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1 | INTRODUCTION

Pedro Lavela |

José L. Tirado

Abstract

Layered oxides are successful cathode materials for sodium-ion batteries.
Many of these oxides show interesting kinetic behavior but have poor
structural stability. To overcome this limitation, an alternative material
containing potassium in the interlayer space in trigonal prismatic coordination
is studied here. The transition-metal layers are formed by sustainable
transition elements such as iron and manganese. The solid was prepared
using a sol-gel procedure that led to a product with relatively high purity, with
a P’3-type structure indexable in the C2/m space group of the monoclinic
system. Its electrochemical behavior was studied in sodium metal half-cells.
When the cell is charged up to 4.3V, it is observed that the potassium
extraction is not complete. The subsequent discharge of the cell is associated
with the intercalation of sodium from the electrolyte. Thus, it is possible to
incorporate a greater number of alkaline ions than those extracted in the
previous charge. The residual potassium in the structure was found to be
favorable to maintaining the structural integrity of the compound upon
cycling. This can be explained by the beneficial effect of potassium, which
would act as a structural “pillar” in the interlayer, which would reduce

structural degradation during cycling.
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accommodate the larger size of the sodium ions. The
most studied, P2-Na,,sTO, (T: transition metals), have

Sodium-ion batteries (SIBs) are currently being devel-
oped either as an alternative or as a complement to
lithium-ion batteries (LIBs) due to the abundance and
low cost of sodium compared to lithium. Cathode
materials consisting of layered oxides are particularly
promising due to their high energy density, good
cyclability, and low cost.? Structurally, they are similar
to those used in LIBs, but with adjustments made to

shown promising kinetic behavior, but have low capacity
and poor structural stability.” To circumvent these
problems, other layered cathode materials with potas-
sium in the interlayer and sustainable transition ele-
ments such as Fe and Mn have been explored in SIBs.
Thus, Wang et al.* suggested that the presence of
potassium in the sodium layer could act as a pillar to
favor sodium-ion transport. In this way, Wang et al.’
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studied P2-K,-Fe,sMng 50, in sodium half-cells, which
showed excellent electrochemical performance in terms
of high capacity and cycling stability. However, Morte-
mard de Boisse et al.° group showed that P2-Na,Mn;,
,Fe 0, undergoes a phase transition at the end of
the discharge, which could jeopardize its stability. On the
other hand, Liu et al.” studied the monoclinic P3-type
Ko4sMn,;_,Fe, O, series for x<0.5 versus potassium and
found superior cyclic stability and rate capability, which
was attributed to the highly stable layered structure of
Ko.45Mng gFey ,0, material. Other potassium-containing
materials were also examined in the literature as
potential cathodes in SIBs. Wang et al.® found that the
P3-type K33C00.53Mng 47,0,-0.39H,0 material could
be used for both the anode and the cathode of SIBs.
More recently, the use of P2-Nay ¢,,K0.056MnO, induced a
particularly high specific capacity of 240.5mAhg™'’°
Here, we extend this previous knowledge to a novel
phase and low iron content, Ky 4 Fey,Mng]O, with a
monoclinic structure, in sodium batteries. Also, the role
of residual potassium in the stability of the electrode and
the effects of starting charge or discharge on the cycling
performance are unveiled.

2 | EXPERIMENTAL SECTION

The synthesis of the compound with the nominal
composition of Ky 4[Feq,Mngg]O, was carried out using
a sol-gel method based on citric acid as previously
reported.’® After mixing aqueous solutions of stoichio-
metric values of potassium, iron, and manganese
acetates, and 5% excess potassium bicarbonate, citric
acid (in a 3:2 molar ratio) was added. Then, the solution
was stirred for 1h at room temperature and 1.5h at
200°C in an ethylene glycol bath. The resulting gel was
dried at 120°C for 24 h and precalcined at 400°C in the
air for 2h to decompose the acetate groups and release
water. Then, the powdered precursor was ground,
pelletized, and finally calcined at 900°C for 12h under
an air atmosphere to obtain the raw material.

A sequential wavelength-dispersive X-ray fluores-
cence (XRF) spectrometer (ZSX Primus IV de Rigaku)
was used for the analysis of the chemical composition of
samples. X-ray powder diffraction (XRD) was carried out
using a Bruker D8 Discover A25 apparatus (Cu Ka
radiation, Ge monochromator, and Lynxeye detector).
The patterns of raw samples were scanned between 2 and
90 (°20) (step size: 0.04° and 672 s per step). TOPAS v.4.2
software was used to calculate the structural parameters.
Field-emission, high-resolution transmission electron
microscopy (HRTEM) was carried out in a TALOS
F200i. Fourier transforms of high-resolution images were

indexed using CrystBox software.'’ The X-ray photo-
electron spectra (XPS) were measured in a SPECS
Phobios 150 MCD spectrometer using an Al Ka source.
Before the recordings, the samples were outgassed
overnight at a high vacuum. The binding energy
calibration was carried out using the Cls line of the
adventitious carbon at 284.6 eV as a reference.

