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Abstract: Layered sodium transition metal oxides belong to electrode materials for sodium-ion bat-
teries that combine, in a better way, high performance with environmental requirements. However,
their cycling stability is still far from desirable. Herein, we demonstrate a rational approach to con-
trol the cycling stability of sodium-deficient nickel manganese oxides, Na23Nii2Mni20z, with two-
and three-layer stacking through Al substitution and ALOs treatment. Layered NazsNii2Mni202
oxide displays a limited ability to accommodate aluminum in its structure (i.e., up to 8 at. %). The
substitution of Ni ions with electrochemically inactive AI** ions and keeping the amount of Mn ions
in NazsNii2xALMni20:z leads to the stabilization of the two-layer stacking and favors the participa-
tion of lattice oxygen in the electrochemical reaction in addition to Ni ions. This results in an increase
in the specific capacity of the Al-substituted oxides. Furthermore, the kinetics of the cationic migra-
tion between layers occurring during oxide cycling was manipulated by oxide morphology. The
best cycling stability is observed for NazsNios2Alo.sMni202 having a column-like morphology of
stacked plate-like particles along the common faces. The treatment of the layered oxides with Al2Os3
mitigates the Mn dissolution reaction during electrode cycling in the NaPFs-based electrolyte, thus
contributing to a high cycling stability.

Keywords: layered oxide; XRD analysis; SEM analysis; EPR spectroscopy; aluminum substitution;
AlOs surface treatment; redox reactions; sodium-ion batteries; cycling stability

1. Introduction

To transform sodium-ion batteries into the technology of choice for grid-scale energy
storage, there is a need to identify electrode materials that unify high performance with a
low environmental footprint and high safety [1,2]. Sodium-deficient transition metal ox-
ides (NaxTMOz) are the most perspective-positive electrodes since they display the unique
property of delivering large capacities at high potentials, as well as containing non-critical
raw elements [3,4]. This is a consequence of their propensity to adopt flexible layered
structures where Na*ions migrate easily and quickly between the layers composed of Mn,
Ni and Fe ions with different oxidation states [5]. However, their cycling stability is still
far from desirable [3-5]. To improve cycling stability, several structural approaches have
been proposed [6,7]. One of them concerns the substitution of transition metal ions with
light metal ions [8]. The improvement of the performance of NaxIMO: is a result of the
stabilization of the layered structure upon Na* extraction and insertion [9], the control of
the cationic order inside the transition metal layers [10,11], the reduction of the Jahn-
Teller distortion of Mn? [12], the activation of the oxygen redox activity in addition to that
of transition metal ions [13], and the enhancement of Na* diffusion [14]. Among light

Batteries 2023, 9, 144. https://doi.org/10.3390/batteries9020144

www.mdpi.com/journal/batteries



Batteries 2023, 9, 144

2 of 19

metal ions, the most widely studied are Mg?, Zn? and Al%*, all of which are electrochem-
ically inactive [15-20]. The aluminum exhibits a specific effect in improving Na* diffusion
kinetics in layered oxides by enlarging the space between TM layers [21,22].

The second approach is based on the surface modification of layered oxides by elec-
trochemically inactive oxides such as Al2Os, MgO, ZnO, CeO:, phosphates, etc. [23]. Alu-
minum oxide is of primary technological interest due to its simple synthesis, relatively
high Na* ion diffusivity in NaxAl2Os and low cost [24]. The main idea of using an A20s3
coating is to prevent the oxide surface from interacting with the electrolyte, especially at
high potentials; to modify the degradation pathways of the cathode surface from hydro-
gen fluoride (HF) attack; and to tune the structural stresses occurring during Na* extrac-
tion/insertion cycling [25-27]. In addition, oxygen-storage modifiers such as CeO: play a
new role, which consists of the stabilization of oxygen redox activity through the oxide
buffer supplying and receiving oxygen during alkali ion intercalation [28]. The phosphate
coating (such as AIPOs) of layered oxides serves to stabilize the surface by avoiding ele-
ment dissolution, as well as by suppressing the dissolution-migration—deposition process
in full sodium-ion cells [29]. In general, the improvement of the performance of NaxTMO:
can be achieved through the rational control of metal substitution and surface modifica-
tions.

This study aims to delve into the interplay between the structure and surface modi-
fications and their influence on the Na storage capacity of layered sodium nickel manga-
nese oxides, NazsNii2Mni202. Aluminum is used as both the structure and surface modi-
fier. The structural modification of NazsNii2Mni120: is achieved through the selective sub-
stitution of Ni with aluminum and keeping Mn ions as Mn*". This approach is different
from previously studied Al-substituted oxides, where Mn and Fe ions are targets for Al
substitution [19,20,30,31]. Therefore, the first part of our study is focused on the evaluation
of the concentration limits of Al substitution into NazsNii2Mni1202, and based on these
results, the oxides with the highest Al content are studied electrochemically further on.
The deposition of Al2Os on layered oxides serves as a surface modification. Layered oxides
with different layer stacking are selected for Al2Os treatment: pristine NazsNii2Mn1202
and Al-substituted oxide, Nao.s7Nio.42Alo.sMnos00z2, with a three- and two-layer sequence
(i.e., P3 and P2 structure according to the notation of Delmas [32]). The comparison of the
electrochemical properties of Al-substituted and Al:Os-treated oxides allows determining
new correlations for the improvement of the performance of electrode materials. The
changes in layered oxides upon cycling are monitored by electron paramagnetic reso-
nance spectroscopy (EPR).

