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Sodium transition metal oxides with a layered structure are one of the most widely studied cathode
materials for Na*-ion batteries. Since the mobility of Na* in such cathode materials is a key factor that
governs the performance of material, electrochemical and muon spin rotation and relaxation techniques
are here used to reveal the Na™-ion mobility in a P2-type NagsMgyNig17_xMnggzO» (x = 0, 0.02, 0.05
and 0.07) cathode material. Combining electrochemical techniques such as galvanostatic cycling, cyclic
voltammetry, and the galvanostatic intermittent titration technique with p*SR, we have successfully
extracted both self-diffusion and chemical-diffusion under a potential gradient, which are essential to
understand the electrode material from an atomic-scale viewpoint. The results indicate that a small
amount of Mg substitution has strong effects on the cycling performance and the Na' mobility.
Amongst the tested cathode systems, it was found that the composition with a Mg content of x = 0.02
resulted in the best cycling stability and highest Na* mobility based on electrochemical and p*SR results.
The current study clearly shows that for developing a new generation of sustainable energy-storage
devices, it is crucial to study and understand both the structure as well as dynamics of ions in the

rsc.li/pccp material on an atomic level.

Introduction

With the increased demand in energy-storage technologies,
rechargeable lithium-ion batteries (LIBs) have become a major
component in the electronics industry as well as within the
electrified transport sector. One main concern about LIBs is
that Li resources are threatened to be exhausted in the future."?
Due to their cost effectiveness and abundance, sodium-ion
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batteries (SIBs) have become an interesting sustainable alter-
native. A major challenge in SIB research is to find suitable
electrode materials with a good electrochemical performance,
such as long-term cycling stability and high rate capability.’
Amongst various cathode materials in SIBs,* layered tran-
sition metal oxides of NaMO,-type (M = transition metals),
especially manganese-based oxides, are the most widely studied
materials due to the enhanced stability caused by the stable Mg
ions.>'? Here, layered oxides can be categorized into two main
groups: O-type and P-type, depending on the Na* coordination
in the crystal structure with an appended number of unique
oxide layer stacks consisting of edge-shared MOg-octahedra.
The nomenclature of such layered oxides was first defined by
Delmas et al.'* O-type oxides represent a structure with octahe-
dral Na" coordination, whereas P-type oxides have a prismatic
coordination. If the appended number is 2, the metal oxide
stacking in the unit cell along the c-axis is ABBA, and if the
appended number is 3, the stacking in the unit cell is ABCABC.
Hence, these are the two main types of sodium layered oxides:
P2- and O3-type phases. During electrochemical cycling, both
P2- and O3-types undergo phase transitions by MO, slab-
gliding. Materials belonging to the O3-type undergo different
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stages of phase transitions during desodiation, that is, O3-P3-
0'3-P’3." In comparison with this, P2-phase materials
undergo fewer phase transitions and only change into the O2-
phase during desodiation. Even though O3-type Na,MO, exhi-
bits a higher capacity due to the higher Na content in the
structure (x = 1), P2 structures have a better cyclability and rate
performance due to the fewer phase transitions and higher Na
diffusion.>"?

Manganese-based P2-Na,MnO, (x < 1) is an attractive
cathode material for SIBs, because of the low-cost and envir-
onmentally friendly properties of manganese."* One drawback
of some P2-structures is the P2-O2 phase transition above 4.0 V
vs. Na'/Na, which leads to degradation and hence a shorter life
time.*>'® Degradation at high voltages can be prevented using
either a lower cut-off potential or by doping with different
metals, such as Mg, Ni, Co and Fe.'”™*° In 2001, P2-Na,;
Niy3Mn,30, was first introduced by Dahn and Lu.”® Later
studies have shown that by introducing magnesium into P2-
type Na-Ni-Mn-O systems, a better rate capability and reversi-
bility can be obtained. Compared with undoped P2-Na-Ni-Mn-
O systems, Mg-doped systems undergo P2-OP4 phase
transitions at high voltages, which are more reversible and
stable than P2-02 transitions.*' ™’

