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Abstract: Having in mind the remarkable economic and
environmental issues involved in the presence of nickel and cobalt
metals in electrode compositions, new Nags7Mgo.0sF€0.1NixMng g5.x02
(x= 0.0, 0.05, 0.1, 0.15) with a P2 type layered structure, are
synthesized to be essayed as positive electrodes in sodium-ion
batteries. The sol-gel route here proposed favors the obtention of
highly pure and crystalline samples with a homogeneous distribution
of the constituting elements. Both galvanostatic and voltammetric
tests reveal a superior electrochemical behavior for the Ni-free sample,
which delivers 94 mA hg! at 5C. This excellent performance is
associated with a good kinetic response in terms of low charge and
discharge hysteresis, high Na* diffusivity, and low cell resistance. Ex-
situ measurements evidenced the combined contribution of both the
reversible electrolyte insertion and the formation of peroxo species.
These advantageous properties allow this electrode to reach a
remarkable behavior when is cycled either to low temperatures or high
rates.

Introduction

Sodium-ion batteries (SIBs) are envisaged as promising
electrochemical devices that may compete with lithium-ion
batteries (LIBs) for specific niches of applicability.'3 Despite
certain limitations of Na* ions, such as their larger size and slightly
reduced power, the vast differences in lithium and sodium
carbonate prices and the replacement of copper by aluminum as
the anode collectors lead to an effective decrease in battery cost.
It can be crucial shortly when the high demand for LIBs or the
occurrence of supply constraints could lead to a prohibitive
increase in the battery cost.*® For this reason, SIBs are not being
fully discarded for specific applications such as the storage of
electricity coming from renewable energy sources in which large-
scale energy systems would be needed.®®!

The search for new electrode materials for SIBs promoting
sodium insertion strongly resides in the preliminary successful
results reported for LIBs in previous decades. Thus, the literature
about anode and cathode materials is abundant.[® 6/ Among
others, P2 type Nao7Nio33Mng 67,02 features an open framework
that facilitates the Na* ion diffusivity allowing it to reach excellent
specific capacities, high ion diffusion coefficients, and cycling
stability.*1-20] Despite these benefits, this electrode material
suffers from some detriments such as the appearance of an

irreversible O2 phase at high voltage and undesirable ordering of
Na* ions and vacant limiting its applicability.?!! Fortunately, partial
replacement of Ni?* by Mg?* has been revealed to be an adequate
solution to this issue.??24

Otherwise, the presence of nickel in the nominal
composition of this cathode material reveals issues about the
safety of supplies that are already concerning for LIBs. McKinsey
and Company forecasted that the supply of battery-grade nickel
may not meet demands shortly. Moreover, geological scarcity and
low incentive prices have been responsible for a decline in the
supply of Class 1.125?7] Likely, the investment required to explore
new deposits of sulfide ores to meet the demand for battery-grade
nickel will increase the price of this metal. Nickel recovery is an
environmentally friendly alternative option able to preserve
resources, but it should be considered that the high purity (99%)
of Class 1 metal is highly demanding when establishing efficient
recycling processes. 28!

Based on these assumptions, the research on new
cathodes for SIBs should make an effort to develop new low-Ni
content chemistries. Excellent reports on Ni-free layered oxides
can be found in the literature.l 2931 Notwithstanding, it is widely
admitted that the presence of Ni**/Ni** redox couple near four
volts is a positive contribution to the energy density of the cell that
cannot be discarded.? 31 The goal of this work is to unveil
whether the presence of nickel is significant to obtaining highly
performing cathodes for SIBs.

For the first time, we studied Mg-doped layered oxides with
the nominal composition Nao.67Mgo.05F€0.1NixMng g5:xO2
(0 =£x<=0.15). Samples were prepared by a single and easily
scalable sol-gel method and the morphological and structural
properties were characterized by X-ray diffraction, electron
microscopy, and spectroscopic techniques. The optimal
stoichiometry for achieving between low-Ni content and high
electrochemical performance as cathodes for sodium-ion
batteries was evaluated by both galvanostatic and potentiostatic
methods.

