¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Horizons

View Article Online
View Journal | View Issue

OPINION

Mitigating the P2—-02 phase transition-induced
structural instability in P2-Na,[Ni;;zMn,,3]0, Na-
ion battery cathodes: to dope or not to dope, that
is the questiont
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To achieve high specific capacities in sodium-ion batteries (SIBs) containing P2-type Na,/3[Nij;sMn5,310,
(NNMO) cathodes, researchers have increasingly explored cycling batteries beyond the conventional
2—-4 V voltage range. However, crossing this voltage boundary at either the upper or lower limits causes
phase transitions that result in structural instability. This opinion article primarily focuses on the perfor-
mance of NNMO in the higher voltage region, where P2-0O2 phase transition occurs (>4.2 V vs. Na/
Na*). This transition is accompanied by metal oxide layer gliding and lattice oxygen loss, leading to
structural degradation. Among the various strategies to mitigate this effect, NNMO doping has been
shown to minimize structural degradation and reduce capacity fading to a certain extent. In this opinion
article, we argue that regardless of the doping elements, doped-NNMO does not yield satisfactory
results for practical applications. This raises the question of whether doping NNMO is the right approach
to mitigate structural instability issues during the P2-0O2 phase transition between 2 and 4.5 V. In this

opinion article, we clarify some misconceptions about NNMO doping strategies in mitigating the P2-02
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phase transition. Finally, we discuss a strategy beyond doping that might help address the aforemen-
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Cycling Nay,3[Nii;3Mny,3]10, beyond 4 V

Rechargeable lithium-ion batteries (LIBs) used in battery-
powered electric vehicles (EVs) and grid-scale energy storage
face a significant supply chain hurdle involving critical materi-
als and elements such as graphite, lithium, cobalt, and nickel
used in these batteries. The sourcing of these elements from
foreign countries, often fraught with geopolitical risks, raises
concerns beyond mere technological consideration. A straight-
forward solution to mitigate supply chain challenges is to
recycle LIBs at the end of their service life. However, so far,
only x30% of cathode materials can be successfully recovered
from recycling LIB slurry electrodes.” A promising alternative
solution is to explore battery technologies that do not rely
heavily on critical elements. In this respect, rechargeable
sodium-ion batteries (SIBs) have emerged as a transformative
energy storage technology, relying on the remarkable abun-
dance and uniform geographic distribution of sodium
resources, which promise to revolutionize sustainable battery
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development. For this purpose, several SIB companies across
the globe, including CATL (China), Faradion (U.K.), Altris
(Sweden), Northvolt (Sweden), Natron Energy (U.S.), and TIA-
MAT (France) are already developing commercial SIBs. How-
ever, most of these companies only focus on electrode materials
such as hard carbon as the anode (capacity: 200-300 mA h g™ %),
Prussian white/blue (capacity: 160 mA h g~ '), O3-type layered
oxide (capacity: 164 mA h g™ "), and Na;V,(PO4),F; (97 mAh g™ )
as the cathodes. To transcend the current limitations of energy
density of SIBs, diverse electrode materials that outperform
existing commercialization technology need to be explored.
One such material is a P2-type Na,[Ni;;3Mn,/;]O, (abbreviated
NNMO) cathode, which has a theoretical capacity in the range
173-259 mA h g~ *, depending on the value of x. Specifically, P2-
NNMO demonstrates remarkable electrochemical versatility as
it can deliver a theoretical gravimetric capacity of 173 mAh g™*
in the voltage window between 2 and 4.5 V vs. Na/Na',
when 2/3 Na is reversibly intercalated in combination with
Ni**/Ni*" oxidation/reduction. P2-NNMO can even deliver a
theoretical gravimetric capacity of 259 mA h g~ ' in the voltage
window between ~1.3 and 4.5 V vs. Na/Na", when an additional
1/3 Na is reversibly intercalated. This elevated performance also
stems from involving the Mn>*/Mn** oxidation/reduction reac-
tion between 1.3 and 2 V, in addition to the (de)intercalation of

This journal is © The Royal Society of Chemistry 2025
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(a) Cyclic voltammograms (CVs) of NNMO cycled in the 2-4 V window, (b) the corresponding galvanostatic cycling at 10C. (c) CVs of NNMO

cycled at a higher voltage range of 2—-4.5V, (d) the corresponding galvanostatic cycling at 10C. (e) CVs of NNMO cycled in the region 1.3-4 V, (f) the
corresponding galvanostatic cycling at 2C, and (g) long-term stability of NNMO cycled at different voltage ranges.
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2/3 Na via Ni*'/Ni*" oxidation/reduction between 2 and 4.5 V.
Practically, NNMO only cycles well in the voltage window
between 2 and 4 V, where it delivers a relatively small capacity
of 86 mA h ¢! when 1/3 Na is reversibly intercalated in
combination with Ni**/Ni*" oxidation/reduction. When NNMO
is cycled at high voltage, it suffers from structural degradation
during the P2-O2 phase transition occurring around 4.2 V. The
degradation of this material results in rapid capacity fading
within the first 10 cycles. Furthermore, expanding the operat-
ing voltage range below 2 V also results in poor cycling stability,
possibly due to the Jahn-Teller distortion of Mn>". This distor-
tion lowers the energy of the system and increases its degen-
eracy by elongating or compressing some bonds around the
Jahn-Teller active elements.?

