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Abstract

Ion transport in solid-state cathode materials prescribes a fundamental limit to the rates batteries can operate; therefore, an
accurate understanding of ion transport is a critical missing piece to enable new battery technologies, such as magnesium
batteries. Based on our conventional understanding of lithium-ion materials, MgCr204 is a promising magnesium-ion cathode
material given its reasonable computed diffusion barriers, high capacity, and high voltage against a Mg anode. Electrochemical
examinations of MgCr204, however, reveal significant energetic limitations. Motivated by these disparate observations, herein
we examine long-range ion transport by polarizing dense pellets of MgCr204. Our conventional understanding of ion transport
in battery cathode materials, e.g., Nernst-Einstein conduction, cannot explain the measured response, since it neglects
frictional interactions between mobile species and their nonideal free energies. We propose an extended theory that
incorporates these interactions and reduces to the Nernst-Einstein conduction under dilute conditions. This approach better
describes the measured response, and we report the first study of long-range ion transport behavior in MgCr204. We conclusively
show that the Mg chemical diffusivity is comparable to lithium-ion electrode materials; whereas, the total conductivity is rate-
limiting. Given these differences, energy storage in MgCr204 is limited by particle-scale voltage drops, unlike lithium-ion particles
that are limited by concentration gradients. Future materials design efforts should consider the interspecies interactions described
in this extended theory, particularly with respect to multivalent-ion systems, and their resultant effects on continuum transport
properties.

manufacturing.! For these purposes, magnesium batteries

INTRODUCTION are a promising opportunity to complement the state-of-

Future energy storage demands will require a diverse set the-art lithium-ion technology for our decarbonized
of battery technologies that incorporate robustness of future.>~* Magnesium batteries are expected to function
supply chain, sustainability, and low cost materials and based on the reversible redox operation of a magnesium
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metal anode with a suitable cathode material. Spinel oxides
MgM:204 (M = Cr, Mn, V) are a leading cathode candidate®
since, thermodynamically, they possess the high capacity
and high voltage against the Mg anode, thereby offering the
same performance advantages as lithium-ion. MgCr204
offers a high theoretical average voltage vs Mg?*/Mg (3.5 V)
and gravimetric capacity (275 mAh g-1).° In recent years,
the spinel family of materials has conclusively
demonstrated reversible Mg?* intercalation,’-17 thus
bolstering their promise as viable battery materials.

During electrochemical cycling of high voltage oxide
cathodes, however, energetic limitations have been
observed when compared against thermodynamic
expectations,!0-21 limiting their utilization as a rechargeable
battery technology. The fundamental sources of these
limitations have not yet been fully understood, alluding to
the remaining scientific challenges toward the development
and commercialization of magnesium batteries in the same
spirit as lithium-ion technology. For example, the
electrochemical performance of a lithium-ion porous
electrode?2-27 can be accurately described by a combination
of bulk ion transport in the electrode active material,?8-31
electrochemical reaction (i.e., charge transfer) at the
interface of active material and electrolyte,32-34 electrolyte
transport,35-4! and conduction in carbon-binder network.42-
4 Such effects are poorly explored for the magnesium
battery materials, in part due to the electrolyte stability
issues*> that obfuscate the interpretation of common
electrochemical measurements characterizing relevant
material properties,'le.g., GITT (Galvanostatic Intermittent
Titration Technique) to measure chemical diffusivity in
intercalation electrode materials.3*

Herein we examine the bulk ion transport in MgCr204 - a
candidate spinel magnesium cathode material.6” The bulk
ion transport sets a fundamental limit?8 on the rate at which
energy can be stored and removed from the corresponding
particles in porous cathodes. To maintain the charge
neutrality of the material during ion intercalation, electrons
enter from the external circuit. Thus, the concentration of
electrons varies across the intercalation material over time
in proportion to changes in ion concentration (note that
concentration is a continuum property). Such simultaneous
changes in ion and electron concentrations are governed by
mixed ionic electronic conduction (MIEC).47-4°

Conventionally, we assume the total conductivity for
mixed conduction is a sum of conductivities of electrons and
ions, 0 = Oglectron T+ Tion- Past studies of Li-ion materials
show that the electronic conduction is the dominant
contribution such that o = 0jectron- Based on this empirical
understanding, bulk transport is typically believed to be
limited by ion diffusion; therefore, the joint motion of ions
and electrons to maintain local charge neutrality is limited
by diffusion of ions, i.e., D « D;,,. Here D is an ambipolar
diffusivity characterizing the joint motion of ions and
electrons, while Dy, is self-diffusivity of ions (directly
related to o;,,). As a result, ion diffusion barriers have been
an important screening criterion for discovering new
intercalation materials.® Based on recent computations®
and measurement’ of the diffusion barrier in MgCr204, the

Mg?+ self diffusion is found to be reasonably facile; however,
the electrochemical performance of this material has been
found to be quite inferior even when the diffusion length is
reduced to nanometers.1?