Results and Discussion

The P2 type structure of this sodium layered oxides is the
result of the parallel stacking of two-dimensional slabs built from
(Mn, Ni, Fe, Mg)Os octahedra sharing edges. Sodium ions are
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located at partially filled prismatic sites in the interslab space
which facilitates their diffusion.®* 3% The XRD patterns of the
studied samples feature a set of narrow reflections which were
indexed in the P6s/mmc space group of the hexagonal system
(Figure 1). Despite the major presence of the P2 phase, minor
reflections at ca. 13° and 25° (26) additionally appeared, mainly
for NMFNOS5. It has been ascribed to the occurrence of hydrated
phases at low Na content.*®l However, this phase will not involve
a significant hindrance to the electrochemical behavior, as will be
evidenced below. Table 1 shows that the lattice parameters
increase with the Ni content, as expected from the larger crystal
radius of NiZ* (0.83 A) as compared to high-spin Mn3* (0.785 A)
or Mn** (0.67 A). X-ray fluorescence evidenced a close similarity
between the nominal and actual stoichiometry. The contents of
Na, Mg, and Fe were quite similar, while Ni and Mn followed the
expected trend (Table 2).
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Figure 1. X-ray diffraction patterns of Nag7Mgo.0sFe0.1NixMng gs-
xO2 (0 < x < 0.15) series. The experimental patterns (black dots),
calculated patterns (red), and differential curves (green) are
included for each sample. DIF patterns for the P2-type structure
(blue) are displayed.

NMFNO  NMFNO5  NMFN10  NMFN15
alA 2.8805(5) 2.8854(2) 2.8880(2) 2.8889(3)
c/A 11.224(2) 11.258(1) 11.277(1) 11.281(1)
Volume /A3  80.65(3) 81.33(1)  81.45(1)  81.53(2)

Table 1 Unit cell parameters for the Nag 67Mgo.0sF€0.1NixMng g5.xO2
series indexed in the P6z/mmc space group.

Table 2. Nominal and actual stoichiometry determined by XRF for
the Nao,e7MgolosFeollNianolss.xOZ series.

Sample Nominal stoichiometry Actual stoichiometry from XRF
NMFNO Nao.e7Mgo.osFeo.1Nio.oMno.gsO2 Nao.s7Mdo.osFe0.11Nio.oMno.9sO1.88
NMFNO5 Nao.s7Mdo.osF€0.1Nio.0sMno.eO2 Nao.eaMdo.04F€0.10Ni0.0sMno.gsO1.96
NMFN10 Nao.e7Mgo.osFeo.1Nio.tMno.7502 Nao.s7Mdo.osF€0.11Nio.11Mno.8401.9
NMFN15 Nao.e7Mdo.osFeo.1Nio.15sMno.702 Nao.ssMdo.osFe0.11Nio.17Mno.8301.84

" J T 1um ;
Figure 2. FE-SEM micrographs of a, b) NMFNO; c, d) NMFNO5;
e, f) NMFN10 and g, h) NMFN15 at two different magnifications.

FE-SEM micrographs, displayed in Figure 2, show the most
relevant morphological properties at two different magnifications.
On the one hand, primary particles are randomly agglomerated
as rounded particles with a diameter of a few micrometers
(Figures 2 a, c, e, and g). A close inspection of isolated primary
particles evidences the parallel stacking of crystal stratus
reflecting the layered structure of these oxides (Figures 2 b, d, f,
and f). EDX analysis revealed a uniform distribution of the
compositing elements on the particle surface, which
demonstrates the reliability of the selected sol-gel route to yield
homogenous phases (Figure S1, Supporting information).

In general, the HRTEM images in Figure 3 evidence the high
crystallinity of the studied samples, as well as different
orientations of the layered particles relative to the electron beam.
Figures 3a and c show lattice fringes ascribable to the (002)
planes of the NMFNO and NMFN15 P2-stacking phases, which
are separated by 5.61 and 5.64 A, respectively. These values are
in good agreement with the unit cell ¢ dimensions collected in
Table 1, which in turn indicate the cell expansion caused by nickel
incorporation in the lattice. In addition, they show significant layer
curvature due to internal stresses. On the other hand, <001> zone
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axes could be identified in Figures 3b and d and their
corresponding fast Fourier transform (FFT) plots. The images
reveal a local disorder leading to different regions, as well as
fringes ascribable to the (100) and (010) structure planes with
spacings close to 2.50 A. Also, images with a more extended field
reveal a local disorder leading to different crystalline domains,
arly evident for sample NMFN15.

