
both the surface-controlled capacitive and diffusion-limited
redox processes contribute to the Na-ion storage in both

This journal is © The Royal Society of Chemistry 20xx

materials. However, (Ni)MnO, showed the larger b-values in
each redox peak than MnO,, suggesting a more capacitive
charge storage process.

Electrochemical stability measurements of MnO, and
(Ni)MnO, were conducted at 2 A g?! for 100 charge and
discharge cycles (Figure S5), and Figure 1f shows the discharge
capacity retention. (Ni)MnO, showed better capacity retention
after 100 cycles relative to MnO,, demonstrating its
electrochemical stability with less degradation due to Ni doping.
Unlike (Ni)MnO,, MnO, birnessite showed increasing capacities
in the first five cycles and a typical capacity decay in the rest
cycles. Although the exact mechanism of this conditioning
process is still unknown, it is possibly due to the relatively large
grain size of MnO, that might retard the contact between the
electrode and electrolytes during the initial cycling. IWe have
also collected several reported references in Table S3,
demonstrating the comparable performance of our (Ni)MnO,
relative to other MnO, with or without doing in terms of their
charge storage capacity and cycling stability

The XAS measurement also confirmed the redox-active
nature of Mn and Ni components. Figure 2 shows Mn and Ni K-
edge XAS spectra obtained from MnO, and (Ni)MnO, at a
pristine state and a highly charged state of 1.25 V. The Mn
spectra in both pristine MnO, and (Ni)MnO, materials exhibit a
broad absorption maximum at 6559 eV and a pre-edge around
6541 eV. Although differences among the sample and reference
edge shapes do not allow definite determination of oxidation
states, the line shapes point at a valence state of Mn (IV). At a
highly charged state of 1.25 V, the energy positions of 0.5(E)
for Mn K-edge in both materials shift to the higher energy
position relative to pristine materials, indicating the oxidation
of Mn (Figure 2a). These findings agree with previous studies on
lithium NCM-type transition metal oxides.'® The nickel
spectrum exhibits a broad absorption maximum at 8350 eV,
corresponding to the allowable 1s=>4p dipole transition. The
subtle pre-edge feature at 8330 eV corresponds to a dipole
transition from 1s to 3d/4p dipole, which is in fact formally
forbidden and only allowable in distorted Ni-O octahedral.* 17

J. Name., 2013, 00, 1-3 | 3
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Figure 3. In situ XRD measurements of layered MnO, and (Ni)MnO,. (a) The variations of layered peak (001) and (b) characteristic Bragg peaks (020) and
(110) of MnO, and (Ni)MnO, during two CV scans; (c, d) the variations of layered spacing of dg; and Bragg plane distance doyo and d;3o for MnO, and

(Ni)MnO,.

The pre-edge feature in Ni K-edge data is congruent with the
disordered nature of Ni-site, obtained from the PDF analysis.
The energy positions of 0.5u(E) increased slightly from 8340.5
eV to 8340.8 eV from pristine to the deep charged state,
indicative of an oxidized Ni valence upon charging (Figure 2b).
The pristine (Ni)MnO, showed Ni-K edge is closed to LiNiO, and
suggested a valence state of Ni3*, which evolves to Ni3*/4* when
charged to 1.25 V. Collectively, the XAS results provide clear
evidence of the contribution of Min and Ni to the redox activities
during electrochemical cycling. Notably, the Ni-induced charge
reduction on lattice oxygen was partially validated by the XAS
results shown in Figure 2. At the highly charged states (1.25V),
Mn- and Ni-ion valence were close to 4+. As a result, mixing
metal-oxygen band (d-p mixing) between oxygen 2p orbitals
and the partial electron filled Ni 3d e, orbital could form Ni3*/4+-
0% configuration. Such Ni-O covalency leads to depletion of
negative charge from oxygen atom to nickel.* > While for the
Mn atoms, negative charge transfer from lattice oxygen occurs
in a relatively less distinct manner since its oxidation state
continuously increases to even above 4+, indicating the Mn%+-O
bond is more ionic and less covalent compared to that of Ni**-O
interaction.1®

