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ARTICLE INFO ABSTRACT
Keywords: The layered NaTMO2 (TM = Ni, Fe, Mn) materials with the O3-type structure are attractive as positive electrodes
Sodium ion batteries for sodium ion batteries because of their high theoretical capacity. Additionally, Li doping in these materials has
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been shown to offer substantial enhancements to their electrochemical properties by promoting the formation of
intergrowth structures, which intimately integrate the substituent phases. However, the influence of the specific
Li content on the structural and electrochemical properties of the intergrowth materials requires investigation.
Systematic variation of Li content in NayLiyNig 4Feg 2Mng 402 (NFM-Liy) was conducted to identify the role of Li
in modification of the intergrowth structure and electrochemical performance. Li contents of 0.15 and greater
generate a layered/layered Na-03/Li-O’3 intergrowth structure. ’Li and 2*Na solid-state nuclear magnetic
resonance and x-ray absorption spectroscopy identify that when the total solubility for alkali ions in the layered
structure is exceeded, Li continues to form the Li-O’3 phase while the excess Na forms residual sodium com-
pounds such as NayO. Higher Li content is associated with improved capacity retention in the initial cycles from
the superior stability of the mechanically linked Na-O3/Li-O’3 structure that suppresses the P3 to OP2 phase
transition during charge. However, high Li contents are associated with increased rates of parasitic side reactions
that reduce long-term cycling stability. These side reactions are connected to the instability of the cathode-
electrolyte interphase, which can be partially mitigated by atomic layer deposition (ALD) coating with
alumina, which significantly enhances the capacity retention and Coulombic efficiency. Overall, we find that the
layered/layered Na-O3/Li-O’3 intergrowth structure is able to provide structural stability and suppress undesired
phase transformations but is overwhelmed by the increased reactivity of the surface if not protected by surface
coating.
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1. Introduction

Sodium ion batteries (SIBs) are a promising candidate for large-scale
energy storage applications because they can achieve competitive en-
ergy and power density compared to lithium-ion batteries while utilizing
more abundant elements such as Na and Fe [1]. Considerable efforts
have been made to develop positive electrode materials for SIBs, with
the layered transition metal oxides (LTMOs) emerging as one of the most
promising candidates for commercialization [1-4]. Among the different
LTMO structures, the O3 type materials (according to the classification
scheme of Delmas) [5] are desirable for practical applications because of
their high sodium content (Na/TM ~ 1), which affords a high theoretical
capacity. However, these materials often lack the necessary stability,
energy density, or power density to meet the demands of practical
applications.

The combination of multiple LTMO structures has been demon-
strated to provide a number of benefits as a result of the synergistic effect
of their different properties [2,6]. Compared to their single-phase
counterparts, 0O3/P2 intergrowth structures often demonstrate both
superior cycling stability and capacity retention at high rates [7-14]. For
example, systematic variation of the Na content and transition metal
composition in Na,MnyNi;.yO2 found that 03/P2 intergrowths could be
prepared between 0.75 < x < 0.95 with y = 0.6 [8]. The phase ratio
could be tuned by further substitution of Mn with other elements (Cu,
Fe, Ti), resulting in improved capacity retention and air stability[8].
Nay[Nig oFey.0.4Mnj 2,102 (x = 0.7-1.0) showed O3/P2 intergrowths
for x < 0.8 [9]. The optimized material (x = 0.78) displayed an excellent
capacity retention of 90 % after 1500 cycles and maintained 66 % of its
capacity at a high 10 C rate [9]. Naj.4LixNig.sMng 502 displays either a
combination of O3 and P2 phases (x = 0.3) or a single O3 phase (x = 0)
[10]. O3/P2 Nay 7Lig 3Nip sMng 502 maintained 95 % of its discharge
capacity at a 150 mA/g current rate, while O3 NaNiysMng 502 only
retained 60 % [10].

The ability of Li doping to generate layered intergrowth structures
between Na-rich and Li-rich phases has also been noted. Lithium’s
unique combination of small size (comparable to 3d TMs) and
1 + valence allows it to occupy both the TM layer and/or the alkali layer
[10,15,16]. Corresponding to its low ionic potential compared to the TM
elements, and high ionic potential compared to Na™, Li™ is expected to
promote O3-type structures regardless of its position in the layered
structure [17]. Li excess layered oxide electrode materials (where Li/TM
> 1), where Li partially occupies the TM layer (e.g., Li,TMO3 or
equivalently in the layered notation, Li[Li;,3Mny,3]02), have been the
subject of considerable investigation for use in lithium ion batteries
[18]. Unfortunately, similar structures do not typically form in the Na
based LTMOs with the 3d TM elements due to the large size difference
between Na and the 3d TM elements. However, we note the previous
observations of LTMO structures with both Li and Na (NaLi; 3Mng,302
and NalLij /3Tij 6Mnj,202) [16,17,19] could allow the design of alkali
excess structures. Nag g7Lig 25Nig 4Feg oMng 402 was previously reported
to have improved properties compared to the Li-free material with the
03 structure and does not rely on anion redox for charge compensation
[16].

