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Abstract 
 
Sodium (Na)-ion conducting polyanionic structures are among the most promising cathode 
materials to enable more sustainable Na-based battery chemistries to replace current Li-based 
energy storage systems. Materials adopting the alluaudite structure have been found to reversibly 
intercalate Na, with phosphate and sulfate derivatives exhibiting moderate to high capacities when 
used as Na-ion cathodes. However, the development of alluaudite cathodes has been hampered by 
the fact that largely only Fe2+/3+ redox has been observed in this structure. Herein, we show that 
the Mn2+/3+  redox couple can be activated through compositional tuning of alluaudite compounds. 
Specifically, vanadate compounds were explored to increase the electrical conductivity as 
compared to the phosphates and sulfates. Al substitution was also employed to buffer the Jahn-
Teller distortions of Mn(III)O6 octahedra, further facilitating electron transfer and redox processes. 
We report the synthesis of a series of new Na2Mn3-xAlx(VO4)3 alluaudite cathodes and employ 
synchrotron X-ray diffraction, solid-state nuclear magnetic resonance, scanning electron 
microscopy, density functional theory, X-ray absorption spectroscopy, and magnetometry to 
characterize the structure, morphology, electronic and magnetic properties of the as-synthesized 
materials. Electrochemical Na de(intercalation) in Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2) was 
probed through galvanostatic cycling, galvanostatic intermittent titration technique, and ex situ 
synchrotron X-ray diffraction. While these materials are all redox active, Al substitution results in 
a more than two-fold increase in discharge capacity. The successful activation of a higher voltage 
Mn2+/3+ redox couple opens up a new compositional space for alluaudite-type Na-ion cathodes.  
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Introduction 
 
The development of energy-dense and sustainable batteries is central to meeting the ever-
increasing global energy needs. Lithium-ion batteries (LIBs) have enabled the widespread use of 
portable electronics and are expected to play a major role in the fast-growing electric vehicle 
industry and in grid-level electrical energy storage, which will require a tremendous increase in 
lithium (Li) production to match projected demands.1,2  To reduce the Li consumption-production 
imbalance,3,4 ‘beyond Li’ battery chemistries5–9 and cost-effective LIB recycling protocols10–12 are 
explored. Sodium (Na)-ion batteries are promising candidates to replace the current technology in 
many application fields and have drawn much research attention over the past few years.13–19 
Notably, Na2CO3 and NaCl precursors are much more abundant and easily processable than Li 
salts, resulting in reduced raw material cost and a more reliable supply chain.1,20  
 

Viable Na alternatives to commercial Li systems have proven elusive. A paradigm shift in 
the development of competitive Na cathodes hinges on the investigation of structures that depart 
from those explored for Li due to the larger ionic radius, different coordination preference, and 
lower operating potential of Na compared to Li.17,20,21 Layered alkali transition metal oxides 
(AxMO2) employed in commercial Li cells suffer from irreversible phase transformations upon 
complete Na extraction,17,22,23 which limits their Na (de)intercalation range and capacity.24–26 
Polyanionic compounds consist of a three-dimensional network of (XO4)n- polyanions (typically, 
X = Si, P, S, V) and transition metal (MO6) polyhedra and are amenable to ion intercalation.2,21,27 
Notably, triphylite-19, maricite-13, and olivine-type28 phosphates, NASICON29-type phosphates 
and fluorophosphates15, as well as pyrophosphates30 have been identified as Na-ion cathodes.21 
Their covalent frameworks impart high structural stability and prevent lattice oxygen release 
during (dis)charge.2,21 Additionally, strongly covalent X-O bonds within the polyanion groups (due 
to the inductive effect of species X) reduce the covalency of the M-O bonds and stabilize the M-O 
σ* orbitals from which electrons are extracted upon oxidation, increasing the operating potential.31 
Seminal work by Goodenough and coworkers32 has also found a direct link between the inductive 
effect of the X cation and a narrowing of the M-O conduction band, i.e., reduced electronic 
conductivity.  
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While Li-based alluaudite-type compounds are rarely stabilized,33,34 several Na-containing 
alluaudites have been reported.35–39 Their general formula is A2M(1)2M(2)(XO4)3 for X = P, V, 
and A2M(1)M(2)(XO4)3 for X = 
S, with A = Li, Na. The 
A2M(1)2M(2)(XO4)3 structure 
(monoclinic C2/c space 
group40) is shown in Figure 1a. 
Alluaudites exhibit edge-
sharing MO6 octahedra that 
form kinked one-dimensional 
(1D) chains of M(2) octahedral 
pairs alternating with an M(1) 
octahedron (Figure 1b). The 
XO4 tetrahedra (where X = S, P, 
V) share corners with one 
another and with MO6 
octahedra, resulting in 1D 
diffusion tunnels for alkali ions.  
   

