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in the solid solution
NaxCa1−xCr2O4 studied by muon spin rotation and
neutron diffraction

Elisabetta Nocerino, *a Ola Kenji Forslund,bm Hiroya Sakurai,c Nami Matsubara,a

Anton Zubayer,d Federico Mazza,e Stephen Cottrell,f Akihiro Koda,g

Isao Watanabe, h Akinori Hoshikawa, i Takashi Saito,j Jun Sugiyama, kl

Yasmine Sassaa and Martin Månsson *a

In this work we present a systematic set of measurements carried out by muon spin rotation/relaxation

(m+SR) and neutron powder diffraction (NPD) on the solid solution NaxCa1−xCr2O4. This study investigates

Na-ion dynamics in the quasi-1D (Q1D) diffusion channels created by the honeycomb-like arrangement

of CrO6 octahedra, in the presence of defects introduced by Ca substitution. With increasing Ca content,

the size of the diffusion channels is enlarged; however, this effect does not enhance the Na ion mobility.

Instead the overall diffusivity is hampered by the local defects and the Na hopping probability is lowered.

The diffusion mechanism in NaxCa1−xCr2O4 is proposed to be interstitial and the activation energy as

well as diffusion coefficient are determined for all the members of the solid solution.
1 Introduction

A growing population and rapidly developing societies are
resulting in an increasing demand for clean energy supply. The
harvest, transport, storage and efficient utilization of such
energy are some of the grand challenges and fundamental
needs for our future sustainable society. In this regard, there is
al Institute of Technology, SE-100 44,

e; condmat@kth.se

erthurerstrasse 190, Zürich, CH-8057,

miki, Tsukuba, Ibaraki 305-0044, Japan

gy (IFM), Linköping University, SE-581 83

iedner Haupstraße 8-10, AT-1040 Wien,

ry, Chilton, Didcot Oxon OX11 0QX, UK

d Matter Research Center, Institute of

ccelerator Research Organization (KEK-

sawa, Wako, Saitama 351-0198, Japan

Sciences, Ibaraki University, IQBRC, 162-

e, High Energy Accelerator Research

ki 319-1107, Japan

omprehensive Research Organization for

i 319-1106, Japan

tomic Energy Agency, Tokai, Ibaraki 319-

psala University, Box 516, Uppsala, SE-

4, 8, 1424–1437
a global drive to change the current energy system and move
towards the abandonment of fossil sources and the adoption of
renewable ones. Such striving to rebuild the energy system has
led to the development of revolutionary materials science and
applications, e.g., rechargeable Li-ion batteries,1,2 hydrogen
storage,3–5 photovoltaics,6 and carbon capture.7 Such technolo-
gies provide some of the most efficient ways to promote a shi
towards sustainable development and away from fossil fuels.
There are however still many challenges that need to be
addressed. For instance, in the case of Li-ion batteries, there are
issues regarding scarcity and uneven geographical distribution
of the resources required for the production of Li-batteries (Li,
Co, Cu, Ni), as well as the high environmental impact of their
extraction and the consequential high (constantly growing)
manufacturing costs. As a result, such technology might soon
become both environmentally as well as economically non-
viable.8 This fact raises the question whether the environmental
advantages of Li-batteries are canceled by the non-sustainability
of their production.9 On one hand, part of the scientic
community is trying to face the problem with new strategies for
lithium mining and recycling,10 and on the other hand more
sustainable alternatives are being investigated. For the latter,
replacing Li with a similar alkali ion like Na11 or K12 is currently
a very active eld of research. The Na counterparts of Li-ion
batteries became an object of steadily increasing interest
during the past few decades, among academic and industrial
researchers, due to the undeniable advantages of Na-based
batteries.13 Beyond the fact that Na is one of the most abun-
dant elements on the Earth's crust as well as in sea water, and is
therefore much more accessible than Li, the main difference
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Crystal structure of the NaxCa1−xCr2O4 family and cell parameters for the two extremes of the solid solution NaCr2O4 (x= 1) and CaCr2O4

(x = 0). (a) shows the structure seen from the ac – plane, where the hexagonal 1D channel hosting the Na+ (Ca2+) ions is emphasize in red. In (b),
the octahedral chains and 1D Na/Ca channels aligned along the b – axis are clearly visible.
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between the two kinds of batteries lies in the nature of the
cathode material.14 While the preparation costs and procedures
are comparable for both battery types, controversial elements
like cobalt, required in Li-batteries, are not necessary in the
production of Na-batteries. As a result, a dramatic reduction of
the manufacturing costs as well as improvement of the socio-
environmental impact of this technology is achieved.
Researchers in this framework are encouraged to study
advanced cathode (and anode) materials, in order to gain
a deeper understanding of their fundamental properties. Here,
one of the key aspects is to understand the link between the
crystal structure and ion transport at the atomic level. The aim
is to provide the know-how to systematically tailor high-
capacity, reversible electrodes for Na-ion batteries.

The focus of this work is the detailed study of how the crucial
mechanism for Na-ion transport is linked to subtle changes in
the crystal structure within the quasi-1D NaCr2O4 compound.
The inuence of substituted Ca ions on the Na-ion diffusive
behavior in the solid solution NaxCa1−xCr2O4 is systematically
investigated. This system is utilized as a model system for
defects in current and future low-dimensional battery materials,
e.g. the well established cathode material LiFePO4.15–17