Here, we systematically investigate the role of Li content in the alkali
excess NayLiyNig 4Feg 2Mng 402, 5 system (x +y > 1). We identify that an
Na-03/Li-O’3 intergrowth structure can be formed with sufficient level
of Li doping, which can promote the structural stability via the me-
chanical coupling between the two phases. However, the degree of alkali
excess that can be accommodated by the layered/layered structure is
limited and the higher Li content can promote increased side-reactions
that ultimately harm the stability of the electrode over long term
cycling. The surface reactivity can be managed to an extent by coating
with alumina, allowing the benefits of the intergrowth structure to be
more completely realized.
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2. Results and discussion
2.1. Structural characterization

2.1.1. X-ray and neutron diffraction

Samples with composition NaxLiyNig 4Feg.2Mng 40245 (NFM-Liy;
x~0.97-1.0, y = 0-0.34) were prepared by solid state reaction from a
combination of transition metal hydroxide (prepared by coprecipita-
tion) with appropriate quantities of sodium and lithium carbonates.
Inductively coupled plasma mass spectroscopy (ICP-MS) was conducted
to determine the overall composition (Table S1). The nominal Li
composition is used for convenience in the following discussion. To
investigate the influence of the Li content on the overall structure, we
conducted synchrotron x-ray diffraction (XRD, Fig. la) and neutron
powder diffraction (NPD, Fig. 1b). According to Rietveld refinement of
the XRD patterns (shown for Lip gp and Lig 39 in Figure S1, and detailed
structure model and fitting results in Tables S2-54), the undoped sample
is composed predominately of an Na-O3 type layered structure (space
group R-3m) with an interlayer distance of 5.33 A, and a minor (2.4 wt
%) NiO-like rock salt (space group Fm-3m) type impurity (Fig. 2a).
Increased Li contents of 0.05 and 0.10 reduce the amount of the cubic
NiO-like phase to 1.6 and 1.4 wt%, respectively, and NiO is fully elim-
inated at Lip 15 and greater. As the Li content increases, the interlayer
distance (c lattice parameter) of the Na-O3 phase gradually decreases by
~1.0 % to ~5.28 A (Fig. 2b.), while the intraplanar distances (a lattice
parameter) marginally increased by 0.05 % at most. The incorporation
of isovalent Li" onto the Na™ layer could explain the lattice parameter
trend, as the smaller size of Li ions enables smaller interlayer distances
without requiring oxidation of the transition metals that would induce
an in-plane contraction. At Li contents of 0.15 and greater, the cubic NiO
phase is eliminated and the intensity of the (001) peak of an Li-O’3 phase
(Li-rich O3 with monoclinic distortion, space group C 2/m) increases in
the XRD patterns with a small interlayer distance (c sin($)) of
~4.5-4.8 A. A similar cubic-to-layered transition is known to occur in
the NiO/LiNiO; series [20,21], as separation of Li and TM ions occurs
due to the steric effect of the smaller TM ions and larger Li ion at suf-
ficiently high Li concentrations. The linear decrease of the NiO unit cell
a lattice parameter (Fig. 2c¢) and volume (Fig. 2d) from Li
0.00-0.10 suggests the incorporation of Li into the NiO-like phase a solid
solution manner (LixyTM;4O) in this range. The weight fraction of the
secondary phase increases with Li content while the unit cell volume
decreases.

The NPD patterns of the Li doped samples demonstrate features at
~3.00, 3.26, 3.44, 3.78, 3.88, and 4.35-4.46 A that are not present in
the XRD patterns, which suggests the presence of cation ordering [22,
23]. The x-ray scattering power of the transition metals is very similar
while Li is very weak, allowing for Li to be distinguished by XRD from
the TM elements but not the TM elements from each other. The absence
of these features in the XRD patterns suggests that the cation ordering is
not related to Li and more likely arises from the TM elements. On the
other hand, the varied coherent neutron scattering lengths (b¢op) of each
cation are —2.22, —3.73, 9.45, and 10.3 fm for “Li, Mn, Fe, and Ni,
respectively. Consequently, NPD provides the ability to identify the
presence of TM ordering, particularly the ordering of Mn or Li from Fe or
Ni. The presence of Li*/vacancy ordering is an alternative possibility
[24]. However, considering the high in-plane mobility and weak inter-
action expected for Li* atoms in different layers, multicomponent TM
composition, and the relatively low neutron scattering power of "Li, we
believe this to be less probable. Therefore, we conclude that these fea-
tures arise from the presence of superlattice ordering between Mn and
Ni/Fe. The additional features in the NPD patterns increase in strength
with the fraction of the Li-O’3 phase and are absent in the Lig oo sample
and also become faintly resolved in the Lig 19 sample, before the Li-O’3
phase becomes identifiable in the XRD. The superlattice associated with
honeycomb-like intralayer ordering of cations on the TM layer known to
occur in O’3-Li [Lil/gMng/g] 02 [25,26] or O3-NaLi1/3Ti1/6Mn1/202 [1 7]
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Fig. 1. a) Synchrotron x-ray diffraction (A = 0.1173 A) and b) Neutron powder diffraction of Li 0-0.30 samples. The peak positions of Na-O3 and NiO are indicated
for the Lig g pattern, and the Li-O’3 positions are indicated for the Lig 39 pattern.
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Fig. 2. Values of fitted parameters in the Rietveld refinements of the XRD data as a function of Li content. The error bars represent the standard uncertainties of the
refined values. a) Weight fractions of each phase. b) Lattice parameters of the Na-O3 phase. c) Lattice parameters of the Li-O’3 and NiO phases. ayjo and by;.o'3 are
scaled to indicate equivalent distances between the structures. d) Unit cell volumes of each phase.
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and related compounds may be present, considering the presence of the
(1/3 0 0) superlattice peak of the Na-O3 phase (4.46 ;\, in the R-3m
structure) and equivalent (0 2/3 0) peak of the Li-O’3 phase (4.37 Ain
the C2/m structure). The other superlattice reflections between 3 and
4 A cannot be unambiguously assigned but may also reflect the intra-
planar ordering. Additionally, Fe has a tendency to mix onto the Li layer
in Li-based layered oxides [27] and the refinement suggests 20-25 %
occupancy of TM ions on the Li layer of the Li-O’3 phase, which could be
related with the cation ordering. We were not able to identify a super-
structure that could reliably index the observed peaks. Overall, lithium
doping can promote the shrinkage of the Na-O3 and Li-O’3 unit cells, the
formation of the Li-O’3 phase, and the ordering between the Mn and
Ni/Fe ions.

