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A B S T R A C T   

Recently, Mg doped Na metal oxide layered cathode compounds have attracted strong interest for Na-ion battery 
applications. Here a new type of asymmetric phase evolution between charge and discharge is found to show 
much-enhanced discharge voltage in P2-Na2/3Mg0.205Ni0.1Fe0.05Mn0.645O2 over the parent cathode compound. 
P2 solid solution is found to show an abnormal coexistence with O2-P2 two-phase reaction during discharge with 
simultaneous reduction of O, Ni, and Fe redoxes, distinct from the conventional P2-O2 two-phase reaction in the 
charge. Our analysis suggests that the P2 and O2 two-phase boundary forms a novel unidirectional Schottky 
barrier to impede electron and Na diffusions in discharge only, thus making the kinetically preferred P2 solid 
solution phase abnormally coexist with the two-phase region for high discharge voltage and low polarization. 
Our work demonstrates tuning dynamic evolution of electronic Schottky barrier as a new dimension for advanced 
kinetic design of high-performance battery cathode materials.   

1. Introduction 

Na ion battery (SIB) is a cost effective alternative to Li ion battery 
(LIB), especially for large scale energy storage that is sensitive to per-
formance and cost ratios [1,2]. SIB’s cathode has a broad choice of 
cheaper metal elements, including Na, Mg, Fe, Mn etc., which shows 
increasing advantage over LIB that faces the Co and Ni supply crisis 
[3–7]. 

Layered sodium transition metal (TM) oxide (NaTMO2) is one of the 
most attractive families with abundant phases for many performance 
possibilities and for the opportunity to study novel phase evolutions 
[6–9]. From the perspective of charge-discharge structure evolution, 
NaTMO2 can be divided into two main groups: P2-O2 and O3-P3, which 
follows Delmas et al.’s notation, where “P” or “O” indicates that Na ion 
resides in either prismatic or octahedral site of oxygen sublattice, and 
the following number 2 or 3 indicates that the hexagonal oxygen-ion 
layers follow AABB or ABCABC stacking [10]. 

Usually, common structural evolutions of NaTMO2 between charge 
and discharge are either symmetric with reversible capacity or 

asymmetric with irreversible capacity. The former means NaTMO2 goes 
through the same structure evolutions with symmetric electrochemical 
voltage curves between charge and discharge, and the latter usually 
suggests a destructive irreversible structure transformation when the 
cathode material is charged beyond a certain voltage, thus giving a very 
different discharge curve with significantly reduced capacity. However, 
we found that O3-Na(FexTMy)O2 and O3-NaMnO2 fall into a different 
category of the asymmetric structure evolution with a reversible ca-
pacity [6,7]. One critical factor that was found to give the asymmetry 
between charge and discharge in these materials is that the high-voltage 
phases show higher Na diffusivity than the phases at low voltage. The 
cathode materials once entered the phase of high ionic conductivity 
through battery charge thus want to stay longer in that phase during 
discharge due to the kinetic preference. It was found that these 
high-voltage phases are related to the advanced capacity, rate, or 
cyclability of the cathode materials. 

We note that recent study of Mg-doped cathodes, P3-Na2/3Mg1/ 

3Mn2/3O2, P2-Na2/3Mg0.28Mn0.72O2, and P2-Na2/3Ni1/3-xMgxMn2/3O2 
(x = 0.2) also showed asymmetric charge-discharge curves and high 
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reversible capacity[11–15]. In P3-Na2/3Mg1/3Mn2/3O2 case, Song et al. 
used ex situ XRD refinement to characterize the phase evolution and 
found pure P3-O3 two phase reaction at the charge plateau, but in 
discharge the O3-P3 two-phase reaction happened together with an O3 
solid solution at the initial stage, where Mg reversible migration was 
first speculated [14]. Later, P2-Na2/3Mg0.28Mn0.72O2 was found to show 
out-of-plane Mg migration in charge, followed by in-plane Mn reorder-
ing and molecular oxygen pairing. The in situ X-ray diffraction shows 
that O2 structure forms by P2-O2 two phase reaction during charge, 
while during discharge, the O2 phase undergoes solid solution reaction 
to transform back to P2 with an unusual partial recovery of the original 
Mg and Mn honeycomb ordering [15]. 