2. Materials and Methods
2.1. Materials

The Al-substituted oxides were prepared by the freeze-drying of aqueous solutions
containing acetate salts of Na*, Ni>*, Mn?** and Al** ions. The amount of Al varied between
4 and 16 at. %. The acetate precursors were decomposed at 400 °C to eliminate the organic
part. The solid residues were ground, pelleted and annealed at 700, 800 and 900 °C for 24
h. The acetate precursors were preferred over the nitrate ones since they yield smaller
particles and a narrower particle size distribution, as recently found [33].

The ALOs treatment of layered oxides was carried out by the impregnation of P3-
NazsNii2Mni202 and P2-Nao.s7Nio42Alo.sMnosO2 with an aqueous solution of aluminum
acetate. The AlOs content was 5 wt. %. The impregnated P3-NazsNii2Mn120O2 and P2-
Nao.s7Nio42Alo.osMnos002 were annealed for 2 h at 700 and 800 °C, respectively.
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2.2. Methods

The structural analysis was carried out by using a powder X-ray diffractometer
(Bruker Advance D8) working with CuKa radiation. The oxide morphology and chemical
composition were monitored by using a scanning electron microscope (SEM, JEOL JSM
6390) equipped with the Oxford INCA energy-dispersive X-ray spectrometer. The local
structure of oxides was determined by electron diffraction using the JEOL 2100 TEM mi-
croscope. The images were calculated by using Digital Micrograph software. The oxida-
tion states of transition metal ions were quantified by using an EPR spectrometer (Bruker
EMXplus) between 100 and 400 K. The electrical resistivity was measured in the framework
of the van der Pauw method between 300 and 500 K using MMR’s Variable Temperature
Hall System (K2500-5SLP-SP).

The electrochemical experiments were performed on two- and three-electrode
Swagelok-type cells. The electrodes consisted of the active material (80 wt. %), conductive
additives (carbon black, Super C65, 10 wt. %) and polymer binder (polyvinylidene fluo-
ride (PVDEF), 10 wt. %). The electrode mixture was cast on an Al collector, which after
drying at 80 °C overnight, was cut into electrodes with a diameter of 10 mm each. The
active material was around 3.50 + 0.5 mg/cm? for each electrode. The electrolyte contained
1M NaPFs in the PC. The amount of the used electrolyte was about 140 uL. A Whatman
GF/D glass microfiber layer was used as a separator. All electrochemical experimenters
were carried out on the Biologic VMP-3e battery cycler. To ensure reproducibility, elec-
trochemical measurements were repeated at least twice. For ex situ EPR experiments, the
subjects of the study were electrodes after 100 cycles between 1.5 and 4.8 V and, finally,
discharged up to 1.5 V. The electrodes recovered from the switched-off cells were filled
into EPR quartz tubes inside the glovebox (MBraun, MB-Unilab Pro SP 1500/780).

3. Results and Discussion
3.1. Al Substitution of Ni in Layered Nazis[Nii2Mn12]O2: Concentration Limits

To understand the ability of the layered structure to uptake Al, Figure 1a gives the
XRD patterns of oxides with Al content varying between 0.04 and 0.16 at. %. The indexa-
tion of the XRD patterns reveals the formation of a phase mixture between P2 and P3
modifications for the Al-containing oxides. This is not observed for the unsubstituted ox-
ide P3-NazsNii2Mn1202, where only P3 modification is stabilized. By increasing the Al
content above 8 at. % (i.e., per structural formula), an impurity phase indexed as NaAlO:
appears in addition to both the P2 and P3 phases. This indicates a limited insertion of Al**
into the layered oxide NazsNii2Mni20z, the upper concentration limit being 8 at. %. It is
worth mentioning that the concentration limit is wider when Al* is substituted for Mn in
the layered Mn-rich oxides, ie., 40 and 22 at. % for O'3-NaMnosAlo4O: and P2-
NazsMnzwAl29O2 [12,34]. The oxide having the maximal Al content (i.e., 8 at. %) is studied
further on.
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Figure 1. (a) XRD patterns of Naz3Nii2-~xAlMn1202 annealed at 700 °C. The asterisks correspond to
the impurity NaAlO: phase. (b) XRD patterns of oxides containing 8 at. % of Al and annealed at 700,
800 and 900 °C. The peak indexation for P2 and P3 phases are shown.