There have been a variety of studies focusing on the structural
changes and electrochemistry of Mg-doped P2-Na-Ni-Mn-O cath-
ode systems. For example, Bruce et al studied the structural
evolution of P2-Na,;;Mg,Ni,;; ,Mn,;0, with different Mg contents
(x =0, 0.05, 0.1 and 0.2) at higher voltages and combined with
ab initio studies, showing the stability and reversibility of the OP4
phase, which has an alternate stacking of octahedral and trigonal
prismatic Na layers.”” Herein, we investigate different degrees of Mg
doping in P2-NaysMg,Nig 17 ,Mng g;0, for a smaller range of Mg
content (x = 0, 0.02, 0.05 and 0.07). With a variety of electrochemical
techniques, such as galvanostatic cycling, cyclic voltammetry (CV)
and the galvanostatic intermittent titration technique (GITT), we
discuss the effects of Mg doping on the long-term cycle life and the
diffusion coefficient and hence the Na-ion mobility.

Another complementary and novel technique for studying the
ion mobility in energy-related materials is muon spin rotation and
relaxation (11'SR). Here, the muon is an elementary particle with a
spin (S = 1/2) that is very susceptible to magnetic fields due to the
muon’s exceptionally large gyromagnetic ratio, 7, = 135.5 MHz T~ ",
This makes P'SR a unique and extremely sensitive (fractions of a
Gauss) probe of both electronic as well as nuclear magnetic
moments and fields.”® Traditionally, the p*SR technique has been
used extensively for studies of correlated electron physics, e.g.,
magnetism®** and superconductivity.***> However, lately, the
scientific scope of this technique has broadened significantly. About
a decade ago the targeted application for studies of ion diffusion in
energy-related materials using 1SR was initiated through a colla-
boration between academia and industry when the first systematic
study of Li-ion diffusion in the archetypal battery cathode material
Li,CoO, was presented.*® Since then, 'SR has been utilized to study
charge dynamics within a broad range of Li/Na/K-ion battery
cathodes,”*° anodes*"*> and solid electrolytes,*** as well as
hydrogen diffusion/desorption in H-storage materials,">*® along
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with ion movement in photovoltaic materials.”” Hence, 'SR has
become a novel and unique method in the area of sustainable
energy materials.

Experimental methods

Polycrystalline Na, sMg,Nig 17_Mng g30, (x = 0, 0.02, 0.05 and
0.07) samples were prepared via solid-state reaction of Na,COs3,
NiO, Mn,0; and MgO in their respective ratios. The precursors
were mixed using a planetary ball mill (PM 100 RETSCH) using
two 20 mm zirconia balls (30 g) for 30 min. The mixture was
then heated at 900 °C for 12 h in air and slowly cooled to room
temperature. The structure and quality of the samples were
verified using in-house X-ray diffraction (XRD) measurements
(see ESIt). XRD data analysis and Rietveld refinements were
performed using the software tools from the FullProf Suite.*®

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis was performed using an Avio 200 instru-
ment. The powder samples were dissolved via acid digestion
and diluted in ICP-grade water. A multi-standard solution
(Multi-Element Calibration Standard 3, PerkinElmer, 5%
HNO3) was used for calibration.

The electrodes were prepared by mixing the active material
with conductive carbon (Super P) and polyvinyldene fluoride
(PVAF Kynar Flex) as binder in a (weight or volume) ratio of
8:1:1, respectively. Drops of N-methyl-2-pyrrolidone (NMP;
Sigma Aldrich) were added to the slurry mix, which was ball-
milled at 600 rpm for 2 h. The slurry was cast onto a carbon-
coated Al foil using the doctor-blade technique, dried at 80 °C
and punched into 13-mm-diameter electrode discs. The discs
were then introduced into an argon-filled glovebox (H,O
<1 ppm and O, <1 ppm) and dried under vacuum at 120 °C
for 12 h to remove any residues of solvent and moisture. The
average mass loading of the final electrode is 3.2 mg cm 2.
Half-cells were assembled in polyethylene-coated aluminum
pouch cells, in which Na metal (Sigma Aldrich) on Al foil was
used as the counter electrode with Solupor® as the separator, Al
as the current collector and 150 pL of 1 M NaPF; (Stella) in PC
(BASF) as the electrolyte. The cell assembly was carried out in
an argon-filled glovebox (H,O <1 ppm and O, <1 ppm). All
cells were rested for 4 h before cycling.