The development of Na-ion alluaudite cathodes has been hindered by the limited number 
of electrochemically active M species in this structure type. Barring just a few compositions,38,41,42 
only Fe2+/Fe3+ redox has been harnessed, even in compounds containing multiple M species.35,36,43–

48 For instance, Na2Fe3-xMnx(PO4)3 alluaudites can reach up to 140 mAh/g of reversible capacity 
for the x = 0 end-member and a steady decrease in capacity is observed as x increases.36,37,49,50 
These cathodes operate at 2.7 V vs. Na/Na+ and no capacity can be attributed to the higher potential 
Mn2+/Mn3+ couple, leading to rather low energy densities. In contrast, sulfate alluaudites exhibit 
unprecedently high operating voltages39 so much so that the potentials of Ni- and Co-based 
systems fall outside of the electrochemical stability window of typical electrolytes.51,52 The 
combination of a highly unstable structure on Na extraction (due to strong repulsion between edge-
sharing MO6 octahedra in the oxidized state) and less negative ‘-2’ charge on the sulfate group 
compared to the phosphate group results in low capacities for sulfate alluaudites.39,53,54 Overall, a 
better understanding of the origin of the electrochemical inertness of Mn, with a redox potential 
well below the decomposition potential of organic electrolytes even in a sulfate alluaudite, is 
warranted, and the design of ‘beyond Fe’ alluaudite cathodes is desirable. 

 
The inactivity of the Mn2+/Mn3+ redox couple in alluaudites is thought to stem from the 

strong Jahn-Teller distortion of Mn3+O6 octahedra, hindering electron hopping between adjacent 
Mn along the 1D metal chains (Figure 1b).35 To address this, it is anticipated that less covalent 
polyanion (X-O) bonds that result in broader M-O conduction bands, and the ability to populate 
empty d states near the Fermi level of the X cation, will facilitate electron hopping. We focus here 
on vanadates as they hold particular promise for ‘beyond Fe’ alluaudite cathodes due to the 
presence of more ionic V-O bonds compared to P-O and S-O bonds. Furthermore, V is the only X 
species with empty d states near the Fermi level and studies of Fe-based lithium phosphovanadate 
compounds have shown that the vanadate moiety increases the electrical conductivity by orders of 
magnitude.55–58 Beyond poor electronic conduction, the Jahn-Teller distortion of  Mn3+O6 
octahedra, compounded by the rigid edge-sharing connectivity  of metals along the chains, impedes 

 
Figure 1. (a) Crystal structure of A2M(1)2M(2)(XO4) (X = P, V) 
alluaudites and local ion coordinations. (b) Kinked 1D chains of MO6 
octahedra with alternating M1 and M2 sites.  
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oxidation of Mn2+ to Mn3+. We speculate that the introduction of Al3+, a main element ion with 
negligible crystal field stabilization energy, into the 1D metal chains will buffer the strong 
distortions induced by nearby Mn3+ ions and activate Mn redox processes. We note that partial 
substitution of transition metal species by Al has been found to increase the practical capacity of 
other polyanionic cathodes, such as fluorophosphates59,60 although the mechanism by which Al 
substitution allows a greater amount of Na to be reversibly extracted can vary between structures.   

 
Although several vanadate-based alluaudite structures have been reported to date,62–67 

Na2Mn2Fe(VO4)3 is the only compound that has been electrochemically tested in a Na-ion cell. Its 
low specific capacity (35 mAh/g) has been accounted for by the redox inactivity of Mn species.68 
Here, we report on the synthesis, structure, and magnetic and electrochemical properties of new 
Na2Mn3(VO4)3 and Al-substituted Na2Mn3-xAlx(VO4)3 (x = 0.05 and 0.2) alluaudite Na-ion 
cathodes obtained via a solution-assisted solid-state method. The morphology and crystal and 
electronic structures of compounds obtained at 300°C and 500°C were examined using a 
combination of scanning electron microscopy, synchrotron powder X-ray diffraction, solid-state 
nuclear magnetic resonance, and X-ray absorption spectroscopy. Electrochemical Na 
de(intercalation) was probed through galvanostatic cycling, the galvanostatic intermittent titration 
technique, and ex situ synchrotron X-ray diffraction. We find the Mn2+/Mn3+ couple to be 
electrochemically active in all Na2Mn3-xAlx(VO4)3 compounds. The incorporation of Al3+ ions in 
the 1D MnO6 chains leads to a more flexible structure that is able to accommodate the strong 
distortions induced by the Mn3+ ions and facilitates electron hops between Mn species, resulting 
in an approximately three-fold  increase in electronic conductivity and to a greater than two-fold 
increase in reversible capacity as x is increased from 0 to 0.2. In contrast, Na2Mn3-xAlx(PO4)3 (x = 
0, 0.2) cathodes prepared via a similar solution-assisted solid-state method exhibit a low capacity 
and a small capacity increase upon Al substitution, suggesting that the presence of vanadate 
polyanions is key to high Mn2+/Mn3+ redox activity. Overall, this work demonstrates that a wider 
compositional space (‘beyond Fe’) can be opened up for alluaudite cathodes, notably that 
Mn2+/Mn3+ redox can be activated by tuning the local and electronic structure. 
 