For the electrochemical experiments, the synthesized
material was used as the working electrodes in
Swagelok™-type sodium half-cells. For this purpose, a
mixture containing active material (75%), carbon black
(15%), and polyvinylidene fluoride (10%) was blended in
N-methyl-2-pyrrolidone for 2h to obtain a homogeneous
slurry. This paste was then spread onto a 9mm
aluminum disk and vacuum-dried at 120°C for several
hours. The working electrodes had a mass loading of ca.
3mgcm 2 The electrolyte solution was 1M NaClO, in
propylene carbonate (PC) and 2% fluoroethylene carbon-
ate (FEC), which was soaked in glass fiber separators
(GF/A-Whatman). The electrochemical cells were as-
sembled in an argon-filled MBraun glovebox under
controlled O, and H,O traces to perform voltammetric,
galvanostatic, and impedance spectroscopy experiments.
The electrodes were studied at different current densities
with potentials between 1.5 and 4.3 V. Electrochemical
impedance spectroscopy (EIS) was performed between
1 mHz and 1 MHz. Cyclic voltammetry (CV) with scan
rates between 0.1 and 1.0 mV s~ was also performed in
the 1.5-4.3 V potential window.

3 | RESULTS AND DISCUSSION

The chemical composition of the compound prepared by
sol-gel synthesis® was checked by XRF. These results
correspond to a Kg4,[Feg17Mngg3]0, formula, in good
correspondence with the nominal stoichiometry, and
manganese in the 3.7+ average oxidation state. This
oxidation state prevents the undesirable Jahn-Teller
distortion.’? In contrast to previous reports,>’ the solid
adopted the monoclinic structure of P’3-K,gCrO,, with
potassium in trigonal prismatic coordination, an interest-
ing material for potassium-ion batteries."> The XRD
patterns (Figure S1) reveal a high-purity phase. Thus,
Rietveld analysis of XRD data using the C2/m space
group yielded the unit cell parameters a=0.5099; nm,
b=0.2864snm, c¢=0.7130;nm, y and [=102.22,°
(Table 1). The fitted structure is shown in Figure 1 and
the refined crystallographic parameters are shown in the
supporting Information file, Table S1.

HRTEM images of the particles show crystalline
domains in the 40-60nm size range agglomerated in
secondary particles (Figure 2). The individual domains
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TABLE 1 Unit cell parameters of the raw material and
charged and first-cycle products.

Raw After the After the
Cell parameters material first charge first cycle
a (nm) 0.5099; 0.4944, 0.5061
b (nm) 0.28645 0.2931, 0.2928,
¢ (nm) 0.7130, 0.7301, 0.7104,
B (®) 102.22, 101.63, 102.67,
Cell volume (nm?®)  0.101g 0.103, 0.102,

FIGURE 1 Refined structure of Ky 4,[Feg17Mng g3]0,. O: small
red spheres: K: large spheres, and Mn/Fe: intermediate spheres.
(Mn, Fe)Og¢ octahedra are dark purple and KO trigonal prisms are
light purple.

frequently showed (001) lattice fringes (Figure 2A), while
the fourier transform (FT) of other HRTEM images could
be indexed'' according to the <010> zone axis
(Figure 2B). These observations are in agreement with
the structural parameters derived by XRD.

On the other hand, Figure 3 shows the Fe2p, Mn2p,
O1ls, and K2p regions of the XPS spectra of the raw
sample. The Fe2p region shows two bands at 710.4 and
713.9 eV, as well as a satellite peak at 717.4eV. These
signals are ascribable to Fe2p;,, and Fe2p;,, levels of
this transition metal in a trivalent oxidation state.* In
the Mn2p region, the presence of asymmetric profiles
agrees with the occurrence of two components ascriba-
ble to Mn** (641.3 and 651.8 eV) and Mn** (642.6 and
653.8 eV) as expected from the average oxidation state
(3.7) for manganese in this sample."> Also, satellite
peaks at 645.7 and 656.2eV are observed. The Ols
region shows a main signal at an asymmetric profile
that can be decomposed into three components at
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527.8 eV ascribable to the oxide atoms in the lattice as
well as two additional lines at 530.8 and 533.6eV
arising from the surface oxide and carbonate species.'®
Finally, the presence of potassium is recognized by the
K2p;,» and K2p;,, bands.