NaCr2O4 (formally NaCr3+Cr4+O4) is a spinel-ferrite18

(calcium ferrite-type), quasi-1D (Q1D) transition metal oxide19

that exhibits a Cr3+/Cr4+ mixed-valence state. Such an oxidation
state for the Cr ion is very unusual, and it can only be stabilized
under extreme pressure conditions (synthesis). There are very
few realizations of this phenomenon in actual samples: beyond
NaCr2O4, another material that exhibits the Cr3+/Cr4+ mixed-
valence state is K2Cr8O18.20 This rare condition is responsible
for the unconventional low temperature microscopic proper-
ties21 that make NaCr2O4 a fascinating study case also from
a fundamental research perspective.22 The compound crystal-
lizes in the orthorhombic space group 62 (Pnma), in which Cr
cations occupy two distinct crystallographic positions (labelled
as CrI and CrII in Fig. 1) surrounded by octahedrally coordinated
oxygen atoms. The CrO6 octahedra are in turn arranged in
double zig-zag chains, by sharing one edge along the b – axis.
The Na+ ions are located in the hexagonal one-dimensional
channels designed by the interconnections amongst the
This journal is © The Royal Society of Chemistry 2024
different chains [Fig. 1(a)], which are believed to be privileged
directions for ion diffusion. NaxCa1−xCr2O4 is obtained as
a solid solution between the iso-structural compounds b-
CaCr2O4 – NaCr2O4. The evolution of the low temperature
electronic and, partially, the spin structure for the NaxCa1−x-
Cr2O4 family was studied as a function of the Na content by X-
ray absorption spectroscopy (XAS),23 neutron diffraction (ND)
and bulk m+SR.24 The Na+ substitution for Ca2+ introduces holes
in the electronic state of Cr ions, leading to the partial oxidation
of Cr3+ to Cr4+, and induces a change in the low-temperature
magnetic ordering of the Cr moment from an incommensu-
rate anti-ferromagnetic (IC-AF) structure in CaCr2O4 to
a commensurate anti-ferromagnetic (C-AF) structure in
NaCr2O4. Although a material subjected to such hole doping
would be expected to lend itself to charge or spin frustration,25

in NaCr2O4 an unusual coexistence of positive and negative
charge transfer states is realized and lis the frustration.23,24

Indeed, no evidence of charge frustration, charge ordering or
charge/spin density wave instabilities has been reported in this
material.

In this work a systematic chemical composition-dependent
study on the high temperature properties of NaxCa1−xCr2O4

with [x = 0.3, 0.5, 0.7, 0.85, 0.90, 0.95, 1] is presented. Here we
show how the size and the ionic content of the 1D CrO6 diffu-
sion channels affect the kinetics of Na ions, by means of
neutron powder diffraction (NPD) and muon spin rotation/
relaxation (m+SR) experimental measurements. The latter tech-
nique is widely used for the characterization of local magnetic
environments in crystalline systems, and it was also shown to
constitute a reliable characterization method for ion dynamics
in solids, in particular, battery materials.26 Moreover, if the Ca
ions are regarded as “defects”, this study provides a description
of phenomena occurring in low dimensional battery materials
affected by defects. The element Ca is especially suitable for this
kind of investigation since it has zero nuclear magnetic
moment, which makes it imperceptible to muons. This fact
ensures that the dynamic behavior observed in the muon signal
comes solely from Na-ions. The results obtained evidence
a clear trend for the diffusion becoming more and more
hampered as the Ca content increases.
Sustainable Energy Fuels, 2024, 8, 1424–1437 | 1425
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2 Experimental setup

Polycrystalline samples of NaxCa1−xCr2O4 were prepared from
stoichiometric mixtures of CaO, NaCrO2, Cr2O3, and CrO3 at
1300 °C under a pressure of 6 GPa, while the NaCr2O4 was
prepared under a pressure of 7 GPa. Further information
regarding the sample synthesis can be found in ref. 19. All the
samples were synthesized at the National Institute for Materials
Science (NIMS) in Tsukuba, Japan. From powder X-ray diffrac-
tion (XRD) they were proven to be single phase, with a CaFe2O4-
type Pnma structure.

The m+SR spectra were acquired at the muon spectrometers
EMU27 and RIKEN-RAL,28 at the ISIS Neutron andMuon source29

(United Kindom), and S1 (ref. 30) at the J-PARC research
facility31 (Japan). For the muonmeasurements,∼1.5 g of sample
in powder form were pressed into a pellet under a pressure of
about 1.9 tons. The pellet was sealed in a 23.5 mm diameter Ti
cell, with Ti screws, a Ti window of 50 mm thickness and a gold
O-ring for sealing. The sample was then mounted on a closed
cycle refrigerator to reach temperatures from 50 K to 600 K.

The neutron powder diffraction (NPD) patterns were
collected at the time-of-ight (ToF) powder diffractometers
iMATERIA32 and SPICA33 at J-PARC. The neutron diffraction
measurements were performed on powder samples (∼0.72 g)
mounted into cylindrical vanadium cells with diameters of
6 mm (for SPICA) and 5mm (for iMATERIA). The cell was closed
with an aluminium cap, aluminium screws and indium sealing.
The cell was mounted on a closed cycle refrigerator to reach
temperatures between 2 K and 300 K. While the low tempera-
ture properties of the solid solution NaxCa1−xCr2O4 will be
discussed elsewhere, the current work will be focused on the
room temperature results.

The soware VESTA34 was used for crystal structure visuali-
zation, and MATLAB35 and IGOR Pro (Wavemetrics, Lake
Oswego, OR, USA)36 for parameter plotting and tting. The
soware musrt37 was used for the t of the m+SR data, while
Fullprof38 was used for the neutron diffraction data analysis.
The Bilbao Crystallographic Server has been oen consulted
during the preparation of this paper.39–41
3 Results and discussion

In the following section the experimental results with the
related data analysis are collected.
Fig. 2 Neutron powder diffraction patterns at T = 300 K for different
Na contents (x) in the solid solution NaxCa1−xCr2O4 with the respective
values of the reliability factors and c2. See also Tables 1 and 2 for
detailed fitting results.
3.1 Structural evolution studied by neutron diffraction

In order to study the structural evolution of the solid solution
NaxCa1−xCr2O4, room temperature neutron diffraction patterns
were collected for the compositions with [x= 0.5, 0.7, 0.9] at the
SPICA instrument (high angle detector bank, resolution Dd/d =