2.1.2. Electron microscopy

The degree of integration and local structural properties of the Na-O3
phase and Li-O’3 phase are also of considerable interest. We utilized
high-resolution transmission electron microscopy (HR-TEM) to investi-
gate both Lig 20, Lig 25, and Lig 39 samples (Fig. 3 and Figure S2). At Lig 25
and Lip g0 there is direct integration along the layering direction of well-
crystallized Na-O3 and Li-O’3 phases with distinct interlayer spacings
that produce clearly separated spots in the selected area electron
diffraction (SAED) patterns (Fig. 3b). A low magnification view of

0.486 nm
(601)
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Fig. 3c and an additional representative particle cluster and its SAED
pattern are given in Figure S2a-d. Similar imaging of the Na-O3/Li-O’3
interface in Lig o5 is given in Figure S2e-h. At the lower Li content of
0.20, integrated domains of each phase are also evident, but there is
considerable disorder of the layered structures. These samples indicate
that increasing Li content may also promote the crystallinity of the Li-
0’3 phase, which may further alter its role in the material during elec-
trochemical cycling. While ordered and disordered domains can be
found in the HR-TEM for both Li contents, the increased crystallinity of
the higher Li content samples on average is supported by the Rietveld
refinement results according to their larger average domain size (ac-
cording to the Scherrer broadening) [28-30].

2.1.3. X-ray absorption spectroscopy

In order to investigate the influence of the composition on the local
structure and oxidation states of each transition metal we performed
synchrotron x-ray absorption spectroscopy (XAS). The x-ray absorption
near-edge structure (XANES) region of the XAS spectra for each transi-
tion metal in the pristine materials identified no change in the transition
metal oxidation states based on the insignificant change in the K-edge
energies with different Li contents (Fig. 4a-c), with the Ni2+, Fe3+, and
Mn** as the predominant states based on their similarity to reference
compounds (NiO, Fe;0s, MnOy). This result suggests that Li" doping is

Scherrer Domain Size (nm)

12 1 1 1 1
0.15 0.20 0.25 0.30

Li Content

Fig. 3. a) HR-TEM of Lig 30. b) SAED pattern of region shown in panel a. ¢) HR-TEM of Lig 59. d) Domain size of the Li-O’3 phase determined from refinement of the

XRD patterns.
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corresponds to interlayer distance as a function of Li content.

primarily compensated by the formation of some secondary phase such
as NayO or Li»0, and that the solubility of the alkali ions ((Na+Li)/TM)
is not significantly larger than 1. This also suggests that the Li and Na
within the layered structures predominantly occupy the alkali layer. A
detailed discussion of the charge compensation mechanism is given in
the supporting information (Note S1).