In this work, P2-Na2/3Mg0.28Mn0.72O2 (MgMn) and P2-Na2/ 

3Mg0.205Ni0.1Fe0.05Mn0.645O2 (MgNiFeMn) were synthesized by con-
ventional solid-state reactions. Ex situ X-ray diffraction (XRD) was used 
to examine the crystal phase evolutions of both materials and high- 
resolution transmission electron microscopy (HRTEM) imaging was 
performed to characterize high voltage phase of MgNiFeMn. Ex situ X- 
ray absorption spectroscopy (XAS) was conducted on both TM and O 
elements of MgNiFeMn to characterize the redox evolution. Together 
with ab initio simulations, we unveil the distinct origins of the asym-
metries for both cases. In MgMn, a simpler scenario of reversible Mg 
migration, without Mn reordering or O molecular pairing, was found by 
our density functional theory (DFT) simulations, which well explains the 
asymmetric phase evolution and the partial recovery of the Mg/Mn 
honeycomb ordering. More interestingly, an abnormal P2 solid solution 
reaction was found to happen simultaneously with P2-O2 two-phase 
reaction in the discharge of MgNiFeMn, giving unusual asymmetry be-
tween charge and discharge and an obvious enhancement of discharge 
voltage and reduction of polarization over the parent compound of 
MgMn. A unidirectional electron Schottky barrier between semi-
conductive P2 phase and metallic O2 one is found to impede electron 
and thus Na diffusions in discharge only. The barrier causes the kineti-
cally sluggish two-phase boundary evolution and gives a kinetic pref-
erence for the P2 solid solution phase to coexist. A general 
electrochemistry model is then proposed to quantitatively describe the 
competition between kinetics and thermodynamics for the asymmetric 
phase evolution in MgNiFeMn, paving the way for tuning the dynamic 
evolution of such a barrier by novel electronic and kinetic structure 
design, which can lead to enhanced discharge voltage and reduced po-
larization for high-performance sodium ion battery applications. 

2. Results 

Fig. 1a shows the powder XRD patterns of the as-synthesized MgMn 
and MgNiFeMn, which share hexagonal P63/mmc space group. The XRD 
superstructure (1/3 1/3 0) peak corresponds to the AA stacking of TM 
honeycomb superstructure [11,16], which means it repeats itself every 
layer. MgNiFeMn shows smaller (1/3 1/3 0) peak than MgMn possibly 
due to the weaker degree of the honeycomb ordering. The small peaks in 
the 2-theta range of 25 to 30◦ for MgMn are also from TM honeycomb 
superstructure that has been well identified previously. In addition, our 
DFT simulations show that the AA stacking is 7 meV/TMO2 and 4 
meV/TMO2 lower in energy than the AB stacking for MgNiFeMn and 
MgMn, respectively. 

Fig. 1b shows the electrochemical charge-discharge curves of MgMn 
and MgNiFeMn in the voltage range of 1.5 V to 4.4 V at 0.1C. During 
charge, they both show slope region followed by a high voltage plateau, 
but both plateaus disappeared during discharge, giving asymmetries 
between charge and discharge. In addition, the discharge voltage is 
obviously much higher in MgNiFeMn than MgMn. Fig. S1a shows the 
cycling performance of the two materials with MgNiFeMn showing a 
superior cycling than MgMn. As shown in Figs. S1b,c, in the following 
cycles, the high voltage plateau becomes much shorter for MgMn in 
charge due to the increase of Mg/Mn reordering[15], while there is only 
a gradual change of slope for MgNiFeMn, which could be partially 
caused by the gradual increase of irreversible stacking faults[11]. 

First, to better compare with MgNiFeMn later and understand their 
difference in asymmetric charge-discharge curves, ex situ XRD was 
conducted to characterize the crystal phase evolution of MgMn. Figs. 2a 
and 2b show the first cycle crystal phase evolution of MgMn. During 
charge, in the slope region from open circuit voltage (OCV) up to 4.2 V, 
only relative shift of P2 002 peak is observed, suggesting a solid solution 
phase. In the plateau region from 4.2 V to 4.4 V, P2 002 peak stops 
shifting and a second peak at 18◦ corresponding to O2 002 reflection 
appears as indicated by the yellow dash line in Fig. 2b, suggesting P2-O2 
two-phase reaction [11]. However, during discharge, the O2 002 peak 
shift is observed from XRD within 70 mAh/g discharge capacity as 
indicated by the blue dash line, suggesting solid solution reaction in the 
newly formed O2 phase in discharge. When it is further discharged to 
2.2 V of the same Na composition as the pristine state, the O2 002 peak 
disappears and the pure P2 phase is regained. The ex situ XRD analysis 
here thus confirms the asymmetric crystal phase evolution for MgMn 
with reversible capacity, as summarized in Fig. 2a. O2 is formed through 
P2-O2 two-phase reaction during charge, but rather than disappearing 
symmetrically through O2-P2 two-phase reaction in discharge, the O2 

Fig. 1. Structure and voltage profile comparison between MgMn and MgNiFeMn. (a) X-ray diffraction patterns comparison for P2 phase of Na2/ 

3Mg0.28Mn0.72O2 (MgMn) and Na2/3Mg0.205Ni0.1Fe0.05Mn0.645O2 (MgNiFeMn). The peak labelled by (1/3 1/3 0) represents the Mg(Ni)/Mn TM ordering related 
superstructure peaks. The inset zooms in the region after background subtraction. (b) Comparison of voltage curves between MgMn and MgNiFeMn in the voltage 
range of 1.5–4.4 V at 0.1C. 
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phase first deintercalates Na ions through solid solution and then 
transforms abruptly back to P2 beyond a certain Na composition, giving 
the asymmetry to the charge evolution. 