Galvanostatic testing was performed using the Arbin cycling
system (USA). As metallic Na was used as the counter electrode,
all voltages used are vs. Na'/Na. Cycling tests were conducted in
a voltage window of 2.0-4.5 V vs. Na'/Na for 8 cycles at 0.1C at
room temperature. The 0.1C rate here is assumed for 10 h
charge or discharge, i.e., desodiation or sodiation, respectively.

CV measurements were performed using a Bio-Logic MPG2
instrument. The cells were cycled for 10 cycles in a
voltage window of 2.0-4.5 V vs. Na'/Na at different scan rates
of 0.1 mvVs ', 02mVs 'and 0.5 mvs .

GITT measurements were conducted on a Bio-Logic MPG2
instrument by applying a current pulse of 2 A mg™" for 30 min,
followed by a rest of 5 h. The rest periods were extended to 7 or
10 h, if the steady state potential was not reached.
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The p'SR measurements were performed using both the
EMU instrument at the ISIS pulsed muon source in the UK as
well as the S1 beamline of J-PARC MLF in Japan. The "SR time
spectra were collected in the temperature range 7 = 50-400 K
using a closed-cycle refrigerator (CCR). At each temperature,
the p'SR spectra were measured under the series of zero field
(zF), longitudinal field (LF = 5, 20 and 40 G) and transverse field
(TF = 20 G), where LF (TF) is the external magnetic field applied
parallel (perpendicular) to the initial muon spin polarization.
This protocol was employed in order to conduct a robust global
fitting procedure leading to an accurate determination of the
Na'-ion hopping rate. For these experiments, approximately
m = 1.5 g of pristine (non-cycled) powder sample was pressed
into a pellet for each pu'SR measurement. Further detailed
descriptions of the p'SR experimental setup and procedures
can be found in the ESIt as well as in the references.?*¢*”

Results and discussion

The stoichiometry of all the samples was determined via ICP-
OES (see Table S1 in the ESIT). The crystal structure and sample
quality were verified using XRD analysis (the crystallographic
structure and parameters are shown in Fig. 1 with detailed data
and analysis presented in the ESL T Fig. S1).

Fig. 2 shows the galvanostatic performance of the different
samples cycled at 0.1C in the voltage range of 2-4.5 V. The
undoped sample shown in Fig. 2a, P2-Nag ;Nig17;Mng g;0;,
exhibits three plateaus at 2.8 V, 3.7 V and 4.2 V, which
have been reported before.'® The initial charge capacity was
150 mAh g™, corresponding to 0.55 Na removal theoretically,
which is more than the original Na content from the formula
unit. There are different explanations for the additional capa-
city: first, at higher voltages, the material undergoes a phase
transformation from P2 to the O2 phase, as shown in an earlier
study,'® yielding more capacity; second, the extra capacity is
caused by oxygen redox participation, as reported previously for
similar cathode materials,>**°~** and electrolyte decomposition
at higher voltages, as reported before.”>** With continued
cycling, the plateau above 4.2 V disappeared, which indicates

Na, Mg,Niy.;7.Mn, .0,

Hexagonal
P6,/mmc (194)

a~ 2.88A
c~11.20A
o=p=90°
y=120°

Ni/Mn /Mg

Ni/Mn/Mg: (0 0 0) 2a
0: (213 1/3 ~0.09) 4f
Nad: (00 0.25) 2b
Na2: (2/3 1/3 0.25) 2d