We further investigated the extended x-ray absorption fine structure
region (EXAFS) of the XAS spectra for each TM to observe how their
local structure can be related to the long-range structure identified by
XRD and NPD. The Fourier transformed EXAFS spectrum was fitted
between 1 and 6 A (usingk =3-9.5 1"\’1) in order to capture both the
intralayer and interlayer structure. The similarity between the Na-O3
phase and Li-O’3 phase allows a single structure model to fit both
structures simultaneously with parameters that represent an average of
both phases. This approach allows a good fit to the data with a small
number of variables to ensure the significance of each model parameter
and avoid overfitting. The scattering paths are assigned a fractional path
length change parameter (o) and common parameter for the mean
square displacement about half the path length (o) that is shared for all
scattering paths contained within equivalent TMOg or NaOg octahedra.
Visualization of the structure model and the detailed fitting procedures
and results are provided in Figure S3 and S4, and Tables S5-7. The pa-
rameters associated with the in-plane octahedra with the TM atom dis-
tances of a, \/ 3a, and 2a and the NaOg octahedra show no significant
trends with the Li content. However, the o term associated with the
interlayer bond lengths (arys) shows significant dependence on the Li
content (Fig. 4d). As the Li content increases, there is a significant
decrease in aqys for both Ni and Fe, but not Mn. This suggests that Ni
and Fe become closer to their neighboring layers as the Li content in-
creases. The c lattice parameter decreases by 1 % or less in both the Na-
03 and Li-O’3 phases based on the Rietveld refinements. The magnitude
of this interlayer path length change (owm3) is significantly greater than
1 %. This suggests that the decrease of ary3 for Ni and Fe is associated

with their increasing concentration in the Li-O’3 phase because of the
considerably smaller interlayer distance (~10-15% for Lip15.0.30
compared to Lig o) in the Li-O’3 structure. The electrochemical activity
of Ni and Fe may be reduced as a result of being in an Li-rich structure
compared to the Na-rich structure since Fe tends to reduce the capacity
of Li-based layered oxides [27]. Further, Li-based layered oxides typi-
cally exhibit higher redox potentials compared to their Na-based
equivalents [31]. Consequently, the redox activity of Ni and Fe in the
Li-O’3 phase may be partially suppressed in the fixed potential window.

2.1.4. Solid-state nuclear magnetic resonance

To understand how the local environment of the Na and Li is altered
by the changing composition, we conducted solid state nuclear magnetic
resonance measurements (ssSNMR) to probe both 23Na and "Li. The “Li
ssNMR spectra of Li 0.10, 0.20, and 0.25 demonstrate a single broad
resonance that represents the overlap of numerous local environments
for Li. As reference, we prepared a sodium-free sample with nominal
composition LijNig 4Feg 2Mng 402 (Li;Nap) that displays a very similar
7Li NMR spectrum to the samples with both Na and Li. Typical values of
the 7Li shift for Li on the alkali layer in layered structures are between
0 and 1000ppm, and the main resonances of LiFeO,, LiNiO,, and
LiMnO, are found at 1000 ppm or lower [32,33], so we assign the
largest component at ~1000ppm and the two others at lower shifts to Li
in the Li layer. The component of the Li;Nag sample with central position
at roughly 1500 ppm likely arises from Li coordinated by 6 Mn** ions in
the TM layer as observed in LiNigsMng 502 and Li[Li; ,3Mny/3]102 [34,
35]. This assignment is supported by the presence of small superlattice
peaks between 4.0 and 4.3 A in the synchrotron XRD pattern of Li;Nag
(Figure S1c) and could explain the weak signal seen in the same range
for Lip 20 and higher Li content samples. Similarly, the resonance around
1300 ppm could arise from similar configurations of Li on the TM layer
but with slightly altered coordination (e.g., LiMnsTM). However, we
note that the Rietveld refinement suggests a significant occupancy of
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transition metals (0.22-0.25) on the Li layer of the Li-O’3 phase that
might contribute to different shifts than expected for purely separated Li
and TM layers. These features at and above 1300 ppm are less prominent
at Lip 10 compared to Lip 29 and Lig 25 suggesting that higher Li content
can weakly promote Li occupancy on the TM layer of the Li-O’3 phase.
Overall, we conclude that Li is predominately located on the Li layer
while a very small amount occupies the TM layer of the Li-O’3 phase
only at high Li contents.

The 2*Na ssNMR demonstrates two distinct features (excluding the

background peak from copper near 4000 ppm). The broad resonance
centered between 2000 and 2400 ppm is associated with Na in various
paramagnetic environments in the Na layer of the Na-O3 structure. The
shift of the Na signal may be related to the change in lattice parameter of
the Na-O3 phase as well as its change in composition as the Li-O’3 phase
competes for transition metals (especially Ni and Fe as suggested by the
EXAFS). The diamagnetic component near O ppm represents residual
sodium compounds such as NayCOs, NaO, or NaOH. Notably, the signal
from the residual Na compound increases at higher Li contents. This
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Fig. 6. a) First cycle voltage profiles of NFM-Li, electrodes (CR2032 coin cells against Na metal with 1 M NaPFg in propylene carbonate at 15 mA/g). b) Differential
capacity (dQ/dV) plot of panel a. c¢) Differential capacity over the first 10 cycles for Lig 39. d) Coulombic efficiency trend over the first 10 cycles. e) High-precision

static leakage current measurements between 2.8 and 4.2 V.
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suggests that the overall solubility for alkali ions (A, see SI Note 1) in the
NayLiyNig 4Feg 2Mng 402 framework is not significantly larger than 1,
consistent with the XAS results. When excess Na and Li are present, the
Li will be preferentially incorporated into the layered structures while
the Na in excess of the solubility limit forms residual compounds such as
NayO, in further agreement with XANES result. These species are poorly
crystalline or amorphous and therefore do not manifest clearly in the
diffraction patterns. These residual sodium species may also influence
electrochemical performance. To evaluate the effect of these residuals
and the overall structural changes prompted by Li doping, the electro-
chemical properties and structural changes during charge/discharge
were systematically investigated (Section 2.2).