To optimize NNMO cathode performance, researchers have
undertaken diverse strategies to mitigate the P2-O2 phase
transition. Among these approaches, elemental doping has
emerged as a compelling strategy, demonstrating potential
for structural stabilization. However, despite the incremental
progress, the performance of most doped NNMO does not meet
the requirements for practical applications, such as a mini-
mum lifespan of 1000 cycles. These demanding applications
include portable electronics, electric vehicles, renewable energy
storage, and grid storage. Indeed, one of the best cycle life
values reported in the literature for doped NNMO (doping some
Mn atoms with Fe atoms) operating between 2 and 4.5 V is only
300 cycles at 5C, with 85% capacity retention.” It is noteworthy
that our research team attempted to reproduce these 300 cycles
in Fe-doped NNMO with no success. So far, the community has
struggled to demonstrate even 100 well-reproducible cycles in
doped NNMO cycled between 2 and 4.5 V. For example, Zhang
et al. reported 100 stable cycles in doped NNMO (substituting
some Ni atoms with Fe atoms) operating between 2 and 4.2 V.*
Our research team successfully reproduced their cell perfor-
mance between 2 and 4.2 V. However, when we cycled the
doped NNMO between 2 and 4.5 V, the cell suffered from a
severe capacity loss within the first 10 cycles. On the other
hand, Jiang et al. reported 100 stable cycles in doped NNMO
(substituting some Ni atoms with Al atoms) operating between
2 and 4.3 V with 73% capacity retention.” Regardless of the
doping element, doped-NNMO does not yield satisfactory
results for practical applications. This raises the question of
whether doping NNMO is an effective approach to mitigate
issues related to material degradation at high voltages. This
opinion article aims to comprehensively analyze the strategies
of doping NNMO, outline the limitations of this approach, and
propose a solution beyond doping for mitigating the phase
transition issues.

P2-02 transition in Na,3[Ni;zMn,5]0,

Na' can be reversibly intercalated in various P2 and O3 layered
transition metal oxides (TMO) such as Na,FeO,, Na,MnO,,
Na,VO,, Na,Co0,, and Na,[Ni;;3Mn,;3]0,, in which Na atoms
reside in the trigonal prismatic (P) or octahedral (O) sites. The
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main difference between P2 and O3 structures lies within the
number of TMO layers in the unit cell, represented by the
number 2 or 3. In addition, these structures contain oxygen
stacking sequences of ABBA for the P2-type and ABCABC for the
03-type.® The weak repulsive forces between the neighboring
TMO layers enable various amounts (x) of sodium to be stored
(0 < x < 1). Lee et al. demonstrated that the formation energy
of the P2 phase is the lowest in the region 1/3 < x < 2/3, while
upon removing all Na ions (x = 0), the O2 phase is more stable.
When 0 < x < 1/3, both P2 and O2 phases coexist, leading to a
long plateau at around 4.22 V.