The phase composition depends additionally on the annealing temperature. Figure
1b shows the XRD patterns of the oxides containing 8 at. % Al annealed at 700, 800 and
900 °C. The P2 and P3 phases can be clearly distinguished through the diffraction peak
(012) and (015), respectively (Figure 1b). Although the oxide annealed at 700 °C contains
both the P3 and P2 phases, the oxides annealed at 800 and 900 °C display an occurrence
of P2 modification only. In comparison with the Al-containing oxides, the P2 modification
of the unsubstituted oxides is formed at 900 °C only [35]. The XRD data disclose that Al**
ions destabilize the P3 modification at the expense of the P2 modification.

To analyze the Al distribution in the layered structure, the lattice parameters of both
the P2 and P3 phases are listed in Table 1. The same table also gives the lattice parameters
for P3-NazsNii2Mni202 and P2-Na2sN1sMn2sO:2 used as standards. The comparison
shows that the Al** additives slightly contract the lattice volume of both phases. Given the
smaller ionic radius of Al** vs. that of Ni** and Ni*, the lattice contraction supports that
the AI** ions substitute for Ni ions in P3-Na2sNii2Mni202 and P2-NazsNiisMn23O2. Fur-
thermore, the lattice volume of the P2 phase shows a tendency to decrease after the oxide
annealing from 800 to 900 °C. Compared with Al additives, the annealing temperature has
a gentler effect on the layered structure. Although the AI** provokes a transformation from
a P3- to a P2-type structure, the annealing temperature leads to a slight lattice volume
compression.

Table 1. Lattice parameters of P3 and P2 phases for NazsNii2~AlMni202 (x = 0.08) annealed at 700,
800, and 900 °C. XRD-evaluated amount of P3 and P2 phases is expressed in weight %. For the sake
of comparison, the Ilattice parameters for unsubstituted P3-Na2sNiizMnipeO2 and  P2-
NazsNiisMn2O2 are also given.

Samples Structure a A ¢, A V, A3 wt. %
P3-NazsNinzMni20; P3 2.8890 16.7230 120.88
700 °C
P3 2.8890 16.7230 120.88 88

x=0.08, 700 °C P2 2.8905 11.1254 80.49 12

x =0.08, 800 °C P2 2.8903 11.0865 80.21
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x =0.08, 900 °C P2 2.8888 11.0986 80.20
P2-Na2sNisMn2s02
900 °C P2 2.8889 11.1562 80.63

The distribution of Al* into P3 and P2 phases is examined by EPR spectroscopy. Fig-
ure 2A compares the EPR spectra of the oxides annealed at 700, 800 and 900 °C, as well as
P3-NazsNiizMni202 and P2-NazsNiisMn2sO:2 as references for the Ni-Mn magnetic sys-
tems. The EPR spectra of the layered reference oxides consist of a single Lorentzian line
due to the two-dimensional magnetic interactions between the Ni*/** and Mn* ions inside
the layers [36]. The magnetically coupled ions provoke a strong temperature dependence
of the EPR parameters. Both the g-factor and EPR line width decrease with cooling from
400 to 80 K (Figure 2B). The different strengths of the magnetic interactions between the
Ni and Mn ions in the P3 and P2 phases enable their differentiation with respect to the
EPR line width: P3-NazsNiizMni2O2 has a broader EPR signal than that of P2-
NazsNiysMn2s0:2 (i.e., 140 mT vs. 131 mT at 450 K).

The insertion of AP+ into P3-Na2sNi2Mni1202 and P2-NazsNiisMn2sOz proceeds
without changing the EPR line shape, as well as the temperature dependence of the g-
factor. This shows that the Ni-Mn spin system gives rise to the EPR spectra for the Al-
substituted oxides too. The only parameter that is changed after Al** insertion is the EPR
line width. For the Al-substituted oxide annealed at 700 °C (which is a mixture of the main
P3 phase and the impurity P2 phase in the ratio of 88:12 wt. %), the EPR line width is
narrowed in comparison to that of the unsubstituted P3-NazsNii2Mn1202. The line nar-
rowing reflects a dilution of the Ni-Mn spin system due to the replacement of paramag-
netic Ni ions with diamagnetic Al** ions. This is in agreement with the XRD data, where a
smaller lattice volume is observed for the Al-substituted P3 phase. In addition, the effect
of a small amount of the P2 phase (having narrower line width) on the EPR line width
cannot be discarded.
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Figure 2. (A) EPR spectra of Al-substituted oxides annealed at 700 (b), 800 (c) and 900 °C (d) and
reference oxides P3-Na2Ni12Mni202 (a) and P2-NazsNiisMn2s0: (e). (B) Temperature dependence
of the g-factor and EPR line width (AHpp) for P3-Naz5sNi2Mn1202, P2-NazsNiysMn2sO:z and Al-
substituted oxides annealed at 700, 800 and 900 °C.