To further understand the mechanism of the asymmetric crystal 
phase evolution, a series of DFT relaxations were designed for various 

MgMn structures. In Fig. 3a, we created a O2 structure with Na 
composition of 1/9 and c value of 9.84 Å calculated from the 18◦ O2 002 
peak. After DFT relaxation, Mg ions automatically migrate to tetrahedral 
sites in Na layers. We further created two O2 structures without and with 
Mg migration, respectively, as shown in the left panels of Figs. 3b and 3c. 

Fig. 2. First cycle crystal phase evolution of MgMn. (a) Charge-discharge curve with colored dots indicating the states of charge at which the ex situ XRD patterns 
were collected; (b) XRD patterns labeled with the same color in 2(a) and with the states of charge in volt or mAh/g, with 2θ ranging from 12⁰ to 19.5⁰, including 002 
reflections for P2 and O2. The yellow and blue dash lines represent the 2θ shift of the O2 002 reflection. 

Fig. 3. Mg migration related DFT simulations in MgMn. The manually created crystal structures are on the left side of each panel, which transforms along the blue 
arrow by DFT full relaxation to the ones on the right. (a) In the starting O2 structure, Na composition is 1/9 and lattice parameter c is set to 9.84 Å. After relaxation, 
Mg ion migrates from TM layer to the neighboring Na layer when the face sharing octahedral site on the other neighboring Na layer is occupied by a Na ion; (b) In the 
starting O2 structure, Na composition is 4/9 and Mg ions stay in TM layers. After relaxation, O2 automatically transforms to P2; (c) The starting O2 structure is the 
same as in 3(b) except that each Na layer is with one migrated Mg ion in the tetrahedral site. Note that the migrated Mg in the bottom Na layer is visually blocked by 
Na ions. After relaxation, Mg ions stay in tetrahedral sites and the O2 structure is maintained; (d) In the starting O2 structure, each layer has a migrated Mg ion, and 
the Na composition is 2/3. After relaxation, Mg ions migrate back to the TM layer. 
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The Na compositions are chosen to be 4/9 as the O2-P2 two-phase re-
action usually happens higher than the Na composition of 1/3 in MgMn 
[17]. After relaxation, the O2 structure without Mg migration converts 
to P2 automatically (Fig. 3b), but the structure with Mg migration is not 
relaxed to P2 structure and the O2 stacking is maintained (Fig. 3c). 
When the Na composition is increased to 2/3 in the structure of our DFT 
simulation, as shown in Fig. 3d, we find that the migrated Mg is auto-
matically relaxed back to the TM layer. 

From our XRD and DFT results, the asymmetric phase evolution of 
MgMn cathode between charge and discharge is related to the reversible 
Mg migration in the O2 phase. The migration is formed in the O2-P2 two 
phase region in charge, which stabilizes the O2 stacking in discharge for 
a solid solution phase and thus avoids the O2-P2 two-phase reaction. 
Toward the end of discharge, when sufficient Mg ions are pushed back to 
the TM layer by high enough Na composition, the impedance for O2 
transforming back to P2 is thus lifted and the system goes back to a pure 
P2 phase abruptly. Note that this simpler mechanism of Mg reversible 

migration here is truly reversible and does not involve Mn reordering. 
Thus, it can better recover the original honeycomb ordering between Mn 
and Mg in discharge, as found in experiment previously. The gradual 
loss of such a honeycomb ordering upon cycling, however, could be 
caused by the growth of phase regions with additional mechanisms of 
less reversible Mg migration, such as the one accompanied with Mn 
reordering and O–O pairing [15]. 

Now we focus on understanding the structure evolution underlying 
the charge-discharge curves of MgNiFeMn. We first conducted ex situ 
XRD during charge. The slope region from OCV to 4.3 V corresponds to a 
normal solid solution phase of P2 as shown in Fig. S2, while we are more 
interested in the property of the voltage plateau above 4.3 V. Fig. 4a 
shows the voltage states at which XRD patterns were measured on the 
plateau and Fig. 4b shows the corresponding 002 peaks. At 4.3 V, the 
XRD pattern confirms that it is P2 structure (Fig. S2, Fig 4b). As the 
charge further proceeds into the plateau region, the 002 peak becomes 
right skewed (Fig. 4b). Rietveld two-phase refinement was used to refine 