Fig. 1 Atomic structure model (side- and top-view) as well as the crystal-
lographic parameters and atomic positions for the NagsMgy-
Nio.17-xMng 30, compound determined via Rietveld analysis of the RT-
XRD pattern based on the x = 0 structure. The Mg atoms will be
substituting Ni into the 2a lattice sites. The yellow partial shading of the
Na atoms represents the fractional (2d) site occupancy. Also note the
presence of two distinct Nal (2b) and Na2 (2d) sites.
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Fig. 2 Galvanostatic measurements cycled at 0.1C in the range of 2-4.5V
for P2-Nag sMgyNig 17_xMng g0, with different Mg contents (x = 0-0.07)
using NaPFg in PC as the electrolyte. Galvanostatic charge/discharge
curves of (a) Nao 5Nio 17Mn0 8702, (b) Nao 5Mgo 02Ni0 15Mn0,8702,
(c) Nao_sMgovo_gNio_j_zMnov8702 and (d) Nao_5Mgo_o7NiovloMﬂov8702. (e) Capacity
vs. cycle number based on the measurements shown in (a—d) and capacity
retention relative to cycle 2 vs. cycle number. The undoped sample exhibits a
faster capacity fading compared with Mg-doped samples.

that processes at higher voltages decrease due to their irrever-
sibility and instability. Fig. 2 shows the galvanostatic cycling of
the cathode materials with different degrees of Mg doping,

= 0.02, 0.05 and 0.07. Previous reports have shown that
doping with Mg enhances the sample’s cycling stability by
forming a more stable phase, the OP4 phase instead of the
02 phase at higher voltage ranges.”>>* The Mg-doped sample
x = 0.02 had a lower initial charge capacity, ~20 mAh g~ less
than in the subsequent cycles (Fig. 2b). This could be attributed
to an insufficient amount of Na in the pristine sample, which
then was more sodiated during discharge, demonstrating a
higher discharge capacity. A similar influence of the Na defi-
ciency can be seen to a smaller extent in the samples x = 0.05
and x = 0.07 in Fig. 2c and d, respectively.

Fig. 2e shows a comparison of the specific capacity amongst
all four samples and their cyclability. Due to the Na deficiency
in the initial cycle, the capacity retention is calculated relative
to the capacity from the second cycle. Generally, all Mg-doped
samples have a higher capacity retention than the undoped
sample, which is due to the stable formation of the reversible

This journal is © the Owner Societies 2021
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OP4 phase at higher voltages compared with the irreversible O2
phase formation in the undoped sample.>*** The sample
x = 0.02 demonstrated the lowest capacity fading, while also
exhibiting the highest specific capacity amongst the four
samples.

From the CV measurements of the undoped sample, the
current peak with the maximum current at 4.2 V decreased as a
function of the number of cycles, whereas for Mg-doped
samples the peak current remained at similar values (see ESIL, T
Fig. S2). This is also in agreement with the galvanostatic
measurements in Fig. 2a, where for the undoped sample and
Mg-doped sample with x = 0.05 and 0.07, the plateau above
4.2 V decreases with the cycle number, implying the disappear-
ance of those high-voltage processes, and for the Mg-doped
sample with x = 0.02, the plateau at 4.2 V remains, illustrating
reversible processes at 4.2 V. The potential difference of the
charge and discharge peak with the maximum current at
around 4.2 V could give an indication of the reversibility of
the corresponding redox processes. For ideal reversible
diffusion-controlled processes, the peak potential difference
Egig is 0.059 V.>* If the peak potential difference is higher than
0.059 V, the process is quasi-reversible. The smaller the Egs,
the more reversible the redox processes. Fig. 3 shows the peak
potential difference at ~4.2 V plotted against the number of
cycles for all four samples based on the CV measurements in
the ESIt in Fig. S2. The Eq4; values in the samples with x = 0.05
and x = 0.07 for all the cycles were relatively high compared
with x = 0 and x = 0.02, indicating more irreversible processes at
higher voltages for high-Mg-content compounds. During the
initial cycles, x = 0.02 had the lowest Eg;¢ values compared with
x = 0, whereas after cycle 5 the Eg4i values of x = 0 became
slightly lower than for x = 0.02. When comparing these results

Potential difference of charge/discharge peak

n m x=0
= x=0.02
051 . = x=0.05
= x=0.07
n
n o
n n
|
0.4
S
= | |
5 [ ]
w o = 5 o n
0.3 .
| | n
| | n | |
] - u
n o -
0.2 - ] [ ]
0.1 mV/s
T ¥ T % T L T ¥ T ¥ T . T % T
1 2 3 4 5 6 T 8
Cycle