Motivated by these contradictory observations, we
explicitly examine the bulk long-range ion transport in
MgCr204 to explore the nature of magnesium transport in
solid-state materials. We wuse an electrolyte-free
polarization test (thereby mitigating interfacial kinetic and
decomposition effects typically complicating magnesium
electrochemical studies) and show that the observed
behavior does not conform to the aforementioned
conventional interpretation of mixed conduction (c-MIEC).
We propose an extended mixed conduction (x-MIEC)
theory, of which c-MIEC is a specific case, that not only
describes bulk ion transport but also makes sense of past
observations that, indeed, Mg diffusion is not a limiting
property in MgCr204.

Experimental

A series of Mgi-,Crz2-2Tizy04 spinel powder and pellet
samples (where ‘y’ was in the range 0 — 0.03) were
synthesized by two-step precipitation and annealing
method as described in the Supporting Information Section
S1.A. These samples are hereafter named MCO (for
MgCr204) and MCTO(%) for the Ti-doped MCO, where (%)
is the percentage of Ti in the MgCr204 lattice as a proportion
of total transition metal content. Both the powders and the
pellets formed the desired spinel phase as confirmed by
synchrotron X-ray diffraction (Figure S1(a and b)). Trace
MgO impurities were observed in all samples, which are
commonly found in magnesium-based spinels (Figure
1(a)).'? Both MCTO(1) and MCTO(3) contained trace
MgTi20s or TiOz impurities. Simultaneous Rietveld
refinement of the SXRD and neutron diffraction data
confirmed Ti inclusion in the spinel lattice: the lattice
parameter a increased with Ti content (Figure 1(b)).
Moreover, refinement of the site occupancies confirmed the
formation of the normal spinel in all samples, with
negligible occupancy of Mg in 16c sites or Cr in 8a sites,
which is expected to benefit bulk ion diffusion due to the
reduced blocking of diffusion channels!* (Tables S2-54). Mg
vacancies appeared to be more prevalent in the doped
samples (Figure 1(b)), particularly MCTO(1), although the
trends were relatively weak and the exact defect relation
with Ti content cannot be confirmed. The individual
particles are well defined as seen in Figure 1(c).

page 2 of 14



d | MgTi,0, ® MgO & TiO,

e asll
weo | JId

intensity

6 8 . 10‘ 12 14
20 [°] (A=0.457847 A)

= 8.3360 T : —3
3 -~ = X
= 8.3358 1 o=
g { @
n
E 8.3356 E M2 ‘?‘3
5 * -
8, =
® 83354 = 15 S
e (5
= 55 pum
— 8.3352 1 T T 1
MCO MCTO(1) MCTO(3)
material

500 nm

Figure 1. (a) SXRD patterns of MCO, MCTO(1), and MCTO(3) powder samples compared to a MgCr.O. reference (ICSD Collection
Code 75623)53, with the axes limits chosen to highlight minor impurity phases. MgO, MgTi.0s, and TiO: impurity peaks are
indicated with red circles (@), green squares (M), and blue diamonds (#), respectively. (b) the lattice parameter a for the
samples MCO, MTCO(1), and MTCO(3) (shown in black @) and the concentration of Mg site vacancies shown in blue 4. (c) an SEM
image of the MCTO(1) powder. (d) 3D morphology of the MCTO(1) pellet. Voids (teal) segmented from the surrounding pellet
(white) show no long-range connectivity. The black double-headed arrow shows the width of the pellet fragment used for
visualization (55 um).
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Figure 2. (a) Cell setup for transport property measurements via electrical polarization. (b) Current measurements for multiple
pellets at 350°C are scaled using pellet thickness and applied voltage. (c) Variation in the current measurements for the same
pellet at various temperatures. (d) A representative current measurement with conventional mixed conduction interpretation
of the observed signatures. Estimated properties (e) total conductivity and (f) transference number by using the conventional
mixed conduction interpretation for repeated tests performed at 350°C on six pellets with different thicknesses. Data is collected
every 0.5 s in (b)-(d). Refer to Table S5 for pellet nomenclature.

