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The ever-increasing demand for stationary energy storage has driven the pros-
perous investigation of low-cost sodium ion batteries. The inferior long-term
cycling stability of cathode materials is a significant roadblock toward the
wide commercialization of sodium ion batteries. This study enlightens a path
toward empowering stable sodium ion batteries through incisive diagnostics
of the multiscale surface chemical processes in layered oxide materials (e.g.,
03-NaNi, 3Fe;;3Mn, 30,). The major challenges are unraveled in a promising
sodium layered cathode material using a range of complementary advanced
spectroscopic and imaging diagnostic techniques. It is discovered that the
cathode-electrolyte interfacial reaction triggers transition metal reduction,
heterogeneous surface reconstruction, metal dissolution, and formation of
intragranular nanocracks. These surface chemistry driven processes are partly
responsible for significant performance decay. This diagnostic study also
rationalizes the elemental substitution and surface passivation methods that
are widely applied in the field. The prepassivated and Ti-substituted cathode
materials allow for significantly improved cycling stability by inhibiting the
metal dissolution. Therefore, incisively diagnosing the interfacial chemistry
not only creates scientific insights into understanding sodium cathode
chemistry, but also represents an advance toward establishing universal inter-
facial design principles for all alkali metal ion cathode materials.

1. Introduction

V, and Cr) can be incorporated in cathode
materials that specifically target different
performance metrics such as capacity,
output voltage, energy density, and sta-
bility.? In reality, however, designing
high-performance cathode materials are
challenging due to their inferior practical
capacity and poor high-voltage structural
stability.”"3] Great efforts have been made
to explore better cathode materials, par-
ticularly with the characteristics of low
cost, high energy and voltage, and long
cycle life.! Among these cathode mate-
rials, Fe and Mn containing sodium lay-
ered oxides are among the most attracting
candidates.’) According to Delmas’ clas-
sification, 03—, P2—, P3—types are the
major layered structures depending on
various sodium content and calcina-
tion temperatures.’l Among these mate-
rials, oxide compounds with P2 or O3
phases are regarded as the most prom-
ising cathode materials and the booming
research activities have been witnessed by
the continuously increasing reports.
O3-type sodium containing layered
oxide materials have the same space group

(R3m) as that of lithium containing counterparts. Due to the

larger radius of Na™ relative to that of Li*, sodium layered oxide

Sodium ion batteries have received great attention because of
their potential applications in large-scale energy storage sys-
tems.l!l Many transition metals (e.g., Ni, Co, Cu, Fe, Mn, Ti,

materials exhibit more open structures with spacious 2D ion
diffusion tunnels, thus enabling fast ionic kinetics. However,
unique to sodium layered cathode materials, sodium/vacancy
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ordered structures appear and vanish periodically upon charging
and discharging, leading to multiple voltage plateaus on the
voltage profiles.”] Thus, most reported studies have focused
on exploring new compositions to eliminate these plateaus to
assist the sodium diffusion and subsequently improve battery
performance.”® On the other hand, cathode properties can
also be improved by surface coating, which presumably slows
down the fading process caused by HF attack and enables stable
cycling performance.”) On the basis of cathode surface recon-
struction phenomenon, we developed a conformal layer on the
surfaces of O3-NaNi, ;Fe; 3Mn, 30, particles using a “cocktail’
method, which stabilized the cycling performance at high cur-
rent rates without introducing costly surface coating step.!”!
Despite the improvement of performance through different
strategies, the underlying interfacial chemistry governing the
battery performance still remains unclear and controversial.
For lithium containing layered oxides (e.g., LiNi,Co,Mn;_,_,O,,
LiNi,Co,Al;_,,0,), it has been well documented that the inter-
facial reactions between cathode and electrolyte induced surface
reconstruction,l'] surface oxygen loss to oxidize electrolyte at
high voltages,l'?/ dissolution of transition metals,l'*) and inter/
intragranular cracks!' are the mainly responsible for the per-
formance degradation in lithium ion batteries. However, parallel
efforts for sodium layered oxide materials are sparse.® Particu-
larly, sodium ion batteries are considered as a strong contender
for grid level energy storage due to the great concern of lithium
resources. Meanwhile, the commercialization of sodium ion bat-
teries also calls for more further fundamental studies. There-
fore, we believe that understanding the interfacial chemistry of
sodium layered cathode materials is an essential step toward
unlocking the underlying fading mechanism of sodium batteries,
which is expected to enable rational design of sodium layered
oxide cathode materials that ultimately enriches the knowledge
base of all alkali metal ion batteries and accelerates the commer-
cialization of this technology for broader applications.

Herein, we studied the interfacial chemistry of
03-NaNi, ;3Fe; 3Mn; 30, cathode materials with organic liquid
electrolyte under a range of cycling conditions and subse-
quently identified effective methods to stabilize the interfa-
cial chemistry for enhanced battery performance. By virtue
of spatially resolved and ensemble-averaged spectroscopic
and imaging techniques, we report a domino effect that gov-
erns the stability of sodium cathode materials. The side reac-
tions at cathode—electrolyte interphases induced reduction of
transition metals, heterogeneous surface reconstruction, and
subsequently triggered metal dissolution and intragranular
nanocracks. The dissolved metal cations then migrated to the
electrolyte and interfered the formation of stable cathode-
electrolyte interphases, ultimately undermining the electro-
chemical performance. The formation of nanocracks generated
fresh surfaces that allowed for new cathode—electrolyte side
reactions. Our results inform that synergistically controlling
the oxygen activity at the cathode—electrolyte interphase signi-
fies an important avenue toward higher performing sodium
ion batteries. Finally, with the knowledge from these diagnostic
studies, we rationalized the design principle and obtained more
stable cathode performance by applying prepassivated primary
particles and substitution of electrochemically inactive ele-
ments into the layered cathode materials.