For the Al-substituted oxides annealed at 800 and 900 °C and containing a single P2
phase, the EPR signal has the same line width, which is broader than that of the unsubsti-
tuted P2-NazsN1sMn2isO2. At first glance, this is in contradiction to the dilution of the Ni-
Mn spin system after Al** insertion. However, the simple substitution model does not take
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into account the cationic distribution inside the layers. For P2-Na23N153Mn230y, it has been
found that Ni?* and Mn** ions are ordered so that every Ni* is surrounded by Mn*, and
every Mn* has 3 Ni?* and 3 Mn*" [32]. This pattern of ordering ensures the maximum
number of contacts between Ni?* and Mn#* via a common O, which in turn favors the de-
velopment of effective Ni-Mn magnetic interactions. As a result, the EPR line width
adopts the lowest value. The replacement of Ni by Al** appears to destroy the in-layer Ni-
Mn cationic ordering, thus contributing to line broadening. The lack of Ni-Mn cationic
ordering in Al-substituted oxides can be related to XRD patterns, where there is no peak
at around 22°, which is typical for in-plane cationic ordering (Figure 1).

The next parameter that is changed after Al insertion is morphology (Figure 3). At
700 °C, large and irregular aggregates are formed. This type of morphology is typical for
the layered oxides obtained by the thermal decomposition of organic-containing precur-
sors [34]. The peculiarities in the oxide morphology are observed after their annealing
above 700 °C. By increasing the annealing temperature from 700 to 800 °C, the individual
particles begin to crystallize, adopting a plate-like shape and tending to stick together via
common faces into column-like aggregates (Figure 3). In addition to plate-like particles,
smaller and irregular particles are also visible. Further annealing of the oxide at 900 °C
favors the growth of both plate-like and irregular particles, resulting in the disturbance of
the column-like aggregates. The comparison indicates that, at 800 °C, the plate-like parti-
cles possess dimensions of around 1.0-2.0 um in length and 0.1-0.3 pm in thickness, while
at 900 °C, the particles become thicker (i.e., around 0.5 um) without significantly changing
their length (around 2.0 um). In synchrony with the plate-like particles, the irregular par-
ticles also increase their dimensions from about 100 nm to 500 nm after enhancing the
annealing temperature from 800 to 900 °C. It is worth mentioning that, at the same anneal-
ing temperature of 900 °C, the unsubstituted oxide having a P2 structure displays better-
crystalized particles with larger dimensions: an average length of 2-3 um and a thickness
of around 0.5-0.6 pum.

o J—, ] 5 —
& 120KV X10,000  1um \ o 1026 SEIL 20kV X10,000 Aum_

10 26 SEI 20kV  X20,000 1pm 10 31 SEI

(e) (f)

Figure 3. SEM images of Al-substituted oxides annealed at 700, 800 and 900 °C (a—c). SEM images
with a high-resolution for Al-substituted oxides annealed at 800 and 900 °C (d,e) and P2-
NazsNisMn2s02 annealed at 900 °C (f). The box indicates the Al content (expressed in wt. %) deter-
mined by SEM-EDS analysis.
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The primary particles are monitored by TEM (Figure 4). For the oxide annealed at
700 °C, well-crystallized particles with sizes between 200 and 500 nm are formed. SAED
demonstrates that particles contain separate phases with a P3 and P2 structure, which is
in accordance with XRD analysis (Figure 1b). This reveals that Al substitution proceeds
through the formation of distinct P2 and P3 phases, and there is no intergrowth between
them. After the enhancement of the annealing temperature from 700 to 800 °C, the parti-
cles retain their shapes and sizes, and the main phase crystallizes in the P2-type structure.
This supports once again the transformation of the P3 into the P2 structure after annealing
at 800 °C. A close examination of the TEM images for the oxide annealed at 800 °C dis-
closes that the particles are stacked along the common faces, as observed in the SEM im-
ages (Figures 3b,d and 4b). Any attempt to take HR-TEM images shows that the lattice
fringes corresponding to doont and doo2 for the P2 structure, as well as to doos for the P3
structure (which is indistinguishable from doo for the P2 structure), are systematically
lower than those determined from the X-ray diffraction experiments: 0.99 vs. 1.11 nm and
0.49 vs. 0.56 nm, respectively. This interlayer instability could be related to a well-known
effect, according to which electron beam irradiation might induce a local temperature var-
iation inside the particles during the HR-TEM experiment. This means that the Al-substi-
tuted oxides are unstable under electron beam irradiation, and they undergo some lattice
compression. The compactness of the layered structure is also observed after increasing
the annealing temperature from 700 to 900 °C (Table 1). This is an interesting finding that
requires further examination.

(b)

Figure 4. Bright-field images and SAED for Al-substituted oxides annealed at 700 °C (a) and 800 °C
(b). The indexation of the electron diffraction is indicated.