Fig. 3 Analysis from cyclic voltammetry (CV) results (see also ESI
Fig. S2). Data plots taken from CV measurements at a scan rate of
0.1 mV s for all samples. The potential difference Eg values of the peak
with the maximum current between the charge and discharge cycle,
~4.2 V vs. Na*/Na, are plotted as a function of the number of cycles.
The Eqi value can give insight into the reversibility of a redox process. The
larger Egir, the more irreversible the redox process is.
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with the results shown in Fig. 2, the CV results confirm the
capacity-retention trend of the Mg-doped samples. However,
the peak differences for x = 0 were not comparable to the
Mg-doped samples, since its decrease in peak current is not
taken into account for Eg values. Future comparable studies
of the atomic structure using XRD and Na'-ion dynamics using
the p'SR of cycled vs. pristine samples should therefore be of
high interest.

One parameter that can affect the cycling performance is the
effectiveness of its sodiation/desodiation, which is determined
by the Na mobility and therefore the chemical diffusion coeffi-
cient. The cycling performance of all the samples was therefore
further investigated using GITT to determine the chemical
diffusion coefficient of Na. For the GITT measurements a
current pulse of 2 pA mg ™' is applied for 30 min, followed by
a resting time of 5 h. Fig. 4 shows the initial Na chemical diffusion
coefficient (Dﬁa,in) determined after the first current pulse. The
chemical diffusion coefficient DY, is determined using the equation
(eqn (S1)) in the ESLt The initial mobility of the Na* ions in sample
x = 0.02 was the highest (DS, = 5.4 x 107° em® s~ 1), followed by
sample x = 0.07 (D°=1.1 x 10~ *° em* s™*) and the undoped sample
(Dfa = 7.3 x 107 ™ ecm? s~ ). The lowest Na'-ion mobility was seen
for the sample x = 0.05 (Df, = 2.7 x 10" ™ em?® s7Y).

As mentioned before, the p'SR technique has recently been
broadly utilized to study ion dynamics in energy-related mate-
rials. For layered battery cathode materials like the current title
compounds, the principle behind this method is straightfor-
ward and simple. When the positive muons are implanted into
the oxide material, they stop at the energetically favorable
position and bind strongly to the negative oxygen atoms. At
this position, the muon will mainly “feel” the nuclear magnetic
moment of the alkali ion layers, along with a much weaker
contribution from the very quickly vibrating paramagnetic (PM)
electronic spins. If the alkali ions are static within the muon

aem?s™)

C
Na,in
-
o
o
1

] D,in=54x10"

B Dgain=1.1x 10"
10"+ Dg,in=7.3x10

10™" I .
x=0

Fig. 4 Initial chemical diffusion coefficient of Na*-ions determined after
the first current pulse based on GITT measurements (at room-
temperature) shown in the ESI, ¥ Fig. S3 and analyzed using equation
(egn (S1) in the ESI¥).

Dain=27x10"

x=0.02 x=0.05
Mg content (x)

Initial diffusion coefficient D

x=0.07
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lifetime, the muon spin will mainly sense a static field dis-
tribution (4). On the other hand, if the alkali ions become
mobile (jumping/diffusing), the muon spin will detect this as a
dynamic contribution that is usually referred to as the field
fluctuation rate (v). For many battery materials, v directly
translates into the absolute value of the intrinsic ion-hopping
rate, which makes this method unique. By studying the tem-
perature dependence, 1/(T), it is possible to extract the activation
energy (E,) for the self-diffusion process. Furthermore, if the
jump paths in the crystallographic lattice are known (from, e.g.,
XRD) or assumed (from, e.g., computer modelling), it is also
possible to use 1(T) to calculate the temperature dependence of
the self-diffusion coefficient, Dl,,(7) [em® s™']. The main lim-
itation of using this method is that the ion (isotope) of interest
needs to have a nuclear magnetic moment (un,c), which the
muon spin can detect. Hence, for battery materials both
lithium [pnuc("Li) = +3.256 (2) un]*® and sodium [pinuc(**Na) =
+2.217 (2) un]*”** are easily accessible while, e.g., potassium
[nuc(*°K) = +0.3914(3) py] is a bit more challenging (but still
possible®?). Most such studies have been performed on powder
samples using so-called bulk p*SR instruments. However, there
is also the possibility of using a low-energy "SR (LEM) setup to
perform depth-resolved investigations (~5-300 nm) of thin
films as well as across interfaces in multilayer samples.**