Fig. 4. Crystal structure evolution of MgNiFeMn during high voltage plateau and discharge voltage slope characterized by ex situ XRD and refinement. (a) 
Charge curve above 4.2 V with the blue dots indicating the five charged states where the XRD patterns were collected; (b) the 002 reflections of the five charged 
states at the voltage plateau > 4.2 V, where the 002 peak intensity is reduced with charging; (c) two-phase refinement illustrated using the 4.36 V XRD pattern with 
P2 and O2 phases. The orange, black, blue, and green lines are the background subtracted data, refined curve, refined P2, and refined O2 phases, respectively; (d) The 
intensity ratio of the 002 peaks between P2 and O2 phases versus charge states; (e) interlayer distance evolution of P2 and O2 phases; (f) Full width at half maximum 
(FWHM) evolution of 002 peaks of P2 and O2; (g) Charge-discharge curves with dots indicating the states of charge where the XRD patterns were collected; (h, i) 
XRD patterns of 002 reflections at 3.94 V and 3.35 V, respectively, together with the two-phase refinement with P2 and O2 phases. 
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the full pattern from 10 to 80◦ into P2 and O2 phases. Fig. 4c shows an 
example of the refinement at 4.36 V, where the refined Gaussian type of 
002 peaks from P2 and O2 in superposition agrees well with experiment. 
Fig. 4d shows a decreasing trend of the refined intensity ratio between 
P2 and O2 002 reflections, suggesting that the charge process consumes 
P2 and grows O2 phases. Fig. 4e shows the mostly unchanged layer 
distance on the plateau except for the end of charge at 4.4 V, indicating 
unchanged Na composition in each phase for a typical two-phase reac-
tion. The XRD pattern of the 4.4 V state is shown in Figure S2, where the 
abrupt change of O2 interlayer distance at 4.4 V is probably due to 
certain amount of O2 solid solution. Fig. 4f shows the FWHM evolution 
of 002 reflections on the plateau, where the P2 002 keeps broadening 
and O2 002 does not change, indicating that the size of each P2 region is 
decreasing but that of O2 region does not change. This suggests that for a 
given particle the P2 region is consumed by the simultaneous emergence 
of multiple similar O2 regions. Fig. 4d-f suggest that the plateau region 
in battery charge is mainly a typical two-phase reaction between P2 and 
O2 phases. 

Figs. 4g-i show the structure evolution during discharge of MgNi-
FeMn. Fig. 4g shows the voltage position where XRD patterns were 
measured. Figs. 4h and 4i show the corresponding 002 reflections 
together with the two-phase XRD refinement from the full two-theta 
range of 10 to 80◦. At the beginning of discharge at 3.94 V the reflec-
tion is mainly contributed by two 002 peaks of P2 and O2 phases, with 
interlayer distance of 5.67 Å and 5.58 Å, respectively (Fig. 4h). When 
being further discharged to 3.35 V, the right skew of 002 peak is less 
obvious but still exists (Fig. 4i), suggesting that the O2 phase has largely 
been transformed back to P2 phase through a two-phase reaction, but 
the reaction has not been finished yet. Surprisingly, the refinement also 
shows that the interlayer distance of P2 is 5.62 Å at 3.35 V in discharge, 
which is lower than that of both 3.94 V at the beginning of discharge and 
3.7 V state during charge as shown in Fig. S2, suggesting an increase of 
the Na composition in the P2 phase in discharge. Using the relationship 
between capacity, voltage, and interlayer distance found in charge in the 
P2 solid solution phase (Fig. S2), it can be estimated that more than 12% 
of Na vacancy in P2 becomes occupied in the discharge from 4.4 V to 
3.35 V through an abnormal solid solution reaction, because it happens 
in parallel with the O2-P2 two-phase reaction (Fig. 4g-i). 

To further understand atomic details of the P2-O2 two-phase region, 
we used HRTEM to directly imaging the MgNiFeMn sample along b di-
rection charged at 4.4 V as shown in Fig. 5a. Fig. 5b further labeled 
different colors for different phases and phase boundaries, where blue 
dots follow the P2 TM stacking with TM largely repeats itself every layer 
along c direction, and orange dots follow the O2 TM stacking with the 
neighboring TM layers apparently gliding in a-b plane relatively and 
repeating itself only every other layer along c direction. We find that P2 
and O2 regions can share one TM layer and form a two-phase boundary 

region that gradually transits between the two phases using several 
transition metal atomic columns (green regions in Fig. 5b). The fact that 
such a P2-O2 phase boundary can exist is probably due to very close 
interlayer distances between the two phases, so that the mismatch strain 
is small. 

The XRD and HRTEM in Figs. 4 and 5 together confirm that during 
charge of MgNiFeMn the P2 solid solution (slope region below 4.3 V) 
and P2-O2 two-phase reaction (plateau region from 4.3 V to 4.4 V) occur 
separately. The high voltage plateau mainly corresponds to a typical 
two-phase reaction between P2 and O2, where they coexist in one TM 
layer with the phase boundary region of less than 10 TM atomic columns 
to make the gradual transition between the two phases. However, once 
such a seemingly normal two-phase structure is formed in charge, 
abnormal asymmetry in discharge is observed, where O2-P2 two-phase 
and P2 solid solution reactions occur simultaneously in a voltage slope 
region without any obvious voltage plateau. 