X-ray Computed

The spinel phase is retained during sintering to dense
pellets, as observed by SXRD, albeit with sharper diffraction
peaks consistent with increased grain sizes observed in
SEM (Figure S1(b-c)). Macroscopic density measurements
based on pellet geometry reveal > 95% theoretical density,
Tomography-based

3D

reconstructions of an MCTO(1) pellet (Figure 1(d)) verifies
< 1.1% voids organized in a non-percolating network.
Evaluation of composition variations due to phase
separation was inconclusive based on EDS results; however,
it should be noted that the volume fraction of second phases
is <1 % based on combined X-ray / neutron refinement. The
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impurity phases are expected to be highly distributed,
similar to the non-percolating network of pores. The
transport measurements, therefore, of these pellets should
reflect the true bulk behavior.5? Finally, as seen in Figure
S1c, the grain size is > 1 um in sintered pellets. Impedance
spectra are inconclusive in assessing relative contributions
from grain core and grain boundary. We expect the
conduction measurements, however, are dominated by bulk
grain core since we do not observe a change in the
Arrhenius behavior as a function of temperature>! and
micron sized grains®2.

We selected MCTO(1) for transport measurements since
it possesses the highest concentration of Mg vacancies with
minimal impurities and measured the temperature- and
thickness-dependent polarization behavior of MCTO(1)
pellets using an electrolyte-free arrangement as shown in
Figure 2(a) (refer to Table S5 for specifications of the
polarization tests). This configuration is common across
many fields, e.g, electroceramics, and the measured
behavior has been historically explained using c-MIEC
theory54+-6¢ (dating back to classical works by Hebb?’,
Wagner48, and Yokota*?). We note that Stefan et al.>165 have
measured conductivity of porous pellets of numerous Mg-
based spinel compositions without exploring mixed
conduction properties. Pt electrodes are sputtered on either
surface of the pellet (refer to Supporting Information
Section S1.C for further details) to ensure uniform current
density across the pellet cross-section when current passes
through the pellet. During polarization at a constant voltage,
the observed current decays over time (Figure 2(b)-(d))
due to the blocking nature of the Pt electrodes and
formation of concentration gradients of charged species. As
Pt has high electrical conductivity, it is not expected to
contribute to the observed responses in Figure 2(b)-(d). It
should be noted that data were collected every 0.5 s and the
apparent outlier data points for a given data set in Figure
2(b)-(d) represent < 1% of the total collected.

If we interpret these measurements using c-MIEC
theory,#7-4%57 we note inconsistency while inferring
diffusivity from conductivity estimates. According to this
theory, the two endpoints, iy, and izs can be used to quantify
o (Figure 2(e)) and t_ (Figure 2(f)). As per c-MIEC, the total

e
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™~ Mg+

D 1 motions

conductivity, o, relates to self-diffusion of both the charged
species (also known as the Nernst-Einstein relation; Eq. S16
in Supporting Information Section S2):

_2F? 2D, 4D )_4F2 D [1]
O R T T3 =)

The second equality in Eq. [1] is by the definition of
ambipolar diffusivity, D (Eq. S14). Once ¢ and t_ are
measured as shown in Figure 2(d), Eq. [1] (i.e., the c-MIEC
theory) can be used to estimate D.

D=oiﬂ¥41—a) [2]

4F2¢
The ambipolar diffusion, D, is the joint motion of Mg?*
cations and e~ such that local charge neutrality is ensured.
Based on ¢ from Figure 2(e), t_ from Figure 2(f),and ¢ = 23
M defined by material density, Eq. [2] gives D ~ 4 x 1074
cm? s1 for the six pellets of MgCr204 (I to VI in Table S5)
polarized at the same temperature (350 °C). In contrast, the
time scale for current decay in Figure 2(d) is ~10 min,
which suggests a diffusivity, D = L2/t ~ 2 x 107> cm2s'.
This stark mismatch in the two diffusion coefficients
indicates that the mixed conduction behavior in this
material differs from c-MIEC expectations. In the
subsequent discussion, we propose an extended mixed
conduction theory (x-MIEC) to explain the observed
response.