In this study, a systematic investigation of the Na'-ion
dynamics has been performed on four samples of the P2-
Nay sMg,Niy 17_,Mng 30, (x =0, 0.02, 0.05 and 0.07) compound
using p'SR. For each sample, temperature-dependent
(T = 50-400 K) data were acquired and carefully analyzed, as
described in great detail within the ESL{ The resulting Na™-ion-
hopping rate 1(T,x) is shown below in Fig. 5a-d. For all
compositions it is clear that the Na ions already start to become
dynamic below room-temperature. The exponential increase
with temperature is typical for a thermally activated ion-
diffusion process and, hence, (T) can be well fitted to the
Arrhenius-type equation:*®

Eq
v(T)=A-¢ kT, (1)
@ x=0 () x=0.02 © x=0.05 @ x=0.07
% | Eg=10184mev E, = 8635 meV 00| E,=13538mev E, = 13572 meV
5 A=1818 A =1586 S| A=2426 A =2349
S0s5 &
5 & . y .
g 0.0 oS o o
R il 0000 frrr00-00:000 7 - Oemms -0 00"
50 100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350
Temperature (K) Temperature (K) Temperature (K) Temperature (K)
(e) (U] (9) (h)
@ @, €@ @ @ © @ e [ )
€ ‘@ @ @ ™ “‘\r e @
] ] g
@ e, @ © e, © @ M, © @ e, ©
“e b “@ ¢ e @
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c
O, =0.202 O,,,=0.298 Oy, =0.186 O,=0.313 0O, =0.193 0,,=0.307 O, =0.190 O,,=0.310
wo=1658A (N=3) Gz = 1664 A (N=3)  dyrno=1660A (N=3) dyrno=1664A (N=3)

Fig. 5 (a—d) Na‘*-ion-hopping rate 1(T,x) for the different samples
extracted from fits to the p*SR data (open symbols). Dashed blue lines
are fits to the Arrhenius-type equation (egn (1)). The extracted pre-
exponential factor (A) and activation energy (E,) are indicated for each
Mg content (x). Dashed grey lines are a guide to the eye for comparing the
hopping rates at room temperature. (e—h) Na*-ion-hopping paths and
atomic distances along with Na-site occupancies as extracted from
Rietveld refinement of the XRD data.
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Here v is the Na'-ion-hopping rate obtained from the p'SR
measurements (Fig. 5a-d), A is the pre-exponential factor, E, is
the activation energy, kg is the Boltzmann constant and T is the
temperature in Kelvin.

For obtaining a robust extraction of both the A and E,, it is
reasonable and common practice to first investigate the tem-
perature dependence of the ion-hopping rate in an Arrhenius-
type plot, i.e., In(v) vs. 1000/7. In such a plot, the thermally
activated (diffusive) behavior will be clearly visible as a linear
dependence, which is evident for all samples shown in Fig. 6a.
From a simple linear fit, E, is robustly extracted from the
derivative (slope) of the line. By conducting a second fitting
to eqn (1) as shown in Fig. 5a-d, keeping the extracted E, fixed,
a robust determination of also A is possible. For the parent
compound (x = 0) such a protocol yields E, = 101.94 meV and
A =18.18 MHz. Considering the effect of Mg substitution (x), it
is clear from both a simple visual inspection (Fig. 5a-d and
Fig. 6a) as well as from the fits to eqn (1) (also summarized in
Table 1 and Fig. 6b) that the u'SR results are fully coherent with
the GITT measurements (Fig. 4). The Na'-ion dynamics are
increased by a small amount (x = 0.02) of Mg substitution, but
then drastically decrease again, even below the parent com-
pound (x = 0), for larger x = 0.05 and 0.07. From the Arrhenius
fits this is seen as a strong decrease of E, = 86.35 meV for the
x = 0.02 sample. This is then followed by a drastic increase in
E, =135.38/135.72 meV for the x = 0.05 and 0.07 compositions,
respectively. It is noteworthy that both x = 0 and (especially)
x = 0.02 samples display a similar or even lower E, than for the
archetypal Li,CoO, cathode material, where p*SR experiments
previously yielded E, ~ 100-150 meV.**?” The x = 0.02 sample
even displays a lower activation energy than the well-known
Li-ion cathode material LiFePO,, which displayed E, =~
100 meV in earlier p*SR studies.?%4%>°