Fig. 1a shows 10 successive and stable cyclic voltammo-
grams (CVs) of NNMO, which are recorded between 2 and 4 V
vs. Na/Na" with the corresponding plot of the first 20 galvano-
static cycles shown in Fig. 1b. The two pairs of redox peaks from
the CVs and the corresponding two pairs of plateaus from the
galvanostatic plots are associated with the reversible storage of
1/3 Na via Ni**/Ni** redox, which yields a theoretical capacity of
86 mA h g~ . The extraction/intercalation of Na is accompanied
by Na'/vacancy ordering transitions at various Na stoichiome-
tries due to the repulsive Na'-Na' forces. This reordering
explains the presence of two pairs of redox peaks from the CV
between 2 and 4 V, instead of one, for the Ni**/Ni*" redox. It
also justifies the corresponding voltage steps in the galvano-
static cycling curves between 2 and 4 V. On the other hand,
Fig. 1c shows 10 rapidly decaying CVs of NNMO cycled between
2 and 4.5 V, with the corresponding plot of the first 20
galvanostatic cycles shown in Fig. 1d. There is an additional
redox peak between 4 and 4.5 V observable in the CV, and a new
plateau in the galvanostatic curve. This additional peak/plateau
is associated with the reversible storage of the remaining 1/3 Na
via Ni**/Ni*" redox, yielding an additional theoretical capacity
of 86 mA h ¢~ and a total capacity of 173 mA h g~ ' between 2
and 4.5 V. Furthermore, NNMO cycled in the voltage window
1.3-4 V (where it delivers a theoretical capacity of 1773 mAh g *
via Mn**/Mn*" and Ni**/Ni** redox) showed a significantly
slower capacity fading, as evidenced from the CVs and galvano-
static data shown in Fig. 1e and f, respectively. Finally, the red
curve in Fig. 1g shows the excellent long-term stability and
coulombic efficiency of NNMO cycled between 2 and 4 V,
where we demonstrated 1000 cycles at 5C (current density
432.5 mA g~ ') with 76% capacity retention. In contrast, when
cycled between 2 and 4.5 V, the initial capacity is relatively high
(~117 mA h g~ "), but the cell decays rapidly within the first 10
cycles and dies after 100 cycles, as shown by the blue curve in
Fig. 1g. This premature cell death is a direct consequence of
material degradation during the P2-O2 phase transition, a
phenomenon initially elucidated through in situ X-ray diffrac-
tion experiments conducted by Dahn and his co-worker.® A
graphical representation of P2/02 NNMO chemical structures is
shown at the unit cell level in Fig. 2a and b. The transition from
P2 to O2 is accompanied by the sliding of oxygen layers in
the unit cell, changing the stacking sequence from ABBA to
ABAC and reducing the interlayer distance, leading to x20%
volume change. Identifying the primary mechanism underlying
the capacity degradation is critically important, as such

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Chemical structures of (a) P2 and (b) O2 phases of Na,[Niy;3Mn,,3]O0,. (c) SEM image of P2-NNMO particles, and (d) schematic illustration of the layered
structure after cycling at high voltage showing the formation of cracks and crystal-plane buckling. (c) and (d) Were reproduced with permission from Elsevier.®

fundamental insights will enable the strategic development of
targeted mitigation protocols. At the NNMO particle level
(Fig. 2c and d), Jiang et al. demonstrated that the transition
from P2 to O2 is accompanied by intergranular fracture of
NNMO particles, which impedes Na extraction/insertion, result-
ing in rapid capacity fading within the first couple of cycles.
This research team showed that fractured NNMO particles
(Fig. 2c) can still be (de)sodiated but at a higher overpotential,
which suggests that capacity fading is primarily caused by the
difficulty of inserting/removing Na in/from these fracture par-
ticles. In other words, the oxygen evolution often observed in
NNMO cycled at a high voltage might not be the primary cause
of capacity fading.

Controversy on the charge storage
mechanism in P2-NNMO

In the voltage range of 2-4 V, one would anticipate the
appearance of a single pair of redox peaks in the CV and one

This journal is © The Royal Society of Chemistry 2025

plateau in the galvanostatic curves due to Ni**/Ni** redox that is
associated with the (de)intercalation of 1/3 of Na in/from
NNMO. However, the CV of NNMO reveals two prominent pairs
of redox peaks centered around 3.3 and 3.7 V vs. Na/Na', and
two characteristic plateaus in the galvanostatic curves. The
origin of these two pairs of redox peaks has been controversial.
Some researchers attribute their presence to the Ni**/Ni**
redox and Na'/vacancy ordering,””° while others assign them
to Ni**/Ni*" (for the 1st pair of redox peaks centered around
3.3 Vvs. Na/Na¥), and Ni**/Ni*" (for the 2nd pair of redox peaks
centered around 3.7 Vvs. Na/Na*)."®"! In this section, we aim to
clarify why we believe that the two pairs of redox peaks are
intricately linked to Ni**/Ni*" in combination with Na*/vacancy
ordering, while Ni**/Ni*" exists only at a higher voltage.

The 1st pair of redox peaks initially emerges at a lower
voltage (3.3 Vvs. Na/Na") upon the (de)intercalation of 1/6 of Na
atoms in combination with partial Ni**/Ni** redox. However,
due to Na'/vacancy ordering occurring during the process, it
becomes more difficult to further (de)intercalate Na at this
voltage (3.3 V vs. Na/Na'), causing further (de)intercalation of

Mater. Horiz., 2025, 12, 7636-7647 | 7639
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Na to take place at a relatively higher voltage (3.7 V vs. Na/Na").
This gives rise to the 2nd pair of redox peaks during the
(de)intercalation of the remaining 1/6 of Na and full Ni**/Ni**
redox. Na‘/vacancy ordering is prevalent in P2-type layered
oxides containing more than one transition metal (TM), parti-
cularly when the Fermi levels of these TMs are closely
aligned.">"'® However, when TM Fermi levels are different, the
electronic delocalization and Na'/vacancy ordering are broken.
This inhibition results in better Na" mobility and a single
plateau on the charge/discharge curves (or a single pair of
redox peaks on the CV). Thus, the presence or absence of
ordered intermediate phases directly influences whether steps
in the voltage profiles appear. Wang et al. have modified the
structure of NNMO via Ti doping, as Ti has a significantly
different Fermi level than Mn, leading to the disappearance of
Na'/vacancy ordering and its associated step in the voltage
plateau along with obtaining a featureless CV."* Additionally,
Lee et al. have demonstrated the appearance and disappear-
ance of the 20 peaks between 7 and 8° during NNMO cycling
(# = 0.413 A), as they were ascribed to Na'/vacancy super-
structure ordering, as shown in Fig. 3a.” To explain the voltage
step associated with Na rearrangements shown in Fig. 3b, let us
consider the progression of Na content during cycling, as
shown in eqn (1), where two major intermediate phases can
be identified at approximately 3.3 and 3.7 V."*