THEORY

Consider a host material, 0, intercalating a cation, M*+. Its
fully deintercalated state is ©, and fully intercalated state is
MO. For every cation intercalating in this host, n electrons
enter through the external circuit to maintain global charge
neutrality. Thus, transport in an intercalation host can be
conceptualized in terms of three mobile species: MO+
(cation occupied host), e~ (mobile electrons) and ©
(unoccupied host).6%67 This is schematically shown in
Figure 3. Each of the species influence the microscopic
motion of the other. Such interactions are captured using
three distinct Stefan-Maxwell diffusivities. A Stefan-

Maxwell diffusivity, D;;, describes relative motions of

D _g motions D+ motions

Figure 3. A schematic representation of microscopic species and their relative motions in an Mg-intercalation host. There are
three species: electrons, e, unoccupied host, ©, and cation occupied host, Mg@2*. The relative motion of two species is accounted
for using the corresponding Stefan-Maxwell diffusivity. Accordingly, the species transport in an intercalation host is described

using three Stefan-Maxwell diffusivities: D,9, D_g and D4
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species i and j. D;; implicitly accounts for correlated and
uncorrelated motions of these species averaged over a large
number of i and j ‘particles’ to represent the continuum
behavior (here ‘particles’ implies individual entities like
electrons, cations, host unit cells, etc.). We, thus, use the
Stefan-Maxwell equations to describe the transport
behavior of these species:

ciCr (c™* — )Ny —cyNg c_Ny—ciN_  [3]
- Vi, = +
RT Do D,
_ccr Vu - (cm* —c)N_—c_Ng cyN_—c_N, [4]
RT 'H- D o D,

where N’s are corresponding species fluxes, and D;;’s are
Stefan-Maxwell diffusivities. Here u, and u_ are
electrochemical potentials of M®*+ and e~, respectively.
The maximum concentration of cations, ¢c™?%, is a material
property. At a given degree of intercalation, ¢, = v,c,c_ =
v_c and cg = ¢c™® —c. Here v, and v_ are stoichiometric
coefficients. Note that any of the species can be present in
high concentrations depending on the degree of
intercalation. The third Stefan-Maxwell relation for 0 is not
independent of Egs. [3] and [4] due to the Gibbs-Duhem
relation:

Vg + e Vu_ + (€™ = c)Vug [5]
= cVume + (€™ — c)Vug =0

Here c,Vu, + c_Vu_ = cVuye.

c-MIEC theory*’-%? does not account for the cation -
electron interactions in Eqgs. [3], [4] (mathematically, D, —
) and assumes that the unoccupied host does not move
(Ng = 0) in response to an applied voltage.

It is easy to show that for MO*+ and e~ as positively and
negatively charged species v, =1 and v_ =n, and the
corresponding charges are z, =n and z_ = —1. The
statement of local charge neutrality can be written in terms
of concentrations or stoichiometries as

zZycy+zc.=0=zv, +2z_v_ [6]

By definition, the current density is associated with the
flux of charged species as,

i 7
7o z N, +z_N_ 7]
Rearranging Egs. [3],[4] and [7],
v 1 ccr [8]
N-= RT (V_+ + V_—) (Cmax - C) V#MG
Dio D-o
Vi
Dio L
+ ( vy +v__)Z_F+v_cv9
Dio D-o
[9]

i
~N_=—-v_DVc + (1 - t?)ﬁ +Vv_cvg

where the properties are grouped to define the ambipolar
diffusivity, D, and the cation transference number, t?, as

_ v Cr ( alrlfM@)) [10]
D‘(V+ + ) @ =) 1t e
Dio Do
V- 11
= [11]
t9 =

T Vi V_

(:om + 59_9)
where (1 + dlnfye/d1Inc) is the thermodynamic factor
described in Section S3. For battery materials, the

thermodynamic factor directly relates to the open circuit
potential.

The corresponding expression for the cation flux is,

i
N, = —v,DVc + t¢ 7 F + vicvg [12]
+
and, the current density expression is
i ((cmax — C)(l - tf) 4 vic [13]
F Z_:D_@ Z_Di
c_cr
=— Vu_
RT
v_
+ —(c™** — )DV
Dy (c ¢)DVc

It is crucial to accurately define the electrochemical
potential of e~ in the host, u_. Since the host material is in
contact with the external circuit, the equilibrium statement
can be written as

Hepose = Hegy = z_F¢ [14]

Here ep . and e are respectively the mobile electrons
in host and adjoining Pt contact. Note that we do not have to
explicitly account for the concentration dependence of
electrons in the externally measured potential, ¢. The
electrochemical potential of the intercalated cations, MO*+,
is related to ¢ and local concentration since

1 1 1 [15]
o Hme = lmer+ + e = iy + L

n
Instead, if the potential were measured using an
electrode reversible to MO%+, ¢ relates to pyez+, and then
U.~ will depend on ¢ and concentration. Using Egs. [14],
[10] and [11] in the current density expression (Eq. [13]),

