2)

ChemComm

ChemComm

Is surface modification effective to stabilize high-voltage
cycling for layered P2-Na5,3Ni1/3Mn>,30> cathode?

Journal:

ChemComm

Manuscript ID

CC-COM-06-2024-002819.R1

Article Type:

Communication

SCHOLARONE™
Manuscripts




Page 1 of 5

ChemComm

ChemEomm

Is surface modification effective to stabilize high-voltage cycling
for layered P2-Na,;3Ni;;3Mn;,/30, cathode?

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Layered transition metal oxides (TMOs), like the P2-type
Na,/3Niy/3Mn,/50,, are promising cathodes for sodium-ion batteries
but suffer rapid capacity degradation at high voltages. Surface
engineering is a popular strategy to modify the high-voltage
stability of cathode materials, yet its efficacy for sodium layered
TMOs remains elusive, especially given the deleterious layer-gliding
phase transition during high-voltage operation. Here, we examined
the effect of surface coatings on the high-voltage cycling stability of
Na,/3Niy;sMny50,, finding that they suppress high-voltage
polarization but do not significantly affect capacity retention, which
is mainly impacted by bulk structure degradation. Hence, surface
engineering must be complemented with bulk structure
modification to stabilize high-voltage cycling.

Sodium-ion batteries (SIBs) are promising candidates for large-
scale energy storage applications due to the high abundance of
Na on Earth. Among various cathode materials for SIBs, layered
TMOs have garnered increasing attention in recent years due to
their tunable chemical composition using earth-abundant
elements and their high reduction potential for realizing high
energy density electrodes. TMOs consist of slabs of close-
packed transition metal and oxide ions, where the inter-slab
space allows for the Na ion intercalation. The stacking sequence
between the TMO slabs is broadly classified into the P-type
(prismatic coordination for Na ions) and the O-type (octahedral
coordination for Na) structures?, which can be interchanged
through a glide of the transition metal oxide slabs. The stability
of the O-type vs the P-type structure is dependent on the
composition of the transition metal and Na ions and can be
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described by the “cationic potential”2. In general, the P-type
phase is stabilized for an intermediate Na concentration while
the O-type phase is favored at low and high Na concentrations.
In the Ni and Mn-based NasNi,Mn,.,0,, the phase transition
between the P- and O-type phases is triggered at x < 1/3 and
corresponds to a high voltage plateau (> 4 V Na*/Na®) with the
nominal Ni**/Ni3* redox reaction3-¢. However, this high-voltage
P-to-O phase transition is not fully reversible and results in an
increased voltage polarization and the eventual demise of the
high-voltage plateau after a few cycles’. As a result, nearly 1/3
Na per formula unit of Na,TMO, must remain in the structure at
the end of charge to maintain the P-type structure for reversible
Na ion (de)intercalation, which significantly limits its reversible
capacity. Recent mechanistic studies have revealed buckling
and kinking”® and exfoliation® of the TMO slabs following
repeated P2-O2 phase transitions and oxygen redox and
irreversible oxygen loss during charge of the high-voltage
plateaul®ll, Mitigation of these degradation reactions is
necessary to enable the reversible cycling in the high voltage
regime to develop high energy density cathodes.

Surface modification is a common strategy to improve the
stability of cathode materials at high voltage. However,
previous reports on surface-coated Na,;3Nij;3sMny;30, have
yielded varying results: surface coating by Al,03 using atomic
layer deposition (ALD) shows a suppressed exfoliation at the
particle surface and a stabilized cathode-electrolyte interface
with no significant difference in the capacity degradation rate
between the coated and non-coated electrode!?, whereas Al,O3
coating by a wet-chemical method shows a significant
improvement in capacity retention and suppression of the
voltage polarization °. Different from ALD, the wet chemical
coating approach implemented a high-temperature annealing
of the as-coated particles, which could readily lead to the
inward diffusion of surface Al into the particle subsurface and
interior, effectively doping the particles. This raises the question
of whether surface modification alone is sufficient to mitigate
the high-voltage  degradation. Here, we adopted
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Nay/3NiysMny30, as the model P2 layered TMO cathode to
interrogate the efficacy of surface coating on suppressing the
high-voltage degradation.