We further investigate whether the redox evolution is also asym-
metric between charge and discharge. Fig. 6 shows the result of ex situ X- 
ray absorption near edge structure (XANES) spectra of Ni K-edge and Fe 
K-edge. Mn K-edge spectra are also measured as shown in Fig. S3, which 
does not shift much at a voltage range higher than 2.23 V. Fig. 6a shows 
the voltage states where XAS are measured. Fig. 6b summarizes the shift 
of XAS at half edge jump obtained from the XAS of Ni and Fe during 
charge and discharge shown in Fig. 6c-f. The asymmetric redox evolu-
tion of both Ni and Fe are obvious in Fig. 6b. During charge, their K- 
edges make continuous fast shift towards higher energy below 4 V but 
barely shift above 4.3 V, indicating that Ni and Fe are only oxidized 
below 4.3 V in the P2 solid solution phase, while they are barely 
oxidized during the charge plateau above 4.3 V for the two-phase re-
action discussed in Fig. 4. However, during discharge, they immediately 
shift towards lower energy, suggesting that they are reduced throughout 
the whole discharge process to 2.23 V, consistent with the slope 
discharge voltage profile analyzed in Fig. 4g-i. The shape change of Fe 
edge can arise from structure change, oxidation of the hybridized FeO6 
octahedra, and/or Fe3+/4+ redox. The Fe3+/4+ redox in Na cathode 
materials was characterized by XAS together with Mössbauer spectros-
copy in P2-NaxFe0.5Mn0.5O2

3, NaFe0.3Ni0.7O2[18], and Na0.61[Mn0.27-

Fe0.34Ti0.39]O2[19]. Specifically, in Na0.61[Mn0.27Fe0.34Ti0.39]O2, an ~1 
eV half edge jump shift of XAS for Fe3+/4+ redox was simultaneously 
confirmed by Mössbauer spectroscopy, which is consistent with the 
amount of shift observed in our MgNiFeMn (Fig. 6b and insets in Fig. 6e 
and f). Moreover, the shortening of Fe-O bond as shown in the extended 
X-ray absorption fine structure analysis (added Fig. S4) further suggests 
the oxidation of Fe3+ during charge, and vice versa for that during 
discharge. However, due to the hybridization of Fe3d with O2p orbitals, 
the partial contribution from oxygen redox, as we will show in Fig. 7, 
cannot be excluded. 

Fig. 5. HRTEM in b direction of a cathode particle charged to 4.4 V. (a) HRTEM with FFT filter; (b) HRTEM labeled with blue dots for P2 region, orange dots for 
O2 region, green dots for P2-O2 boundary region, and gray rectangle for blurry region. 
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We also used soft-XAS of oxygen K-edge to characterize the oxygen 
redox evolution. Fig. 7 shows the ex situ XAS of oxygen K-edge during 
charge and discharge. Fig. 7a shows the voltage states where the XAS 
were measured, and Figs. 7b and 7c show the corresponding XAS during 
charge and discharge, respectively. In Fig. 7b, the rising edge of the pre- 
edge in charge shifts to lower energy between pristine state and 3.7 V 
state, as labeled by the yellow arrow, which is a common trend when 
TM-O hybridized states are oxidized and Fermi level is lowered, causing 
a lower energy that is needed to excite 1 s core electron of oxygen. This is 
consistent with the right shift of Ni and Fe K-edge XANES during slope 
region of charge. In Fig. 7b from 4.2 V to 4.4 V, the pre-edge is broad-
ened and the intensity at around 530.6 eV increases, corresponding to 
oxidation of non-bonding oxygen 2p states [20]. During discharge, the 

first XAS is measured at 3.5 V, where the Na composition is actually 
between the two states represented by red and blue dots around 3.7 V 
during charge. We notice that although the rising edges do not have 
obvious shift during charge beyond 3.7 V, it has already been shifted to 
higher energy in discharge from 4.4 V to 3.5 V, which is consistent with 
the participation of Fe and Ni redox during initial discharge observed in 
XANES measurement. The intensity at 530.6 eV continuously decreases, 
and at 2.23 V the XAS of oxygen K-edge is largely recovered to the 
pristine state, as shown in Fig. S5, indicating good reversibility of the 
oxygen redox. 

Figs. 6 and 7 together illustrate that, during charge the TM (Fe and 
Ni) redoxes and oxygen redox contribute to the capacity of the slope P2 
solid solution region below 4.3 V and the plateau two-phase region 

Fig. 6. Ex situ XANES measurement of Ni and Fe in MgNiFeMn. (a) Charge-discharge curve with dots indicating the states at which the XAS patterns were 
collected; (b) Summary of peak energy evolution of the XANES of Ni and Fe during charge-discharge; (c, d) XANES evolution of Ni during charge and discharge; (e, f) 
XANES evolution of Fe during charge and discharge. The insets enlarge the half edge jump region labeled by the arrow. 