To further illustrate valence states of Mn in the (Ni)MnO,
electrode materials, ex-situ X-ray photoelectron spectroscopy
(XPS) analysis was carried out to study Mn spectra of the fully

4| J. Name., 2012, 00, 1-3

discharged (at -0.45 V vs. Ag/AgCl) and charged (at 1.25 V vs.
Ag/AgCl) (Ni)MnO,, as shown in Figure S7. Notably, the Mn 3s
peak has two major multiplet split components due to the
coupling between non-ionized 3s electrons with 3d valence-
band electrons. Thus, splitting magnitude relates to the
oxidation state of Mn, where smaller peak splitting (AE) means
a higher valence state. Figure S7 shows that charged (Ni)MnO,
electrode had the smallest AE (4.34 eV) of Mn multiplet split in
Mn 3s spectra than discharged (4.83 eV) and pristine (4.66 eV)
materials, and even smaller than MnO, standard (4.70 eV).18
Thus, the XPS data suggest the Mn components in full charged
(Ni)MnO, electrode materials appear more oxidized valence
state, congruent with XAS measurements.

In situ XRD measurements were performed on MnO, and
(Ni)MnO, during the charge/discharge processes, where two
consecutive CV scans were performed under a potential
window between -0.45 V and 1.25 V (vs. Ag/AgCl). Figures 3a
and 3b show the evolution of crystal structures as a function of
potential, especially the variations of (001) basal peaks and
characteristic (020) and (110) Bragg peaks. The corresponding
d-spacing of the above peaks are plotted in Figures 3c and 3d.
The (001) peaks of birnessite shifted to a lower 26 angle with
the increasing dgo; values during the oxidation process and vice
versa upon the reduction process. Increasing dgo; values during
the charging (oxidation) process are attributed to the increased

This journal is © The Royal Society of Chemistry 20xx
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electrostatic repulsion between Mn-0O octahedral upon the Na-
ion removal from the interlayer region. On the other hand, (020)
or (110) Bragg peaks show an opposite trend compared to (001)
basal diffraction peaks. During the oxidation process, the Na-ion
removal from the interlayer region leads to continuous
oxidization of Mn- and Ni-ions with decreasing ionic radii, and
thus dgyo and di1p decrease. On average, MnO, goes through
about 4.2% variation of the (001) interlayer distance during the
whole redox process, larger than that of (Ni)MnO, (3.2%).

Table 1. The listed layered and Bragg plane distance at certain potentials during 2" CV
scan for MnO, and (Ni)MnO,. (Note: the maximum c-lattice is shaded in grey)

Potential (V) MnO, (Ni)MnO,
don d020) don d110)
Anodic -0.45 7.023 1.452 7.124 1.435

Scan
{ 0.95 7.330 1.417 7.285 1.416
Cathodic

Scan 1.25 7.315 1.415 7.362 1.411
1.05 7.334 1.416 7.305 1.414
-0.45 7.019 1.452 7.134 1.435

Though MnO, and (Ni)MnO, share similar structural
evolutions in general during charge/discharge processes, they
showed different trends in c-lattice evolution at the deep
charging process when potential increased from ~1.0 V to 1.25
V (Table 1). During early-stage charging as the potential
increases from -0.45 V to 0.95 V, MnO, undergoes an expected
increase of dgo; (7.023 A to 7.330 A). But as potential further

als'Chemistry)A
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increases from 0.95 V to 1.25 V, unexpected c-lattice collapses
occur (7.330 A to 7.315 A). On the subsequent reduction
process, MnO, shows an expansion of (001) spacing from 7.315
At07.334 Aas the