2. Results and Discussion

2.1. Characterization and Battery Performance

The O3-NaNi, ;Fe;;3Mn; 30, cathode material was synthesized
using a modified co-precipitation method.I'"” Figure 1a shows the
X-ray diffraction (XRD) pattern of the O3-NaNi,;Fe;;3Mn; 30,
material, which has a typical O3 layered structure with a
group space of R3m. The Rietveld refinement delivers the lat-
tice parameters of a = b = 2.957 A, and ¢ = 16.14 A. Scanning
electron microscopy (SEM) and scanning transmission elec-
tron microscopy (STEM) images show that the coprecipita-
tion method leads to porous secondary particles consisting of
nanosized primary particles (200-500 nm) (Figure 1b,c), which
makes the material a good candidate for investigating the
intrinsic electrochemical performance without considering the
limitation of electrolyte penetration. The as-synthesized parti-
cles show excellent crystallinity as indicated by the XRD pattern
and the electron diffraction pattern (Figure 1d). We observed
ordered lattice fringes in the bulk of primary particles with a
spacing of =5.35 A between two adjacent transition metal (TM)
layers along the (003) direction as well as defective atomic con-
figuration at the surface (Figure le and Figure Sla, Supporting
Information). Soft X-ray absorption spectroscopy (XAS) is a
powerful technique to analyze the valence state and electronic
configurations particularly at the particle surfaces scale. The
total electron yield (TEY) and fluorescence yield (FY) modes
probe the chemical environment of the surfaces in the depth of
~10 and =50 nm, respectively. It is a widely applied spectroscopy
for the study of cathode—electrolyte interface.l'"1® The valence
states of Ni**, Fe**, and Mn*" in the O3-NaNiy;;Fe;;3Mn; 30,
material were confirmed by the soft XAS in the TEY of the TM
L-edge spectra (Figure 1f), which is consistent with the charge
balance in 03-NaNi, 3Fe; 3Mn; ;0,. Additionally, CO3%" species
(most likely Na,COs3, indicated by the asterisk) was detected at
the particle surfaces (Figure 1g), which is usually inevitable due
to the reaction between basic cathode surfaces and the air (H,0
and CO,)."”l Therefore, the amorphous substance on the par-
ticle surface (Figure 1c and Figure S1b,c, Supporting Informa-
tion) is likely the Na,CO; species as confirmed by the soft XAS
study. LiCO; on the lithium containing layered oxide surfaces
undermined the battery performance,['8! while the influence of
surface Na,COj; species on the battery performance is debat-
able,['”] but it served as a good indicator for studying cathode
surface chemistry (discussed later).

The cells containing the 03-NaNij;;Fe;;3Mn,;30, cathode
material delivered a discharge capacity of 130 mAh g at C/10
(Figure S2a, Supporting Information, 1C is defined as a current
density of 120 mA g ). The nanosized cathode materials allowed
for an excellent rate capability (Figures S2c and S3, Supporting
Information) and are penetrable by electrons for STEM and elec-
tron energy loss spectroscopy (EELS) analysis (discussed later).
The initial discharge capacities reached 123 and 113 mAh g™
when the cells were cycled at C/5 and 1 C, respectively, without
the need of formation cycles at a lower current rate (Figure S2c,
Supporting Information). The initial Coulombic efficiency
was 97% at C/10 (Figure S2b, Supporting Information) and it
gradually increased in the first seven cycles, reaching =99.3%
in the following cycles (Figure S2b, Supporting Information).
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Figure 1. Structural and chemical environments of the pristine O3-NaNi
03-NaNiy 3Fe; 3Mn; 30, material. The inset presents the typical atomic
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173F€13Mny 30, material. a) XRD pattern with the Rietveld refinement of the
configuration of a O3 structure viewed along [010] direction, where the red,

yellow, and blue spheres represent atoms of oxygen, sodium, and transition metals; b) SEM morphology of the O3-NaNi, 3Fe; ;3Mny 30, material;
c) STEM image of a primary particle; d) Electron diffraction of the primary particle; e) STEM image at the particle surface, where the non-uniform contrast

indicates sporadic noncontinuous lattices (i.e., defective surfaces); f) Soft
XAS of O K-edge in the TEY and fluorescence yield (FY) modes. The peak

Meanwhile, the specific discharge capacity faded to 76% of its
initial value after 100 cycles (Figure S2b, Supporting Informa-
tion). Increasing the current density only slightly improved the
cycling stability (Figure S2c, Supporting Information), with
capacity retentions of 79% and 81% at C/5 and 1C, respec-
tively. The capacity at 5C (85 mAh g ') could achieve 65% of
the capacity at C/10 (130 mAh g!) (rate capability at elevated
current density, Figure S3, Supporting Information). Finally,
we found that the capacity fading was accelerated by elevating
operating temperature (Figure S2d, Supporting Information)
with the capacity retentions of 81% and 68% after 100 cycles for
cells cycled at 25 °C and 45 °C, respectively. In conclusion, the
batteries with the nanosized cathode material delivered a com-
parable performance with other reported studies.!'?! Therefore,
the representative O3-NaNi;;;Fe;;3Mn;;30, cathode material
can provide a good platform for investigating the surface fading
mechanism of this family of cathode materials.

XAS of Mn, Fe, and Ni L-edges in the total electron yield (TEY) mode; g) Soft
labeled with an asterisk is associated with the CO5%~ species at the surface.