Results and Discussion 
 
Average structure and morphology 
 

Alluaudite Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2) powder samples were synthesized via a 
solution-assisted, solid-state method (details in the Materials and Methods section) and calcined 
at 300°C and 500°C for 12 hours. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) characterization was carried out to confirm the composition of the synthesis products. 
Results are shown in Table 1 and indicate that the stoichiometries, including the Al content, are 
close to the targeted ones. It should be noted that the errors listed here only account for 
uncertainties in the calibration curves and do not include other experimental errors. Thus, a quality 
control sample was used to estimate the overall experimental error for the estimation of the Na 
content. The measurements indicate that the practical error for the determination of the Na 
stoichiometry is ~0.7, which for all materials studied here is within error from the expected value 
of 2. 
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 Na2Mn3(VO4)3 Na2Mn2.95Al0.05(VO4)3 Na2Mn2.8Al0.2(VO4)3 

Na 1.93(2) 2.02(2) 1.98(2) 
Mn 2.96(1) 2.96(1) 2.84(1) 
V 3.00 3.00 3.00 
Al 0.010(3) 0.060(2) 0.190(3) 

 

Table 1. Stoichiometries obtained via ICP-AES for Na2Mn3-xAlx(VO4)3, normalized to a V content of 3.00.  
 

Synchrotron powder X-ray diffraction (SXRD) patterns were collected on as-prepared 
Na2Mn3-xAlx(VO4)3 and refined against the single crystal Na2Mn3(VO4)3 structure reported by 
Pellizzeri et al.67 As shown in Figure 2a-d, the Bragg peaks of all of the samples can be indexed 
to the monoclinic C2/c structure, with only a few low intensity impurity peaks, indicating the 
successful synthesis of vanadate alluaudites with a high phase purity. While the impurity phases 
could not be indexed, they include diamagnetic Na-containing compounds, as evidenced by 23Na 
NMR discussed later. Details on Rietveld refinement parameters are shown in Table S1. 

 
In the alluaudite structure, Mn occupies two unique octahedral sites, M(1) and M(2), as 

shown in Figure 1. The expected occupancy of M(1) sites by Mn in the 2+ oxidation state, and 
M(2) sites by a mixture of Mn2+ and Mn3+ in a 1:1 ratio40, agrees well with the shorter average 
bond length for M(2)O6 octahedra. Additionally, the larger Mn-O bond length variation for M(2)O6 
octahedra is consistent with the presence of Jahn-Teller distorted Mn3+ species with a high spin d4 
electronic configuration.68 Na occupies two unique sites in the structure, Na(1) and Na(2), which 
span separate 1D tunnels along the c axis and allow for Na diffusion through the structure.  

Figures 2a-b show SXRD patterns collected on Na2Mn3(VO4)3 synthesized at 500°C and 
300°C, respectively. While the peak positions and their relative intensities are similar for the two 
samples, indicating that the alluaudite structure is formed at both temperatures, the 500°C sample 
displays sharper peak shapes, signaling larger domain sizes and/or higher crystallinity. Scanning 
electron microscopy (SEM) images (Figure 2e-f) further indicate that this sample is composed of 
crystallites with an average size of ~1 µm, while at 300°C, crystallites are an order of magnitude 
smaller. The same evolution in grain size (Figure S1) and SXRD peak width (Figure S2) with 
calcination temperature is observed for Na2Mn2.8Al0.2(VO4)3. These results suggest that the particle 
size of vanadate alluaudites can easily be tuned by varying the calcination temperature.  
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Refinements of the SXRD patterns collected on Na2Mn2.95Al0.05(VO4)3 and 