0.12%) and for [x = 1] at the iMATERIA instrument (backward
detector bank, resolution Dd/d= 0.16%). As shown in Fig. 2, the
observed proles display a good agreement with the calculated
models. The goodness of eachmodel is underlined by the values
of the reliability R-factors (reported in Fig. 2), none of them
exceeding a few percent. The values of c2, slightly larger than
1426 | Sustainable Energy Fuels, 2024, 8, 1424–1437 This journal is © The Royal Society of Chemistry 2024
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Table 1 Cell parameters of NaxCa1−xCr2O4 extracted from NPD
measurements as a function of the Na content (x) at T = 300 K. The
space group for all compositions is Pnma

Na content (x) a (Å) b (Å) c (Å)

0.5 9.0418(1) 2.9297(1) 10.5640(2)
0.7 9.0248(9) 2.9198(8) 10.5199(1)
0.9 9.0119(1) 2.9139(1) 10.4568(1)
1 9.0154(1) 2.9128(1) 10.4138(9)

Table 2 Comparison between atomic distances in the four samples,
as extracted from the Rietveld refinement of the NPD data at T= 300 K

Na content (x) dCr1–O (Å) z dCr2–O (Å) dNa–O1 (Å)

0.5 1.99 2.49
0.7 1.98 2.51
0.9 1.96 2.53
1 1.95 2.54

Fig. 3 (a) Evolution of the 1D Na/Ca channels as a function of the Na
content x. The area of the channel's cross section is highlighted in
yellow. Also shown is the Na–Na (Ca) distance. (b) Distances between
consecutive Na/Ca sites, Cr–O sites and Na–O sites as a function of
the Na content x. The dashed lines are linear fits to the data.
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the ideal value 1, can be justied by the very high resolution of
the diffractometers. It should also be noted that strain param-
eters are not included in this renement.

The Bragg peaks were initially indexed as nuclear peaks for
NaxCa1−xCr2O4, using the aforementioned Pnma space group,
via the Le Bail method. Small amounts of Cr2O3 and CrO2

impurities were also present in the samples, and their Bragg
peaks could be easily separated and indexed using the space
groups 167 and 136 respectively. The atomic positions were
extracted by Rietveld renement. Here the positions of Ca and
Na were rened together as they occupy the same crystallo-
graphic site. The data were corrected for absorption for a cylin-
drical sample and the chosen peak shape function is a pseudo-
Voigt convoluted with a pair of back-to-back exponentials.38 The
background was tted with a linear interpolation of manually
added points. The resulting cell parameters for the main phase
are reported in Table 1. As expected, the size of the unit cell
increases isotropically as the Ca content increases with the
lattice being less and less contracted.21 The renement of
isotropic Debye–Waller factors, accounting for the thermal
displacement of atoms around their ideal crystallographic
positions, provided a value of ∼0.5 Å2 for the Na ions in all the
members of the solid solution, indicating low mobility of the
sodium at 300 K. Attempts to rene the occupation probabilities
of the Na/Ca sites did not lead to any improvement of the
renement, indicating that the samples are close to their ideal
stoichiometry and that no structural disorder is in place in
these systems.

Table 2 lists the average values of the atomic distances
between chromium and oxygen sites dCr1(2)–O (the two crystal-
lographically different sites Cr1 and Cr2 have similar distances
from O), with varying Na content. The distance between Na and
the oxygen site O1, dNa–O1, is also reported as a marker of the
composition-dependent variations of the Na–O bonds in the Na
channels. As the Na concentration decreases, dCr1(2)–O increases.
This journal is © The Royal Society of Chemistry 2024
This is due to the gradual increase of charge separation for Cr
atoms going from a mixed valence 3.5+ in the pure Na
compound (x = 1) to the valence 3+ in the doped compound
with x = 0.5, which results in the occurrence of a chemical
pressure effect. The distance dNa–O1 instead shows an opposite
trend since it decreases with lower Na content. A larger distance
between Na and O implies weaker bonds between the two,
which might be one of the factors that promotes Na-ion
mobility.

A model for the size of the 1D diffusion channels as a func-
tion of the Na content is displayed in Fig. 3(a). The size of the
channels is estimated by geometrical considerations. It is easy
to see how the channels become smaller, as an effect of the
reduced unit cell volume. The atomic distances as a function of
the Na content (x) are also plotted in Fig. 3(b) and the distances
manifest a clear linear trend as a function of x.

A recent study by Byles and Pomerantseva on tunnel struc-
tured manganese oxides,42 carried out by galvanostatic
Sustainable Energy Fuels, 2024, 8, 1424–1437 | 1427
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intermittent titration and electronic conductivity measure-
ments, reports a noteworthy relationship between the size of the
structural tunnel (or 1D diffusion channel) and the diffusive
behavior of the charge carrying ion. In particular, they show
a comparison between the rate performances of Li-ion and Na-
ion battery materials (LIB and NIB materials respectively), with
channels of different sizes built by edge sharing MnO6 octa-
hedra. The study shows that the material with the largest
channels provided the best performance for the LIBs but not for
the NIBs, in which smaller tunnels with more stable and well
dened Na sites characterized the best performing material. A
similar behavior can be recognized in NaxCa1−xCr2O4. From our
current m+SR study (see the next section), themobility rate of Na-
ions actually increases with the Na content. This means that Na-
ion diffusion is enhanced with a narrower diffusion channel.
Fig. 4 m+SR time spectra collected at T = 450 K for different Na
content (x) and values of the applied longitudinal magnetic field (LF).
The solid lines are best fits to the data using eqn (1) with a global fitting
protocol for each temperature.
3.2 Na-ion diffusion studied by m+SR