) Na33V ]
NagNlan202 — NalNlan202
3 3 3 2 3 3
INa37v )
— NalNllMIl202 (1)
33 3
INa 42 v

3 — Nian202
3 3

In pristine NNMO, 2/3 Na occupies two types of trigonal
prismatic sites: the face-sharing sites (Na;) and the edge-
sharing sites (Na.) relative to the TMOg octahedrons. The
arrangement of Na ions within these sites occurs in a way that
minimizes the electrostatic repulsion and stabilizes the struc-
ture. Notably, Meng et al. have identified a unique pattern
where Nay forms a “large zigzag” (LZZ) configuration with the
distance between Na; ions equivalent to 2ay., Fig. 3c.”® During
charging, the first step involves the removal of 1/6 of Na ions
and the oxidation of 1/6 of Ni*" ions. The remaining 1/2 Na ions
then rearrange in alternating rows, with each Nas row posi-
tioned between two Na. rows. Simultaneously, an intermediate
phase Na, ,Ni;;3Mn,/;30, forms, characterized by a voltage step
at 3.3 V, Fig. 3b. The subsequent transition follows a similar
trend, leaving 1/3 Na ions in the structure while achieving
complete oxidation of Ni** to Ni**. Here, Na rearranges into
rows occupying either Nas or Na, sites, giving rise to Na, ;3Niy3-
Mn,,;0, and a second voltage step at 3.7 V. At this stage, the
obtained capacity is about 86 mA h g™, while an additional 86
mA h g~" can be attained when NNMO is cycled up to 4.5 V.
During this final stage, the remaining 1/3 Na ions are removed,
accompanied by the complete oxidation of Ni** to Ni*",

7640 | Mater. Horiz., 2025,12, 7636-7647
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Current doping strategies to overcome
issues related to the P2-02 transition

In recent years, significant efforts have been made to develop
strategies to mitigate the detrimental P2-O2 phase transition
and cathode-electrolyte side reactions at high voltage. Strate-
gies such as elemental doping (with a transition metal, alkaline
earth metal, or alkali metal), coating the surface of cathode
particles, selecting the right type of binder, etc., have been
reported in numerous articles.'®*° Among them, elemental
doping is the most extensively explored strategy to cycle NNMO
beyond the 2-4 V limit. One of the primary objectives of this
approach is to stabilize the P2 structure and break the afore-
mentioned Na'/vacancy ordering. This is achieved by introdu-
cing foreign transition metal elements with similar ionic radii
but different Fermi levels into the TM layers of NNMO.*°
Recently, the scope of elemental doping has been expanded
to encompass the partial replacement of Na ions in NNMO.>"
Moreover, a multi-ion doping strategy has emerged to further
enhance NNMO stabilization. This approach not only synergis-
tically combines the positive effect of single-ion doping but also
introduces additional cooperative behavior."”'® Fig. 4a pro-
vides a concise overview of the elements used in NNMO doping.
Despite the shared objective of these strategies in stabilizing
the P2 structure, the underlying mechanisms diverge based on
the specific elements and their doping location. This section
will highlight some of the key achievements while also discuss-
ing their effectiveness and limitations.

Na site doping

In this strategy, some Na atoms are substituted by alkali or
alkaline earth metals, as illustrated in Fig. 4a (blue). Strategies
to unlock NNMO’s full capacity and cycle life include prohibit-
ing the participation of oxygen anions in the charge transfer
process and increasing the sodium content in the material.
Given that the P2-O2 phase transition occurs when the sodium
content falls below 33 at%, a promising methodology involves
synthesizing cathode materials with inherently high sodium
content. Such an approach could potentially expand the work-
ing potential window beyond 4 V without breaching the critical
33 at% critical limit. In a notable study, Ma et al. prepared a
high Na-content and TM-deficient P2-Nag 7gNip 23Mng 690, that
exhibited a commendable reversible capacity of 138 mA h g™*
while maintaining structure integrity when cycled between 2
and 4.5 V.'* The charge compensation primarily relied on the
redox couple Ni**/Ni**, with no significant contribution from
Mn** within the bulk of the material. However, their in-depth
characterization revealed the presence of trace amounts of
Mn>*" and an oxidation state gradient of the TM species from
the surface to the bulk of the cycled particle. This gradient is
closely associated with the formation of oxygen vacancies at the
particles’ surface. The surface densification as a result of the
generated oxygen vacancies has been visualized in NNMO by
means of high-resolution microscopy.* We believe that if this
work included a quantitative measurement of the Na content
above 4 V, it would give better insight into the importance of