2.2. Evolution of Cathode-Electrolyte Interfacial Chemistry

The hard X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) of transi-
tion metals are used to probe the oxidation states of transition
metals and their local chemical environments, respectively.
The Ni?*/Ni*" redox center (2.0—-4.3 V) was validated by the Ni
K-edge XANES, indicated by the continuous shift of the rising
edge toward higher energy upon charging (indicated by the
arrow in Figure S4a, Supporting Information), then the oppo-
site shift took place upon discharging (Figure S4b, Supporting
Information). In contrast, there was negligible change for Fe
and Mn K-edge XANES at all states of charge (Figure S4c,d,
Supporting Information). The bond lengths of TM-TM and
TM-0 underwent dynamic and reversible oscillation in the bulk
even after 60 cycles, as represented by the Ni K-edge EXAFS
(Figure S5, Supporting Information). Furthermore, the bulk



phase transformation (similar O3-type composition) in the
voltage range of 2.0-4.0 V only contributes =3% volume change
upon charging and discharging.?% Such a small volume expan-
sion/shrinkage unlikely causes rapid capacity fading within
100 cycles. In fact, the XRD patterns of the pristine cathode and
the cathode after long-term cycling showed negligible differ-
ence (Figure S6, Supporting Information). Notably, the cutoff’
voltage of 4.0 V versus Na"/Na for sodium cathode is high
enough due to the equivalent potential of 4.3 V versus Li*/Li.
Therefore, the performance degradation upon electrochemical
cycling is hypothesized to be mainly caused by other factors,
such as high voltage-induced surface degradation.

Besides the contributions from the electrolyte decomposi-
tion and anode fading, the cathode and cathode—electrolyte
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interphase play vital roles in determining the performance of
alkali metal batteries. Herein, we applied STEM and spatially
resolved electron energy loss spectroscopy (EELS) as well as
ensemble-averaged soft XAS, Xray photoelectron spectro-
scopy (XPS), and nuclear magnetic resonance spectroscopy
(NMR) to comprehensively investigate the interfacial chemi-
stry between the O3-NaNi;;Fe;;3Mn;;30, cathode and the
electrolyte. There were several irreversible surface structural
changes uncovered by the STEM images (Figure 2a-h) after
the first cycle even though the global structure was reversible
(Figures S5 and S6, Supporting Information). Intragranular
(generated in the primarily particles) nanocracks!'*’ with an
average length of 3 nm randomly distributed on the edges
of particles (Figure 2a,), especially along the Na* diffusion
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Figure 2. Surface chemistry of cycled primary particles (one cycle in the discharged state). a—c,f~h) STEM images of the cathode material after one
cycle at C/10 in the voltage range of 2.0-4.0 V; d,e) FFT images of the selected regions from the particle in (c); i) EELS spectra of O K-edge, Mn, Co
and Ni L-edges collected from the surface to the subsurface on a representative particle with an increment of 1 nm per spectrum; j) The O K-edge pre-
edge intensity as a function of the probing depth averaged from three individual particles, where the error bars were generated based on the standard
deviation. The error bar of the initial 1 nm is small due to the weak signal of the O K-edge at the very surface region of the particle.



channels. Similar phenomenon was observed in our previous
study involving the surficial treatment in the same pristine
material (zero state of charge).l'% Thus, these surface cracks are
likely due to TM dissolution!'” and more discussion is provided
later in this report. The O3 layered structure was well main-
tained in the bulk, whereas a different crystal structure was pre-
sent at the surface (i.e., surface reconstruction) (Figure 2b—e).l!!l
The surface reconstruction was anisotropic, with a thicker
reconstruction along the Na* diffusion channels (compare
Figure 2b,c), which was similar to that observed in lithium
layered oxide materials.l'"?!1 We further observed that the sur-
face reconstruction layer consists of spinel and rock-salt phases
(Figure 2f=h). The spinel formation is likely the intermediate
phase between the layered and the rock-salt phase. Screening
through a number of particles indicated that the distribution
of spinel and rock-salt phases was random and highly hetero-
geneous. In addition, we observed some evidence of edge dislo-
cations at the surface region (Figure 2f), which could be another
factor influencing the sodium ion transport kinetics through
the surface.’?l These results are similar to previous studies on
lithium ion cathode materials that the surface reconstruction
is anisotropic, heterogeneous, and composite in nature.'’:3
The heterogeneous phase transformation are likely triggered
by many origins, electrolyte infiltration, carbon distributions,
and sodium ion diffusion. In addition, we measured a series
of EELS for O K-edge, Mn, Fe, and Ni [-edges from the sur-
face to the subsurface on a representative particle (Figure 2i).
No significant change was observed for either Fe or Ni L-edge,
in contrast, there was gradual shift from lower energy to higher
energy for the Mn L-edge in the first 3 nm from the surface
into the subsurface, indicating the Mn reduction at the sur-
face. Meanwhile, we observed continuous red shift of O K-edge
pre-edge energy and gradual increase of its intensity as we
probed deeper into the particle (Figure 2i). Subsequently, we
averaged the normalized intensity of O K-edge pre-edge from
three independent particles and created a depth-dependent
intensity profile (Figure 2j). The pre-edge intensity of O K-edge
quickly increased in the first 3 nm and then leveled off, indi-
cating that the hybridization between TM3d and O2p orbitals
was weakened at the surface caused by the Mn reduction and
oxygen loss. Note that the oxygen loss is not necessary in form
of oxygen gas but can be used to oxidize electrolyte. Therefore,
we can conclude that the TM3d—O2p hybridization and Mn oxi-
dation states changed concurrently, indicating that the surface
oxygen environment change was primarily determined by the
Mn3d-O2p hybridization. This observation is consistent with
our recent study on the surface oxygen environment of another
Mn-containing sodium layered cathode material.? Further-
more, the Mn reduction layer and the low-intensity TM3d-O2p
exhibited a similar thickness to that of the surface reconstruc-
tion identified by STEM imaging (compare Figure 2b,c,i, and
j). It is well accepted by the lithium ion community that tran-
sition metal reduction can trigger metal dissolution.”! Thus,
we performed EELS in the vicinity of the surface nanocracks
and indeed observed substantially increased oxygen loss sur-
rounding the nanocracks (Figure S7, Supporting Information),
indicating that the transition metal reduction (i.e., oxygen
loss) causes dissolution and leaving behind nanocracks. These
results further confirm that the TM reduction is associated with

the surface phase reconstruction. The simultaneous surface
reconstruction and transition metal reduction are also observed
in other alkali metal ion cathode materials.!'!