Due to the average oxidation state of Mn, in the 3+ to
4+ range, the material can be used starting with the
charge or discharge of the cell. In the first case
(Figure 4A), when charging up to 4.3V, a capacity of
34mAh g™ is observed. The extraction is not complete
since it represents 31% of the theoretical first charge
capacity (109mAhg™" for full potassium extraction).
This residual potassium in the structure may be favorable
to maintaining the structural integrity of the compound,
as suggested by Wang et al.,* for other compounds. In the
XPS spectra of the charged electrodes, also shown in
Figure 3, the oxidation of Fe** to Fe** and Mn** to Mn**
is clear. On the other hand, there is a significant
reduction in the intensity of the K2p signals after
oxidation, which implies that it is only partially extracted
from the network during cell charging.

Subsequently, the discharge of the cell is associated
with the intercalation of sodium from the electrolyte.
Thus, it is possible to intercalate more ions than the
extracted K* ions during the charge, which leads to the
partial reduction of Mn** to Mn>*. This is evidenced in
the CV plots in Figure 5A, which reveal two polarized
reversible signals at 2.95/2.2V (peaks 1/4) and 3.58/
3.11V (peaks 2/3) ascribable to iron and manganese
redox pairs, respectively. The following cycles show a
reversible capacity increasing from 60 to 80 mAhg™".
This is maintained in this interval until 100 cycles. The
stability suggests the pillaring effect of potassium®> and
its beneficial effect on structural stability. The initial
increase in capacity can be attributed to further
potassium extraction that does not suppress the pillar-
ing effect, as it never reaches the theoretical 109 mAh
g~! corresponding to the complete potassium-pillars
extraction. On the other hand, the curves at different
kinetics (Figure 5B) show an interesting behavior up to
the 2C rate, which may be associated with the greater
interlayer separation in this compound, compared to
similar sodium compounds.

To gain insight into the origin of the lattice stability of
the studied compound upon cycling, ex situ XRD patterns
were recorded after the first charge and after the first cycle
(Figure S1). The unit cell parameters (Table 1) show a
slight expansion in unit cell volume upon potassium
extraction, mostly associated with changes in the
a-parameter. The incomplete K-extraction prevents struc-
tural collapse. After the first cycle, there is a slight
contraction again. However, the initial unit cell volume of
the pristine compound is not recovered, thus indicating
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FIGURE 2 HRTEM of the K 4,[Feg 17Mng g3]O,. raw sample. (A) (001) lattice fringes. Inset: FT; (B) <010> zone axis. Inset: indexed FT.
Top: magnified regions of the same images. HRTEM, high-resolution transmission electron microscopy.

Fe2p: Mn2p O1s K2p
Charged Charged Charged . Charged
at4.5Vv : at4.5Vv at4.5Vv

Raw

732 726 720 714 708 660 655 650 645 640 537 534 531 528 297 294 291
Binding energy / eV Binding energy / eV Binding energy / eV Binding energy / eV

FIGURE 3 Fe2p, Mn2p, Ols, and K2p regions of the XPS of the raw sample and the sample charged at 4.5V electrode.
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FIGURE 4 Galvanostatic cycling results for Ky 45[Feg1;Mng g3]O,
electrodes in sodium half-cells at C/10, starting with (A, B) cell charge
and (C) cell discharge.

the insertion of sodium during the first discharge. The
overall changes are rather limited, thus allowing greater
structural and mechanical stability of the cathode.
Figure 4B shows the electrochemical results starting
with cell discharge. The performance in terms of
capacity on cycling at C/10 is similar to the charge-
starting experiments. Thus, the difference between
the first and second discharge capacities is close to the
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FIGURE 5 (A) First two CV cycles at 1mVs™.
Galvanostatic rate performance starting with charge (B) and
discharge (C). CV, cyclic voltammetry.

first-charge capacity in Figure 4A. However, on
increasing the rate to C (Figure 4A), there is a sharper
decrease in capacity (Figure 5C). This means that the
initial insertion of sodium could deteriorate the migra-
tion paths for sodium in the structure. A comparison of
Figure 4A,C shows a progressive increase in capacity
when starting with cell charge, while the test starting
with charge provides a more constant capacity. The
potassium extraction during the first charge opens a
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FIGURE 6 Plots of I, versus v'/? from peaks 1-4 and 2-3 in
Figure 5A for Kg4,[Feo1,Mng 3]0, electrodes.

wide space for sodium insertion, as shown in Table 1,
while the migration paths are filled with potassium
when starting with cell discharge and impede increased
capacities.