Na2Mn2.8Al0.2(VO4)3 synthesized at 300°C are also shown in Figure 2c-d. A general decrease in 
all lattice parameters, but most significantly along the c axis, is observed as the Al content 
increases, leading to an overall decrease in unit cell volume (Figure S3). The larger decrease of 
the c lattice parameter relative to the a and b lattice parameters can be attributed to the complex 
alluaudite structure, where kinked MO6 chains in the [101] direction lead to anisotropic lattice 
changes upon Al substitution. Additionally, the observed anisotropy may indicate that Al 
incorporation is not a simple substitution; this will be discussed in later sections. Overall, the 
shrinking of the unit cell as Al is substituted is as expected, due to the replacement of Mn2+/3+ ions 
(0.83 Å – 0.65 Å) by smaller Al3+ ions (0.54 Å). Rietveld refinements are unable to resolve whether 
Al substitutes onto the M(1) or M(2) site, as both models led to similar goodness of fit values. In 
fact, synchrotron XRD results do not provide unequivocal evidence for Al incorporation into the 
structure. For this, complementary solid-state NMR (ss-NMR) and X-ray absorption spectroscopy 
(XAS) were employed to characterize the local structure of the as-prepared samples.  
 
Na local environments in as-synthesized Na2Mn3-xAlx(VO4)3 compounds 
 
Unlike diffraction-based tools, ss-NMR probes the local environments of magnetically-susceptible 
species in a sample, providing detailed information on short-range atomic arrangements. Here, 

 
Figure 2. Synchrotron powder XRD patterns collected on a) Na2Mn3(VO4)3 synthesized at 500°C, and b) 
Na2Mn3(VO4)3, c) Na2Mn2.95Al0.05(VO4)3, and d) Na2Mn2.8Al0.2(VO4)3 synthesized at 300°C. Rietveld refinements 
and difference curves are shown in black. SEM images of Na2Mn3(VO4)3 synthesized at e) 500°C and f) 300°C. 
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23Na spin echo spectra were collected on Na2Mn3-xAlx(VO4)3 alluaudite samples to confirm the 
presence of two unique Na environments in the structure and reveal potential amorphous and Na-
containing impurities that cannot be observed by SXRD. The 23Na spin echo spectra of Na2Mn3-

xAlx(VO4)3 (x = 0, 0.05, 0.2) obtained at a magic angle spinning (MAS) speed of 60 kHz and at 
7.05 T are shown in Figure 3a. These spectra are composed of multiple broad and overlapping 
signals, making it difficult to identify the isotropic signals corresponding to different Na local 
environments in the sample. To remedy this, spin echo spectra were recorded at 50 and 60 kHz 
MAS on all three samples, and the spectra collected on Na2Mn3(VO4)3 are overlaid in Figure S4. 
For a given 23Na NMR signal acquired under MAS, spinning sidebands are separated from the 
isotropic resonance by multiples of the MAS speed in Hz and their positions are therefore a 
function of the spinning rate. On the other hand, the isotropic frequency is unaffected by MAS and 
remains at the same position. Here, two main signals do not shift as the spinning speed is increased 
from 50 to 60 kHz: one at ~0 ppm, and another one at either ~ −500 ppm or ~ −1200 ppm. The 
latter resonance is still difficult to locate based on experimental NMR data alone because spinning 
sidebands from the ~0 ppm resonance overlap with those of the second isotropic signal. To assist 
spectral assignment, first principles hybrid density functional theory (DFT)/ Hartree Fock (HF) 
calculations of 23Na NMR parameters were carried out on Na2Mn3(VO4)3 using the CRYSTAL17 
software package. 
 

 
Figure 3. a) 23Na solid-state NMR spin echo spectra collected on Na2Mn3-xAlx(VO4)3 synthesized at 300°C at 
a MAS speed of 60 kHz and at 7.05 T. Spinning side bands are marked with an asterisk and isotropic peaks 
with a dotted line. b) 27Al spin echo NMR spectra collected on Na2Mn2.8Al0.2(VO4)3 and Al2O3 diluted in KBr 
at a MAS speed of 30 kHz and at 11.7 T. 