This journal is © The Royal Society of Chemistry 2025
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superstructure ordering. Reproduced with permission from the Royal Society of Chemistry.” (b) Charge/discharge profile of NNMO showing the two
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Reproduced with permission from the American Association for the Advancement of Science.*?
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(a) Periodic table summarizing the elements that can be doped into NNMO. (b) Comparison of cycling performance for modified NNMO

electrodes based on Ni site doping (orange), Mn site doping (magenta), Na site doping (blue), and multi-ion doping (green). Industrial targets of achieving

80% nominal capacity in 15 min are indicated by dashed black (138 mA h g~

higher sodium content at high voltage in cathode materials. In
addition, a higher number of cycles needed to be presented to
indicate the long-term stability of this material.

Instead of attempting to suppress the phase transition,
Wang et al used an alternative strategy by doping the
alkali ion layer with K ions.>® They synthesized O-P2
Ko.4[Niy ,Mn, ]O, considering that K ions would not participate
in the charge transfer process during cycling and would instead
stay in the alkali ion layer permanently. The presence of K ions
supported the transition metal layer when sodium was almost
completely extracted, bypassing the 33% Na content limit.
During cycling, this cathode became sodiated reaching the
formula K, gNajy_¢.74[Nip 2Mn, g]O, and transitioning between
four states. Some of the leached K ions formed KPFg¢ in the
electrolyte, while others were deposited on the anode. When
cycled between 1.5 and 4.2 V, this material delivered a capacity
of 194 mA h g " at 0.1C and retained 86% of its capacity after
500 cycles at 1C. Their detailed examination revealed that the
anions in the cathode did not participate in any electrochemi-
cal processes. Although this study provided an alternative route
to increase NNMO capacity, when cycled up to 4.5 V, the
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%) and dashed purple (692 mA g~ lines, respectively.

structure collapsed. In addition, cycling this type of material below
2 V led to Jahn-Teller distortions in the MnOg polyhedra, demon-
strated in this study by the presence of two different Mn-O bond
lengths. From our experience, the structural degradation due to the
Jahn-Teller distortions is slower than the one due to P2-O2
transitions, as has been demonstrated previously in Fig. 1e and f.

The idea of alkali metal ion doping is extended to include
the formation of a protective coating around K-doped-NNMO
particles. The K ionic radius is larger than Na ionic radius, thus
promoting Na ion diffusion and increasing the rate perfor-
mance of the doped material. Coupling that with their stabiliz-
ing effects, protective coating solutions present a new frontier
for enhancing the overall cathode performance. The P2-
Nay 67[Nig.»5Mn, 75]O, layered oxide cathode material has been
doped with K as well as coated with a birnessite-like K,Mn,Og
film formed in situ.>*> This cathode demonstrated a specific
capacity of ~124 mA h g~ when cycled at 5C in the voltage
window 1.5-4 V with a 90.1% capacity retention after 100 cycles.
Since the material was cycled below 2 V, we always recommend
probing the formation of Mn®" and the possible changes in the
Na/Ni/Mn content at different states of charge.

This journal is © The Royal Society of Chemistry 2025
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Other works include the substitution of some sodium and
oxygen anions with Ca ions and F ions, respectively, to help
stabilize the layered structure at high voltages.”® When P2-
Nag.67xCay[Nig33Mng ¢,]0, 2, Fpr was cycled at low current
rates in the voltage range of 2-4.3 V, an obvious decay in the
capacity was observed. When cycled at 10C, it delivered a
capacity of ~49 mA h g~', which was significantly lower than
the expected capacity of NNMO cycled at this rate. Even when
cycled at 1C for an extended period (500 cycles), the material
did not demonstrate any significant increase in the capacity
compared to the numbers reported for undoped NNMO. Li has
also been used to substitute Na in several reports, where
the inclusion of Li mitigated the phase transition, allowing a
high-capacity Na-containing cathode.>* Although many reports
have demonstrated the inclusion of Li atoms within the TMO
layer (replacing Mn or Ni), an in-depth study on Na,[Nij -
Lip1oMng 66]O, showed that Na/Li ions diffuse between the
layers at different stages of (dis)charge.>® Here, “Li solid-sate
NMR revealed the presence of a large number of Li resonances
assigned to various sites in the TMO layers and in the interlayer
space with no evidence for TMO layer gliding below 4.4 V. These
Li ions migrated reversibly from the TMO layers to the inter-
layer space at high voltage. Despite the impressive performance
of such cathode materials, the idea of including Li in the
synthesis contradicts the purpose of developing SIBs to avoid
the geopolitical risks associated with the Li metal. The cycling
performance of selected Na-doped NNMO is summarized in
blue in Fig. 4b, a graph that juxtaposes the cycling performance
using key metrics, including initial reversible capacity, rate
capability, and cycle life. One can conclude that K ions are
the most suitable for substituting Na in a NNMO layered
structure. K doping has been shown to successfully increase
the specific capacity and cycling stability of NNMO via post-
poning the P2-0O2 phase transition.