The analysis of CV curves at different rates
(Figure S2) provided an estimation of the apparent
sodium diffusion coefficients. Randles-Sevcik estab-
lished that the diffusion coefficient (Dy,+) can be
calculated when their current intensity maxima (I,) are
proportional to the square root of the sweep rate (v/?)
according to the following equation'”'®:

Dyg = 2.69-1075n3/281/2Cy1/2, )

where n is the number of electrons transferred
in the redox reaction, S is the geometric area of
the electrode, and C is the bulk concentration of
electroactive Na*.

Figure 6 shows the linearity of these plots for both
anodic and cathodic peaks of Kg4,[Fepq1,Mngg3]O,
electrodes. From their slopes, the sodium diffusion
coefficients (Dna.+) were calculated, and these values
are also shown in Figure 6. These results reveal that
sodium diffusion is faster during the oxidation-reduction
of Mn than during the changes in the oxidation state of
iron. In addition, the numerical values compare well
with other reports in the literature for both sodium?® and
potassium* batteries.

On the other hand, the Nyquist plots shown in
Figure 7 were obtained from EIS after successive
cycles and after prolonged cycling at 300 mA g~ '.
These plots showed two semicircles at high and
medium frequencies that could be fitted to the
equivalent circuit shown as an inset in Figure 7. The

6
—a— Cycle 1
—e— Cycle 4
1 ——Cycle 100
y a
o)) — :"S
£ 2 .
A o / /
o £ B
= | A .
B ! d
T 2 : #
.All‘-fl—l—l«[, *
T A u
=]
0 . : : : :
0 2 4 6

Re (Z) / Ohmg

FIGURE 7 Nyquist plots obtained after the first four cycles and
after cycle 100 for Kg45[Feo.17Mng g3]O, electrodes. The equivalent
circuit used in the analysis is also shown.

fitting results presented in Table S2 include the
electrolyte resistance (R.;), the cell internal resist-
ances at the surface layer (Ry), and the charge-
transfer resistance (R..) at the electrode-electrolyte
interphase. First, the R, is low as usual for liquid
electrolyte cells. The values of Ry and R, decrease
progressively after the extended cycling, which agrees
well with the rate performance and apparent diffusion
coefficients described above.

Finally, the apparent diffusion coefficients Dy,+ can
also be determined from the impedance spectra. Accord-
ing to Equation (2), the apparent diffusion coefficients
can be expressed as'®:

Dng = 0.5(RT/SF?%g,C)?, (2)

where R is the gas constant, T is the absolute
temperature, F is Faraday's constant, and C is the
molar concentration of Na* ions in the formula unit.
The Warburg coefficient (o,,) can be deduced from the
slope of the linear segment of the real impedance (Z')
when plotted versus the reciprocal square root of the
lower angular frequencies (w~'/?), as shown in
Figure S3. From these plots, a negligible variation in
slope, and thus, in the apparent diffusion coefficients,
can be observed when the cycle number increases,
which confirms the high stability of the studied
material, also in agreement with the CV
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determinations and the structural stability revealed
by the XRD analysis.

4 | CONCLUSIONS

In this work, the results corresponding to the layered
compound P’3-Kg4,[Fep17Mng 3]0, are presented. It
was prepared using a sol-gel procedure that yielded a
product with relatively high purity, with an indexable
structure in the C2/m space group of the monoclinic
system (a =0.5099; nm, b=0.2864snm, c¢=0.7130;nm y
B =102.22,°). Manganese in the 3.7+ oxidation state avoids
a high negative incidence of the dynamic Jahn-Teller effect.
Its electrochemical behavior was tested in sodium metal
half-cells using NaClO, in PC and FEC (98:2) as the
electrolyte. When the cell is charged up to 4.3V, it is
observed that the potassium extraction is not complete.
Residual potassium in the structure may be favorable for
maintaining the structural integrity of the compound. The
subsequent discharge of the cell is associated with the
intercalation of sodium from the electrolyte. Thus, it is
possible to incorporate a greater number of alkaline ions
than those extracted in the previous charge, which leads to a
decrease in the initial average state. The following cycles
show a reversible capacity increasing from 60 to 80 mAh g™
and excellent cyclability. This can be explained by the
beneficial effect of potassium, which would act as a
structural “pillar” in the interlayer, which would reduce
structural degradation during cycling. On the other hand,
the curves at different kinetics show an interesting behavior
at kinetics up to 2C, associated with the greater interlaminar
separation in this compound, compared to similar sodium
compounds.
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