 
23Na NMR spectra of Na2Mn3-xAlx(VO4)3 compounds are dominated by paramagnetic 

interactions between the 23Na nuclear spins and unpaired electron spins from nearby open-shell 
Mn2+/3+ ions. Delocalization of unpaired electron spin density from the Mn 3d orbitals to the Na s 
orbitals results in an isotropic paramagnetic (Fermi contact) shift (δiso), while the NMR resonances 
are broadened by anisotropic interactions between the 23Na nuclear and unpaired electron spin 
dipole moments. Additionally, 23Na with a nuclear spin S = 3/2 is a quadrupolar nucleus, and 
interactions between its nuclear quadrupole moment (Q) and the electric field gradient (EFG) cause 
further broadening of the resonances and a second order quadrupolar shift (δQ). The overall 23Na 
chemical shift δ is thus given by δ = δiso + δQ. The experimental (δexp) and computed (δtheo) shift 
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values for Na sites in Na2Mn3(VO4)3 are listed in Table 2, with full details of the 23Na NMR 
parameters computed for all three Na2Mn3-xAlx(VO4)3 compositions in Tables S2-S4 in the SI. 
Here, δtheo was obtained using two different hybrid exchange-correlation functionals with 20% 
(B3LYP or H20) and 35% HF exchange (H35), as these have been found to provide upper and 
lower bounds, respectively, to δexp for a range of compounds.69–74 Full expressions for the shifts 
and additional details on the computational parameters and analysis can be found in the Materials 
and Methods section and in the SI.  

 
Environment δexp / ppm δtheo / ppm, OPT H20  δtheo / ppm, OPT H35  

Na1-a ~60 132 −2 

Na1-b ~−40 −10 −122 

Na2 ~−500 −533 −551 
 

Table 2. 23Na experimental (δexp) and theoretical (δtheo) shifts obtained for Na2Mn3(VO4)3. The  δtheo values were 
computed using the B3LYP hybrid functional with 20% (H20) and 35% (H35) Hartree-Fock exchange, 
respectively, as implemented in the CRYSTAL17 code. NMR properties were obtained on ferromagnetically-
aligned cells (at 0 K) and subsequently scaled to their paramagnetic values using an experimentally-derived 
magnetic scaling factor Φ = 0.037228 to compare with the room temperature 23Na NMR shifts (δexp) obtained at 
7.05 T. An experimental sample temperature of T = 323 K was assumed due to frictional heating induced by fast 
spinning of the NMR rotor during data acquisition. 
 

Our calculations predict that the overall chemical shift of Na1 is in the range of  −122 to 
+133 ppm, while that of Na(2) is in the range of −533 to −551 ppm for Na2Mn3(VO4)3. Hence, we 
assign the broad ~0 ppm signal to Na in A1 sites and the signal at ~ −550 ppm to Na in A2 sites in 
the corresponding spectrum in Figure 3a. Our calculations further indicate the presence of 
multiple Na1 environments in this material, denoted as Na1-a and Na1-b in Table 2, with slightly 
different Mn-O-Na interaction geometries and therefore slightly different chemical shifts. The 
predicted chemical shift difference between these two types of Na1 sites (~110 ppm) is consistent 
with that between the two shoulders at 60 and −40 ppm in the Na2Mn3(VO4)3 experimental 
spectrum. Hence, the broad and asymmetric signal at ~0 ppm is attributed to overlapping 
resonances from Na1-a and Na1-b environments in the alluaudite structure, as well as small 
amounts of Na-containing diamagnetic impurities with a shift ~0 ppm.  

 
For the Na2Mn2.95Al0.05(VO4)3 and Na2Mn2.8Al0.2(VO4)3 compositions, a wider range of Na 

local environments is expected due to partial substitution of paramagnetic Mn ions by diamagnetic 
Al3+ ions. Yet, their 23Na NMR spectra exhibit similar features as for Na2Mn3(VO4)3, with two 
main resonances at ~0 and ~−500 ppm. The limited number of resolvable isotropic signals is 
suggestive of fast Na exchange between sites within a given 1D Na diffusion channel (A1 or A2) 
in the alluaudite structure, giving rise to an average Na(1) resonance at ~0 ppm and to an average 
Na2 resonance at ~−500 ppm. This interpretation is further supported by the experimentally-
observed NMR linewidths that are narrower than the predicted chemical shift separation between 
the different Na1 and Na2 sites in Al-substituted Na2Mn3-xAlx(VO4)3 (Tables S3 and S4). As the 
Al content increases, more diamagnetic Na impurities are observed in the region around 0 ppm, as 
shown in Figure S5. Although the relative intensity of this diamagnetic peak is quite small, it 
nonetheless indicates that not all of the Na is incorporated into the alluaudite structure, particularly 
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for Na2Mn2.8Al0.2(VO4)3. The amount of diamagnetic Na impurities is not easily quantifiable, 
despite our best attempts to fit the 23Na NMR data and account for differences in signal relaxation 
rates between the various resonances. We also note that Na-containing diamagnetic impurities 
typically resonate around 0 ppm and the significant line broadening that results from paramagnetic 
interactions with Mn from the cathode material leads to strong signal overlap. Hence, it is 
impossible to identify the impurity phases formed but we believe that Na2CO3 and NaOH are likely 
present. 
 