Ni site doping

To date, various types of alkali metals, alkaline earth metals,
and transition metals have been investigated as NNMO dopants
to replace Ni atoms, as summarized in Fig. 4a (orange). For
instance, Ni has been partially substituted with Li to make
cathode materials such as Nag g[Nig 2,Lio 12Mng 6602, where Li
migrates to Na sites when charged at high voltage and effec-
tively prevents the undesirable layer gliding, delivering a rever-
sible capacity of about 115 mA h ¢! up to 50 stable cycles,
when cycled between 2 and 4.4 V vs. Na/Na".>® Substituting
some Ni atoms with Mg can trigger the reversible P2-OP4 phase
transition, where the OP4 phase is an intergrowth of P2 and 02,
thus mitigating the capacity decay to some extent.>”*® For
example, the Nag 6,[Nip,Mgo1Mn,,]O, system having a rever-
sible P2-OP4 transformation delivered ~120 mA h g~ for
50 cycles, when cycled between 2 and 4.5 V.*’ Interestingly,
the mobility of Na ions measured by the galvanostatic inter-
mittent titration technique (GITT) showed 2 orders of magni-
tude improvement compared to the undoped NNMO. This
enhanced performance was justified by the fact that part of
the Ni atoms are replaced by larger Mg atoms, leading to an

This journal is © The Royal Society of Chemistry 2025
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enhanced interlayer spacing.”® Zn and Al have also been used to
substitute Ni atoms such as in Nag es[Nig.26ZN0.0,MNg 6,]05>°
and Nag ¢[Nig Al 11Mng 66]0,,>" respectively, which improved
their cycling stability. For example, a capacity retention of
~102 mA h g after 200 cycles has been demonstrated in
Nay ¢[Nig 22Alp 1M, ¢6]O, when cycled between 2 and 4.3 V.**
In the above examples, dopant atoms are electrochemically
inactive, thus sacrificing the capacity. Doping NNMO with
electrochemically active atoms has also been proposed. Among
them, Cu and Fe dopants exhibit a comparable reversible
P2-OP4 transition as with the case of Mg discussed earlier.
Maintaining a Cu concentration threshold of approximately
20% (i.e., Nag ¢,[Nip1Cuy,Mn, 5]O,) ensures the persistence of
the P2 structure across the entire voltage range without under-
going the OP4 phase, yielding a capacity of ~104 mAh g~ after
50 cycles in the voltage range between 2 and 4.5 V.**™*
Substituting Ni atoms with Co in Nag 45[Nig»,C011Mng 66]0>
can expand the interlayer spacing and enhance the
electronic conductivity, leading to a high reversible capacity
of #119 mA h g~ after 100 cycles between 2.1 and 4.3 V.** The
cycling performance of selected Ni-doped NNMO is summar-
ized in orange in Fig. 4b.

Mn site doping

In this strategy, a fraction of Mn atoms is substituted by a
variety of elements, such as Sn and Sb, as illustrated in Fig. 4a
(pink). Ti doping in Naje,[Nig33Mng 5Tip17]0, was used to
mitigate the volume change associated with P2-O2 transition
from >20% to ~12%, yielding a capacity of ~112 mA h g~*
after 20 cycles when cycled between 2.5 and 4.5 V.*® Fe-doped
NNMO, such as in Nag ;[Nig 33Mn 55Fe 05]O, delivered a capa-
city of ~80 mA h g~ ' after 300 cycles at 5C when cycled between
2.2 and 4.4 V.> Sn doping in Nag ¢,[Nig33Mng 635N0.04]0, takes
advantage of the strong Sn-O bond to suppress the gliding of
TMO layers, yielding a high initial capacity of ~138 mA h g~*
when cycled between 2 and 4.3 V, but this capacity dropped
to ~78 mA h g~ after 100 cycles (x~57% retention).>” The
cycling performance of selected Mn-doped NNMO is summar-
ized in Fig. 4b,>?7"® where it is seen that the rate performance
is generally better compared to Ni-doped NNMO. However,
cycle life above 300 cycles is hardly achieved.