As already mentioned above, if the diffusion paths are
known it is also possible to use the Na'-ion hopping rate (v)
to calculate the self-diffusion coefficient (*DL,). This is

O
.
4
3
G

500 333 250 200 167 143 v [usT]
(]

@
S

Energetically
Favorable 0.6

©
S

100
0.4

110
120 0.2

130

Activation Energy, E, [meV]

-5 LY 140
2 3 4 5 6 7 0 0.02 0.04 0.06 0.08

1000/T (K™) Mg Content (x)

Fig. 6 (a) Arrhenius-type plot of In(v) vs. 1000/T where the diffusive
behavior of Na ions at higher temperatures is made visible as a linear
dependence. A clear evolution with Mg content (x) is visible and a linear fit
(solid lines) to the data allows us to extract the activation energy from the
slope of the linear fit (oc E,). (b) Schematic view of energetically favorable
values of x (green shaded area) based on the values of E, (black squares/
line) and hopping rate v (red triangles/line) at T = 25 °C determined from
the pu*SR experiments. See also Table 1 for detailed values of the para-
meters, including errors and goodness (;2) of the fit.
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Table 1 Summary of the diffusion parameters extracted from the p*SR data: activation energy (£,), pre-exponential factor (4), > (goodness of the
Arrhenius fit, i.e., eqn (1), to ¥(T), Na*-ion-hopping rate (v at T = 25 °C) and self-diffusion coefficient ("D}, at T = 25 °C)

x=0 x =0.02 x = 0.05 x =0.07
E, [meV] 101.94 + 1.5 86.35 + 1.1 135.38 £ 1.0 135.72 £+ 1.0
Alpus™ 18.18 + 1.06 15.86 + 0.63 24.26 + 0.96 23.49 + 0.80
7 (fit) 0.00597 0.03734 0.00094 0.00129
v [us™? 0.3438 0.5503 0.1249 0.1193

0.4726 x 10~ °

conducted using the following well-known relationship,’”
assuming a vacancy-diffusion mechanism:

"1
D%\Ia = Z [ﬁ . Zvacti . S,’z . l/:| .
i

i=1

(2)

Here N; is the number of Na sites on the ith path, Z,,; is the
vacancy fraction, s; is the jump length, and v is the Na*-ion-
hopping rate. Here, the first three parameters can be extracted
from our Rietveld refinement of the XRD data (from the very
same sample batches) and v is directly obtained from the p'SR
measurements. For the x = 0 sample at room temperature the
diffusion coefficient is calculated using n = 2 (the jump from
Nal to Na2 and from Na2 to Na1), N; = N, = 3 (three possible
and equal jump paths, see Fig. 5e), Z,,c1 = 1 — 0.202 and
Zyacn = 1 — 0.298 (see Fig. 5e), s; = s, = 1.658 A, and finally
v =0.3438 s (see Fig. 5a and Table 1). As a result, we obtain
“Dyna (T = 300 K, x = 0) = 0.4568 x 107'® cm” s~ '. Similar
calculations have been done for all samples and a series of
selected temperatures, which are presented in Table 1 and
Fig. 7 as well as in the ESI,T Tables S2 and S3.