Fig. 7. Ex situ soft-XAS of oxygen K-edge during charge and discharge of MgNiFeMn. (a) Charge-discharge curves with colored dots indicating the charge states 
at which the XAS were measured; (b) Oxygen K-edge evolution during charge. The left shift of the rising edge labeled by the yellow arrow indicates TM-O oxidation 
mainly from pristine OCV to 3.7 V and the absorption increase at around 530.6 eV labeled by the green arrow indicates pure oxygen 2p hole oxidation mainly above 
3.7 V; (c) Oxygen K-edge evolution during discharge. The right shift of the rising edge and decrease of the energy at about 530.6 eV labeled by two blue arrows 
happen simultaneously throughout discharge. 
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above 4.3 V, separately, while throughout discharge, TM redoxes are 
active all the time, along with reversible oxygen redox. Therefore, the 
redox evolution of MgNiFeMn is also asymmetric between charge and 
discharge, which is different from MgMn that shows symmetric redox 
sequence as previously reported[12,15]. Furthermore, our tested battery 
capacity of 106 mAh/g at 2.23 V discharge cutoff shows that the extra 
capacity of 39 mAh/g over the theoretical capacity of 67 mAh/g 
calculated based on the TM redox is almost exactly the capacity of the 
high voltage plateau above 4.3 V in charge (35 mAh/g), consistent with 
the reversible oxygen redox unveiled by XAS measurement. 

3. Discussion 

1. The asymmetric structure and redox evolutions of MgNiFeMn 

The ex situ XRD and XAS results suggest that both crystal structure 
and redox sequence evolutions are asymmetric between charge and 
discharge for MgNiFeMn, as summarized in Fig. 8. During charge, the 
slope region corresponds to P2 solid solution with Fe and Ni redoxes, 
and the plateau region above 4.3 V corresponds to P2-O2 two-phase 
region with oxygen redox. Note that the capacity that has been charged 
from OCV to the beginning of the plateau at 4.3 V corresponds to about 
27% Na extraction, which almost matches the theoretical capacity 
calculated based on Ni2+/3+/4+ and Fe3+/4+ redoxes (26%). This means 
that in principle no more TM redox will provide electrons during charge 
beyond this point, and oxygen redox has to be activated beyond 4.3 V in 
charge to provide electrons, all consistent with our XAS analysis. This is 
like some LIB Li-excess cathodes and SIB cathodes [12,20,21]. However, 
the abnormal phenomenon here is that the discharge shows a simulta-
neous mixture of P2 solid solution and O2-P2 two-phase reactions. 

2. The electron Schottky barrier as origin of the asymmetry 

There are several possible candidate mechanisms for the asymmetric 
behavior in MgNiFeMn. For example, TM migration in the O2 phase can 
modify the oxygen redox voltage, leading to such asymmetry [20]. But 
5.6 Å interlayer distance here should be large enough to limit the TM 
migration. We relaxed two structures in DFT simulations with and 
without Mg migration with fixed lattice parameter and c being 11.2 Å. 
The Mg-migrated structure has 0.4 eV higher energy than the structure 
without Mg migration, suggesting an even higher Mg migration barrier 
around 0.6 to 0.8 eV. This is different from the Mg migration in other 
high voltage phases with much lower interlayer distance and hence 

lower Mg migration barrier[22]. Thus, although Mg migration 
happened spontaneously in MgMn in our DFT simulation, it does not 
prefer to happen in MgNiFeMn. The structure change of oxygen sub-
lattice could be another possibility, such as O–O pairing [23]. However, 
O–O pairing will rely on Mg migration and Mn reordering in MgMn 
[15]. Since it’s unlikely to have Mg migration in MgNiFeMn due to the 
high interlayer distances in both O2 and P2 phases, we do not consider 
O–O pairing as a possibility here. Inspired by the general idea of 
competition between kinetics and thermodynamics induced by ionic 
diffusivity related kinetics found in the Fe-rippling case[6] and the 
O3-NaMnO2 case[7] mentioned in the introduction, here we propose a 
new model originated from Schottky-like electronic barrier to explain 
the asymmetric evolution found in MgNiFeMn, which is well distin-
guished from previous models related to ionic barriers only. 

From HRTEM, we’ve observed a P2-O2 boundary region between the 
two phases with similar interlayer distance. The phase transformation 
from P2 to O2 or from O2 back to P2 in the two-phase reaction should 
proceed through the movement of such boundaries [9]. During charge, 
the voltage plateau region above 4.3 V corresponds to a typical P2-O2 
two phase reaction, suggesting a smooth phase boundary movement. 
However, during discharge, two-phase reaction occurs together with P2 
solid solution, which should result from slow two-phase reaction 
impeded by sluggish phase boundary movement. 

Since the redox sequence is found by us to be asymmetric in MgNi-
FeMn between charge and discharge, we now discuss a scenario about 
how the asymmetry in electronic structures could lead to an asymmetry 
in the phase boundary movement. Figs. 9a and 9b show the DFT 
calculated density of states (DOS) of O2 and P2 phases with Na 
composition of 2/9 and 4/9, respectively. Na composition of 2/9 is 
suitably chosen because it is just slightly below the Na composition at 
the end of the voltage plateau for the two-phase reaction where small 
amount of P2 still exists (Fig. 4b). Choosing 4/9 for P2 is due to a redox 
related consideration in our computation, as Ni and Mn both reach 4+ at 
this composition and no more TM redox can be used, which corresponds 
well with the experimental XAS result for MgNiFeMn (Fig. 6 and Fig. 7). 
The P2 structure in our DFT simulation shows a 0.8 eV band gap be-
tween the HOMO and LUMO, which corresponds to unhybridized 2p 
orbital and Ni-O hybridized orbital, respectively. This suggests that P2 
has a semiconductor-like electronic structure, so the Fermi level is in the 
middle of the band gap. However, O2 shows a metallic phase with the 
Fermi level separating occupied and unoccupied oxygen 2p orbitals. 
These electronic structures are consistent with our XAS measurement 
that TM redoxes are used up at the end of the P2 solid solution phase in 
charge to 4.3 V, and further extraction of electrons has to be from ox-
ygen 2p orbitals. 