A solid-state method!® was used to synthesize P2-
Nay/3Nii3Mn,/30, with a minor NiO impurity phase (Fig. S1). The
Nay/3NisMny30, powder was coated by Al,O3 using a wet
chemical method, which mimics the reaction in atomic layer
deposition to conformally coat the cathode particles'*. The
Al,03-coated Nay/3NiysMny30, powder was vacuum-dried
overnight at 80 °C (denoted as AI-NaNMO-80), and was
subsequently annealed in air for 3 hrs at 300, 400, and 500 °C,
which is denoted as AI-NaNMO-300, Al-NaNMO-400, and Al-
NaNMO-500, respectively. The coating and annealing steps did
not introduce significant changes to the bulk crystal structure of
Nay/3Ni;sMn,/30, (Fig. S2 and Table S1). High-angle annual dark
field (HAADF) energy dispersive spectroscopy (EDS) mapping of
an Al-NaNMO-400 particle shows the uniform distribution of Al,
with 0.7 % molar ratio of Al to all transition metal ions (Fig. 1a-
f, Table S2). The EDS mapping shows the uniform distribution of
Al on an AI-NaNMO-400 particle, with the molar ratio of Al to all
transition metal ions (Ni and Mn) corresponding to 0.7%. The
high-resolution transmission electron microscopy (HRTEM)
image of the AI-NaNMO-400 sample reveals a 1.5-nm thick layer
on the particle surface (Fig. 1g), which is attributed to the Al,O;
coating. In contrast, a bare surface is observed for the pristine
sample (Fig. 1h). This demonstrates the successful coating of
Al,03 on the Na,/3Ni;;3Mn, /50, particles.

Fig. 1. (a) HADDF image and (b-f) corresponding EDS mapping of an Al-NaNMO-
400 particle. (g) HRTEM image of an AI-NaNMO-400 particle revealing a thin
amorphous layer on the surface. (h) HRTEM image obtained for a pristine particle,
exhibiting a bare surface.

X-ray photoelectron spectroscopy (XPS) was used to
interrogate the effect of annealing on the surface chemistry of
the coated Na,/3Nii3sMn,50, samples (Fig. S3, Table S3-4). As
the annealing temperature increases from 80 °C to 500 °C, there
is no significant shift in the Ni 3p3/,, peak, which indicates the
preservation of NiZ* on the particle surface. Peak fitting analysis
shows a monotonic decrease of the Al 2p to Ni 3p peak area
ratio from 0.63 to 0.30 with increasing annealing temperature.
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This corresponds to a decrease of the relative Al composition on
the particle surface with increasing annealing temperature,
which is attributed to the diffusion of surface Al into the particle
interior at higher annealing temperatures, a phenomenon
previously observed in coated particles following high-
temperature annealing?®®.