Combining multiple characterization techniques is essential
in studying heterogeneous systems such as battery materials.
To overcome the limitation of STEM-EELS, we further inves-
tigated the surface charge compensation and chemical envi-
ronments using ensemble-averaged and surface-sensitive soft
XAS. The FY and TEY modes probe chemical environments
for the subsurface (=50 nm) and surface (=10 nm), respec-
tively.?®) The change of Ni oxidation states can be qualitatively
monitored by taking the intensity ratio between the high energy
shoulder and the low energy shoulder of Ni L;-edge. A higher
intensity ratio indicates a higher Ni oxidation states.'l Com-
paring the FY and TEY spectra of a same element, one can
study the depth-dependent chemical changes at different states
of charge. In both FY and TEY modes, we observed continuous
Ni oxidation upon charging and reduction upon discharging
(Figure 3a-d), which is consistent with the hard XANES results
above. However, the Ni oxidation state at the surface detected
by the TEY mode exhibited major difference from that in the
subsurface by the FY mode. At all states of charge, we steadily
observed lower Ni oxidation states at the surface (Figure 3a—d
and Figure S8, Supporting Information). These results indi-
cate that Ni reduction took place at the surface even when
Ni was electrochemically oxidized in the bulk. This process
involves electrolyte oxidation and could be one of the ori-
gins of the low Coulombic efficiency as we discussed earlier
(Figure S2, Supporting Information). The Mn oxidation state
during charging and partial discharging (higher than 3.0 V)
remained at Mn*" (Figure 4e—f). However, the gradual reduc-
tion of Mn occurred once the voltage became lower than 2.9 V
during discharging, as shown by the edge shift to lower energy
(green arrows) and the increased intensity of Mn?*/Mn** (blue
arrow) (Figure 4f). During charging and discharging, we did
not observe any change on the Fe L-edge in either TEY or FY
modes, however the Fe?"/Fe*" redox couple was widely accepted
through other characterizations.”®*% The continuous TM
reduction revealed by soft XAS signifies two possible origins:
1) the surface reconstruction that was observed by STEM-EELS
study, and 2) TM dissolution and redeposition onto the cathode
surface. Given that the soft XAS was performed for the first
cycle, the TM dissolution and redeposition should be minimal,
thus we attribute the TM reduction mainly to the surface recon-
struction at this stage. It is worth to note that the conclusion is
consistent with our previous studies on lithium layered oxide
cathode materials and helps complement the knowledge base
for understanding the fading mechanisms of metal oxide-based
alkali metal ion cathode materials.[!%2%]

We observed low Coulombic efficiency of the cells containing
the NaNi, ;3Fe; 3Mny30, cathode materials for tens of cycles. In
addition, the capacity fading was accelerated at elevated tem-
perature (Figure S2d, Supporting Information). Therefore, we
performed soft XAS for the electrodes after multiple cycles both
at 25 °C and 45 °C (Figure 5a). After 20 cycles, Mn got further
reduced compared to that after one cycle, as shown by the inten-
sified peak of the left shoulder in Mn Ls-edge (in 640—650 eV).
The result show that Mn experienced continuous reduction up
to the 20th cycles, which could be one of the origins of the low
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Figure 3. Study of the interfacial chemistry using soft XAS upon the initial electrochemical cycling. Soft XAS spectroscopy of Ni L-edge in FY mode of
the cathode a) at different charge states and b) at different discharge states (Only Ni L;-edge spectra are available for the sample charged to 4.0 V due
to the parameter setting of the XAS data acquisition); Ni L-edge in TEY mode of the cathode c) at different charge states and d) at different discharge
states; Soft XAS spectroscopy of Mn L-edge in TEY mode of the cathode €) at different charge states and f) at different discharge states. C (e.g., C_3.1V)
and D (e.g., D_3.8 V) in the figure represent charging and discharging, respectively.

Coulombic efficiency in the 20 cycles (Figure 2b). Additionally,
the elevated temperature accelerated the Mn reduction demon-
strated by the much stronger intensity of the left shoulder in
Mn L;-edge (compare the cathode after 20 cycles at 25 °C and
45 °C). At 45 °C, we observed less TM reduction after 60 cycles
at 1C compared to that after 20 cycles at C/5 (Figure 4a). This
result suggests that the cathode—electrolyte interfacial reaction
became less severe at the high current density likely due to the
kinetic control of the reaction. Furthermore, we also observed
less surface Mn reduction after 60 cycles at 45 °C compared to

that at 25 °C, which was attributed to more severe dissolution of
reduced Mn into the electrolyte at 45 °C (more discussion later),
leaving behind unreduced Mn on the surfaces of cathode parti-
cles. These results clarified that the Mn reduction is dependent
on various cycling conditions, i.e., cycling number, operating
temperature, and cycling current rate. Meanwhile, compared
with the FY mode in the O K-edge spectra (Figure S9, Sup-
porting Information), the greatly suppressed pre-edge intensity
associated with the surface reconstruction (TM reduction,
weakened TM3d-O2p hybridization) was observed for all
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the cells cycled for 60 cycles were cycled at 1C in the voltage range of
2.0-4.0 V. HT and RT represent high temperature (45 °C) and room tem-
perature (25 °C). b—e) STEM images of cathode particles with different
magnifications after 60 cycles at 1 C in the voltage range of 2.0-4.0 V.

electrodes measured by the TEY mode, which is consistent
with the Mn reduction. The peak intensity at 534 eV was much
lower for the electrodes cycled at 45 °C compared with those
cycled at 25 °C, which indicates more rapid decomposition of
CO;% species at the elevated temperature. According to the
STEM imaging, the anisotropic surface reconstruction layers
remained well after 60 cycles at 1 C rate (Figure 4b) compared
to those after 1 cycle at C/10 (Figure 2), and the bulk layered
structure was still well maintained. However, the nanocracks
at the surface continued to grow and reached 20-100 nm after
60 cycles at 1 C (Figure 4c—e). In addition, some intragranular

nanocracks became visible in the bulk (Figure 4e). The growth
of nanocracks continuously generated fresh surfaces (with lay-
ered structure exposed directly in electrolyte) that caused more
cathode—electrolyte side reactions (producing nonlayered struc-
ture), resulting in low Coulombic efficiency for tens of cycles
(Figure S2b, Supporting Information).