Beyond the well known use of the m+SR technique for the char-
acterization of the magnetic and electronic properties of materials
in different conditions and microscopic phases,43–48 a regular and
systematic use of m+SR for studies of ion dynamics only began
about a decade ago.26,49 However, since then there has been
a strong and steady increase of such reports in the published
literature, covering ex situ material studies for batteries15,17,50,51

which has also recently been explored with m−SR,52 H-storage,53

and photovoltaics,54 as well as more recent in situ/operando
investigations.55–57 The principle behind this rather unique
method lies in the ability of the particle probe (anti-muons m+) to
detect uctuating magnetic moments, originating from ion
diffusion in solids.58 As the spin polarized muon beam is
implanted into the sample, the muon spin precesses according to
the local magnetic environment. In particular, considering the
most general case, muons can sense the hyperne elds due to
uctuating electronic spins, the static nuclear dipolar elds from
the atoms in the lattice, and also the modulated nuclear dipolar
elds due to uctuating nuclear spins coupledwith the uctuating
electronic spins.59 For the present study we will assume that the
latter interaction term does not contribute to the detected muon
signal. The application of an external magnetic eld of weak
intensity (comparable to the modulated nuclear dipolar eldz10
G), whose ux lines are parallel to the initial direction of the
polarized muon spin (so-called longitudinal eld LF), allows us to
partly decouple the contribution from nuclear and electronic
spins.60 This protocol makes it possible to distinguish between the
internal magnetic elds arising from nuclear and electronic
contributions, as the muon relaxation will be different in the two
cases. In this way, a robust determination of ion-diffusion related
changes in the nuclear dipolar eld is ensured. The m+SR spectra
of NaxCa1−xCr2O4 at T = 450 K for selected compositions are
displayed in Fig. 4. Each sample was measured under the same
conditions: under zero eld (ZF), as well as under 5 G and 10 G
decoupling LF (and also one weak transverse eld calibration, not
shown). As seen in Fig. 4, for the sample x= 0.5 the ZFmuon spin
relaxation displays the typical shape of a Kubo–Toyabe (KT)
function for isotropically distributed nuclear dipolar elds. The
presence of the decoupling LF causes a reduction of the signal's
1428 | Sustainable Energy Fuels, 2024, 8, 1424–1437
relaxation rate as the muon spins are ‘locked’ in their initial
direction by the applied eld.

Comparing the three plots in Fig. 4 it is evident that, as the
Na content increases, the muon relaxation rate is reduced (also
for the ZF case) as the tail of the signal in the long time domain
dris upwards. This behavior can be explained by observing the
temperature and composition dependent trends extracted from
careful tting of the m+SR time spectra. The t function chosen
for the entire Ca1−xNaxCr2O4 family, in the full temperature
range, is the following:

A0PLFðtÞ ¼ AKTGDGKTðs; n; t;HLFÞ � eð�lKTtÞ þ ABG: (1)

The function is constituted by the sum of a dynamic
Gaussian Kubo–Toyabe (KT) relaxation function GDGKT, multi-
plied by an exponential relaxation function, plus a small back-
ground signal from the muons stopping in the sample holder
This journal is © The Royal Society of Chemistry 2024
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ABG. Here, A0 is the initial asymmetry of the muon decay
(maximum value); AKT and ABG are the asymmetries of the KT
function and of the background respectively. These quantities
provide an estimate of the volume fractions of the muons
implanted in the sample, whose behavior is described by the
related relaxation function. The dynamic Gaussian KT describes
the depolarization of the muon spin in a uctuating nuclear
dipolar eld, characterized by a Gaussian distribution. GDGKT is
a function of several parameters: s is related to the width of the
internal eld distribution D by the relation s = gmD (here gm is
the muon gyromagnetic ratio); n is the uctuation rate of the
eld at the muon sites (which in this case translates to the Na-
ion hopping rate); t is the time and HLF is the externally applied
longitudinal eld. The exponential decay rate lKT is due to the
rapidly uctuating electronic moments of the transition metal
Cr atoms in the paramagnetic state. The exponential relaxation
rate was found to be substantially independent of temperature
and composition, in agreement with the trend of the magnetic
susceptibility for all the members of the solid solution in this
temperature range.19 Since leaving it free as a tting parameter
did not lead to signicant uctuations of its value between one
temperature point and another, neither improved the calcu-
lated model, in the nal ts it was kept xed to its room
temperature value lKT = (0.02 ± 0.005) ms−1. The conditions n =
0 and HLF = 0 correspond to the static ZF case, in which the KT
function describes the depolarization of the muon spin in
a static nuclear dipolar eld, arising from randomly oriented
nuclear spins. Following upon these assumptions, the ZF and
the two LF muon spectra for each temperature have been tted
simultaneously while keeping D and n as common variables.
This results in the reliable determination of both the static (D),
as well as dynamic (n), parameters. Fig. 5 displays the temper-
ature dependence of the hopping rate for each sample in the
solid solution.

The systematic composition dependence of the eld uctu-
ation rate (associated with a thermally activated diffusion
process) is striking (as seen in Fig. 5). Nonetheless,
Fig. 5 Plot of the Na-ion hopping rate n as a function of temperature
for different Na contents (x). A clear thermally activated exponential
increase is observed, which is typical for a diffusion process. The solid
lines are fits to the data using an Arrhenius function (eqn (3)).