Multi-ion doping

Multi-ion doping combines the advantages of single-element
doping introduced above in one cathode material. For instance,
Nayg 67[Nig.25Mgo.083Mng 55Tig 117]O0, takes advantage of substi-
tuting some Na atoms with Mg to break the Na'/vacancy
ordering while partially substituting Mn atoms with Ti to
suppress the “delocalization” of Mn-O layers.*® It should be
noted that in this case, Mg will first occupy Ni sites prior to
diffusing to Na sites at a higher concentration. The resulting
structure delivered ~90 mA h g~* after 100 cycles when cycled
between 3 and 4.4 V. Similarly, by doping NNMO via the partial
substitution of Na and O, Nag,Cag.03[Nig.33Mng.67]01.94F0.06
can deliver ~75 mA h g~ " after 500 cycles when cycled between
2 and 4.3 V, as discussed in the previous section.>® Doping with
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more than one element to replace Mn atoms has also been
explored. For instance, Nay ¢,[Nig33Mng 57Cug05M0g.05]O0, uti-
lizes Cu to mitigate issues related to P2-O2 transition
and Mo to inhibit Na*/vacancy ordering, delivering a capacity
of ~125 mA h g after 100 cycles when cycled between 2 and
4.5 V.>® The cycling performance of selected multi-site
doped NNMO is presented in Fig. 4b in green.?*?*3%40
It can be seen that multi-ion doped NNMO generally
exhibits superior rate performance and cycle life compared to
the single-ion doped ones. Notably, some of them (ie.,
Nay.62Ko.05[Nip.17Mg0.11Z1¢ 0sMNg 67]0,) can achieve the tar-
geted 1000 cycles with 80% capacity retention, but with a
lowered capacity than anticipated.

As discussed previously, Na-site doping has the advantage of
boosting Na" diffusion, leading to better rate performance (i.e.,
in the case of doping with K), while some dopants (e.g., Li) may
raise concerns as a critical element. Transition metal layer
doping in Ni and Mn sites has the advantage of offering a wide
selection of dopants, as shown in Fig. 4a. However, some of
these doping strategies bring a trade-off with lowered capacity
due to their electrochemical inactivity. Lastly, multi-ion doping
brings together the advantages of each single-site doping while
introducing additional synergetic benefits, resulting in their
generally improved performance as shown in Fig. 4b. Despite
these advancements, significant performance gaps persist with
the current state-of-the-art doping strategies, limiting their
comprehensive effectiveness and potential for widespread
application.

To summarize, elemental doping has been extensively inves-
tigated as a strategy to mitigate the P2-O2 phase transition that
limits high-voltage operation (>4.2 V vs. Na/Na'). Various
doping methods, including those involving Na, Ni, and Mn
sites, as well as multi-ion doping, have demonstrated the
potential to enhance cycling stability and capacity by suppres-
sing this transition. Na-site doping aims to stabilize the struc-
ture at higher voltages by maintaining high sodium content or
incorporating alkali-metal ions, while Ni-site doping utilizes
substituent ions to enhance structural integrity or improve
Na' mobility, often at the cost of capacity. Mn-site doping
focuses on suppressing volume change and layer gliding to
improve rate performance, but capacity retention can be a
concern. Multi-ion doping seeks to synergistically integrate
the benefits of these individual approaches, usually demon-
strating improved overall performance by targeting multiple
instability mechanisms, yet a balance between capacity and
cycle life remains a key challenge. Despite the progress made
with various doping strategies, further enhancements are still
needed to fully address the performance limitations by the P2—
02 transition for practical application in Na-ion batteries.

Is there another way to mitigate the
phase transition issue?

While phase transition in cathode materials has predominantly
been investigated in periodic bulk systems near equilibrium,
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investigations in nanomaterials remain remarkably limited.
Phase stability of anatase and rutile titania nanoparticles has
been demonstrated to be highly sensitive to particle size. In this
system, below a critical size of around 14 nm, the total free
energy of rutile is higher, and anatase becomes more stable.*!
In a different system, Bia et al. proposed a theory of reaction-
limited intercalation in LiFePO, nanoparticles, where the
model predicted that the suppression of phase separation can
occur above a critical current.*” Furthermore, experimental
observation revealed that as the size of LiFePO, crystals
decreases, the miscibility gap between Li-rich and Li-poor
phases during cycling diminishes significantly.** The mecha-
nism behind this phenomenon has been attributed to the
nanoconfinement of the interphase boundary and the stabili-
zation of the ion concentration gradient near the particle sur-
face. In addition to cathodes, nanostructured anodes have
garnered significant attention for their application in LIBs
due to their superior cycling performance compared to their
bulk counterparts. In our recent study, we investigated the size-
dependent phase transformation pathways in Ag, which we
used as a model alloy anode for LIBs. Our approach combined
CALPHAD-based modeling and experimental studies.** As the
active material particle size (r) decreases, the overall Gibbs free
energy change AGgr increases (Gibbs-Thomson effect), as
shown in eqn (2). Here, y and V,, are the surface energy and
the molar volumes, respectively.