The effect of surface coating on the high-voltage
degradation was examined by galvanostatic cycling in the
voltage window of 2.5 — 4.5 V at C/20 (1 C corresponds to 260
mA/g) (Fig. 2a-e). As expected, the pristine Nay/3Nii;3sMn;30;
sample (Fig. 2a) shows a well-defined voltage plateau at 4.2 V
and 4.1 V on the first charge and discharge, respectively. As the
cycle number increases, an increased voltage polarization is
observed for both the charge and discharge plateau. This
increased voltage polarization is evident in the differential
capacity (dQ/dV) vs voltage plot (Fig. 2f), where the charge
(discharge) peak shifts to higher (lower) voltages with
increasing cycle number. For the coated samples, increased
voltage polarization with cycle number is also observed for the
high-voltage plateau (Fig. 2b-e and g-j). To quantify the voltage
polarization, the difference in the position of the dQ/dV peak
maximum on discharge and the equilibrium potential
determined by the galvanostatic intermittent titration
technique measurement (Fig. S4). For the pristine
Na,/sNi;;sMny50, sample, the voltage polarization increases
drastically from 0.05 V for the 15t cycle to 0.4 V for the 10t cycle
(Fig. 3a), whereas all Al,03-coated Na,;3Nij;3Mny;30, samples
show a suppressed voltage polarization with the smallest
voltage polarization observed for the AI-NaNMO-400 sample
(0.1 V for the 10% cycle). This demonstrates surface
modification as an effective strategy to suppress the high-
voltage polarization. Nonetheless, none of the Al,0s-coated
Na,/3Nii;;sMny50, samples shows any improvement in capacity
retention (Fig. 3b, Fig. S5). Both the pristine and AI-NaNMO-400
show similar rate capability (Fig. S6).
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Fig. 2. (a-e) Galvanostatic charge and discharge voltage profiles and (f-j) the
differential capacity plots for the pristine, AI-NaNMO-80, Al-NaNMO-300, Al-
NaNMO-400, and Al-NaNMO-500 samples. All cells were cycled at a rate of 13
mA/g.

To interrogate the origin of the suppressed voltage

polarization in the TMA-treated samples, electrochemical
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impendence spectroscopy (EIS) measurement was performed
for the pristine and AI-NaNMO-400 samples at the end of
discharge. The Nyquite plot for the pristine electrode for the
first cycle shows a single higher frequency (100 kHz to 10 Hz)
semi-circle, which is ascribed to the surface film or the cathode
electrolyte interphase (CEl) formed on the cathode particles,
and a linear tail in the lower frequency range (< 10 Hz), which is
ascribed to the Na-ion diffusion in the bulk electrode (Fig. 4a).
From the third cycle, a semi-circle emerges in the intermediate
frequency range (10 Hz to 0.1 Hz) and is ascribed to the charge
transfer impedance?®. The size of the middle-frequency semi-
circle increases with cycle number, indicating the growing
charge transfer impedance over cycles. Similar to the pristine
electrode, the AI-NaNMO-400 electrode exhibits a single semi-
circle in the first cycle with the appearance and growth of a
second semi-circle in later cycles. An equivalent circuit model
(Fig. 4b) encompassing the contact resistance (Ry), two
interfacial impedances (R¢g/CPEcg and Rer/CPEcr), and an open
Warburg element (W,) was used to fit the EIS data. As shown in
Fig. 4b, the resistance of the CEl layer (Rcg) grows from 200 Q in
the 1%t cycle to 483 Q in the 10th cycle for the pristine
Nay/3Ni;sMn,/30, electrode and from 378 Q in the 15t cycle to
562 Q in the 10% cycle for the AI-NaNMO-400 electrode. In
contrast, the charge transfer resistance (R¢t) grows from 432 Q
in the 3 cycle to 4422 Q in the 10t cycle for the pristine
Na,/3Ni;sMn,30; electrode and from 503 Q in the 3™ cycle to
2691 Q in the 10th cycle for the AI-NaNMO-400 electrode. An
accelerated R¢r growth is observed for the pristine
Nay/3Nii;sMn,/30, electrode from the 8th cycle, after which the
Rcr takes over that of the AI-NaNMO-400 electrode. This
diverging trend in the Rcr is consistent with the larger voltage
polarization observed for the pristine electrode in Fig. 3a.
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Fig. 3. (a) Voltage polarization for the high voltage plateau during discharge. (b)
Specific discharge capacity and Coulombic efficiency of the pristine, AI-NaNMO-
80, AI-NaNMO-300, Al-NaNMO-400, and Al-NaNMO-500 electrodes during the
first 10 cycles at C/20 (13 mA/g) between 2.5 and 4.5 V.