This journal is © The Royal Society of Chemistry 2024
a clarication is necessary here. The GDGKT relaxation function
used in the t originates from the strong collision model,
according to which the dynamical behavior is described by
a stochastic process. According to this model, the local eld at
the muon site takes a certain value for a time, given by the
inverse of the hopping rate, followed by a new value uncorre-
lated with the previous one. Taking the example of an extreme
case scenario, with a single Na ion and a single muon in the
lattice, the eld uctuation rate detected by the muon will be
entirely dependent on the diffusion rate of the Na ion.
Considering two Na ions in the lattice, if the frequency of their
diffusion is within the muon lifetime the muon will effectively
detect two distinct eld uctuations, depending on its position
with respect to the crystallographic sites of the diffusing spec-
imen. Indeed, in order for a muon to detect the eld uctuation
due to Na-ion diffusion within its lifetime, the amount of Na
ions around the muon sites needs to be sufficient to maximize
the detection probability. Based on this simple argument, since
the muon sites are not changing between one sample and
another (as discussed below), and by virtue of the high sensi-
tivity of the muons to the local magnetic environment, it is
reasonable to expect that a variation in the Na concentration
would affect the eld uctuation rate detected by the muons,
unless the Na diffusion length within the muon lifetime is
longer than one formula unit along the diffusion channel (e.g. 3
formula units in the x = 0.3 case). The extent of this effect will
solely rely on the presence or absence of Na ions near the
identical muon sites, potentially obscuring the variations
specic to the sample in the diffusion modes we aim to track
using m+SR. Therefore, assuming short Na diffusion lengths, we
compute a correction factor to account for the effects of the Na
concentration on the eld uctuation rate n, for a more mean-
ingful comparison between the Na diffusivities among the
different members of the solid solution.

Intuitively, this factor will be proportional to the inverse of
the Na concentration. Quantitatively, wemay calculate the effect
of the Na concentration on the local eld in the Van Vleck limit:

DZF
2 ¼ 2

�m0

4p

�2X
i

gi
2ħ2

ri6
IiðIi þ 1Þ

3
; (2)

where DZF is the eld distribution width at the muon sites; m0 is
the vacuum permeability; gi is the gyromagnetic ratio of the i-th
nucleus; ri is the distance between the i-th atom and the muon
site; Ii is the nuclear spin for the i-th atom. Since the nuclear
moment of Cr and O is negligible, the Na nuclear moment is the
main contributor to the local eld in the considered tempera-
ture range, and eqn (2) clearly shows a relation of direct pro-
portionality between the latter quantity and the concentration
of Na ions in the lattice. Therefore, the correction factors are
computed as the ratios of the D values for all the members of
the solid solution with respect to the D for the x = 1 member of
the solid solution. A plot of the measured s resulting from the
t to eqn (1), compared to the values calculated in eqn (2), is
displayed in Fig. 6. Here it can be seen that the measured
temperature dependence of s follows the same composition
dependent trend as the hopping rate. The downturn of s at
Sustainable Energy Fuels, 2024, 8, 1424–1437 | 1429
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Fig. 6 Comparison between the measured (dots) and calculated (solid
lines) s values for the different Na contents (x).

Table 3 Calculated values for D, s and the correction factors Dratio as
a function of Na content (x). See text for more details

Na content (x) D [G] s [ms−1] Dratio

0.3 0.922448 0.078557 1.843858
0.5 1.219883 0.103887 1.394284
0.7 1.415265 0.120526 1.201798
0.85 1.567904 0.133525 1.084800
0.95 1.641252 0.139848 1.036320
1 1.700863 0.144848 1

Fig. 7 Plot of the corrected hopping rate of the Na-ion diffusion
process (ncorr) as a function of temperature for several Na contents (x).
The solid lines are fits to the data using the Arrhenius function (eqn (3)).

Fig. 8 Logarithmic hopping rate [ln(ncorr)] plotted as a function of
inverse temperature for different Na content (x). The solid lines are
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around 400 K for the x = 1 composition, and gradually higher
for the other members of the solid solution, is consistent with
motional narrowing of the eld distribution width induced by
the thermally activated Na fast dynamics.61–63 There is a slight
discrepancy between the measured and calculated s values.
This is probably due to the fact that the calculated s is evaluated
based on the crystallographic information obtained from the
neutron data at 300 K and there might be some small differ-
ences between the temperature readouts (and consequent size
of the unit cell) of the neutron and muon experiments. None-
theless, the general trend of the calculated s value as a function
of the Na content is fully consistent with themeasured one, with
a gradual increase in the interval between the values as the Na
content decreases. Since we are interested in the ratios between
the D value for the x = 1 member of the solid solution and the
others, the computed correction factor allows the effects of the
variations in the Na distribution between one sample and
another on the eld uctuation rate to be qualitatively
accounted for. Table 3 lists all calculated values of DZF with the
associated s and correction factors for each composition x. The
resulting hopping rate is displayed in Fig. 7.

We will refer to this corrected hopping rate (ncorr) for the
following discussion. The exponential increase of the hopping
rate ncorr with temperature is related to the onset of Na-ion
diffusion. This being the case, the temperature dependence
ncorr(t) displays the signature of a thermally activated (diffusion)
1430 | Sustainable Energy Fuels, 2024, 8, 1424–1437
process that can be well described by a simple model, the
Arrhenius function:64

nðTÞ ¼ A� e

�
� Ea

kBT

�
: (3)

Here, A is an empirical pre-exponential factor, with the
dimensions of frequency. This parameter accounts for the
probability of an atom to make a diffusive jump.64 In the
assumption of a Boltzmann-like energy distribution among the

atoms in the system, the exponential term exp
�
� Ea

kBT

�
repre-

sents the fraction of atoms that possess enough kinetic energy
linear fits to the data, yielding the activation energy Ea.

This journal is © The Royal Society of Chemistry 2024
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to overcome the energy barrier between the initial (static) and
nal (dynamic) states. This energy barrier is the activation
energy Ea in the exponential term of eqn (3), while kB is the
Boltzmann constant (8.62 × 10−5 eV K−1) and T is the temper-
ature in K. It is evident from the plot in Fig. 5 that an increase in
the Na content for the solid solution causes a reduction in the
temperature required to activate the process. Therefore, it
might seem that the increase in the Na content induces
a lowering in Ea required to start the diffusion. However, this is
not really the case. In order to demonstrate this fact let us
consider a different way to represent the hopping rate by plot-
ting its logarithm as a function of the inverse temperature (see
Fig. 8).