S o V ﬂ( 610ng@) ) [16]
i= G(V¢+t+v+Z+F + Jlogc Vinc

where total conductivity, o, is an additional measurable
property,

F? cr [17]

_ 2 o
g =2ZiVy RT v (CmaX _ C)t_(;_)
.t e

Note that the (continuum) flux of the unoccupied host, Ng,
is related to its concentration and velocity as

Ng = cgvg = (c™* — )vg [18]
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Figure 4. Comparing conventional and extended mixed ionic
electronic conduction behaviors. For a given initial current
density, iy, and the ratio of current densities at the steady state,
iss/io, the conventional mixed conduction is uniquely defined.
Any departure from this behavior is representative of the
extended mixed conduction response. Schematics of
microscopic species arrangement are also shown.
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Figure 5. x-MIEC analysis of the transient processes during (a)
polarization after external application of a voltage at t = 0 min
and (b) relaxation when the voltage is removed at t = 30 min.
Current data (grey circles) are collected every 0.5 s and the x-
MIEC fit (blue line) is based on an error minimization algorithm
(see Section S4). For a given experimental set, this error is a
function of the material properties, R;, C;, o, D and Ne.

The Stefan-Maxwell expressions (Egs. [3] and [4]) involve
three diffusivities, D,g,D_g, D4, and equivalently the
constitutive relations (Egs. [9], [12], [16] and [18]) involve
three independent transport properties, I,t?, and o.
Additionally, the thermodynamic factor accounts for the
nonideal energies of the intercalation host (related to the
deviation from the Nernst potential of the open circuit
potential).

The polarization behavior of the test configuration shown
in Figure 2(a) can be described using the x-MIEC
constitutive relations developed here (Egs. [9], [12], [17]
and [18]). The specific steps are shown in Section S4. Thus,
Egs. [S50], [S54]-[S58] jointly represent the polarization of
the pellets and are equally valid for potentiostatic and
galvanostatic  responses. Five unique properties
characterize the polarization response: R;, C;, d,D and Ne,
where R; is interfacial resistance for electron transfer
across Pt/pellet interface, C; is capacitance at this interface,
D is chemical diffusivity and Ne is Newman number.

_ ¢ 19
D=D(1- ) [19]
3RT 2 d1n fye\ 1 [20]
_ e _
N@_GALFZ (t+) <1+ dlnc )c]D)

The Newman number is defined here for measurements
using electron selective probe electrodes (alternatively, Ne,
as defined by Balsara and Newman,®8 is for cation-selective
probe electrodes). The definition of Ne is more significant
than just a dimensionless descriptor and is related to the
measurable quantities of steady-state and initial current, if
the interfacial effects were negligible, such that

s 1 [21]

ip, 1+Ne

Recall that in the conventional mixed conduction theory,
iss/io = t_ (Figure 2(d); section S2.B). Hence, as shown in
Figure 4, c-MIEC behavior is uniquely defined given the
initial current density, i, (prescribing ¢), and the ratio at the
steady-state, i /i, (prescribing t_). Alternatively, multiple
different x-MIEC responses can manifest even when these
two values are fixed. Mathematically, this difference is due
to having only two independent properties in c-MIEC versus

our (o,t?,D,(1+——=) ] in x- refer to Figure .
f °m,(1 a;?:e in x-MIEC (refer to Figure S2

It should be emphasized that [17] reduces to the Nernst-
Einstein relationship (Eq [1]) as ¢ — 0, ie, as the
concentration of Mg®?*— 0; the corresponding expressions
are provided in Table 1. The specific concentration, ¢, below
which x-MIEC simplifies to the c-MIEC interpretation is
strongly dependent on the material being examined.

RESULTS AND DISCUSSION

As discussed in Figure 2(d), the c-MIEC analysis of the
current profiles relies on the initial and steady-state
currents. Instead, x-MIEC behavior, as proposed here, is
composed of multiple processes, each of which is dominant
over different time intervals (Figure 5(a-b)): interfacial
resistance, R;, interfacial capacitance, C;, and total
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conductivity, o, are the dominant contributions at short
timescales, whereas chemical diffusivity, D, and Newman
number, Ne influence longer timescales. Hence, we
estimate these properties by analyzing the full polarization
and relaxation step as shown in Figure 5 and Figure S3.
Figure S6 shows that unique values of these five properties
give the least difference between the theoretically predicted
behavior and the measured response. Such a uniqueness is
guaranteed as each of the properties exhibit distinct
signatures on the polarization response (Figure S3). Figure
5 compares the modeled response using the estimated
properties against measurements. Thus, the estimated
properties capture the underlying variability in the
experimental data. As mentioned in Table S5, each pellet is
tested multiple times and each such experimental set is