2.2. Electrochemical characterization

The first cycle voltage profiles (between 2 and 4.2V vs Na/Na™t)
obtained by galvanostatic cycling demonstrate a reduction in both the
first-cycle charge and discharge capacities as the Li content increases
beyond 0.05 (Fig. 6a). The changes in the electrochemical processes are
evident in the comparison of the differential capacity analysis (dQ/dV,
Fig. 6b). The capacity increase observed for Lig g5 compared to Lig g9 is
primarily provided by the increase of the feature around 2.7 V/2.9 V in
the discharge/charge, respectively. With further increase of Li content,
the high-voltage plateau near 4.0-4.2 V is suppressed, and then a
gradual decrease in capacity associated with the 2.7-2.9 V peak. The
concentration of Ni and Fe suggested by the EXAFS measurements in the
Li-O’3 phase may be partially responsible for the reduced capacity, since
Li based layered oxides tend to have higher redox potentials than their
Na based counterparts and Fe does not typically provide significant
reversible capacity in Li based layered oxides (e.g., LiFeO3)[36]. At
higher Li contents, especially Lig 3o, there are irreversible redox pro-
cesses evident at 3.5 V and 4.2 V during charge that are not visible in the
discharge. The process at 4.2 V is the primary contributor to the irre-
versibility beyond the first cycle, as shown in the dQ/dV of Lig 39 over
the first 10 cycles (Fig. 6¢). The capacity retention over the first 10 cy-
cles shows that the reversible discharge capacity over the first 2-4 cycles
can be superior for the high Li content samples (0.20-0.30) compared to
the lower levels of doping (0.0-0.10). However, a general trend of lower
Coulombic efficiency for samples with higher Li content is observed over
the first 10 cycles (Fig. 6e). We performed high-precision static leakage
current measurements|37] (Fig. 6e inset) after 3 cycles that corroborate
the trend of accelerated side reaction at higher Li contents which begin
from progressively lower voltages. The average potential difference
between charge and discharge in the first 10 cycles as well as the change
of discharge capacity at low and high current (15 mA/g and 100 mA/g)
indicate (Figure S5) that the Lig s sample has superior Na™ transport
kinetics to Lig go. The polarization and capacity at higher rate gradually
become worse with increasing Li content beyond Liggs, which is
attributed to the surface degradation associated with the increasing side
reaction. The electrochemical performance over the initial 10 cycles
raises two key questions: What allows the high Li content samples to
maintain their reversible discharge capacity in the first few cycles
despite the high rate of side reaction? And why does the Li content in-
fluence the rate of the side reaction?

2.2.1. The role of Fe in charge compensation

We previously established that the long-term capacity retention of
Na(Nip sMng 5)1xFexO» electrodes is likely related to an interaction be-
tween Ni and oxidized Fe that harms the reversibility of the Ni redox
couple over long-term cycling [38]. Considering this, we performed
resonant and non-resonant Fe Kg x-ray emission spectroscopy ((R)XES)
[39] and high-resolution fluorescence detected XANES [40] (HERFD--
XANES) to identify the influence of Li on the electronic structure of Fe
(Figure S6-S8). A detailed discussion of the RXES and HERFD-XANES
results is given in the Supporting Information (SI Note 2). No detect-
able differences in the Kg; 3 XES spectra of the pristine materials or
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charged Lig go/Lig.2s (4.2 V) were observed (Figure S6). Further, the
features associated with the 3d* spin-state of Fe** did not appear in the
HERFD-XANES spectra of Lig oo, Lig.10, Lig.25, and several other Fe-rich
LTMOs (Figures S7 and S8). Overall, we conclude that change of the
electronic structure of Fe is not a major factor in the differing electro-
chemical performance between the low and high Li content samples. In
general, the Fe redox activity in Na LTMOs appears to result from a loss
of the shared electron density between overlapped Fe-3d and O-2p or-
bitals rather than a purely ionic Fe3*/Fe** transition or oxygen redox.