Taking the logarithm on both sides of the Arrhenius equa-
tion (eqn (3)) it is easy to see that the values of the activation
energy Ea for each sample can be determined via a linear t
(Fig. 8). The results of the linear ts are plotted in Fig. 9(a), as
a function of the Ca content. It is evident that Ea does not show
Fig. 9 (a) Values of the activation energy (Ea) extracted from the
logarithmic hopping rate (Fig. 8), the dashed line is a linear fit to the
data providing the average value of the activation energy, hEai. (b)
Values of the pre-exponential factor (A) of the Arrhenius equation (eqn
(3)) obtained from the fits in Fig. 7 and by using the average value of the
activation energy hEai. The continuous line is a fit to the data with an
exponential decay function.

This journal is © The Royal Society of Chemistry 2024
an increasing trend as the Na content decreases, but oscillates
slightly around an average value, hEai = (0.444 ± 0.019) eV. This
value is in good agreement with the activation energy for Na
diffusion in sodium-ion conductors, typically found to be in the
range from 0.3 to 0.7 eV.65 The term Ea in eqn (3) was then xed
to its estimated average value hEai and only the pre-factor A was
le free as a tting parameter for the curves in Fig. 7. The results
of these ts are displayed in Fig. 9(b).

The pre-exponential term A is oen neglected when discus-
sing ion diffusion since it's difficult to experimentally deter-
mine it with condence. In the present study, however, the very
systematic approach and high quality of the data allowed us to
robustly extract A for each sample. The value of this parameter
undergoes an exponential drop as the Na content decreases (i.e.,
substituted by Ca). This fact implies that in the NaxCa1−xCr2O4

system the replacement of Na with Ca has the effect of reducing
the probability for a Na-ion to gain enough kinetic energy to
perform a diffusive jump without modifying the potential
energy landscape. As a result, the Na-ion mobility is systemati-
cally reduced and a higher temperature is required to activate
the diffusion process. However, note that the activation energy
(Ea) necessary for the ions to overcome the potential barrier
between the static state and the dynamic state remains more or
less constant. It should be noted that the exponential Ca-
concentration dependence of the pre-exponential factor in
Fig. 9(b) is unusual in the context of the classical over-barrier
jump. Consistent with our observations, we attribute this
effect to the fact that the concentration of Na ions in the solid
solution can affect the diffusion by affecting the frequency of
collisions between Na ions. However, further investigations
involving more advanced computational modeling with
molecular dynamics simulations would be needed to clarify the
details of this aspect.

Finally, we would like to focus on the x = 0.95 sample that
seems to display a slightly lower activation energy with respect
to the other compositions [see Fig. 9(a)]. Such an effect could
simply be related to uctuations of the tting routine. However,
it should be noted that a very small amount of Ca ‘defects’ could
in fact enhance the Na-ion diffusion. Such an effect has previ-
ously been shown for Na-ion battery materials, where
a surprisingly strong improvement was found for tiny atomic
substitutions within the lattice.50 Future detailed studies of the
NaxCa1−xCr2O4 family for the range x = 1–0.9 will be necessary
to conclude if this is indeed a real effect.
3.3 Na-ion diffusion path

In order to determine the diffusion coefficient, the diffusion
path and a possible diffusion mechanism for the considered
compounds need to be determined. The most probable diffu-
sion mechanism taking place in NaxCa1−xCr2O4 is the intersti-
tial jumping mechanism,64 since the Na/Ca Wyckoff site 4c is
fully occupied. Moreover, we will assume that the Ca is
stationary and that Na is the only mobile species in this material
family. Finally, only nominal / interstitial / nominal jumps
are assumed to take place, while direct interstitial/ interstitial
jumps are not considered (see also Fig. 10).
Sustainable Energy Fuels, 2024, 8, 1424–1437 | 1431

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3se01097j


Fig. 10 (a) The left panel displays the energy landscape of the system for x = 1 within the Na-ion ab – plane. The right panel displays the
corresponding crystal structure in two different orientations with the crystallographic site of the energy minimamarked by burgundy red circles.
(b) The same plots as in (a) for x= 0.5 composition. In (a) and (b), three and two cells, respectively, were joined consecutively along the b– axis for
clarity of display. Na and Ca sites are indicated and arrows schematically indicate the jump diffusion path to the interstitial site, which is marked by
the dashed white circle in the left panels.
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The detailed path of the interstitial mechanism is estimated
based on the charge densities in the compound. This method
has been utilized to estimate the diffusion path also in past
studies on the interstitial mechanism.15 The charge density is
calculated in the density functional theory (DFT) framework
using the soware package Quantum espresso.66,67 A simple self
consistent calculation using the pseudo-potentials described in
ref. 68 and 69 results in charge densities whose associated
electrostatic potential distribution is shown in Fig. 10(a and b)
for x = 1 and x = 0.5, respectively. The plots display a cut along
the ab – plane and the values of the energy, expressed in eV, are
reported in the corresponding color bar. The potential minima
are characterized by a dark blue color in the gure. These
results may be generalized for the other x contents by asserting
that the interstitial sites are barely affected by the presence of
Ca. This is a reasonable assumption, considering that the
crystal symmetry is not affected by the Ca substitution (as
clearly shown above by our NPD data). The calculated electro-
static potential distribution does not show signicant differ-
ences in 3 dimensions between the x = 1 and x = 0.5
compositions. This indicates that the most probable locations
1432 | Sustainable Energy Fuels, 2024, 8, 1424–1437
of muon implantation within the crystalline lattice are the same
between the extremes of the solid solution.