Comparing the x-dependencies of D, presented in Fig. 4
(GITT) and of DL, in Fig. 7 (u"SR) it is evident that x = 0.02 is
the most favorable chemical composition with the highest
diffusion coefficients. It is also clear that samples with a higher
Mg content display a strongly suppressed Na'-ion diffusion.

x10®  Na'-ion Self-diffusion Constant from 'SR
1.8
6 B 7= 100°C
[ 7=25°C(RT)
1.4 I 7-=-25C
12
‘o
c 1
©,
Ts 08|
a
0.6
0.4
0.2 -
0
x=0 x=0.02 x=0.05 x=0.07

Fig. 7 Calculated Na*-ion self-diffusion coefficients (*D}.) for different
chemical compositions and temperatures as extracted from the p*SR
experiments. Detailed calculated values for "D}, (x- and T-dependence)
are listed in Table S3 of the ESI.t
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0.7623 x 10~

0.1720 x 10~ '° 0.1652 x 10~ °

This can be understood by the fact that substitution with the
larger Mg will result in a larger disorder of Na within the
crystallographic lattice, which has also been reported in a
previous study.>” Such an explanation would fit rather well
with the fact that E, strongly increases for the higher Mg
content (x). When comparing the absolute values for the
diffusion coefficients obtained via GITT (Fig. 4) with those
obtained via p*SR (Fig. 7) it is clear that the latter method yield
values that are approximately one order of magnitude lower at
room temperature. This is very reasonable because D¢ = @D/,
where @ is a thermodynamic factor. However, it is very impor-
tant to point out that that u'SR directly supplies the intrinsic
material properties and the self-diffusion coefficient. On the
other hand, the GITT measurements yield data from an actual
battery (half) cell, i.e., they yield a characterization of the device
(that includes the choice of electrolyte, area of the cathode, etc.)
rather than a true intrinsic material property. Consequently,
the relative comparison between different samples, tempera-
tures, etc., is fully valid, while the absolute numbers cannot be
directly associated without further input data and/or modeling.
However, both intrinsic properties and processes in the
presence of potential gradients are relevant in order to study
the cathode systems critically and therefore highlight the
importance of wusing complementary characterization
techniques.>®>°

Please note that for the calculation of the self-diffusion
coefficients we have used the hopping rates extracted from the
Arrhenius fits of the p*SR data (listed in ESI,{ Table S2) in order
to achieve a more robust and systematic comparison between
the different chemical compositions and temperatures. Further-
more, the jump paths, distances, and site occupancies are based
on the XRD results acquired at room temperature. Here, we
assume that there are no structural transitions within the
temperature range where "Dy, is calculated. To verify the
validity of such an assumption, careful temperature-
dependent diffraction experiments would have to be conducted,
cf. the previous studies of the closely related and well-known
Na,Co0, compound,®”*® which has a similar layered structure
along with two distinct Na sites. This is, however, far beyond the
scope of the current investigation and will have to be conducted
within a future continuation study.

Conclusions

Our systematic and comprehensive study reveals that even a
very small amount of Mg substitution has a strong effect on the
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overall performance of P2-type Na, sMg,Nij 17_,Mn, g;0,. Nota-
bly, the Mg substitution of x = 0.02 is the most favorable
composition due to its highest capacity retention, the highest
redox reversibility based on the peak potential differences, and
the highest Na-ion mobility based on GITT and p'SR measure-
ments. Systematic results from GITT and pu'SR measurements
are fully coherent and hence p*SR is a powerful technique for
electrode material studies. The p'SR technique is a novel
method that is clearly able to supply intrinsic material proper-
ties including the elusive self-diffusion coefficient. Moreover, it
can provide information on Na-ion diffusion as a function of
the Mg content and temperature. Compared with electroche-
mical testing, the results obtained using the u'SR technique did
not require the use of a half-cell system with metallic sodium
and an electrolyte. On the other hand, the presence of the
electrolyte involves complex reactions at the electrode surface
interfaces, such as electrolyte degradation, which are
temperature-dependent and could therefore influence the Na-
ion diffusion, resulting in a different trend than with p"SR
measurements on the pristine powder.®® In our work, the
electrochemical results at room temperature conform with
the p'SR results on the pristine powder. Therefore, our study
has shown that p*SR can be used as a complementary techni-
que to electrochemical analysis to understand the ion mobility
and the chemical kinetics of the material, which is crucial in
order to optimize electrode materials for Na'-ion batteries.
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