Confirming Al incorporation into the alluaudite structure 
 

Synchrotron XRD results indicate no significant crystalline impurities formed upon 
addition of Al precursors to the synthesis of Na2Mn3-xAlx(VO4)3 compounds. Although the 
decrease in the lattice parameters with increasing Al content provides indirect evidence for the 
incorporation of Al into the alluaudite structure, the extent of Al incorporation is unclear and 
amorphous impurity phases such as Al2O3 commonly formed at the surface of particles upon solid-
state Al reactions cannot be detected via XRD.75 Thus, 27Al ss-NMR experiments were performed 
to directly probe the Al environments in the Na2Mn2.8Al0.2(VO4)3 sample.  

 
As shown in Figure 3b (red spectrum), the formation of a diamagnetic Al2O3 impurity 

phase during synthesis should lead to a narrow 27Al NMR resonance close to 0 ppm. In contrast, 
Al nuclei in the bulk alluaudite lattice will be in close proximity to Mn2+/3+ species, resulting in 
very broad 27Al NMR resonances with large isotropic paramagnetic shifts (δiso). Similar to 23Na, 
27Al is a quadrupolar nuclei (S = 5/2) and its overall shift δ is given by δ = δiso + δQ. The 27Al 
spectrum collected on Na2Mn2.8Al0.2(VO4)3 in Figure 3b exhibits a broad resonance at ~1000 ppm. 
Such a chemical shift is much higher than value reported for 27Al in diamagnetic environments,76 
indicating that most of the Al has been incorporated into the alluaudite crystal structure, where it 
is in a paramagnetic environment. The experimental ~1000 ppm shift is well within the 872-1266 
ppm range of δtheo values predicted using the H20 and H35 hybrid functionals for an alluaudite 
superstructure where one Mn3+ in an Mn(2) site has been replaced by Al3+, with a full set of 
computed 27Al NMR parameters listed in Table S5. A narrow and low intensity signal is observed 
at 0 ppm, suggesting a small amount of Al2O3 diamagnetic impurity in the Na2Mn2.8Al0.2(VO4)3 
sample. Because the spin echo spectrum was acquired using short interscan delays due to the small 
amount of Al in the Na2Mn2.8Al0.2(VO4)3 sample and low sensitivity of the measurement, the 
intensity of the slow-relaxing Al2O3 signal is truncated. Nonetheless, a semiquantitative fit of the 
27Al spectrum obtained on Na2Mn2.8Al0.2(VO4)3 provides an upper bound of ~95% for the amount 
of Al incorporated into the alluaudite structure (Figure S8).  The broad feature between −500 and 
−6000 ppm is due to a probe background signal and does not originate from the sample.  
 

To gain further insight into the local structure and oxidation states of Mn species in 
alluaudite-type Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2), X-ray absorption spectroscopy (XAS) data 
were obtained at the Mn K-edge. While the Mn K-edge is highly sensitive to the formal oxidation 
state of the Mn centers, complex dependencies of the X-ray absorption near edge structure 
(XANES) spectral features to the local geometry preclude quantitative analysis via linear 
combination fitting.77 Nonetheless, the XANES data on all samples is qualitatively consistent with 
a  mixture of Mn2+ and Mn3+ species, as shown in Figure 4a. Additionally, as more Al is 
substituted into Na2Mn3-xAlx(VO4)3, the XANES edge energy increases, indicating an increase in 
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the average Mn oxidation state. This trend is further explored through extended x-ray absorption 
spectroscopy fine structure (EXAFS) analysis. Fourier transformation of the EXAFS data collected 
on the alluaudite samples reveals clear local structure changes in the R = 1-2 Å  range, suggesting 
an evolution of the geometry of the first coordination shell around Mn upon Al substitution 
(Figure 4b). Fits of the EXAFS data in this range indicate that shorter Mn-O bonds become more 
prevalent as the Al content is increased. This is evidenced by the increasing number of short Mn-
O bonds per Mn center, and by the contraction of the shortest Mn-O bond, upon Al substitution 
(Figure 4c). Fits of the entire R-space and k-space data, along with fitting parameters, are provided 
in Figure S9 and Table S6 in the SI. The decrease in the Mn-O bond length indicates an increase 
in the average Mn oxidation state as the Al substitution level is increased, in line with the edge 
energy shift observed in the XANES. These results are surprising given that the average Mn 
oxidation state is expected to decrease with increasing Al3+ content to maintain overall charge 
neutrality in a phase pure and stoichiometric Na2Mn3-xAlx(VO4)3 sample and indicates an 
increasing Na deficiency in the Na2Mn3-xAlx(VO4)3 alluaudite phase to maintain charge balance. 
This is indeed consistent with the presence of an increasing fraction of Na in diamagnetic 
environments (Na-containing impurity phases) with increasing Al substitution observed by 23Na 
NMR in Figure S5. However, the extent of Mn oxidation upon Al substitution is quite small, as 
qualitatively there is only a very slight positive shift of the edge energy when going from the x=0 
to the x=0.2 sample (Figure 4a). Additionally, from the EXAFS analysis, the average Mn-O bond 
length only decreases by 0.016 Å in the x=0.2 alluaudite composition, as compared to the x = 0 
compound, further indicating that the increase in the average Mn oxidation state and Na deficiency 
in the substituted alluaudites, and the amount of Na-containing diamagnetic impurities in these 
samples, are minimal.  
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Figure 4. XAS analysis of pristine Na2Mn3-xAlx(VO4)3 compounds synthesized at 300°C, and at 500°C for the x = 
0 composition. (a) Normalized XANES spectra, with Mn2+ and Mn3+ oxide bulk standards. (b) Magnitude of the 
Fourier transformed EXAFS spectra. (c) Fits of the EXAFS data indicate an increase in the number (CN) of short 
Mn-O bonds per Mn center, and by the contraction of the shortest Mn-O bond, upon increasing the Al content. 