The nanocracks on the cathode surfaces increased the
exposed surface area to the electrolyte and resulted in more
aggressive cathode—electrolyte reactions, which could poten-
tially lead to severe transition metal dissolution. This sequential
reduction—dissolution process is signified by the dispropor-
tionation reaction (i.e., 2Mn*" = Mn?" + Mn*') triggered by the
Mn* reduction.””l We noticed that the originally white glass
fiber separator became light yellow in the region directly facing
the sodium anode after prolonged cycling (inset in Figure 5a).
Therefore, XPS on the cycled separators (facing the anode side)
was performed to study the origin of the color change. Fe2p
and Mn2p signals were detected from the light-yellow region
(Figure 5a,b), indicating that these two transition metal cations
both participated in the dissolution process. Mn dissolution has
been widely investigated in lithium containing cathode mate-
rials.[13252728] Note that the Fe2p signals overlap with the strong
F1s shake-up features, resulting in a broad background of the
Fe2p features. Nevertheless, by comparing the XPS signals in
Fe2p region from both the white and light-yellow regions on the
separators, we were able to identify the presence of Fe2p signals
from the F1s shake-up background, mainly by the characteristic
peak of Fe2p;; around 724 eV. Both Fe and Mn peak intensity
increased on the separator cycled at 45 °C, which indicates that
increasing the operating temperature accelerated the TM dis-
solution process. The oxidation state of Fe is most likely Fe’',
whereas the oxidation state of dissolved Mn cations is unclear
due to the low XPS signal and the charging effect induced peak
broadening and shift. The migration of Fe** to interlayer tetra-
hedral sites takes place when the charged Fe** is spontaneously
reduced to Fe’".[?l Subsequently, surface Fe' ions readily get
dissolved into the electrolyte. Furthermore, we dispersed the
pristine O3-NaNi, 3Fe; 3Mn; 30, powder (zero state of charge)
in various solvents and found that TM dissolution occurred rap-
idly in certain solvents, as indicated by the color change of the
solvents (Figures S10 and S11, Supporting Information). There-
fore, for the promising cathode materials containing Fe and/or
Mn elements, the metal dissolution is one of the main barriers
en route to their practical application.

XPS was also performed on the cathodes after being cycled
at 25 and 45 °C to investigate the cathode—electrolyte interphase
related byproducts.?” The F1s spectra (Figure 5c) were deconvo-
luted to two peaks, with the binding energies of 688 and 685 eV
ascribed to the organic (C—F) and inorganic (NaF) compounds,
respectively. When cycled at 25 °C, the proportion of the inor-
ganic NaF in total F content decreased from 20 to 60 cycles, sug-
gesting that more organic C—F was populated on the surface
after 60 cycles. Similar phenomenon was observed for the elec-
trodes cycled at 45 °C. Comparing the surface chemistry at dif-
ferent temperatures but the same cycle number, we found that
the proportion of NaF in total F content was much stronger at
45 °C than that at 25 °C after 20 cycles, indicating that the ele-
vated temperature accelerated the NaPF; decomposition. After
60 cycles, however, the difference became negligible. The O1ls
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Figure 5. XPS analysis of the separators and cathode electrodes after electrochemically cycled. a) The Fe2p and b) Mn 2p spectra from the light-yellow
region of the separator after being cycled in cells for 20 times at 25 °C and 45 °C; the inset shows the trace transition metal deposit with a typical
light-yellow color after being electrochemically cycled 20 times at 45 °C. The intensities of Fe2p and Mn2p peaks were nominalized by the C1s peaks.
¢) F1s and d) O1s spectra for the O3-NaNiy ;;Fe;;3Mn; 30, electrodes under different cycling conditions, where HT and RT represent high temperature

(45 °C) and room temperature (25 °C).

region were deconvoluted to four different peaks (Figure 5d).
From the low to high binding energy, the four peaks were
attributed to the TM-O lattice oxygen (530 eV), organic C—O
(532 eV), C=0 (533 eV), and Na KLL Auger peak (538 eV). After
20 cycles, the concentration of organic C—0 and C=0 relative to
that of TM-O was close at different temperatures. However, the
Na Auger peak was much stronger at 45 °C, consistent with the
NaF peak in the F XPS, further supporting that the elevated
temperature accelerated NaPF, decomposition. We found that
after 60 cycles, the signal of TM-O lattice oxygen was higher
at 45 °C than that at 25 °C. The observation is consistent with
the soft XAS O K-edge study (Figure S9, Supporting Informa-
tion) that surface carbonate species on cathode particles was
decomposed at 45 °C. The XPS results seem to suggest that the

cathode—electrolyte interphase layer was less stable at 45 °C and
more easily decomposed and dissolved, leaving behind less sur-
face C—0 and C=O0 species for XPS probing. This was because
surface reconstruction and TM dissolution took place more dras-
tically at 45 °C (Figures 4a and 5 and provided a less stable sur-
face environment for a stable cathode—electrolyte interphase.