2.2.2. Long-range structural evolution during charge/discharge

Considering that the majority of Fe is Fe>* in these samples, and Fe
migration resulting from the lack of octahedral site preference of Fe>*
has been suggested as a driving force for phase transformation in
NaNig 4Feg.2Mng 40o, the phase transformation behavior during cycling
may be a critical factor in the electrochemical reversibility of these
materials [41,42]. The suppression of the high voltage plateau in the
high Li content samples suggests the possibility of a different phase
transformation pathway compared to the low Li content materials. To
examine the structural evolution during the first cycle, operando XRD
was conducted on the Lig g, Lig.10, and Lig 25 samples (Fig. 7 and S9).
The lattice parameters and unit cell volume of the Na-O3 and related
phases were determined by the Le Bail method (Figure S10 and S11)
[43]. During the first charge of the undoped material, the structure
undergoes a two-phase transition from O3 to P3 between 3.00 and
3.15V, indicated by a characteristic increase in the (10—5)/(104) in-
tensity ratio. The gradual shift of (003)/(006) to lower angle and the
(10 D peaks to higher angle indicates the interlayer distance increases as
a result of Na™ extraction while intraplanar distances decrease as TM
ions oxidize. The P3 structure becomes unstable above 4.15V as sug-
gested by the decreased intensity of the (003) and (10 ) peaks. This is
associated with a partial transition to an OP2-like phase, which has been
shown previously to form during charge to 4.3 V in NaNig 4Feg 2Mng 402
[42]. The transition toward the OP2 structure is further suggested by the
decrease of the interlayer spacing above 4.15V (Figure S11). In the
subsequent discharge, this transition is only partially reversed with a
fraction of the (006) peak remaining at same position as the fully
charged state, and the remainder at higher angle than the pristine ma-
terial. These irreversible changes signify the permanent expansion be-
tween layers. The accumulated irreversible OP2 phase transformation
can explain the irreversible discharge capacity loss seen for the undoped
sample.

The phase transformation of Lig 10 over the first cycle is reversible
(Figure S9) but it cannot avoid the partial P3—OP2 transformation also
seen in Lig go. The decrease of the interlayer distances (Ac/cp) for the Na-
03 phase at high state of charge (~85 and 90 %) associated with the
OP2 transformation are —0.36 % and —0.16 % for Liggo and Lig 10,
respectively. Upon discharge, Liggo retains an irreversible 0.20 %
decrease of the interlayer distance compared to its maximum value,
while NFM-Lig 1 only decreases by 0.04 %. This identifies that Li within
the Na-O3 phase has a role in improving the reversibility of the P3—0OP2
transformation but can still allow accumulation of the interlayer
expansion.

The Lipos material demonstrates clear differences in the phase
transformation pathway of the Na-O3 phase (Fig. 7). A similar O3 to P3
transition and lattice expansion/contraction occurs in Lig o5 as observed
for Lip.gp and Lip1o (Figures S10 and S11). However, the P3 to OP2
transition is completely suppressed, demonstrating the superior struc-
tural reversibility of the Na-O3 phase in the Lig 25 sample. According to
the Na content in the Na-O3 phase determined by the Rietveld refine-
ment (~Nag g, Table S4), the Na occupancy in the Na layer does not
change significantly as a function of Li content between Lig 10-Lig.30.
Similarly, the lattice parameters of the Na-O3 phase change by less than
0.2 % between Lig 19 and Lig »5. This suggests the Na-O3 phases in Lig 19
and Lip s are largely similar, so the difference in their phase trans-
formation results from the presence of the Li-O’3 phase.
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Fig. 7. Contour map of operando XRD data and the corresponding voltage profile obtained during the first cycle of Lip oo and Lig 2s. Blank range data omitted due to

X-ray source instability.

In Lig 25, the Li-O’3 phase undergoes no expansion or contraction of
the interlayer distance as shown by the static position of the (001) peak
(Fig. 7), which suggests little or no Li deintercalation occurs in this
phase. However, there is a notable shift of the (111) and (20—2) peaks of
the Li-O’3 phase to larger angles indicating a smaller value of the a
lattice parameter. Given the intergrowth of the Na-O3 and Li-O’3 phases
observed by HR-TEM, this peak shift could arise as a result of the me-
chanical coupling with the Na-O3 phase. As a result of their shared
interface, the chemomechanical interaction between Na-O3 and Li-O’3
could suppress layer gliding necessary for the P3 to OP2 transition to
occur. The strain energy associated with the interface interaction could
shift the potential necessary to extract an equivalent amount of Na* to
higher voltage, which might also contribute to the observed reduction in
charge and discharge capacity at higher Li contents. Further, more
frequent interfaces between the two phases would increase the average
strength of the interface interaction. Consequently, greater quantities of
the Li-O’3 phase within the Na-O3 matrix (as are observed at higher Li
contents) would be expected to have a stronger stabilizing effect.
Therefore, we conclude that mechanical reinforcement of the Li-O’3
phase can explain the superior stability of the Lig 25 electrode in the first
few cycles. The enrichment of the Na-O3 phase with Mn (Fig. 4d) and

stronger cation ordering (Fig. 1) could be additional contributing factors
to the suppression of the P3—OP2 transformation. Nonetheless, the issue
of the parasitic side reaction remains.