Since the charge transfer process is coupled with the P2-02
phase transition, we probed the evolution of the P2-02 phase
transition over cycles using operando X-ray diffraction (XRD),
which was performed for the pristine and AI-NaNMO-400
samples during the first 8 charge-discharge cycles in the voltage
range of 3.75—-4.5V (Fig. 5a and b). For the pristine sample (Fig.
5a), the continuous shift of the P2 phase (002) reflection to
lower 20 angles corresponds to the solid-solution reaction
before the two-phase reaction at the 4.2 V plateau'?, where the
(002) reflection for the O2 phase starts to grow at the expense

This journal is © The Royal Society of Chemistry 20xx
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of the P2 phase 17720, Upon discharge, the P2 phase (002)
reflection re-emerges and grows at the expense of the 02
phase. Similar observations are made for the subsequent cycles
except that the maximum intensity of the (002) reflection of the
02 phase decreases over cycles, which is captured by the
Pawley fitting result (Fig. S7a). This suggests that less 02 phase
was formed at the end of charge in later cycles, which is
consistent with the observed capacity loss over cycles in the
electrochemical cycling result (Fig. $S8). A similar observation is
made for the operando XRD data for the AI-NaNMO-400 sample
(Fig. 5b). The lattice parameters of the P2 and O2 phases are
effectively constant throughout the repeated P2-O2 phase
transition cycles (Figs. S7b and c) for both the pristine and Al-
NaNMO-400 samples. No significant differences in the lattice
parameters are observed between the two samples. This shows
that the surface coating does not significantly affect the bulk
crystal structure evolution during high-voltage cycling.
Substantial morphological changes are observed for both the
cycled pristine and AI-NaNMO-400 samples. (Fig. S9)
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Fig. 4. (a) Nyquist plots of the EIS measured for the pristine Na,/3Nii2,Mn, 50,
and Al-NaNMO-400 electrodes at the end of discharge of the galvanostatic cycling
between 3.75V and 4.5V at C/20 (13 mA/g). (b) Resistance of the cathode-
electrolyte interface (Rcg) and the charge transfer resistance (R¢r) obtained by the
equivalent circuit modeling of the EIS data measured over cycles. The equivalent
circuit model is shown as the inset. CPE corresponds to the const phase element.

In performing the Pawley fitting, an anisotropic broadening
model was used to account for the hk/-dependent peak width,
where the peak profiles for the (h00) and (00/) reflections were
refined independently from the other reflections using an
anisotropic microstrain broadening model. For both the <h00>
and <00/> lattice directions, the microstrain increases
substantially with cycle numbers (Fig. 5c and d), which indicates
growing structure disorder in the material. This structure
disorder is attributed to the buckling and kinking of the TMO
layers developed after repeated P2-O2 phase transition”:8.
However, both samples show comparable increase in the
microstrain at the 8% cycle, which indicates no significant

J. Name., 2013, 00, 1-3 | 3
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impact of surface modification on the bulk structure
degradation repeated high-voltage P2-02 phase
transitions.

Unlike previous reports of improved capacity retention for
the surface modified Na,;3NijzMn,;30,%1221, the suppressed
voltage polarization and charge transfer impedance growth
found for AI-NaNMO-400 in the present work does not concur
with improved capacity retention. It is worth noting that the
capacity retention of our pristine sample is similar to the Al,Os-
coated electrode by ALD??. Al,0; coating using the wet chemical
method likely induces bulk doping given the slopy voltage
profile® , which is typically achieved by bulk substitution??, and
extended thermal treatment, promoting bulk doping 23.
Therefore, suppressing the growth of charge transfer
impedance alone is not sufficient to increase capacity retention.
In contrast to the efficacy of surface modification in stabilizing
the high-voltage cycling of lithium layered TM0O?2425, which does
not suffer from the layer-gliding phase transition, surface
modification has little impact on the high-voltage degradation
for the sodium layered TMO, which is predominated by bulk
structural disorder as demonstrated in the present study.
Thefore, future work to improve the high-voltage stability of
sodium layered TMO should focus on suppressing the layer-
gliding phase transition.
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