2.3. Rationalizing the Approaches of Tuning Cathode-Electrolyte
Interfacial Chemistry for Stable Cycling

As the commercialization of sodium ion batteries emerges,
we have witnessed a huge wave of research activity in sodium
ion cathode materials. Strategies must be established to



resolve the challenges of cathode stability, as elaborated above.
Besides the structural transformations in bulk materials, very
few studies have touched the key fundamental questions
about the surface chemistry in sodium cathode materials. In
this study, we investigated the degradation mechanism of the
03-NaNi; ;3Fe;;3Mn; 30, material that represents one of the
most promising families of sodium cathode materials for real-
world applications. We report that surface reconstruction, intra-
granular cracks, TM reduction and dissolution, and electrolyte
decomposition are all likely factors contributing to the perfor-
mance fading, and they are intimately coupled at the atomic
scale (Figure 6a). The propagation process resembles a domino
effect that is described as follows. Cathode—-electrolyte side reac-
tions (oxygen loss from the cathode lattice to oxidize electro-
lyte) induce TM reduction and surface reconstruction, which
subsequently trigger the TM dissolution from the oxide lattice.
With increasing loss of TMs from the bulk particles, intragran-
ular cracks grow and lead to more fresh surfaces that allow for
more side reactions with the electrolyte. Therefore, the sur-
face degradation becomes unstoppable as the electrochemical
cycling continues. Furthermore, these phenomena exponen-
tially aggravate at elevated temperatures where the TM dissolu-
tion and charge transfer at the cathode—electrolyte interphase

accelerate. Our diagnostic results not only represent the major
challenges that the sodium ion battery community faces, but
also highlight the significance of studying interfacial chemistry
for sodium ion cathode materials to eliminate the roadblock
toward commercialization.

Rationalized by the obtained knowledge, we hypothesized
that coating cathode particles and substituting the lattice could
be efficient methods to inhibit the aforementioned degrada-
tion process and improve the stability of cathode—electrolyte
interphase.l’) For the first method, our general rationale was
that if we could passivate the cathode surface so that it does
not allow for extensive cathode—electrolyte reactions, we would
be able to achieve stable cycling performance. We prepassi-
vated the cathode particles at the primary particle levell!% with
the cosolvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME). Such a treatment can effectively passivate the surface
(Figure S12, Supporting Information) and inhibit further sur-
face reduction.'% As a result, the cycling stability at 1 C was
significantly improved from a capacity retention of 81% (pris-
tine, 100 cycles) to 96% (prepassivated, 100 cycles) and 86%
(prepassivated, 200 cycles) (Figure 6b), despite that the revers-
ible capacity at 1 C was slightly lower than the pristine cathode
material. We observed that after the second cycle the charging

a

1
> !
I p ﬁ 2
(
) TMn*
'] |
D o
I
J [ J °
i 9 /
Electrolyte interaction TM dissolution SEI
b C
150 ~ 150
= 2
< =
£ 120 , < 120 :
: e \E/ ,I—mwmulm\ull\III\lu|\|||I|||mm|||||mHu\Ill\|\\umllmmmnmmu,mn”xmmwml T =
= L0 gy
:05 90 §40 .‘? 904 240 I
®© . (&} ©
% 235 g i 35
O 604 £, @ 604 =30
© e = &
o gosi | I i [R—
T 309 5, \ 5 30{320 _—=m
¥ "0 20 40 60 80 100 120 140 1€, 86% Q 0 20 40 60 80 100 120 140 C/2,81%
2 . Specific capacity (mA/g) CI2,89% & " Specific capacity (mAh/g) o 1C, 86.5%
Q ™ 50 100 150 200 0 50 100 150 200

Cycle number

Cycle number

Figure 6. Degradation mechanism and methods to stabilize the battery performance. a) Schematic summary of cathode—electrolyte interfacial chem-
istry induced battery degradation mechanism that is revealed in this work; the sizes of the spheres are not proportional to the actual radii of ions or
electrode particles; b) Electrochemical performance of the cells containing the prepassivated O3-NaNiy ;;Fe; 3Mn; 30, cathode material (using DOL/
DME as the co-solvent) cycled at C/2 and 1C in the voltage of 2.0-4.0 V. The inset shows the charge—discharge profiles of the cell cycled at C/2, where no
fading of discharge voltage was observed from the first cycle to the 50th cycle; c) Electrochemical performance of the cells containing 4% Ti-substituted
03-NaNi 3Fe; 3Mny 30, cathode materials cycled at C/2 and 1C in the voltage of 2.0-4.0 V. The inset shows the stable charge-discharge profiles of
the cell cycled at C/10. The retention values after 200 cycles are also shown in the figures.



potential went up fast, which was attributable to the imped-
ance growth in the prepassivated samplel*”) and the decompo-
sition of residual DOL-DME at high voltages. It is important
to note that the co-solvent stayed unchanged after the surface
pre-passivation treatment (see NMR results in Figure S13,
Supporting Information), indicating the reusability of the co-
solvent. We believe further studies in this direction should focus
on understanding and optimizing the prepassivated surfaces.

The substitution method was based on the fact that using
a cation that has a stronger bonding with oxygen anions may
inhibit the oxygen loss from particle surfaces.’!! Ti dopant is
wildly investigated both in Li and Na containing cathode mate-
rials to improve battery performance.f#¢1 Here, we used
the optimal 4 mol% Ti' to substitute the cathode material
(the resulting formula was 03-NaNi33Fe)30Mng 33Ti0405)-
The cell containing the substituted cathode material delivered
a reversible capacity of 130 mAh g™! at the rate of C/10 (inset
in Figure 6¢). After 200 cycles, a capacity of 105 mAh g ! at C/2
was maintained (i.e., 81.4% capacity retention for 200 cycles
and 90.8% for 100 cycles, Figure 6¢). A reversible capacity
of 112 mAh g™ at 1 C was achieved, and the capacity reten-
tions of 93% after 100 cycles and 86.5% after 200 cycles were
much higher than that of cells containing the un-substituted
03-NaNiy;3Fe;;3Mn; 30, cathode material (Figure S2c, Sup-
porting Information, 81% after 100 cycles). Furthermore, the
comparison showed that Ti substitution also inhibits the T™M
dissolution when directly exposed to the electrolyte solvent
(Figure S11, Supporting Information). After 60 cycles, the cell
containing the NaNiy 3;3Feq30Mng 33Tig 04O, material delivered
much smaller resistance for both cathode—electrolyte inter-
phase and charge transfer process than the cell containing the
pristine NaNi, ;Fe;,3Mn; 30, material (Figure S14, Supporting
Information). These results suggest that the Ti substitution in
O3 cathode materials can greatly improve the long-term cycling
performance through strengthening the bonding between tran-
sition metal and oxygen. Finally, based on the performance
comparison between the two methods, we concluded that the
Ti substitution generally delivered better battery performance.