potential decreases from 1.25V to 1.05 V, followed by shrinkage
of dgo1 from 7.334 A to 7.019 A when the potential further
decreases to -0.45 V. The shrinkage of dgg; in MnO, at the deep
charge accounting for 0.2% variation in c-lattice. In stark
contrast, (Ni)MnO, birnessite exempts from the lattice collapse
at deep charging even the (Ni)MnO, appears higher charge and
discharge capacity than MnO,. When the potential increases
from -0.45 V to 1.25 V, (Ni)MnO, shows a continuous increase
of doo; from 7.124 A to 7.362 A, followed by a decreasing doo:
from 7.362 A to 7.134 A throughout the entire discharge
process. Notably, dgyo and dij;p of MnO, and (Ni)MnO,
continuously decrease throughout the entire oxidation process,
showing from 1.452 A to 1.415 A (doyo) and from 1.453 A to
1.411 A (dy40), confirming both Mn and Ni undergo an oxidation
process during the entire charging process and vice versa during
the discharging process.

Typically, cations residing between interlayers (e.g., Li*,
Na*) diminish the electrostatic repulsion between negatively
charged lattice oxygen from adjacent metal-oxygen slabs.
However, transitional metals (e.g., Mn, Co, Ni) further oxidizes
close to 4+ at deep charge state, their 3d and O 2p orbitals are
highly hybridized. The resulting negative charge depletion from
lattice oxygen decreases O effective charge. Therefore, c-lattice
collapses because of much-reduced inter-slab repulsion, though
it also depends on the chemical compositions. For instance, Ni-
rich NCM811 cathode has the c-lattice decrease from the
maximum 14.467 A to 14.030 A (~ 3.0% variation), while
NCM111 cathode only experiences collapses from 14.500 A to
14.480 A (0.1%) during delithiation.% 5 The increased Ni portion
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Figure 4. Atomic-scale simulations to understand interactions between lattice oxygen and structural water in (Ni)MnO, under deep charge conditions.
(a) Equilibrium atomic configuration of pristine Na-birnessite under Na-lean conditions (deep charge) with composition Nag1;Mn0,.0.833H,0 obtained
from total energy DFT calculations. The six distinct possible sites for substituting Mn with Ni dopants are marked as I-VI. Mn atoms at each of these sites
are individually replaced with a Ni-atom to obtain Nag 17Nig17Mngg30,.0.833H,0. (b) Bader charge on the O atoms belonging to the NiOg octahedron for
different locations of Ni dopant, and (c) Percentage change in the electrostatic repulsion between the oxygen atoms belonging to lattice (O) and structural
water (Oy) in Ni(Mn)O, as compared to that in pristine MnO, for different location of Ni-dopant. The average charge on O atoms surrounding MnOg
octahedra (panel (b)) in pristine MnO, is shown by gray line for comparison. Room temperature diffusivity of (d) structural water, and (e) Na* ion in
Nag.17Nio.17Mng g30,.0.833H,0 for different locations of Ni dopant obtained from classical molecular dynamics simulations. In panels (d) and (e), room
temperature diffusivity of structural water (Dx;ﬁ# 9 x 10-8 cm?/s) and Na* ion (Dmoz= 1.8 x 1078 cm?/s), respectively, in pristine MnO, are indicated by
gray line for comparison.
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Figure 5. Mechanisms of c-lattice collapse for the NCM, Bir-MnO, and Bir-(Ni)MnO, cathodes at high voltage (Mn: magenta, Ni: blue, Co:

Cyan, O: red, Na: green, Li: light green, Note: the interlayer red atoms are from structural water molecules and 0% indicates the decreased

oxygen electronegativity).