AGGT = ZyVm/r (2)

The increase in AGgr alters the Ag-Li phase equilibria, result-
ing in the emergence of alternative phase transformation path-
ways in the nanostructured electrode material. Our studies
revealed that, while the bulk Ag anode exhibited a voltage
profile during cycling similar to the simulated data, the nano-
porous Ag anode underwent phase transformations accompa-
nied by the formation of a metastable B solid solution phase, as
seen in Fig. 5. Moreover, the nanoporous Ag anode demon-
strated improved mechanical stability during cycling in addi-
tion to the size-dependent Li solubility; both properties are
essential in developing a high-capacity alloy anode.

Despite numerous studies that explore the particle size
dependency on the anode/cathode performance in LIBs, com-
parable investigation for sodium-rich nanostructured cathodes
remains scarce. Therefore, inspired by the aforementioned size
dependency on the anode/cathode performance in LIBs, NNMO
particle size reduction (below a critical value) might lead to a
harmless P2-02 phase transition and better mechanical stabi-
lity of the particles upon cycling at high voltage. Following this
approach to mitigate P2-O2 transition outcomes, Liu et al.
explored the behavior of P2-NNMO porous nanofibers upon
cycling at high (4.5 V) and low (1.5 V) voltage regions.*> The
synthesized nanofibers, which were assembled from smaller
nanoparticles, exhibited both high rate capability and an
enhanced cycle life in the voltage window of 1.5-4 V. Interest-
ingly, when cycled up to 4.5 V, the CV curve and charge/
discharge profiles displayed smoother peaks and plateaus
compared to the bulk material. Additionally, a relatively

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Voltage profiles and the associated phase transformation in (a) and (c) bulk Ag and (b) and (d) nanoporous Ag anodes. The appearance of the
nonequilibrium B solid solution phase in the nanoporous Ag is labelled with the pink star. Reproduced with permission from the American Chemical

Society.**

stable 4.2 V voltage plateau was maintained during cycling,
contributing to the improved cycle life. Although the enhanced
performance has been attributed to the alleviated Na*/vacancy
ordering, other factors also contribute to stabilization. Specifi-
cally, the facilitated Na-ion diffusion and the mitigation of
particle cracking due to size reduction played crucial roles in
maintaining structural integrity. Nanostructuring is expected to
improve the mechanical stability of the particles, rendering
them more ductile rather than brittle. Consequently, reducing
the particle size of NNMO to a certain extent could effectively
mitigate particle cracking. This favorable outcome would facil-
itate rapid Na diffusion kinetics during high-voltage cycling,
resulting in harmless P2-O2 reversible transitions. On the
other hand, there are some disadvantages in using nanomater-
ials in energy storage systems originating from their difficulty
of synthesis, the side reactions that happened due to the high
surface area, increased interfacial resistance, and the reduced
volumetric energy density.’® When it comes to the synthesis of
nano-NNMO, the synthetic conditions might pose challenges in
obtaining the desired phase in the target size range. First, the
synthesis is performed at 800-950 °C in air, this high tempera-
ture range and the presence of oxygen lead to either coarsening

This journal is © The Royal Society of Chemistry 2025

of the particles, or the formation of competing phases (e.g,
spinel Mn;0, or rock-salt NiO). In addition, if the temperature
is not optimized, other phases of NNMO can easily form, such
as the P3 phase. That is why innovative methods need to be
adopted for the precise synthesis of phase pure NNMO
nanoparticles.

Concluding remarks

In summary, this opinion article discusses the widespread use
of doping to address the structural degradation in P2-type Na,,
3[Niy;3Mn, 3]0, (NNMO) cathodes for Na-ion batteries, which
leads to capacity fading when cycled beyond 4 V versus Na/Na®.
We first present experimental data demonstrating the excellent
cycling performance of P2-NNMO within the voltage range of 2—
4 V versus Na/Na'. However, it shows rapid capacity fading
when cycled above 4 V versus Na/Na'. Next, we delve into the
fundamental mechanisms associated with the P2-O2 phase
transition in NNMO, and we also address the ongoing con-
troversy regarding the charge storage mechanism in this mate-
rial. Finally, we review various doping strategies aimed at
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overcoming the issues related to the P2-O2 phase transition,
including Na site doping, Ni site doping, Mn site doping, and
multi-ion doping. While these doping strategies show some
promise in minimizing structural degradation and reducing
capacity fading, the results remain unsatisfactory for practical
applications. Regardless of the doping element used, current
strategies do not fully resolve the material’s degradation during
the P2-02 phase transition. To address these challenges, we
believe that the scientific community should explore alterna-
tives to doping, such as significantly reducing the size of NNMO
through nanostructuring, which may fundamentally suppress
the P2-02 phase transition.
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