The experimental results shed light on several fading path-
ways for the O3-NaNij;Fe;;3Mn;;30, cathode material as
follows:

[.  Surface reconstruction is ubiquitous in sodium oxide
cathode materials and exhibits heterogeneous characteris-
tics with randomly distributed rocksalt/spinel phases and
dislocations.

II.  Surface reconstruction is accompanied by oxygen loss from
the cathode surface and transition metal reduction, and
ultimately results in the dissolution of transition metal cat-
ions (i.e., Fe3*, Mn?"3%) into the electrolyte. Such surface
oxygen loss may not lead to generation of oxygen gas, but
the lost oxygen may participate in oxidizing electrolyte. 2]

III. The Ni surface reduction occurs at all charged states,
whereas the Mn reduction takes place mostly at deeply dis-
charged states in each cycle.

IV. The electrolyte decomposition on the cathode surfaces
forms the chemical basis for the cathode—electrolyte inter-
phase that is unstable upon prolonged cycling or at elevated
temperature.

V. Intragranular cracks take place early in the cycling and
tend to accumulate and deteriorate upon long-term cycling.

3. Conclusion

In summary, with a range of advanced spectroscopic and
imaging techniques, we revealed the fading pathways for
sodium layered cathode materials using a representative
03-NaNij ;Fe; ;3Mn; 30, material. We measured and quanti-
fied a variety of descriptors of the cathode—electrolyte interfacial
chemistry, including crystal structure, electronic structure, and
chemical environment. Through studying the interfacial chem-
istry at various states of charge, numbers of cycles, operating
temperatures, and chemical composition, we uncovered how
the interfacial chemistry governed the battery performance.
These phenomena synergistically contribute to the battery per-
formance degradation, i.e., capacity fading and poor Coulombic
efficiency. Based on the knowledge, we understand that the
optimization of electrolytes and interfacial engineering would
be efficient paths toward stable sodium batteries. Correspond-
ingly, we rationalized the surface prepassivation and elemental
substitution approaches that locked surface oxygen and allowed
for more stable cathode—electrolyte interfacial chemistry. This
study not only generates scientific insights into understanding
and improving the compatibility between the cathode and the
electrolyte in sodium batteries, but also enriches our under-
standing of layered oxide materials en route to establishing
interfacial design principles for all alkali metal ion cathode
materials.

4. Experimental Section

Materials Synthesis: The O3-NaNi, 3Fe; ;3Mn; 30, cathode materials
were prepared by a simple coprecipitation method followed by
calcination. First, two separate acidic metal sulfate solutions were
prepared. One consisted of 0.033 m NiSO4-6H,O (Sigma Aldrich,
99.99%) dissolved in 100 mL water. The other one consisted of 0.033 m
FeSO,-7H,0 (Sigma Aldrich, 98%) and 0.033 M MnSO,-H,O (Sigma
Aldrich, 99%) dissolved in 100 mL water. The base solution was
obtained by preparing 100 mL NaOH and NHs-H,O aqueous solution
with a molar ratio NaOH/NH;-H,0 = 2.4 (0.2 m NaOH). Meanwhile,
the starting solution was obtained by dissolving NaOH and NHs-H,0
in 40 mL aqueous solution (NaOH/NH;-H,0 = 2.4, 1 u NaOH) with
the pH carefully adjusted to 10.5 using sulfuric acid. Second, the acidic
FeSO,/MnSQO, solution and the base solution were dropped into the
starting solution at a rate of =2 mL min~'. Meanwhile, the acidic NiSO,
solution was pumped into the acidic FeSO,/MnSO, solution at a rate
of =1 mL min™". A pH of 10.5 + 0.3 was maintained until the reaction
was complete. Then, the brown precipitate was collected by filtration
and dried in a vacuum oven at 95 °C overnight. Finally, the resulting
precursor power was thoroughly mixed with nanosized Na,CO; (the
molar ratio of TM/Na was 1:1.08), transferred into a box furnace and
calcined at 850 °C for 10 h.

The O3-NaNig33Feq3Mng33Tig4O, cathode materials were prepared
by a similar method with some procedure changes. In detail, two
separate acidic solutions were prepared. One consisted of 0.033 wm
NiSO,-6H,0 (Sigma Aldrich, 99.99%), 0.030 M FeSO,-7H,0O (Sigma
Aldrich, 98%) and 0.033 m MnSO,-H,0 (Sigma Aldrich, 99%) dissolved
in 100 mL water, and the other one was consisted of 0.004 m TiOSO,
dissolved in 100 mL water. The base solution was obtained by preparing
100 mL NaOH and NH;-H,0 aqueous solution with a molar ratio



NaOH/NH;-H,0 = 2.4 (0.2 v NaOH). Meanwhile, the starting solution
was obtained by dissolving NaOH and NH;-H,0 in 40 mL aqueous
solution (NaOH/NH;-H,0 = 2.4, 1 m NaOH) with the pH carefully
adjusted to 10.5 using sulfuric acid. Second, the acidic NiSO4/FeSO,/
MnSQ, solution and the base solution were simultaneously dropped
into the starting solution at a rate of =2 mL min~'. Meanwhile, the acid
TiOSO, solution was pumped into the acidic NiSO,/FeSO,/MnSO,
solution at a rate of =1 mL min~'. A pH of 10.5 + 0.3 was maintained
until the reaction was complete. Then, the brown precipitate was
collected by filtration and dried in vacuum oven at 95 °C overnight.
Finally, the precipitate was thoroughly mixed with nanosized Na,CO;
(the molar ratio of TM/Na was 1:1.08), transferred into box furnace and
calcined at 850 °C for 10 h.