analyzed to obtain corresponding property estimates. Thus,
the multiple property groups for each pellet tested at a
given temperature also characterize the random error in
experiments. The pellet resistance versus time evolutions
are comparable regardless of applied polarization (0.25,
0.5, 0.75 and 1V) suggesting a linear response to
polarization. Furthermore, X-ray diffraction analysis of
pellets showed no discernable changes before and after
polarization. This is further corroborated by the reversible
and repeatable nature of the polarization experiments,
showing consistent responses with subsequent application
of potentiostatic holds.

Table 1. Comparing the expressions for measurable properties between c-MIEC and x-MIEC. D identifies self-diffusivities, while D;;’s

are Stefan-Maxwell diffusivities.

c-MIEC

x-MIEC

total conductivity F?

o= ZEC(ZD.,, +D_)

cation transference = 2D,

number *T 2D, +D_

ambipolar diffusivity _ 3D,D_
T 2D, +D_

total concentration -

Newman number -

current ratio ss

0

—=t_=(1-ty)
L

F? 2 (emax— o))t
e =

Di CD+@
t® — ZD+®
T 20,0+ D
_ 394D cr ( 9 lnfMe)
T 2D,9+ D (cME —¢) dlnc

cr=c"¥ +¢

3RT 2 6lnfM@ 1
_ ) il
Ne_04F2(t+) (1+ dlnc )ch)

iss 1

ip, 1+Ne

Figure 6 plots bulk transport properties, g,D and Ne,
following the x-MIEC interpretation of the experimental
observation. The analysis for the same six pellets as Figure
2(b) is shown here. Since all materials are identical and the
interfaces are prepared with nominally identical
procedures (sputtered Pt), ideally these properties should
be independent of the pellet thickness. The contributions of
the bulk properties, relative to interfacial properties, scale
with pellet thickness, and the bulk signatures in Figure 6
become less pronounced for very thin pellets. The
diminishing signatures for thinner pellets set a practical
lower bound on the pellet thickness necessary to
characterize mixed conduction behavior. On the other hand,
the upper bound on the pellet thickness is set by the
dimensions of the die within the hot press used to make
these pellets. We explore pellet thicknesses in between
these two bounds. Thus, Figure 6 characterizes the
variations in the measured properties at different
thicknesses. Note that two of these pellets, IV and V, have
comparable thicknesses (1.36 and 1.37 mm, respectively),
and the corresponding estimates characterize the sample-
to-sample variability. Thus, the estimated property
variations in Figure 6 are composed of two effects: sample-
to-sample variability and the more dominant role of

interfacial properties for thinner pellets. Such variations are
intrinsically present when analyzing material behavior
composed of interfacial and bulk effects. For each pellet, the
error bars represent the standard deviation in the
estimated property. As shown in Figure S3, the analysis
scheme identifies five properties for every experimental set,
and the two corresponding interfacial properties are
reported in Figure S7.

Note that the chemical diffusion, D, in Figure 6(b) is
comparable to that inferred based on the current decay
timescale in Figure 2(d), thus offering a consistent view of
charge transport. While the current decay timescale in
Figure 2(d) provides diffusivity without invoking the x-
MIEC theory, the corresponding physical interpretation is
unclear. As revealed by Eqgs. [10] and [19], the observed
diffusion represents a joint motion of all three mobile
species and thermodynamic nonidealities. Thus, x-MIEC is
instrumental in interpreting the measurements for this
material and linking them to ion transport behavior. Figure
7 presents the temperature dependence of estimated bulk
properties for two pellets with different thicknesses (VII
and VIII in Table S5). Notice that any differences between
estimated properties for the two pellets at each
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Figure 6. Bulk transport properties for multiple pellets at 350°C (I to VI in Table S5). (a) Total conductivity, o. (b) Chemical
diffusivity, D. (c) Newman number, Ne. (a) - (c) plot mean values along with standard deviation as corresponding error bars for
each pellet. Corresponding interfacial properties are reported in Figure S7.
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Figure 7. Temperature dependence of estimated bulk properties for two pellets of the same materials. (a), (d) Total conductivity,
o. (b), (e) Chemical diffusivity, D. (c), (f) Newman number, Ne. (a) - (c) show the mean estimates, while (d) - (f) plot
corresponding standard deviations scaled to mean. The activation energies have been quantified by fitting Arrhenius
dependence through all estimates. T, = 298 K. The differences in the estimates between the two pellets are predominantly
related to the differences in their thicknesses. Corresponding estimated interfacial properties are shown in Figure S8.

temperature result from the variabilities discussed in
Figure 6. By comparing variations of each property in Figure
7 with Figure 6, it is clear that the temperature dependence
of each property is prominent.