Figure 3. HRTEM images and electron diffraction diagrams of
NMFNO and NMFN15 samples.

Figure 4 shows the X-ray photoelectron spectra at the Mn2p,
Fe2p, and O1s core levels of the NMFNO raw sample and their
corresponding counterparts in partially and fully charged
electrodes. For the pristine material, the Fe2p profiles feature two
characteristic bands at 711.0 eV and 724.6 eV which are
respectively assigned to Fe2ps, and Fe2p;. levels of this
transition metal in its trivalent state. The presence of a satellite
peak at 717.6 eV is also remarkable.B” 38 For the Mn2psp»
subspectra, the asymmetric band was decomvoluted in
components at 642.0 eV and 643.0 eV ascribable Mn3* and Mn**.
In fact, a linear correlation between the average oxidation state
(AOS) of manganese derived from the nominal stoichiometry and
the relative contribution these XPS components was observed
(Figure S2, Supporting information). Finally, The Ols spectrum
shows an asymmetric profile that can be decomposed into three
components at 529.5 eV, 530.8 eV, and 533.6 eV coming from
the lattice oxide species and surface carbonated species.l®
Additionally, spectra at the Nals, Mgls, and Ni2p were also
recorded for the studied samples (Figures S3-S6, Supporting
information). The binding energies associated with the maxima of
their bands were in good agreement with the presence of Na*,
Mg?*, and Ni?*, respectively.? 41 A significant contribution of Ni%*
(856.7 eV), due to oxidative conditions at the particle surface,
could be responsible for the asymmetric Ni2p.#?
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Figure 4. XPS spectra at the Mn2p, Fe2p, and O1s core levels of
a) NMFMO05, NMFN10 and NMFN15 raw samples; b) NMFNO raw
sample and electrodes charged at 4.0 and 4.5 V.
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Figure 5. a) First three galvanostatic cycles recorded between 1.5
and 4.5 V at C/10 and room temperature; Cyclic voltammograms
for the Naos7Mgo.osF€0.1NixMnggsx02 (0 <x < 0.15) samples b)
recorded at 0.1 mV s and c) after the first cycle at C/10 (18
mA g?) and c) 100" cycle at 1C.

Figure 5a shows the first three galvanostatic cycles at C/10
to unveil a first short charge whose extent increases with the Ni
content. Also, an increase in the capacity of the first discharge is
observed when the Ni content is increased. Likely, the capability
of this transition metal of transferring two electrons according to
the Ni**/Ni?* redox couple as compared to Fe**/Fe®" or Mn*/Mns*
couples can be responsible for this slightly high capacity at low
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rates. To allocate the redox activity of these redox couples and
correlate them to the stoichiometry of the studied compounds, CV
curves at a low sweep rate (0.1 mV s) were scanned (Figure 5b).
The anodic profiles reveal distinct features at ca. 2.5, 3.3, and 3.7,
which are respectively ascribed to the Mn*/Mn%, Fe*/Fe®,
Ni#*/Ni?*. Their changes of intensity are in good agreement with
the nominal stoichiometry of samples. The fourth band at ca. 4.2
V is visible for those samples with high Ni content, while is shifted
to higher voltages for samples NMFNO and NMFNO5. Either a P2
transition phase to an irreversible O2 phase or the oxidation of
oxide anions to peroxo species are proposed.?: 43 This high
voltage band was reversible for the first few cycle at low rates
(Figure 5a). The fact that this band appears over the upper cut-off
voltage NMFNO and NMFNO5 may explain their slightly lower
capacity in the subsequent discharge (Figure 5a). All these anodic
bands showed their corresponding cathodic counterparts, as
indicated in Figure 5b. After the 100" cycle at 1C, these
voltammograms revealed the disappearance of the bands at ca.
4.2V (Figure 5c), while those bands assigned to the oxidation and
reduction of the transition metals were still visible. Therefore, it is
plausible that the influence of this high voltage process on the
long cycling performance would be limited to the first few cycles
and even to be responsible for limited sodium diffusion at high
rates as will be shown below. Recently, Du et al. have found that
Na* removal from a related layered oxide also reveals a flat
plateau at ca. 4.2 V, ascribable to the introduction of holes into
the O-2p bands. Nevertheless, the limited reversibility of the O-2p
band oxidation lead to a capacity fade of this plateau on cycling. 4
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a) NMFNO and NMFN15 samples. Asterisks denotes the
reflections ascribable to the electrolyte inserted phase.