The prepassivated O3-NaNiy;;Fe;3Mn; 30, cathode material
was prepared through stirring the pristine NaNi;3Fe;;3Mn; 30,
powder (1 g) in the cosolvent of DOL (2 g) and DME (2 g) for 5 h.
Then, the prepassivated powder was filtrated and dried in a vacuum
oven at 100 °C overnight. To visually observe the metal dissolution
phenomenon, the cathode powder was dispersed in various solvents
and stirred for different periods of time. Subsequently, centrifuge was
performed and taken photos of the supernatant solution. The metal
dissolution in the supernatant solution can be seen by the color change.
In all experiments, the cathode powder/solvent ratio was fixed to be 1:4
by weight. Then, the mixtures were centrifuged and the supernatant
solution was collected for NMR measurements. Note that the pristine
solvents are colorless.

Material Characterization: The morphologies of the materials were
investigated using a scanning electron microscope (SEM) (LEO FESEM)
at an accelerating voltage of 5 kV. The EDS results were conducted with
the LEO FESEM at an accelerating voltage of 20 kV. The X-ray powder
diffraction was obtained on a PANalytical X-ray diffractometer with the
Cu Kar (A = 1.54 A) radiation. The crystal structure was refined using
the Rietveld method as implemented in the Fullprof software package.
For synchrotron XRD and hard XAS experiments, electrodes from
disassembled charged or discharged coin cells were retrieved inside
an Ar-filled glovebox and sealed with Kapton tapes. A LaBg sample
was placed in the same location as the other sample and was used to
calibrate the diffraction configuration. 2D MAR345 diffraction images
were converted to 1D diffraction patterns based on the calibration
parameters obtained from the LaBg diffraction pattern. Hard XAS
measurements (Ni, Mn and Fe K-edge XANES and EXAFS) were
performed on the electrodes in transmission mode at the beamline
20-BM-B of the advanced photon source (APS) at Argonne National
Laboratory. The incident beam was monochromatized by using a Si
(111) fixed-exit and a double-crystal monochromator. Energy calibration
of each spectrum was made by aligning the first derivative maximum
of a reference Ni, Mn, Fe XANES spectra collected simultaneously from
the metal foils in the reference channel. Soft XAS measurements were
performed on the 31-pole wiggler beamline 10-1 at Stanford synchrotron
radiation lightsource (SSRL) using a ring current of 350 mA and a
1000 L mm™" spherical grating monochromator with 20 um entrance
and exit slits, providing =10'"" ph s at 0.2 eV resolution in a 1 mm?
beam spot. Data were acquired under ultrahigh vacuum (107° Torr) in
a single load at room temperature using TEY, where the sample drain
current was collected, and in the FY, where a silicon diode (IRD AXUV-
100) was used to collect the FY positioned near the sample surface. All
spectra were normalized by the current from freshly evaporated gold on
a fine grid positioned upstream of the main chamber. XAS samples were
mounted on an aluminum sample holder with double-sided carbon tape
in an Ar-filled glove box and transferred to the load-lock chamber in a
double-contained container, using a glove bag purged with argon for the
transfer. STEM and EELS were acquired on a JOEL 2100 S/TEM operated
at 200 keV. XPS characterization was performed on a PHI VersaProbe |11
scanning XPS microscope using monochromatic Al K-alpha X-ray source
(1486.6 eV). Samples were transferred from an Ar-filled glove box to
the XPS ultrahigh vacuum chamber via a vacuum transfer vessel. XPS
spectra were acquired at 10 um/100 W/20 kV over 1400 um x 100 pum
sample area using 26 eV pass energy, which gives a Ag3d5/2 full width

at half maximum of 0.59 eV. All binding energies were referenced to C—C
peak at 284.8 eV. "TH NMR spectroscopy was performed using an Agilent
U4-DD2 400 Hz spectrometer at 23 °C in deuterated dimethyl sulfoxide
(DMSO).

Electrochemical ~Characterization: The electrodes were prepared
by uniformly spreading the slurry (N-methyl-2-pyrrolidone as the
solvent) with active materials (85 wt%), acetylene carbon (10 wit%)
and polyvinylidene fluoride (pVdF, 5 wt%) as the binder and casting
them on carbon-coated aluminum foils. The electrodes were then dried
overnight at 120 °C in a vacuum oven and transferred into an Ar-filled
glove box (O, < 0.5 ppm, H,O < 0.5 ppm). The active mass loading
was controlled to 3.5 £ 0.2 mg cm=2. CR2032 coin cells were assembled
in the Ar-filled glovebox using the composite cathode, sodium foil as
the anode, Whatman glass fiber (1827-047 934-AH) as the separator
and saturated NaPFg dissolution (dissolved in propylene carbonate
(PC)). All the coin cells were cycled with an electrochemical workstation
(Wuhan Land Company) at room-temperature (25 °C) or an elevated
temperature (45 °C). 1 C was defined as fully charging a cathode in 1h,
corresponding to a specific current density of 120 mA g™'. The Coulombic
efficiency and middle voltage as a function of cycle number were
calculated with the LANDdt software. The cycled cells were dissembled
carefully in the Ar-filled glovebox to collect electrodes for the advanced
characterization.
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