 
Magnetic properties and electronic conductivity 
 

The magnetic properties of Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2) synthesized at 300°C 
were probed with magnetic susceptibility (χ) measurements. The alluaudites behave as Curie-
Weiss paramagnets in the high temperature regime, with a magnetic susceptibility of the form 𝜒 =
!

"#$
. Details of the analysis of the inverse magnetic susceptibility (%

&
) versus temperature (T) data 

shown in Figure S6 are provided in Supplementary Note 1. We note that the magnetic 
susceptibility data shown in Figure S6a comprise signatures of a spin-glass transition for the Al-
substituted compounds at 40 K, where a sharp increase in the field-cooled susceptibility is 
observed below the ordering temperature, that deviates from the zero field-cooled curve. Spin glass 
behavior is not unexpected since Al replaces Mn and disrupts the ordering of the magnetic 
moments in these systems. The Curie constant C, Weiss constant Θ, and effective magnetic 
moment 𝜇'((, for the x = 0, 0.05, 0.2 compositions are listed in Table 3 and reveal that all 
alluaudites are overall antiferromagnetic (Θ < 0). This result can be rationalized using the 
Goodenough-Kanamori rules78–80 that predict the type and magnitude of the (super)exchange 
interactions between magnetic centers in oxides. In Na2Mn3-xAlx(VO4)3, Mn ions exist as high spin 
d4 (Mn3+) and d5 (Mn2+) octahedral ions, such that both t2g and eg orbitals contain unpaired 
electrons and are involved in magnetic couplings. While direct exchange interactions arising from 
the overlap of 3d orbitals on adjacent edge-sharing Mn ions (eg – eg and t2g – t2g couplings) are 
always antiferromagnetic, superexchange interactions involving 3d orbitals on neighboring Mn 
ions are mediated by oxygen 2p orbitals and depend on the exact Mn(3d)-O(2p)-Mn(3d) geometry. 
Here, eg – eg and t2g – t2g superexchange interactions occur via a spin polarization mechanism and 
are expected to be weak and ferromagnetic, while t2g – eg superexchange take place via spin 
delocalization and are strong and antiferromagnetic (see Figure S7 for detailed interaction 
diagrams). Hence, the overall system is expected to behave as an antiferromagnet, in good 
agreement with the negative θ values obtained for all three compounds.  
 

x in Na2Mn3-xAlx(VO4)3 Curie constant C 
[emu/Oe/mol] 

Weiss constant Θ 
[K] 

𝜇'((  

[μB] 
0 4.91±0.002 −63.2±0.002 6.27 

0.05 4.41±0.002 −57.6±0.002 5.94 
0.2 3.79±0.001 −50.4±0.001 5.50 

 
Table 3. Magnetic properties of Na2Mn3-xAlx(VO4)3 synthesized at 300°C obtained via a linear regression of the 
inverse susceptibility (1/χ) versus temperature (T) curves. 
 