in NCM shows a more distinct lattice collapse, probably due to
a more strongly Ni-O mixed band than Co-O and Mn-O. Notably,
the above lattice collapse mechanism, well recognized in non-
aqueous Li intercalated NCM electrode materials, is
distinguishable for our reported aqueous birnessite-type MnO,
materials. Generally speaking, Mn-O mixed band is less
covalent relative to Ni-O one, and less charge depletion on
oxygen is expected and would strengthen inter-slab repulsion
(and would prevent c-lattice collapse). Therefore, we may not
expect to observe too much lattice collapse for MnO, at high
voltage or just very minimum (smaller than 0.1%). On the
contrary, MnO, shows a 0.2% c-lattice collapse at the deep
charge state, more prominent than non-aqueous NCM111
materials. This unusual lattice collapse observed in MnO,
birnessite is likely attributed to structural water removal
accompanied by a de-sodiation process at high voltage (1.25 V).
Specifically, the "pillar" effect of structural water in the
interlayer space was alleviated after the extraction of highly
hydrated Na-ion, causing c-lattices contraction.

Interestingly, with Ni doping into birnessite MnO,, no c-
lattice collapse is observed for (Ni)MnO, at high voltage even
though Ni-O covalency could potentially increase its ability to
reduce inters-lab repulsion, different from non-aqueous NCM
811 and NCM 111 materials. We then employ density functional
theory (DFT) calculations °23(See Supplementary Information
for details of the calculations) to elucidate the atomic
interaction between lattice oxygen (constituting MnOg or NiOg
octahedra) and structural water molecules in Ni-doped

6 | J. Name., 2012, 00, 1-3

birnessite under the deep charge conditions (Figure 4). Similar
to our experiments and previous DFT reports, we find that
(Ni)MnO, birnessite exhibits a monoclinic crystal structure with
an interlayer spacing of dgy; ranges between 7.14 Ato 875 A,
depending on the extent of hydration (0.75 H,0/MnO, to 1.5
H,0/MnO0,).2* 25 Importantly, replacing Mn atom with Ni is
energetically uphill by only ~0.18 eV/atom irrespective of the
location of Ni dopant; the interlayer distances of Ni-doped
birnessite are within ~0.1 A of the undoped counterpart (Figure
4a, Table S4). In MnO, birnessite, the mean Bader charge on the
lattice oxygen forming MnOg octahedra is —0.99e. Figure 4b
shows that replacing Mn with Ni yields a lower charge. Figure
4b shows that replacing Mn with Ni yields a lower charge on
lattice oxygens surrounding Ni, irrespective of the location of
the Ni dopant. This lowering of charge on lattice oxygens can be
attributed to the high electronegativity of Ni as compared to Mn
(Ni: 1.91 vs. Mn: 1.55 on the Pauling scale). The extent of charge
reduction on lattice oxygen depends on the location of Ni
dopant, ranging from —0.85e at Site VI to —0.95e at Site V,
primarily due to differences in separation distance between Ni-
dopant and intercalating Na-ion. For Ni locations that are close
to Na-ion (e.g., Site V), the extremely low electronegativity of Na
(0.93) allows minimal change in charge of neighboring lattice
oxygen (i.e., O belonging to NiOg). In contrast, when Ni dopant
is sufficiently far away from Na-ion (e.g., Site VI), the
electronegativity difference between Mn and Ni causes a
significant reduction of charge on lattice oxygen of NiOs.
Nevertheless, the reduced charge on lattice oxygen (induced by

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 7 of 8

Ni-doping) results in lower total electrostatic repulsion between
lattice oxygen (O) and structural water oxygen (O,,) in (Ni)MnO,
as compared to that in MnO,; birnessite (Figure 4c), with the
reduction in O,,-O interaction ranging from 2.94% at site Ill to
4.35% at site V. Note that the reduced O,-O electrostatic
interactions do not yield significant contraction along c-axis
(Table S3). This is mainly because the Ni-induced reduction in
charge on lattice oxygen lowers both the repulsive O,-O, and
attractive Na-O,, electrostatic interactions (as compared to that
in pristine birnessite MnQ,) . The two effects largely cancel each
other out, causing minimal impact on interlayer spacing in
(Ni)MnOs,.