The nature of the process involved in the high voltage bands
could be discerned with the help of ex-situ XRD and XPS
techniques. Figure 6 shows the ex-situ XRD patterns of partially
charged electrodes for two selected samples. New peaks at 12.6°
and 25.2°re predominant at 4.2 V. These reflections are typically
attributed to the cointercalation of solvent molecules into the
sodium slabs.*® Further charge at 4.5 V involved the
disappearance of this solvated phase and the reappearance of
the P2 phase evidencing the reversibility of this process. Li et al.
revealed that the contribution to the reversible capacity in the
Na/P3-NagsNig2sMne 750, at high voltage arose from the
combined contribution of the reversible insertion of the electrolyte
anions (v.g.:ClO4") and the anionic activity (0,?/0%) redox couple,
resulting in a fast-kinetics process.8 A partially crystalline P2
phase is recovered after further discharge at 1.5 V. At this low
voltage, the reduction to Mn3" may induce a significant Jahn-
Teller effect which elongates the octahedral sites and provokes
structural degradation on cycling.*”! This effect involves the
splitting of the (002) and (004) reflections due to the appearance
of a P2" phase.®l The absence of these split signals in the
patterns of the discharged electrodes (Figure 6) would reveal that
this deleterious phenomenon is circumvented in these samples.
In this way, it has been reported that the substitution of Fe3* by
Mn** and or Ni?* allows to mitigate this undesired effect.[*]
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Figure 6. Ex-situ XRD patterns of raw material, electrodes
charged at 4.2 and 4.5 V and subsequent discharged at 1.5 V for
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Figure 7. a) Galvanostatic charge-discharge branches of sodium
half-cells subjected to increasing rates from C/10 to 5C; b) Rate
capability of half-cells cycled between 1.5 and 4.5 V at several
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rates from C/10 to 5C; c) Charge-discharge hysteresis versus
applied current measured at the low voltage (1-4) and high
voltage (2-3) regions. These regions have been indicated with
arrows in Figure 7a.

To unveil the participation of elements in the
electrochemical reaction, XPS spectra of charged electrodes
were recorded for the NMFNO sample (Figure 4b). After cell
charging, the fitted Mn2p revealed an increase of the band
assigned to Mn**, as expected from the electrochemical oxidation
induced during the charging process. Similarly, a slight shift of the
Fe2ps, band to high binding energies would involve the presence
of an non-resolved component of tetravalent iron after the cell
charging.®® Concerning the Ol1s spectra, the electrochemical
oxidation induced an increase of the contribution of component
attributed at surface adsorbed species. Also, a small component
at 531.4 eV, which has been ascribed to the presence of
electrochemically oxidized peroxo species, could be observed
after charging at 4.5 V.[3% 43,501

Sodium half-cells assembled with the studied samples as
working electrodes were subjected to rate capability tests at rates
from C/10 to 5C, then 2C, and finally 1C until the 100™ cycle.
Charge and discharge branches are plotted in Figure 7a to unveil
different behaviors at both capacity values and average voltage
at charge and discharge that have been separately evaluated.
First, overall discharge capacity values have been calculated and
displayed in Figure 7b. It seems clear that the contribution of the
extra capacity due to the P2 transition phase and/or anionic redox
activity at high cell voltage is beneficial for NMFN10 (204
mA h g) and NMFN15 (206 mA h g?) after the first discharge at
C/10. Their comparatively high capacity persisted until the C/2
rate. Then, an enhanced capacity fading is recorded for the latter
samples at the highest rates from 1C to 5C. Thus, discharge
capacity values as low as 57 mA hg?! and 60 mAhg?! were
respectively recorded for NMFN10 and NMFN15. It can be
attributed to the poor reversibility of the plateau at 4.2 V when the
cell is subjected to high currents, but also to the increase of the
charge and discharge hysteresis occurring when the Ni content is
increased. (Figure 7a). Contrarily, the low voltage region between
3 and 4 V during charge, and 1.5 and 2.5 V during discharge,
mainly due to the Mn**/Mn3* redox couple appears less polarized
and able to sustain capacity at high rates. Contrarily, the Ni-free
NMFNO sample featured 131, 115, and 94 mA h gl.at 1C, 2C and
5C. Besides the environmental benefits of the removal of nickel
from its composition, these values are highly competitive to others
previously reported in the literature, mainly at the highest kinetic
rate. (Table S1; Supporting information). Concerning the capacity
retention during the cycling at 1 C, values of 81.4%, 80.7%, 79.2%,
and 85.6% were respectively determined for NMFNO, NMFNO5,
NMFN210, and NMFN15.