Here we propose a new mechanism to explain the charge-discharge 
asymmetry in MgNiFeMn. Fig. 9c shows the band structures of O2 and 
P2 before they contact each other. In the O2 band structure, the energy 
difference between the highest unhybridized oxygen 2p orbital and 
Fermi level is 0.2 eV, and the gap between unhybridized 2p orbital and 
Ni-O hybridized orbital is 0.94 eV. In the P2 structure, the Fermi level is 
in the middle of the 0.8 eV band gap. As both phases are in the NaxMg2/ 

9Ni1/9Mn2/3O2 layered crystal, it is suitable to align them using the 
Fermi level. Thus, when the metallic O2 and semiconductor P2 contact 
with each other, a 0.4 eV Schottky barrier forms together with the band 
bending effect and space charge, as illustrated in Fig. 9d. 

This energy barrier at the boundary between O2 and P2 phase will 
only block electron movement from P2 side to O2 side rather than the 
opposite direction. Since Na ions and electrons move together to pre-
serve local charge neutrality, Na ion movement from P2 toward O2 is 
also impeded. This unidirectional electronic and ionic barrier gives the 
asymmetry between charge and discharge. This is because although in 
discharge, the Na ions from electrolyte can enter into the cathode ma-
terial through either P2 or O2 phase region, most of the Na ions should 
choose the P2 side to enter due to the much faster Na conduction than 
O2 [17]. The Na diffusion barrier for P2 and O2 are calculated to be 140 

Fig. 8. Summary of asymmetric structure and redox evolutions during charge 
and discharge for MgNiFeMn. 
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Fig. 9. Electronic structure difference between P2 and O2 phases for the Schottky electron barrier at the phase boundary. (a, b) DOS of (a) P2-Na4/9Mg2/ 

9Ni1/9Mn2/3O2 and (b) O2-Na2/9Mg2/9Ni1/9Mn2/3O2 phases with Na composition of 4/9 and 2/9, respectively. The horizontal red lines at 0 eV label the highest 
occupied states and horizontal black lines label the Fermi level. (c) Schematic illustration of the band structures of O2 and P2 phase before forming the contact, and 
(d) after forming the contact and band bending, giving a 0.4 eV Schottky barrier for electrons moving from P2 to O2. (e) Process for typical O2-P2 two-phase reaction 
represented by a circuit model. The resistance models the Na ion and electron transfer overpotential in P2 and the diode represents the Schottky barrier over the 
phase boundary from P2 to O2. 
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meV and 270 meV at the Mg2/9Ni1/9Mn2/3 composition in our DFT 
simulations. Since a typical two-phase reaction occurs by phase 
boundary sweeping, the Na ions entering the P2 region must further 
cross the phase boundary, hopping from P2 into O2, in order to trans-
form O2 back to P2 in discharge. However, in the presence of the 
additional 0.4 eV or 400 meV kinetic barrier across the two-phase 
boundary, the thermodynamically preferred two-phase reaction is 
impeded in discharge, giving a sluggish phase boundary movement and 
a kinetically preferred coexistence of P2 solid solution reaction. This 
explains why the system in discharge goes through simultaneous P2 
solid solution and O2-P2 two-phase reactions. Note that the barrier does 
not exist if the Na ion and electron move from O2 to P2, which is the 
allowed hopping direction in charge in addition to the direct dissolution 
into electrolyte, to grow O2 region with lower Na composition and 
consume P2 region with higher Na composition, thus giving a conven-
tional P2-O2 two-phase reaction in charge above 4.3 V. 

3. A general model for competing kinetics in electrode reactions and design 
opportunities 

For a more precise electrochemistry description, we use the relation 
of voltage and overpotential to deduce a more general condition for the 
occurrence of asymmetry between charge and discharge. By definition, 
the thermodynamically preferred battery reaction releases highest Gibbs 
free energy among all possible reactions, which means the highest 
equilibrium voltage Eeq from Nernst equation. From electrochemistry, it 
is known that an activation overpotential for charging or underpotential 
η (>0) for discharging away from equilibrium voltage is needed for 
generating certain current. η is contributed by each step of an electro-
chemical process, such as Na ion and electron transfer through cathode 
particle. The 0.4 eV electron diffusion barrier at two-phase boundary 
definitely contributes to the η for the two-phase reaction. Other pro-
cesses, such as electron transfer through circuit and carbon black and Na 
ion transfer through electrolyte, all contribute to the iR drop that can be 
seen in every sub-cycle of a galvanostatic intermittent titration tech-
nique (GITT) test. But they are not discussed here as they are not acti-
vation energies. 