3.2. Treatment of Layered Oxides with Al20s3

Given the phase composition of the Al-substituted oxides, the samples with a P3 and
P2 structure are selected for the treatment with alumina. These are pristine
NazNii2Mn120:2 with a P3-type structure and Al-substituted NazzAlo.0sNio.«2Mnos0O2 with
a P2-type structure. The procedure includes the treatment of layered oxides with alumi-
num acetate, followed by thermal annealing at 700 °C for the pristine oxide and 800 °C for
the Al-substituted oxide. After Al2Os treatment, both the P3 and P2 structures are pre-
served, with the lattice parameters of P3-NazsNii2Mn1202 and P2-Naz3Alo.0sNio42Mnos002
being the same (Figure 5). The close examination of XRD patterns of the treated oxides
reveals the appearance of low-intensity peaks due to NaAlO2. However, one can take into
account that the thermal decomposition of the aluminum acetate at 700 and 800 °C results
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in the formation of amorphous aluminum oxide (Figure 5). Based on these data, it appears
that, during the decomposition, one part of the aluminum acetate interacts with the sur-
face of the layered oxides, yielding a separate phase of NaAlO: without affecting the oxide
bulk, while the other part gives rise to the formation of amorphous aluminum oxide.

NaAIO, (b) a0
L N
S I
é = +=
‘0
S
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10 20 30 40 50 60 70 80
Two Theta, °

Figure 5. XRD patterns of Al2Os-treated P3-NazsNii2Mni20: (a) and P2-Naz3Alo.osNio.«2MnosOz (b).
The XRD pattern of Al2Os obtained at 800 °C after the thermal decomposition of Al acetate is also
shown (c).

The morphology of the Al-treated oxides retains its main features (Figure 6). For the
P3 phase treated at 700 °C with alumina, there are large and irregular aggregates, which
are composed of closely bonded individual particles with sizes of around 0.3 um. The
same picture is observed for the untreated P3 phase [34]. For the P2 phase treated at 800
°C, the typical column-like aggregates are also distinguished (Figure 6), as in the case of
pristine P2-NazsAlo.osNio42MnosoO:z (Figure 3). To analyze the distribution of Al along the
aggregates, SEM-EDS analysis is undertaken (Figures 3 and 6). The results evidence the
uneven distribution of aluminum for both the P3 and P2 phases. For the Al-treated P2-
NazsAlo.0sNio42Mnos00z, the Al content is higher for the regions composed of small parti-
cles (i.e., sizes less than 100 nm), while the regions containing mainly plate-like particles
display lower Al content. It is of importance that the Al content of the plate-like particles
is slightly higher than that determined for the plate-like particles of the untreated oxide:
2.1 £ 0.4 wt. % vs. 1.5 + 0.3 wt. % (Figures 3 and 6). The SEM data disclose that the Al
treatment of the layered oxide leads to a concentration of Al on the smaller particles, while
the plate-like particles slightly accommodate alumina.

- 20kV. X10,000 10 23 SEI é" o

(b)
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Figure 6. SEM images of Al:Os-treated P3-NazsNi2Mni202 (a,a’) and P2-NazsAlo.sNio.42Mnos00z2
(b,b”). The box indicates the Al content (expressed in wt. %) determined by SEM-EDS analysis.

3.3. Na Storage Performance of Al-Substituted and Al2Os-Treated Layered Oxides

Figures 7-9 compare the CV curves for the Al-substituted oxides and those of unsub-
stituted P3 and P2 phases. The comparison enables outlining two features. First, the P3
and P2 phases display the same CV curve profiles, as previously found [34] (Figure 7).
After the first anodic and consecutive cathodic scan, two types of peaks dominate the CV
curves: low-voltage peaks between 3.0 and 3.8 V and high-voltage peaks between 3.8 and
4.5 V. The anodic peaks observed at 4.75 V for the P3 phase and above 4.5 V for the P2
phase most probably come from the decomposition of the electrolyte. The low-voltage
peaks at 3.50 and 3.85 V reflect the oxidation and reduction of Ni ions occurring during
partial Na* extraction and insertion, as previously established. At a potential of 4.0 V, the
extraction of 1/3 of Na* leads to the monoclinic distortion of the P3 phase (ie.,
Na-03Nii2Mni1202), while this process results in a strong change in the lattice parameters
in the framework of the P2 structure for Na-03NisMn2302 [34,36,37]. The origin of the
high-voltage peak around 4.4 V is more complex. For the P3 phase, the peak at 4.34 V
corresponds to the complete extraction of Na* concomitant with the oxidation of nickel
ions and lattice oxygen [7,37], while for the P2 phase, the complete extraction of Na* pro-
ceeds at 4.34 V together with a structural transformation from the P2 to the O2 type and a
strong interlayer space contraction (more than 20%) [38]. This structural transition deter-
mines the poor cycling stability of P2-Na2sNiisMn230: in the extended voltage range [2].
The poor performance of the P2 phase is well demonstrated by the CV curves after the
five anodic and cathodic scans. Although the low-voltage peaks remain almost un-
changed, the high-voltage peak diminishes significantly. On the contrary, the high-volt-
age peak appears more stable for the P3 phase, which is a consequence of the restoration
of the P3 structure after the complete extraction of Na* [35]. The additional peak at 2.2/1.7
V corresponds, most probably, to the oxidation of Mn ions instead of the Ni ones. This
process is also similar for both the P3 and P2 phases.
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Figure 7. CV curves after the 1st and 5th scans for P3-NazsNii2Mni1202 (P3-NNM—a,a’) and P2-
NazsNi1sMn2s02 (P2-NNWV, b,b”).