To clarify this effect, two distinct regions were discerned in
both charge (1-2) and discharge (3-4) curves at high and low
voltages, which have been marked in Figure 7a. Their average
voltage was determined and the charge-discharge hysteresis was
plotted versus the mass normalized current in Figure 7c. The
hysteresis followed a non-linear variation. The tendency revealed
that the presence of nickel favors large cell polarization that
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eventually negatively affects the overall discharge capacity. It
agrees with the rate capability results, demonstrating that nickel
can be fully removed from the electrode composition benefiting at
the same time exceptional performance at high rates.
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Figure 8. a) Nyquist plots for the Nag.67Mgo.osF€0.1NixMng s5xO2

(0 =x<=0.15) samples recorded after the first cycle at C/10 and

the 100™ cycle at 1C. Inset: Equivalent circuit used for the fitting

of the spectra.

To unveil the effect of the resistance at the electrode-
electrolyte interphase on the cell performance, impedance
spectra were recorded after the first discharge at C/10 and the
100™ cycle at 1C. Figure 8 shows the Nyquist plots whose profiles
feature typical semicircles at high and low frequencies. From their
fitting to the equivalent circuit appearing as an inset in this figure,
internal resistances at the electrolyte (Re), the surface layer (Rg),
and charge-transfer reaction (R.) at the electrode/electrolyte
interphase can be determined (Table 3). Re yielded values that
can be neglected as compared to the others, as expected for
electrolytes in solution. After the first cycle, the lowest resistance
values were recorded for NMFMO and NMFNO5 samples. After
the 100" cycle, the overall cell resistance decreased for all
samples except for NMFN10. These results evidence the good
kinetic response of those samples with low Ni contents and the
flexibility of their open framework to favor Na migration even after
a large number of cycles. The lowest resistance performed by
NMFNO5 after 100 cycles could be correlated to its ability to
retrieve cell capacity when returning to 2C and then 1C. and
eventually reaching capacity values close to those of NMFNO after
the 100" cycle.

Table 3 Electrolyte (Re), surface layer (Rg) and charge transfer
(Re) resistance values. calculated from the impedance spectra of
the studied Mg-doped studied samples after 1% cycle at C/10 and
100 cycles at different 1C rates.

NMFENO NMFNO5 NMFN10 NMFN15
After 1%t cycle at C/10
Rei/Ohm g 0.004 0.002 0.001 0.002
Rq/Ohmg 1.002 1.436 0.561 1.13
R /Ohmg 5.198 4.968 6.328 5.62
After 100" cycle at 1C
Rei/Ohmg 0.023 0.013 0.018 0.019
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Rs/Ohmg 0.746 1.005 1.597 1.228

R« /Ohmg 3.015 1.856 6.782 3.932

Cyclic voltammetry at increasing sweep rates was applied
to the sodium half-cells previously subjected to one charge and
discharge activation cycle at C/10 (Figure S7a; Supporting
information). From these curves, the relative faradaic and
capacitive contributions can be calculated. The faradic one arises
from the Na* insertion and the electron transfer at the redox-active
sites. Otherwise, the strong electrostatic interactions among the
metal oxide slabs that eventually lead to the Na* release from the
structure are considered the origin of the capacitive response. >
For this purpose, current values at the selected peak maxima (Ip)
along the anodic (1-2) and their corresponding cathodic
counterparts (3-4) were measured. They are marked in Figure
S7a. These values follow a linear relationship versus the sweep
rate v according to the next equation:[52
logl, =loga+ blogv [Eq.1]