As expected, both total conductivity, o, (Figure 7(a)) and
chemical diffusivity, D, (Figure 7(b)) exhibit Arrhenius
dependences. The Arrhenius behavior is consistent with
prior measurements of conductivity within MgCr204 by
Stefan et al,°1%> although their analysis did not specifically
examine diffusive effects. The activation energies for the
two pellets within our study are not identical. This is in part

related to more dominant interfacial behavior for the
thinner pellet. For each pellet, the useful temperature range
is limited by very large resistances at lower temperatures
and very small resistances at higher temperatures.
Therefore, our experiments were conducted entirely within
the temperature window (350-600 °C) where transport
signatures could be robustly characterized and allowed us
to extrapolate to room temperature for direct comparison
with known Li-ion battery cathodes.

As per Figure 7(c), Ne decreases with temperature. Since
the concentration overpotential is related to Ne, Figure 7(c)
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suggests that the chemical diffusion signature becomes less
pronounced. More importantly, in the limit of low
temperature, chemical diffusion becomes increasingly
relevant. As per Eq. [20], such behavior of Ne leads to
iss/iop = 1 at higher temperatures and iy /i, = 0 at lower
temperatures. If these limits were interpreted using c-MIEC,
one may mistakenly conclude that the conduction is
electronically dominated at higher temperatures (iss/i, —
1) and ionically dominated at lower temperatures (is/iy =
0).

Figure 7(d)-(f) report the variability in the estimated bulk
properties based on repeated testing at each temperature.
These variations reflect the reproducibility of
measurements at each temperature and underscore the
importance of meticulous testing. The corresponding
estimates of the interfacial properties, R; and C;, are plotted
in Figure S8.Figure 8 compares the mixed conduction
properties of MgCr204 against well-characterized known Li-
ion materials at room temperature (25°C) by extrapolating
the Arrhenius relationships of the chemical diffusivity (D)
and total conductivity (¢) behavior in Figure 7. We find that
the chemical diffusivity of MgCr204 is comparable to most
Li-ion materials, but its conductivity is considerably
smaller. This observation is in stark contrast to
conventional expectations, where both diffusivity and
conductivity increase proportionately (as observed for Li-
ion materials in Figure 8). The expectation of
proportionately linked conductivity and diffusivity is a
feature of c-MIEC behavior (Eq. [2]). MgCr204 deviates
significantly from the relationship followed by Li-ion
cathodes and its polarization behavior, e.g.,, Figure 2(d)
cannot be analyzed using c-MIEC. The newly proposed x-
MIEC captures the observed charge transport in MgCr204 as
well as the usual c-MIEC as a special case. The significant
difference between Li-ion electrode materials and MgCr204
at room temperature implies that the particle-scale
intercalation response of MgCr204 is dictated by conduction
(voltage drop); in contrast, most Li-ion electrode particles
are limited by diffusion (concentration gradients).23-25:3369-
7t These observations of charge transport in MgCrz204
suggests that the traditional thinking of Mg transport in
terms of cation-lattice interactions, which assigns sluggish
cation self-diffusion as the limiting mechanism for Mg
intercalation, is not always valid.

In comparison to the c-MIEC, the most interesting
characteristic of x-MIEC is that the chemical diffusivity and
conductivity - both material properties defining different
aspects of charge transport - are not always
proportionately related. Within our study, x-MIEC behavior
was evident in the polarization response of MgCr204, with a
diffusion signature that decayed much faster than
expectations from c-MIEC theory. There are two key effects
governing this relationship between chemical diffusivity
and total conductivity: the intrinsic relative motion of
charged species, as quantified by D,, which only
contributes to conductivity, whereas the chemical
diffusivity is dependent on nonideal energies of mobile
species via the thermodynamic factor (refer to Table 1). The
specific concentration, ¢, below which x-MIEC simplifies to

the c-MIEC Nernst-Einstein interpretation is dependent on
the material being examined.
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Figure 8. Comparing the estimated transport properties in
MgCr204 against Li-ion properties from literature. Typically,
the carbon-binder phase is added to the porous electrode to
improve long-range electron conduction. The bulk conductivity
of the carbon-binder phase’? is also shown for comparison as a
dashed horizontal line. All properties are at room temperature,
25°C (see Table S5).28-317173-75 The MgCr204 properties are
obtained by extrapolating the Arrhenius lines in Figure 7(a)
and (b). Gr = graphite (LixCs). LCO = LixCoOz2. NCA =
LixNio.8C00.15Al0.0502. NCM = LixNi033C0033Mno3302. LMO =
LixMn204. LFP = LixFePOa4.