The more kinetically favorable the discharge reaction is, the less 
underpotential it requires. The discharge working voltage is given by E 
= Eeq – ηth. Assume the kinetically preferred reaction-related quantities 
are with subscript “k” (e.g., P2 solid-solution reaction in discharge) and 
the thermodynamically preferred ones are with subscript “th” (e.g., O2- 
P2 two-phase reaction in discharge). Thus, Eth = Eth

eq - ηth and Ek = Ek
eq – 

ηk. Because thermodynamically preferred reaction might not be the most 
kinetically favored, here it is reasonable to assume that Eth

eq ≥ Ek
eq and ηth 

≥ ηk. However, if Eth
eq is only slightly larger than Ek

eq but ηth is much larger 
than ηk, Eth can be even larger than Ek. 

In our MgNiFeMn material, during discharge, the thermodynami-
cally preferred reaction is O2-P2 two-phase reaction and the other re-
action is P2 solid solution. We can estimate E, Eeq and η from a GITT test, 
which is shown in Figure S6. Because the information for two-phase 
reaction and P2 solid solution reaction is mixed during discharge, we 
can read the information from charge, where the two reactions are 
separated. For P2 solid solution, Ek

eq ranges from 2.8 V ~ 4.26 V, and η, 
which is mainly contributed by Na diffusion in cathode particle, is 
extracted from the voltage relaxation after iR drop to be on the order of 
~20 meV at 0.1C. Thus, the range of working voltage E for P2 solid 
solution in discharge in the same Na composition range is estimated to 
be Ek = 4.24V-2.78 V. 

For a typical P2-O2 two-phase reaction with Na ion and electron 
smoothly crossing the phase boundary, we can also use the same way to 
estimate the overpotential, but it is different in the case of O2-P2 two- 
phase reaction during discharge here since there is an energy barrier for 
electron to transfer from P2 to O2. Instead, as shown in Fig. 9e, the 
overpotential here can be represented by a circuit with resistance 
modeling the Na ion and electron transfer overpotential, and with a 

diode modeling the unidirectional Schottky barrier at the phase 
boundary. It is in forward bias condition for electron to move from 
semiconductive P2 side to metallic O2 side. To construct constant for-
ward bias current, a voltage drop of 0.4 eV will appear to overcome the 
built-in electric field, which adds up to the overpotential. 

For the two-phase reaction of interest here in discharge, Eth
eq = 4.24 V, 

ηth ~ 0.4 V, thus Eth ~ 4.24 V - 0.4 V = 3.84 V, making the Eth inside the 
Ek range from 4.24 V to 2.78 V. Therefore, P2 solid solution reaction will 
definitely happen simultaneously with two-phase reaction during 
discharge. The coupling of the two reactions through the Schottky bar-
rier is the main reason for the missing voltage plateau in discharge. In 
addition, the electric field might be uneven over the phase boundary due 
to uneven Na distribution and different boundary construction, so some 
position might have smaller overpotential and some might have larger 
one, which can spread the working voltage of the two-phase reaction. 
Also, at the edge of the particle, Na can diffuse through a shorter dis-
tance in O2 to the phase boundary and facilitate two-phase reaction. 
Therefore, although the two-phase reaction in principle happens at a 
fixed voltage that is indicated by a plateau, here in the discharge of 
MgNiFeMn it instead can be merged with P2 solid solution to form a 
high voltage slope region. 

In comparison, there are cases where Eeq plays a more important role 
than η, such as NaxNiO2[24] and NaxMnO2[7,25] (below 3.6 V) with 
many Na ordering two-phase reactions but still remain charge-discharge 
symmetry. For these materials two-phase reaction is thermodynamically 
preferred, which requires the phase boundary movement of Na order-
ings by adjusting many Na ions, but solid solution does not involve such 
a boundary movement, which means solid solution is still kinetically 
preferred. One related famous example in LIB is the low-rate two-phase 
reaction transforms to high-rate kinetic driven solid solution reactions in 
LiFePO4[26,27]. But Na ordering phases usually have steep free energy 
curves in a phase diagram, which means solid solution reaction from a 
Na ordering phase will require the change of Ek

eq drastically from Eth
eq, 

which is not possible most of the time and thus the system reserves the 
charge-discharge symmetry. 

4. Conclusions 

In summary, this is the first demonstration that electronic Schottky 
barrier, rather than conventional purely ionic ones, can form sponta-
neously and intertwine with the phase boundary evolution in sodium 
cathode particles. Such a barrier is electronic in nature and emerges and 
disappears upon battery cycling without requiring irreversible rear-
rangement of atomic positions. Although the discharge voltage of 
MgNiFeMn is already much higher than the parent material of MgMn in 
our work, our general model description here suggests that there are 
plenty of kinetic design opportunities in tuning dynamic evolution of 
electronic structures for high-performance Na-ion cathode compounds 
with further enhanced discharge voltages and reduced polarizations. 
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