From the slope, b-values can be elucidated (Figure S8;
Supporting information). This parameter takes values between
0.5 and 1, being 0.5 ascribable to a faradic diffusion-limited
reaction, b-values close to 1.0 are typical of predominantly
capacitive response. The lower activation barriers associated with
the electrostatic interactions linked to the capacitive process may
positively contribute to a fast exchange of Na*. Figure 9a shows
a predominant faradic contribution except for NMFNO which
revealed the highest b- values, mainly for the high voltage peaks
2and 3.
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Figure 9. Plot of b-values for the Nag7Mgo.osF€0.1NixMno g5.xO2
(0 = x = 0.15) samples recorded a) after the first cycle at C/10 and
c) the 100™ cycle at 1C. Plots of apparent diffusion coefficients
recorded b) after the first cycle at C/10 and d) the 100™ cycle at
1C.

Apparent sodium diffusion coefficients (Dna*) can also be
calculated from the CV curves in Figure S7a. It is well known the
linear relationship existing between the current intensity maxima
(Ip) and the square root of the sweep rate (Figure S9; Supporting
information): 3!

K

cm’
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I, = 2.69x1075n3/25D 4 /2 Cv1/? [Eq.2]

Equation 2 also features S as the geometric electrode area,
n is the number of transferred electrons and C is the Na*
concentration. The diffusion coefficients (Dna*), displayed in
Figure 9b, took values between 1.10° and 1.107'? cm?s?, the
highest values belonging to NMFNO irrespective of the current
peak. These results pointed out a good kinetic behavior of the
latter sample and would justify its exceptional performance on
cycling at rates as high as 5C.

GITT experiments were alternatively performed to calculate
sodium diffusion coefficients (Figure S10 (supporting
information)). As expected, these pulse-relaxation curves feature
similar profiles to those displayed in Fig. 6a at the lowest rate.
This chrono-potentiometric technique is performed by applying a
series of constant current pulses (C/10) for a limited transient time
(z=30 min) that increase the Na content in a certain Ax, followed
by a relaxation time (60 min) (Figure Slla (supporting
information)). The sodium diffusion coefficient can be calculated
whether a linear relationship between the cell voltage versus the
square root of the transient time is followed (Figure S1lb
(supporting information)). For this purpose, the next equation is

applied:B4 ,
2
== G [Ea3]

In this expression, T is the transient time, m is the active
material mass, M is the molar mass, Vw is the molar volume, and
A is the electrode surface. Otherwise, 4Es and A4E: are
measurable parameters from the GITT curves as depicted in
Figure Slla. The sodium diffusion coefficients are plotted in
Figure S12 (supporting information) as a function of the cell
capacity in both charge and discharge. Irrespective of the sample,
a common S-shape profile can be discerned. The coefficients
decrease at the beginning of the sweep to be further slightly
increased during the central region of the curve corresponding to
the intermediate content of sodium into the host matrix. This trend
is confirmed by the coefficients calculated from the CV curves and
the Randles-Sevcik equation which are plotted in Figure 9b. The
sodium exhaustion or full occupation from vacant sites leads to
an abrupt decrease of coefficients at the charge and discharge
branches, respectively. The average calculated values at mid-
term charge capacity were quite similar among samples (1.8 1071°
cm? s1), while slightly higher values were recorded for NMFNO
(3.4 10'° cm? s?) than for the other samples nickel-containing
samples (1.8 101 cm? s™). These values are close to those
calculated from the voltammograms and equation 2, confirming
their validity.

A similar kinetic study was performed on the sodium half-
cell retrieved after the 100" cycle at 1C to correlate their capacity

Dyat

degradation after the cycling experiment to their kinetic properties.