Second, the Al additives do not influence the oxidation and reduction peaks in the
CV curves (Figure 8). This indicates the preservation of the mechanism of the electrochem-
ical reaction after the Al substitution of Ni in the layered oxides. For the layered oxides
treated with Al2Os, the CV curves also retain their profiles (Figure 9). The insensitivity of
the redox peaks from the Al additives and Al2Os modifiers can be related to the electro-
chemical reaction taking place in the layered oxides. The insertion and extraction of Na*
are concomitant with the redox activity of Ni ions and lattice oxygen, which are common
for all oxides. However, a close inspection of the CV curves reveals some peculiarities for
the Al-substituted and Al:Os-treated oxides. These peculiarities are associated with the
high-voltage peak after the five cathodic and anodic scans. The comparison shows that
the high-voltage peak is better resolved for the Al-substituted and Al:Os-treated oxides
than those of the unsubstituted P3-Na2sNi2Mni202 and P2-NazsNiisMn23O2. The stabili-
zation of the high-voltage peak is a prerequisite for the improved electrochemical perfor-
mance of the Al-substituted and Al:Os-treated oxides.
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Figure 9. CV curves after the 1st and 5th scans for Al2Os-treated P3-NazsNii2Mni1202 annealed at
700 °C (a,a”) and Al20s-treated P2-NazsNio42AlosMni202 annealed at 800 °C (b,b’).

To verify this suggestion, the cycling stability of Al-substituted oxides is compared
in Figure 10. The electrochemical test is carried out in two potential ranges: in a narrow
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range between 1.5 and 4.2 V and in a broad potential range between 1.5 and 4.8 V, where
the proceeding of the high-voltage reaction is activated. In a narrow potential range, all
Al-substituted oxides deliver nearly the same capacity, which varies between 60 and 70
mAh/g. The cycling stability is also comparable for all oxides: 17%, 15% and 24% after 100
cycles at a rate of C/2 for oxides annealed at 700, 800 and 900 °C, respectively. Contrary to
the narrow potential range, the broad potential range enables a clear differentiation of the
Al-substituted oxides. The highest capacity is delivered by the Al-substituted oxide an-
nealed at 800 °C and having a P2-type structure, while the counterpart annealed at 900 °C
delivers the smallest capacity. The Al-substituted oxide annealed at 700 °C and containing
a phase mixture between P3 and P2 displays an intermediate capacity in comparison with
that of the oxides annealed at 800 and 900 °C. The difference in the capacities of the Al-
substituted oxides comes from the high-voltage peak, which is well demonstrated by the
corresponding charge/discharge curves (Figure 11). Thus, the galvanostatic experiments
support the concept of the stabilization of the high-voltage peak as a sign of the improved
electrochemical performance of the Al-substituted oxides. To explain this effect, we meas-
ured the electrical resistivity of the substituted oxides. In comparison with the high-volt-
age peak, the electrical resistivity of Al-substituted oxides is relatively comparable (i.e.,
the values vary around 2-5 x 106 Ohm.cm at 470 K without any clear dependence on the
structure type and oxide annealing temperature). In addition, the lack of intergrowth be-
tween the P3 and P2 phases (Figure 4) cannot also explain the observed stabilization of
the high-voltage peak, as has been discussed in previous reports [39,40]. This means that
the stabilization of the high-voltage peak is not a simple consequence of the replacement
of Ni by Al
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Figure 10. Cycling stability and Coulombic efficiency (left) of Al-substituted oxides annealed at 700,
800 and 900 °C in two voltage ranges: 1.5-4.2 V (A) and 1.5-4.8 V (B). Cycling stability and Cou-
lombic efficiency of Al2Os-treated P3-NazsNiiz2Mni1202 annealed at 700 °C (A-NNM) and AlOs-
treated P2-Naz3Nio42Alo.esMn1202 annealed at 800 °C (A-NA) in the voltage range of 1.5-4.8 V (C).
The charging rate is C/2. The capacity fading for the 10th, 50th and 100th cycles is shown on the
right.