In order to perform the ground state calculations of the x =

0.5 system, Na and Ca ions in the crystallographic model
provided by the NPD analysis have been placed in alternate sites
along the b – axis, hereby doubling the unit cell. The corre-
sponding non-doubled unit cell represented on the right side of
Fig. 10(b) displays each Na/Ca site along the b – axis as having
an equal probability of being occupied by either Na or Ca atoms.
The crystallographic positions of the interstitial jump sites for
the x = 1 and x = 0.5 samples in fractional coordinates are
[0.114(6), 0.750(1), 0.287(9)] and [0.100(2), 0.750(0), 0.275(0)],
respectively.
3.4 Na-ion diffusion coefficient

The diffusion coefficient is a concept based on the rst and
second laws of Fick. The coefficient in itself is a macroscopic
parameter and describes ultimately the ow of particles. The
relevant microscopic details can, however, be derived based on
the random walk approach which, in many text books,64 is
described as:
This journal is © The Royal Society of Chemistry 2024
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Table 4 The different values of n, q and f as a function of Na content
(x). See text and eqn (4)–(8) for more details

Na content (x) rCa n qi,i+1 f

0.3 3/2 1 87.217(2)° 1
0.5 1/2 1 89.810(4)° 1
0.7 1/3 3 92.402(8)° 0.972(1)
0.85 1/7 11 94.347(3)° 0.931(8)
0.95 1/20 37 95.643(7)° 0.904(3)
1 0 N 96.292(3)° 0.890(4)
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Dun ¼ nr2

2t
; (4)

where nr2 is the total travel distance of the species; t is the time

required to travel this distance
�
t ¼ n

n

�
; n is the average

number of jumps. This description has in the past been shown
to be accurate to describe the self diffusion of both Na and
Li.15,26,70 However, a term oen neglected in past studies is the
correlation factor (f). In general, each hop of the diffusing
species is in fact correlated to the previous jump. Given that f is
simply a constant and that such values are somewhat close to 1,
calculation of f is oen neglected and truthfully perhaps not
necessary. Nonetheless, f highly depends on the crystalline
environment of the diffusing species; therefore, there will be
a systematic dependence on f in this composition-dependent
study. It is thus highly desirable to determine f as a function
of x in order to calculate the diffusion coefficient of NaxCa1−x-
Cr2O4. The correlation factor is given by the ratio of the real and
ideal uncorrelated diffusion coefficients:

f ¼ lim
n/N

Dreal

Dun

; (5)

where Dun is the uncorrelated diffusion coefficient given in eqn
(4), whereas Dreal is the actual diffusion coefficient of the
system. Using eqn (4) and the denition of the diffusion coef-
cient in a non-random walk, the expression of f is determined
as follows:

f ¼ lim
n/N

1þ 2

n

Xn

j

Xn�j

i

�
cos

�
qi;iþj

�	
; (6)

where qi,i+j is the angle between the ith and jth jumps whereas hi
denotes the average. Moreover, in an interstitialcy mechanism,
h cos(qi,i+j)i = 0 for j s 1, such that eqn (6) is simplied into71

f ¼ lim
n/N

1þ 1

n

Xn�1

i¼1

�
cosðqi;iþ1Þ

	
: (7)

The above expression is valid for any diffusing species based
on the interstitialcy mechanism. However, the extent of the
summation changes depending on the detailed structure. From
the considered diffusion path, n varies as a function of x given
that the diffusion itself is hindered by the crystalline sites of the
Ca. Naturally, n is innite in the x = 1 case and eqn (7) can be
analytically solved into 1 + cos(q). For the other compositions x,
n is the number of jumps in the unique path that results in
a contribution to D. Given the assumption that the Ca ions are
uniformly distributed, the values of n can be graphically esti-
mated by simulating the jumping path of the Na ions between
two consecutive Ca ions. Following this argument, a relation
which describes the variation of n as a function of the Ca
concentration rCa can be extracted:

nðrCaÞ ¼
�

1

rCa
� 1

�
� 2� 1: (8)

The values of n for each sample are summarised in Table 4,
together with the angles qi,i+1. The angles for the x = 1 and x =
This journal is © The Royal Society of Chemistry 2024
0.5 samples are estimated from the calculated interstitial sites
(see the previous section). The angles for the other samples are
extrapolated assuming a linear trend of the angle as a function
of the composition. This is a reasonable assumption, given the
linearity of the relation between the Na/Ca site distances and
the sample composition (see also Fig. 3). The correlation factor f
has been uniquely determined by using eqn (8) and (7). The
calculated f for each considered concentration is listed in Table
4. With f determined, the real diffusion coefficient can be
calculated using eqn (4) and (5).

The value n = 1, calculated using the relation in eqn (8) for
the x = 0.5 composition, is considered as a boundary value
adopted also for cases x # 0.5. This choice is based on the fact
that a negative value for n would imply a negative number of
jumps, which is un-physical. The uncorrelated diffusion coef-
cient for the Na ions DNa(un) for the members of the solid
solution is estimated in a similar fashion as in ref. 15. Starting
from the assumption that the hopping rate n is the actual
jumping rate of Na ions among neighboring sites, and treating
the interstitial sites as vacancies, the general expression for
DNa(un) is the following:64

DNaðunÞ ¼
Xn

i¼1

1

Ni

Zv;isi
2n: (9)

Here, Ni is the number of Na sites in the i:th path, equal to 2 in
our case; Zv,i is the vacancy fraction, equal to 1 since the inter-
stitial site is unoccupied; si is the jump distance between the
nominal Na site and the interstitial site. The jump distances for
the concentrations x = 1 and x = 0.5 are obtained directly from
the calculations exposed in Section 3.3. For the other concen-
trations, s has been extrapolated assuming a linear trend as
a function of x. Finally, the correlated diffusion coefficient
DNa(real) has been estimated using eqn (5). The resulting
temperature dependence for all the members of the solid
solution is plotted in Fig. 11. Table 5 reports the values of the
parameters used in eqn (9) to calculate the diffusion coefficient
for each sample as well as the values of the correlated diffusion
coefficient DNa(real) for a temperature T = 475 K.