Figure S7b (Supporting information) shows CV curves recorded
at increasing sweep rates which were employed to determine the
current intensity maxima (lp). The overall anodic and cathodic
profiles resemble those recorded after the first cycle, though their
current intensity has decreased as a result of the capacity fading.
Also, the bands at high voltage, associated with the P2 phase
transition, have disappeared as a consequence of the poor
reversibility of this process. The b-values were also calculated
from the linear relationship between log | and log v (Figure S13,
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Supporting information). In general terms, only small variations
can be appreciated in these values after cycling. The high
capacitive contribution in NMFNO, mainly at peaks 2 and 3 is
preserved upon cycling (Figure 9c). Concerning apparent
diffusion coefficients, the Randles-Sevcik method was applied
according to Equation 2 (Figure S14, Supporting information).
The results revealed also small changes as compared to Figure
9d. It evidences the good structural stability of these layered
oxides which allows for the preservation of the Na* diffusion path
even after a long number of cycles.

Eventually, sodium half-cells assembled with the NMFNO
sample were subjected to galvanostatic cycling at different
conditions (Figure 10). On the one hand, the capability of future
batteries to sustain continuous cycling at low temperatures is
highly demanding. Figure 10a evidences that our best-performing
NMFNO sample can retain 40 mA h g (1C) after 200 cycles at
temperatures as low as -15°C. Otherwise, a cycling experiment at
a 2C rate and room temperature yielded 75 mA hg? and an
excellent coulombic efficiency (Figure 10b).

H 100
o120  E2is 7 e
§ s 35 5 % 9
< 1" 8% 30 —w . 5
1004~ 2% e :
1007 gl m o e g
STicstl | S
.6 f %
: 40 &
: f e
= 0] © Charge L 2
O o Discharge | :
0 T T i J ' I ' I <&
5 50 100 150 200
b Cycle number
_ I} 100
4.5 S
7 160 2249 oo &
] T > 7
£ 100 L s 1 20 [0 2
= __Cap 'm h i =
2 801 40 2
2 2
g 60 20 &
s 20| . Chaee , ;
® 207 o pischarge o §
S g o Dscharge [ 3
. 50 100 150 200

Cycle number

Figure 10: Galvanostatic cycling of sodium half cells assembled
with NMFNO sample as the working electrode. a) -15°C and 1c
rate; b) room temperature and 2C rate.

Conclusion
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On searching for new electrode compositions as positive
electrodes for sodium-ion batteries, limiting their Ni contents, the
Nag.67Mgo.05F€0.1NixMng s5.xO2 (x= 0.0, 0.05, 0.1, 0.15) series has
been studied in this work. The sol-gel route ensures a low-cost
and easily scalable preparative procedure. The structural,
morphological, and compositional evaluation of raw samples was
carried out by solid-state techniques such as X-ray diffraction,
electron microscopy, and X-ray fluorescence, respectively. These
results revealed highly pure and crystalline samples, indexable in
the layered P2 type structure, and a good accordance between
the nominal and actual compositions. XPS spectroscopy of raw
samples confirmed the expected valence states for iron and
manganese, respectively.

The rate capability tests, performed on half-sodium cells
assembled with the prepared electrodes, evidenced an
exceptional performance for the Ni-free sample (NMFNO), even at
the highest rate (94 mAhg?'). XRD and XPS ex-situ
measurements revealed the combined participation of the
reversible electrolyte insertion and peroxo species formation. The
high reliability of this electrode material has been explained in
terms of a good kinetic response resulting in a low hysteresis
between the charge and discharge branches, high Na* diffusivity,
and low cell resistance. These excellent properties were
preserved after 100 cycles and it was responsible for the
remarkable electrochemical behavior when this electrode material
was cycled either to low temperatures or high rates.

Experimental section

Four samples with general composition
Nao.67Mgo.05F€0.1NixMng s5.xO2 (X= 0.0, 0.05, 0.1, 0.15) by an easy
scalable sol-gel procedure. The Mg content was eventually
chosen according to the literature in which moderate substitutions
were enough to evidence the positive effect on the cathode
performance.?? The sol-gel synthesis resided on the use of citric
acid (Aldrich, 99%) as a chelating agent in a 3 to 2, citric to metal
ratio. Thus, stoichiometric amounts of Ni(NO3)..6H,O (Aldrich,
99%), Mn(NOz3)..4H,0O (Aldrich, 99%), iron nitrate nonahydrate
Fe(NOs3)3-9H,O  (Aldrich, 99%) and magnesium nitrate
hexahydrate Mg(NO3),.6H,0 (Aldrich, 98% purity) were dissolved
in 50 mL containing the citric acid solution. Finally, sodium acetate
(Aldrich, 99%) was added in a 5% excess to counterbalance
losses upon calcination. The samples will be named NMFNO,
NMFNO5, NMFN10, and NMFN15, for x values equivalent to O,
0.05, 0.1, and 0.15, respectively.