When P3-NazsNii2Mni20:2 is treated with Al2Os, the capacity increases from 120 to
around 150 mAh/g, but the capacity stability remains comparable with that of the un-
treated oxide (Figure 10). This is not the case when P2-Na2zsNio42AloosMni20: is treated
with Al2Os, with the capacity and cycling stability being unchanged. The difference be-
tween the AlOs-treated P3 and P2 oxides can be related to the high-voltage peak. P2-
NazisNioa2AloosMni2O2 displays a well-resolved high-voltage peak before its treatment
with Al2Os, while the high-voltage peak becomes visible only after the treatment of P3-
NazsNii2Mni202 with Al2Os (Figures 9 and 10). The results underline once again the con-
cept of the relationship between the high-voltage peak, capacity and capacity stability.
The better the resolution of the high-voltage peak, the greater the capacity and the supe-
rior the cyclic stability.
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Figure 11. Charge/discharge curves after 1st and 100th cycles for Al-substituted oxides annealed at
700, 800 and 900 °C (a,a”), as well as Al2Os-treated P3-Naz3Nii2Mni1202 annealed at 700 °C and Al20s-
treated P2-NazsNio.42Alo.csMni202 annealed at 800 °C. The charging rate is C/2 (b,b’).

Further insight into the cycling stability of layered oxides is provided by ex situ EPR
spectroscopy (Figure 12). The EPR spectra of the cycled oxides show a Lorentzian line,
whose line width increases dramatically for the Al-substituted oxides annealed at 700 and
900 °C (more than 20 mT, Table 1). On the contrary, for the cycled Al-substituted oxide
annealed at 800 °C, the EPR line width tends to be that of the pristine oxide. It is important
that line broadening proceeds without changing the g-factor of the EPR signal, thus indi-
cating the preservation of the Ni-Mn spin system during oxide cycling. Therefore, EPR
line broadening can be interpreted in terms of cationic reorganization occurring during
the electrochemical reaction. One of the possible cationic reorganization processes in-
cludes the well-known reaction of transition metal ion migration initiated during the com-
plete extraction of Na* from layered oxides [16,41]. Cationic migration has been shown to
be responsible for the cycling performance of layered oxides when they are charging/dis-
charging in a wide potential range [16,41]. Among the transition metal ions, nickel, iron
and magnesium ions display a strong tendency to migrate toward the depleted Na*layers,
while manganese and cobalt ions remain in their crystallographic positions [16,41]. This
causes a structural evolution, which contributes to the worse cycling stability of layered
oxides [41]. Returning to the samples we studied, the retention of the EPR line width dur-
ing oxide cycling is a sign that the cationic migration is a reversible process for the oxide
annealed at 800 °C. This oxide is characterized by the best cycling stability. On the con-
trary, for the oxides annealed at 700 and 900 °C, the cationic migration appears to be a
partially reversible process, which leads to a structural degradation expressed in the
broadening of the EPR signal. As a result, both oxides exhibit worse cycling stability.
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Figure 12. Ex situ EPR spectra of oxide electrodes cycled between 1.5 and 4.8 V for 100th cycles: (a)
P3-NazNi12Mni1202; (b) Al20s-treated P3-NazsNii2Mni202; (¢) NazsNio42AloosMni202 annealed at
700 °C; (d) NazsNio.42Alo.sMni202 annealed at 800 °C; (e) NazsNio42AloosMni1202 annealed at 900 °C.
The signals due to Mn?* ions and carbon additives are indicated.

The question is why cationic migration is a reversible process for the oxide annealed
at 800 °C only. This can be related to the oxide morphology, which contributes to the im-
provement in cationic migration kinetics. It seems that the reaction kinetics are facilitated
by the specific oxide morphology, which comprises plate-like particles stacked via com-
mon faces into column-like aggregates (Figure 3). This interesting finding needs further
examination in order to design more-efficient electrode materials.

For the oxides treated with Al20s, there is no clear dependence of the EPR line width
upon oxide cycling (Table 2). However, even in this case, the EPR spectroscopy allows
differentiating the pristine oxide and Al:Os-treated oxides with respect to their cycling
stability (Figure 12). In addition to the broad signal, a new sextet signal is detected for the
cycled oxides. This signal is characterized by a g-factor of 2.002 and a hyperfine constant
of 90 mT (Figure 12). Based on previous literature data [42], the sextet signal is assigned
to Mn?" ions surrounded by F- ions. The origin of the sextet signal can be related to an
“electrode—electrolyte” interaction. It is well accepted that Mn-rich layered oxides un-
dergo a severe Mn?* dissolution in carbonate-based electrolytes due to the disproportion
of Mn? into Mn* and Mn*" [43]. Recently, the dissolution of nickel and cobalt ions from
oxide-based cathodes has also been detected and discussed for conventional LiCoO: and
Ni-rich and oxides [44,45]. Through EPR spectroscopy, it appears that dissolved Mn?*ions
in the electrolyte are re-deposited on the electrode surface as fluoride complexes. Deposed
MnF: has been shown to play a twofold role: on the one hand, it passivates the electrode
surface, thus preventing further interaction with the electrolyte and its decomposition; on
the other hand, it impedes the alkali ion transfer from the oxide surface into the bulk [7,28].
Through EPR, we detected only the signal due to MnF: and any signal due to Ni-fluoride
complexes. However, the different sensitivity of the EPR spectroscopy in the X-band to-
ward Mn?* and Ni?* ions should be taken into account. Therefore, the deposition of NiF2
on the electrode surface cannot be rejected.