Direct visualization of equilibrium configurations of
(Ni)MnO, provide further insights into the impact of O,-O
interactions on the solvation structure around intercalating Na*
cation. Na* ions prefer to coordinate with anionic oxygen atoms
belonging to structural water (O,) or Ni/Mn-centered O-
octahedra. In MnO, birnessite, Na* is surrounded by 6 water
molecules (with one O,, from each water within 2.29 A from
Na*) and 2 lattice oxygens (with Na-O distance of ~2.66 A).
Previous investigations have also reported similar nearest-
neighbor Na-0,, distances on Na* solvation in water.2® Upon
introducing Ni to any site I-VI, reduction in O,-O electrostatic
repulsion causes O,, from one of the solvating water to move
closer to the lattice oxygens (closest O-Ow distance is < 2.6 A),
forming a new hydrogen bond. Meanwhile, this water molecule
leaves the solvation shell surrounding Na* (Na-O,, distance > 3.5
A) for all Ni locations.

To investigate the effect of Ni-induced reduction in
electrostatic O,-O interactions on the mobility of structural
water and Na* ions, we turn to classical molecular dynamics
(CMD) simulations using a well-established ClayFF interatomic
potential (See Supporting Information for details of the
simulations). We employed the atomic charges obtained from
our DFT calculations to account for electrostatic interactions
accurately. Notably, previous CMD studies have shown that this
approach provides an excellent description of the structure,
thermodynamics, ion-solvation behavior, and transport
properties of MnO, birnessite. Our CMD simulations show that
the diffusivity of structural water in pristine MnO, birnessite
DMn02  or (9 %X 108cm?/s) is nearly 4 orders of magnitude slower
than that in bulk liquid water, consistent with previous reports.
Upon Ni-doping, we find that the reduced O,-O electrostatic
repulsive interactions cause significant lowering of diffusivity of
structural water (20%—42%, depending on the location of Ni-
dopant) compared to that in pristine MnO, (Figure 4d). The
differences in diffusivity of structural water in (Ni)MnO, arise
from the variation in charge on lattice oxygen owing to the
location of Ni-dopant (Figure 4b). We also observe a concurrent
increase in the diffusivity of intercalating Na* ions with Ni-
doping (Figure 4e). Evidently, Ni-doping facilitates
immobilization of structural water as compared to pure MnO,
birnessite.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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The layered type of manganese oxides, including birnessite
MnO, and (Ni)MnO, are synthesized and also characterized by
X-ray diffraction and X-ray PDF analysis. In situ XRD shows
abnormal shrinkage and expansion of layered lattice at the high
voltage only occurs in the MnO, layered birnessite while not for
(Ni)MnO,. DFT calculations indicate that the higher
electronegativity of Ni-dopant (compared to Mn) facilitates
lowering of charge on lattice oxygen, which in turn, reduces the
repulsive 0O,-O interactions. CMD simulations using atomic
charges derived from DFT confirm that Ni-induced reduction of
charge on lattice oxygen enables immobilization of structural
water as compared to pristine MnO, birnessite. Ex situ XANES
points out, though there is decreased electronegativity of
oxygen atoms from Ni-O covalency since Ni(lV) forms at high
voltage, such differences in lattice variation mechanism is not
simply from Ni-O effect, and it is more likely that the decreased
repulsion force between lattice oxygen and structural water
oxygen results in smaller mobility of structural water in
(Ni)MnO, birnessite relative to MnO, and then exempts
(Ni)MnO, from c-lattice collapse (Figure 5). Unlike Li-metal
oxides, where lattice oxygen repulsions determine the
interlayer distance between adjacent metal-oxygen molecular
layers, our data collectively demonstrated that decreased
repulsion between lattice oxygen and structural water oxygen
(Ni)MnO, decreased structural water mobility and thus
prohibited the removal of water molecule along with Na-ions
during high-voltage charging, preventing the c-lattice from
shrinkage at highly charged state. This new understanding of
the interplay between lattice oxygen and water molecule will
guide designing the layered electrodes with a high capacity and
stability for energy storage.
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