A BrukerD8 Discover A25 diffractometer, furnished with Cu-
Ka radiation and a graphite monochromator, was used to
determine the crystallinity and purity of the studied samples. For
this purpose, the X-ray diffraction patterns were recorded from 10
to 90° (26) (step size: 0.04° for 672 s) to evidence the purity and
crystallinity of samples. TOPAS software allowed for calculating
the lattice parameters. X-ray photoelectron emission
spectroscopy (XPS) on raw and cycled materials was performed
in a SPECS Phobios 150 MCD XPS spectrometer, furnishing an
Al Ka source. Samples were previously outgassed at a high
vacuum overnight. The binding energy was calibrated from the
Cls line of the adventitious carbon (284.6 eV). A JSM-7800F
Prime JEOL Microscope, equipped with an EDX analyzer allowed
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to record Field Emission-Scanning Electron micrographs (FE-
SEM). High-Resolution Transmission Electron Microscopy
(HRTEM) images were recorded in a TALOS F200i. A ZSX
Primus IV Rigaku sequential wavelength dispersive spectrometer
was used to analyze the X-ray fluorescence (XRF) and thus
determine the elemental composition.

Working electrodes of the synthesized materials were
prepared by mixing the active material (70%), acetylene black
(20%), and PVDF (polyvinylidene fluoride) (10%) in N-methyl-2-
pyrrolidone (Emplura, 99.5%). After two hours, the homogenous
paste spread onto an aluminum current collector and vacuum
dried at 120 °C for several hours. The eventual working electrode
loaded ca. 3 mg cm?. The auxiliary electrodes consisted of a
metallic sodium disk (Panreac, 99.8%). A 1M NaClO4 (Strem,
>99%) in propylene carbonate (PC) solution (Sigma-Aldrich,
99.7%) containing 2% wt. of fluoroethylene carbonate (FEC)
(Sigma-Aldrich, 99%) was used as an electrolyte. This ion-
conducting solution was soaked into glass fiber disks (GF/A-
Whatman). The Swagelok™-type sodium half-cells were
assembled in an argon-filled MBraun glove box under controlled
0O, and H,O traces. Both voltammetric and galvanostatic tests
were developed to unveil the electrochemical behavior of the
studied electrode materials.

Rate capability was tested at room temperature between
C/10 and 5C within the potential window 1.5 — 4.5 V versus
Na*/Na. In addition, cycling tests at -15°C at 1C were also carried
out. Cyclic voltammograms (CV) were scanned from 0.1 to 1 mV
s™! within the same voltage limits. The galvanostatic intermittent
titration technique (GITT) was used to record quasi-equilibrium
curves. For this purpose, C/10 rate pulses were applied for 30
minutes. Then the cell was allowed to relax at open-circuit for 1
hour. A VMP multichannel system allowed us to monitor these
electrochemical tests. The kinetic response at the
electrode/electrolyte interphase was evaluated by
Electrochemical Impedance Spectroscopy (EIS). An SP-150
Biologic potentiostat allowed to perturb the open circuit voltage by
an AC signal of 5 mV and record the spectrum from 100 kHz to 2
mHz. Before the measurements, the cycled cells were allowed to
reach a quasi-equilibrium state by relaxing under open circuit
conditions for at least 24 hours.

Supporting Information

The authors have cited additional references within the
Supporting Information.
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New P2 type Nags7Mgo.0sF€0.1NixMng g5.x02 (x= 0.0, 0.05, 0.1, 0.15) electrodes are characterized as cathodes in sodium-ion batteries.
Ni-free sample reveal a superior performance, which is associated to the combined contribution of reversible electrolyte insertion and
formation of peroxo species. It evidences a low cycle hysteresis, high Na* diffusivity, and low cell resistance.
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