The exponential temperature dependence of the diffusion
coefficient denotes the thermally activated nature of the process
(Fig. 11). The value of the correlated diffusion coefficient for the
pure Na compound (x= 1) is one order of magnitude larger than
in the other compounds (see also Table 5). This behavior should
be ascribed to the concomitant contribution of several factors.
Sustainable Energy Fuels, 2024, 8, 1424–1437 | 1433
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Fig. 11 Temperature dependence of the correlated diffusion coeffi-
cient DNa(real) for all the members of the solid solution NaxCa1−xCr2O4.

Table 5 Parameters from eqn (9) and correlated diffusion coefficient
DNa(real) at T = 450 K as a function of Na content (x)

Na content (x) s[Å] DNa(real) (T = 475 K) [cm2 s−1]

0.3 2.122(9) 1.4(2) × 10−12

0.5 2.075(1) 5.8(7) × 10−12

0.7 2.027(2) 2.3(1) × 10−11

0.85 1.991(4) 3.6(2) × 10−11

0.95 1.967(4) 5.2(2) × 10−11

1 1.955(5) 1.04(5) × 10−10
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The presence of Ca ions constitutes a physical impediment for
the Na diffusion since it can only occur along the 1D channel.
The mixed valence state Cr3.5+ induced by the presence of Na
implies an enhanced Cr–O bond stability, due to the lower
occupation of 3d orbitals, and a reduction of the atomic radius
of Cr atoms. As a consequence, a contraction of the transition
metal oxide octahedra occurs, which results in a reduced
volume for the 1D diffusion channels on one hand, and
a weakened Na–O bond on the other hand. The downsized 1D
channels provide a more conned and advantageous diffusion
path for the Na ions to move in a correlated fashion. The
evolution of the electronic conguration throughout the solid
solution members does not modify the energy barrier (Ea),
which hinders the Na diffusion. The observed enhancement of
the Na mobility is therefore a purely geometrical effect.

It should be mentioned that, since our interpretation of the
m+SR data is based on the strong collision model, the measured
uctuations in the local magnetic environment depend on the
relative motion of Na ions andmuons. Therefore, even though it
has been shown by comparison between LF-m+SR and other
experimental techniques that the hopping rate n effectively
reects the ion dynamics in the investigated system (as in, e.g.,
ref. 72), it is important to mention why such dynamics in this
work are consistent with jump diffusion of Na ions rather than
1434 | Sustainable Energy Fuels, 2024, 8, 1424–1437
being due to the muons themselves. Among the possible
mechanisms describing the diffusion of muons in solids as
light particles, the ones that would occur in the temperature
range relevant for this work are lattice-activated tunneling and
over-barrier hopping.73 The onset temperature for this kind of
mechanism should be expected from ∼0.2–0.3Q and above
(with Q being the Debye temperature of the host crystal). The
Debye temperature for CaCr2O4 is estimated to be ∼770 K;74

therefore, assuming a similar value for all the members of the
NaxCa1−xCr2O4 solid solution, indications of muon diffusion in
this system should be expected from 150 to 230 K. The onset
temperature for the diffusion process observed in this work is
∼400 K at the lowest (Fig. 5). We do not observe indications of
dynamical behavior between 230 K and 400 K (and higher for
the other compositions) in the m+SR spectra, but 400 K is fully
consistent with the expected onset temperature for Na-ion
diffusion in sodium conductors.75,76 Moreover, the activation
energy experimentally estimated in this work (0.444 eV) is
consistent with the activation energy for Na diffusion in
sodium-ion conductors.65 This value is signicantly higher than
the activation energies of muon diffusion by lattice-activated
tunneling and over-barrier hopping, measured in different
systems to be in the range from 0.05 to 0.2 eV.77–82 Nonetheless,
the difficult discernment between ion and muon self diffusion
in LF-m+SR measurements represents a major limitation for this
experimental technique. Indeed, complementary methods are
oen needed in order to achieve a more comprehensive
understanding of the probed diffusion processes. In particular,
in our case, possible low temperature dynamics and subtle
structural defects may be out of the sensitivity windows of the
muon and neutron investigation methods adopted in this work.
For this reason, high temperature neutron and X-ray diffraction,
coupled with high temperature Na-NMR, would be relevant to
further conrm the proposed Na diffusion mechanism, as well
as to further probe the local structure deviations due to Ca
substitution and associated cation defects,72 and ultimately
exclude the presence of contributions from muon diffusion in
this system.

As a nal remark we can now calculate the upper value for
the Na diffusion length LNa within the muons' mean lifetime s=
2.2 ms for the x = 1 sample, to verify that our assumption was
correct:

LNaðx¼1Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNaðrealÞs

p ¼ 1:5 Å: (10)

Since the length of the unit cell along the direction of the 1D
diffusion is b= 2.9128(1) Å, considering a short diffusion length
was a reasonable assumption. However, please note that we
acquire and t data up to 20 ms (see Fig. 4).
4 Conclusions

In this work a systematic chemical composition-dependent
study on the NaxCa1−xCr2O4 family [with x = 0.3, 0.5, 0.7,
0.85, 0.90, 0.95, 1], carried out using m+SR and NPD methods, is
presented. The study shows how the Na kinetics can be tuned by
the structural modications induced by Ca substitution. In
This journal is © The Royal Society of Chemistry 2024
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particular, we observed that a reduced volume of the 1D diffu-
sion channel corresponds to an enhancement of the Na ion
mobility, contrary to the phenomenology of Li ion 1D battery
materials. Moreover, the presence of Ca has the effect of
reducing the probability for a Na ion to gain enough kinetic
energy to overcome the activation energy barrier between the
static and the dynamic state of the system, without modifying
the potential energy landscape. The ion diffusion process in
NaxCa1−xCr2O4 is suggested to be an interstitial mechanism
with highly correlated jumps. The diffusion coefficients for each
member of the solid solution have been calculated taking into
account the, usually neglected, correlation coefficient.
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4 M. Koppel, R. Palm, R. Härmas, M. Russina, N. Matsubara,
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