Previous studies probing cation self-diffusion offered a
partial picture of charge transport limitations for MgCr204
but provided key guidance for materials development. In
light of the present findings, refinement of the existing
computational screening paradigm for battery intercalation
hosts to account for Stefan-Maxwell diffusivities should be
considered. At present, however, a consistent approach to
predicting Stefan-Maxwell diffusivities from atomistic
calculations is challenging. Given these nuances, a
pragmatic approach for discovering new multivalent cation
cathodes should be complementing high-throughput self-
diffusion screening with long-range charge transport
measurements to underpin a more complete picture of
mixed conduction mechanisms.

CONCLUSIONS

Magnesium batteries are promising chemistry to expand
the existing battery portfolio to meet future energy storage
demands, where MgCr:0s+ is a candidate high-voltage
cathode material. However, when operated
electrochemically, the measured response of MgCr204 falls
short of theoretical expectations. A likely limitation is the
transport of intercalated Mg?* ions in this material, and the
present study investigates long-range transport behavior.

To explicitly probe the ion transport within the bulk
material, we employ an electrolyte-free configuration that
electrically polarizes dense MgCr204 pellets. Traditionally,
such measurements are interpreted using the conventional
mixed ionic electronic conduction (c-MIEC) theory to
estimate representative transport properties such as
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Nernst-Einstein conductivity. Unexpectedly, the measured
behavior of MgCr204+ does not conform to c-MIEC theory;
therefore, we propose an extended mixed conduction (x-
MIEC) theory that resolves this discrepancy. While c-MIEC
assumes that the charge carriers are present in dilute
concentrations and exhibits thermodynamically ideal
energies, x-MIEC relaxes these assumptions by accounting
for interspecies interactions and nonideal energies.

We compared Arrhenius extrapolations of MgCr204 x-
MIEC transport properties (total conductivity, chemical
diffusivity, Newman number) with known Li-ion materials
at room temperature. Based on this comparison, Mg
chemical diffusion is not the limiting mechanism for the ion
transport in MgCr204; rather, the total conductivity is rate-
limiting. On the other hand, most Li-ion materials are
limited by diffusion. Consequently, for ion transport within
MgCr204 to compete with Li-ion materials, strategies for
improving conductivity should be pursued instead of
maximizing diffusivity. Indeed, future work will focus on
extension of this x-MIEC analysis to other spinel
compositions (such as MgCrMnO4 and MgV204) which are
anticipated to possess higher conductivity than MgCr20a.
Overall, both voltage drop and concentration gradient
effects should be considered when designing active
particles for porous Mg battery electrodes.

Given we observe a deviation from expected c-MIEC in
stoichiometric MgCr204, and its intended application stores
energy by varying Mg content, future work will investigate
mixed conduction at corresponding concentrations.
Moreover, it is imperative to examine whether this peculiar
mixed conduction behavior is a characteristic of Mg
transport in a wider range of cathode materials, or can even
be found in a broader range of mixed conductors for other
applications, e.g. new Li-ion electrode materials, solid-oxide
fuel cell cathodes, and electrocatalysts. We note that x-MIEC
describes c-MIEC behavior as a limiting case, and therefore,
x-MIEC promises broad utility to describe charge transport
in MIECs. To facilitate materials design of mixed conductors,
we need to underpin the defect chemistry origins of x-MIEC
theory by systematically connecting microscopic and
continuum interpretations of transport. Namely, for a given
solid-state material, there is a need to identify the (degree
of) intercalation window where c-MIEC breaks down.

There are similarities between ion transport in liquid and
polymer electrolytes, as described by Newman'’s
concentrated solution theory,”¢-78 and mixed conduction in
solids as identified here using x-MIEC. Specifically, the
counter ion and neutral solvent in electrolytes appear to
exhibit philosophical similarities to electrons (or holes) and
unoccupied hosts in solids, respectively. This alludes to a
possible unified understanding of charge transport across
different media.
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