2.2.3. Parasitic side reaction and local alkali environment evolution

The change of the individual alkali ion environment could reflect
which environments are associated with the irreversible charge capacity
of the side reactions. We collected ex situ ssNMR spectra of 2*Na and "Li
from Lig 25 at various states of charge to investigate their response to
different states of charge (Fig. 8). The broad resonance associated with
Na near paramagnetic TM ions in the Na-O3/P3 phases is suppressed by
charging to 3V or greater. The intensity reduction and shift of this
resonance can be explained by the deintercalation of Na, the higher Na™
mobility in the P-type structure, and the changing oxidation states of the
TM elements (especially Ni) that will have fewer unpaired electrons to
generate the paramagnetic interaction. The diamagnetic feature asso-
ciated with the Na residues is also active during charge and discharge.
These species may decompose at 4 V or greater based on the reduced
intensity of the diamagnetic peak near O ppm but reappear after
discharge to 2.7 V. The presence of the diamagnetic peak in the 2>Na
spectrum at the 2.7 V discharged state suggests the formation of
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Fig. 8. Voltage-dependent changes in the alkali ion environment of Lig 5 sample depicted through ssNMR spectra a) >>Na and b) ’Li.

cathode-electrolyte interphase (CEI) somewhere below 4V is not
entirely stable at 4 V and above. The peak position of the main reso-
nance in the “Li ssNMR shifts from 1050 ppm in the pristine electrode to
480 ppm at 4.2 V. This may reflect the in-plane contraction observed in
the operando XRD altering the bond lengths and angles. However, the
normalized total intensity reflects a relatively small change during
charging (-2.6 % at 4V, —17.3% at 4.2V compared to pristine,
normalized to the sample mass), which suggests the majority of Li re-
mains intercalated. The connected nature of the Na-O3 and Li-O’3
phases might allow for mobile Lit to migrate between the layered
structures when the vacancy concentration in the Na-O3 phase becomes
significant, which could further facilitate the stability of the P3 phase
against the OP2 transition without requiring redox contribution from
the Li-O’3 phase. This could further contribute to the shift of the reso-
nance associated with Li in the alkali layer. During discharge, the main
resonance partially reverses its position to 840 ppm at 2 V, suggesting
some permanent distortion of the Li environment. At 4V and 4.2V,
there is a substantial diamagnetic component (2.0 % and 7.6 % of the
integrated intensity, respectively) to the “Li ssNMR near O ppm that is
characteristic of Li environments with no unpaired electrons, such as
Li»0, LiyCOs, or LiF. This suggests the participation of Li in surface
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reactions that compose the CEI at high voltage. The small change of the
normalized intensity between the 4.2V charged state and 2V dis-
charged state and absence of the diamagnetic component suggests that
the CEl is not stable, and the Li is not reintercalated, since the associated
signal disappears during discharge. In any case, the ’Li NMR indicates
that the Li-O’3 phase is not inert against the electrolyte (1 M NaPFg in
propylene carbonate) at 4 V or greater and must be a contributing factor
to the side-reaction. Given the increasing rate of the side-reaction with
increasing Li-content, the Li-O’3 phase must play a significant role in the
worse Coulombic efficiency of the high Li content samples. The onset of
higher static leakage current around 3.6 V in the Lip 39 sample may then
be associated with the decomposition of the CEI and subsequent elec-
trolyte reaction. The long-term cycling stability of the electrodes is
dominated by this effect (Fig. 9a). The capacity retentions correlate
closely with the average coulombic efficiencies (over 500 cycles), which
decrease monotonically with the Li content from 99.78 % to 99.13 %
between Lig g9 and Lig 3.

2.2.4. Surface protection by atomic layer deposition
Considering the surface reactivity as the limiting factor in the per-
formance of the higher Li content electrodes, we evaluated Lig o and
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Fig. 9. a) % of discharge capacity retention at 100 mA g~ after initial 10 low-rate cycles (shown in Fig. 6d) of the uncoated materials. b) Capacity retention of bare,

ethanol rinsed, and ALD coated Lig g9 and Lig 5.
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Lig.o5 with and without coating of alumina by atomic layer deposition
(ALD). Surface protection provided by coatings of alumina with ALD
have been shown to provide significant benefits in other layered oxide
positive electrode materials for sodium ion batteries [44-47]. Four cy-
cles of exposure to trimethylaluminum (TMA) followed by water were
used to deposit the film, which nominally is expected to have a thickness
of 0.5 nm according to the measured growth per cycle on a silica
reference sample. The presence of Al in the sample after deposition was
confirmed by energy dispersive x-ray spectroscopy.

Direct coating of the pristine Lig 25 powder yielded substantial im-
provements in capacity retention and Coulombic efficiency with the
alumina coating (Figure S12) for short term cycling. The coated sample
retained 94.8 % of its maximum discharge capacity while the bare ma-
terial only maintained 83.6 % after 30 cycles. An average Coulombic
efficiency of 98.9 % over 30 cycles for the coated Lig 25 suggests the
superior stability of the alumina surface compared to 97.3 % for the bare
material. Despite a slightly reduced maximum discharge capacity, 8.2
mAh g’1 less than the bare material, the coated Lig 25 provides more
discharge capacity than the bare material after 23 cycles. However, this
enhanced stability could not be maintained over extended cycling after
an abrupt decrease in Coulombic efficiency and accelerated capacity
fading beyond 30 cycles. This is attributed to the incomplete coverage
and/or finite protection of the surface provided by the coating.
Considering the observed presence of residual sodium species, there may
be regions of the surface that are not protected by the coating. When the
sodium residuals decompose, similar surface degradation processes as in
the bare material may occur.