The comparison of the EPR spectra demonstrates that the most intensive sextet signal
is detected for P3-NazsNii2Mni1202, while for Al2Os-treated P3-NazsNii2Mni202, the sex-
tet signal is hardly visible. The same picture is observed for AlQOs-treated P2-
NazsNio2AlosMni202 (not shown). This means that Mn dissolution is suppressed for the
AlOs-treated oxides.
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Table 2. EPR line width for Al-substituted and Al:Os-treated oxide electrodes after 100 cy-
cles at a charge rate of C/2.

T=295K T=100 K
Samples Pristine Oxide, Cycled Oxide, Pristine Oxide, Cycled Oxide,
AHpp (mT) AHpp (mT) AHpp (mT) AHpp (mT)
Al-substituted oxide annealed at 700
1 137 4 117
°C (x=0.08) 30 3 o
Al-substituted oxide annealed at 800
14 14 1 11
°C (x =0.08) 0 6 03 0
Al-substituted oxide annealed at 900
°C (x = 0.08) 140 158 99 123
AlOs-treated OXI?((:E, annealed at 700 130 139 95 105
AlOs-treated Al-substituted oxide, 137 149 08 104

annealed at 800 °C

In comparison with the Al:Os-treated oxides, the Al-substituted oxides display a
more complex picture, especially for the oxide annealed at 900 °C. Although the Al-sub-
stituted oxides annealed at 700 and 800 °C display only one broad signal, the EPR spec-
trum of the annealed oxide at 900 °C can be deconvoluted by at least of two signals: a
broad signal due to the Ni-Mn spin systems of layered oxides and a narrow signal. The
EPR parameters of the narrow signal are a g-factor of 2.002 and an EPR line width of 26
mT. These EPR parameters permit attributing the narrow signal to Mn?* ions in Mn-F com-
plexes too. In this case, the merge of the sextet signal into one single envelope is induced
by the increased concentration of Mn?  ions deposed on the surface of the oxide annealed
at 900 °C: the higher the concentration of Mn?* ions, the stronger the magnetic interactions
(both dipole-dipole and exchange interactions), which, in turn, leads to a coalesce of the
sextet lines [36]. This means that the oxide annealed at 900 °C suffers from strong Mn
dissolution in the NaPFs-based electrolyte, which yields a capacity degradation upon cy-
cling (Figure 10B).

4. Conclusions

Layered sodium nickel manganese oxide displays a limited ability to accommodate
aluminum in its structure (i.e, up to 8 at. %). Aluminum substitution of Ni in
Na2sNii2Mni20: facilitates the stabilization of P2 structural modification and provokes
the disordering of Ni and Mn ions inside the layers. The oxide annealed at 800 °C exhibits
a P2-type structure with a specific morphology consisting of column-like aggregates of
stacked plate-like primary particles along the face. The impregnation of pristine P3-
Na2sNii2Mni202 and Al-substituted P2-Naz3AloosNio42MnosoOz2 with aluminum acetate
leads to the formation of composites between layered oxides and Al2Os without affecting
their layered structure and morphology.

The Na* extraction/insertion into Al-substituted and Al:Os-treated oxides proceeds
thanks to the redox reactions of nickel and oxygen ions, and it is insensitive toward layer
stacking. The Al substituents and Al2Os modifiers contribute to the stabilization of the
high-voltage peak at 4.4 V, thus resulting in the enhancement of the capacity. During the
cycling of tAl-substituted oxides, a cationic reconstruction including mainly cationic mi-
gration between layers takes place. The reversibility of the cationic migration depends on
the oxide morphology; for the oxide with stacked plate-like particles, the migration be-
comes a reversible process. The treatment of layered oxides with Al.Os mitigates the Mn
dissolution reaction occurring during electrode cycling in the NaPFs-based electrolyte. Min
dissolution followed by the reverse deposition of MnF: on the electrode surface is the most
intensive process for the Al-substituted oxide annealed at 900 °C.



Batteries 2023, 9, 144 17 of 19

Based on the established relationships between structure and surface modifications,
the best electrode was selected. This is an Al-substituted oxide, P2-Naz2/3Nio.42Alo.0sMn1202,
annealed at 800 °C; thanks to the Al additives and specific column-like morphology, the
high-voltage redox reaction is facilitated together with suppression of the Mn dissolution
of the oxide in the electrolyte, enhancing the reversibility of the cationic migration be-
tween layers. As a result, the oxide P2-Naz23Nio42Alo.0sMn1202 is resistant in a broad poten-
tial range and delivers a capacity of around 110 mAh/g at a rate of C/2 after 100th cycles.

This study demonstrates how the manipulation of the high-voltage reaction, cationic
migration between layers and Mn dissolution through Al substitution and Al:Os treat-
ment enable designing high-performance electrode materials for sodium-ion batteries.
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