With this possibility in mind, the effect of preparing the surface prior
to coating with an ethanol rinsing step was evaluated (Fig. 9b). Ethanol
rinsing has previously been shown to remove surface impurities and
improve the air stability [48]. Both ethanol rinsing and ALD coating
(after rinsing) are found to have beneficial effects on the long-term cycle
stability. The capacity retention of the undoped material after 250 cycles
improves from 61.3 % to 70.7 % after ethanol rinsing. The further
coating of the undoped material by ALD results in no significant
improvement in capacity retention (70.7 % at 250 cycles), suggesting
good surface stability in the undoped material. Therefore, the previously
demonstrated structural instability of the undoped material is still the
primary cause of the capacity decay.

Similarly, the cycling stability of the Lip 25 material is substantially
improved in the first 100 cycles by ethanol rinsing. However, the
ethanol rinsed Lij o5 material eventually degrades because of the surface
reaction and exhibits similar capacity retention (55.9 %) as the un-
treated material at 250 cycles. In contrast to the undoped material, the
addition of the ALD coating to the ethanol rinsed Lip 25 material results
in a superior 79.9 % capacity retention at 250 cycles. This aligns with
the previously displayed failure of the unrinsed, ALD coated Lig 25 ma-
terial beyond 30 cycles being caused by the incomplete protection of the
surface caused by the presence of residual sodium species. The ethanol
rinsing allows the surface to be more completely coated, providing su-
perior protection compared to direct coating of the pristine powder.
Therefore, the ALD coating can stabilize the surface of the Lij 55 mate-
rial, while the Na-O3/Li-O’3 intergrowth provides structural stability.
The combined stability of the surface and bulk in ALD coated Lig 25 re-
sults in long term cycling stability.

Overall, we find that Li promotes the reactivity of the surface by
forming an unstable CEI, which is the limiting factor for the cycling
performance of these NFM-Liy materials. However, the addition of Li
provides mechanical reinforcement during cycling via the Na-O3/Li-O’3
intergrowth that can provide stability over the initial cycles. These
intergrowth structures are a valuable tool to prevent detrimental phase
transformations. The combination of inert surface coatings with layered-
layered intergrowth structures is a promising avenue for the continued
development of high-performance positive electrode materials for so-
dium ion batteries.
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3. Conclusions

Systematic variation of Li content in NFM-Liy was conducted to
identify its role in the structural modification and electrochemical per-
formance. Li contents of 0.15 and greater generate a layered/layered Na-
03/Li-0’3 intergrowth structure. XRD and NPD identify that larger
fractions of the Li-O’3 phase and shrinking of both structures unit cells
are promoted by higher Li contents. The NPD suggests ordering of the
transition metal elements, which as EXAFS fitting suggests is associated
with the concentration of Ni and Fe in the Li-O’3 phase. XANES shows no
change of transition metal oxidation states with Li content, which sug-
gests the formation of residual Na or Li compounds. ’Li and >Na ssNMR
identify that when the total solubility for alkali ions in the layered
structure is exceeded, Li continues to form the Li-O’3 phase while the
excess Na forms residual sodium compounds such as NayO. These re-
siduals provide the charge balance to rationalize the XANES results and
may influence the surface reactivity. Higher Li content is associated with
improved capacity retention in the initial cycles but also increases the
rate of parasitic side reactions that harm the Coulombic efficiency.
Operando XRD identified that the capacity retention of Lip s in the
initial cycles results from the superior stability of the mechanically
linked Na-O3/Li-O’3 structure, suppressing the P3 to OP2 transition
seen in the undoped material. A lower Li content of Lig 19 could improve
the reversibility of the P3 to OP2 transformation but not fully suppress it,
which could allow for accumulated irreversible lattice expansion.
HERFD-XANES and XES suggest that the Fe redox mechanism in these
samples and multiple other layered oxides does not occur from a tran-
sition from the 3d° to 3d* electron configuration, but rather through a
shared loss of electron density on the hybridized Fe-O orbitals that does
not change the spin state of Fe. The overall Fe redox activity in the NFM-
Liy materials appears minimal and is therefore not associated with the
capacity decay as it is at higher Fe contents. The increased rate of side
reaction is shown by ex situ 2*Na and "Li ssNMR to be associated with
the instability of the CEI, which is the dominant factor in the long-term
cycling stability. This can be partially mitigated by ALD coating with
alumina after ethanol rinsing, which significantly enhances the capacity
retention and Coulombic efficiency. Overall, we find that the layered/
layered Na-O3/Li-O’3 intergrowth structure is able to provide structural
stability and suppress phase transformation but is overwhelmed by the
increased reactivity of the surface if not protected by the inert ALD
coating. While the low level of Li doping in Lig s provides the best
performance among these materials, further optimization of coatings,
electrolyte formations, the total alkali content, and Na/Li ratio might
maintain the stable intergrowth structure and better protect the surface
by stabilizing the CEI This class of layered/layered intergrowth elec-
trode materials is a promising avenue for the development of high-
performance sodium ion batteries.
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