A decrease in C and 𝜇'(( are observed as the Al content x is increased. This trend indicates 
a reduction in the number of unpaired electron spins per Mn center, i.e., an increase in the average 
Mn oxidation state, in line with XAS results. The orbital angular momentum of octahedral Mn2+ 
and Jahn-Teller Mn3+ ions is effectively quenched and the theoretical magnetic moments of 
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Na2Mn3-xAlx(VO4)3 compounds can be approximated to their spin only value (𝜇)* ≈
2'𝑆(𝑆 + 1)	𝜇+). For Na2Mn3(VO4)3, there are two high spin Mn2+ ions (3d5) and one high spin 
Mn3+ ion (3d4) per formula unit and 𝜇)* ≈ 5.57	𝜇+, which is close to the experimental values 
shown in Table 3. The significant decrease in 𝜇'((   as the Al content is increased indicates that Al 
substitution interferes with the exchange interactions between Mn centers, suggesting that Al3+ 
ions are incorporated into the 1D edge-sharing MnO6 chains.  

 
 The electronic conductivities of Na2Mn3-xAlx(VO4)3 samples synthesized at 300°C were 
determined through a direct current (DC) polarization method (Figure S10a, Supplementary 
Note 3). The powders were pelletized to similar densities (~60% of the theoretical maximum 
density) so that the relative conductivities determined through the DC method could be compared. 
As shown in Figure S10b, the electronic conductivity of the alluaudites increases linearly with Al 
substitution, with an overall approximately three-fold increase in conductivity from the x = 0 to 
the x = 0.2 compound.  
 

The results shown in this section clearly demonstrate that the magnetic and electronic 
properties of Na2Mn3-xAlx(VO4)3 alluaudites depend upon the Al substitution level. The increase 
in the average Mn oxidation state and electronic conductivity of the as-prepared Al-substituted 
compounds, and the enhanced redox activity of Mn ions in these systems compared to 
unsubstituted Na2Mn3(VO4)3, can all be accounted for by the presence of Al3+ ions in the 1D MnO6 
chains. Since Al3+ ions have no crystal field stabilization energy, they can accommodate highly 
distorted octahedral sites and act to buffer the Mn3+-induced Jahn-Teller distortions along the 
chains. The 1D MO6 chains become more flexible upon Al incorporation, such that a greater 
number of Mn3+ ions are stabilized with charge compensating Na vacancies in the as-synthesized 
Al-substituted compounds. While a lower electronic conductivity might be expected from the 
presence of insulating AlO6 octahedra along the 1D MnO6 chains, these AlO6 units instead 
facilitate lattice distortions accompanying electron hops between Mn sites, resulting in more 
delocalized charge carriers. Additionally, 3D electronic conduction is enabled by the vanadate 
moieties that link the MnO6 chains in these systems, as will be evidenced later.  
 
Electrochemical properties 

In order to assess their electrochemical performance, Na2Mn3-xAlx(VO4)3 powders were carbon 
coated and tested in Na-ion half cells at a C/20 rate between 1.5 and 4.0 V vs. Na/Na+. Figure S11a 
compares the galvanostatic charge-discharge profiles of Na2Mn3(VO4)3 calcined at 300°C and 
500°C. The material synthesized at 500°C shows poor electrochemical performance, with very 
low capacity (~10 mAh/g), while the one synthesized at 300°C displays a reversible capacity of 
~35 mAh/g. A similar trend is observed for the Al-substituted compositions (Figure S11b). The 
improved performance of alluaudites calcined at 300°C is most likely due to their smaller primary 
particle size (Figure 2b-c), leading to shorter conduction pathways and more facile 
extraction/reinsertion of Na+ ions from/into individual grains. Hence, the results reported hereafter 
were obtained on alluaudite compounds synthesized at 300°C.  

Figure 5a-b shows the galvanostatic charge-discharge curves of Na2Mn3-xAlx(VO4)3 (x = 
0, 0.05, and 0.2) cathodes. The open circuit voltage increases from 3.1 V to 3.3 V vs. Na/Na+ upon 
Al incorporation, which can be attributed to the higher average Mn oxidation state of the as-
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synthesized Al-substituted compounds. Al substitution also leads to a significant increase in 
reversible capacity, from 35 mAh/g for Na2Mn3(VO4)3, to 60 mAh/g for Na2Mn2.95Al0.05(VO4)3, 
to 75 mAh/g for Na2Mn2.8Al0.2(VO4)3. Nonetheless, a large charge-discharge voltage hysteresis is 
observed for all compositions. For Na2Mn3(VO4)3, the average charge voltage is 3.4 V vs. Na/Na+, 
but the average voltage on discharge is only 2.7 V. This hysteresis is exacerbated in the Al-
substituted compounds and results from the insertion of additional Na at low potentials (< 2.3 V), 
bringing down the discharge potential. For Na2Mn2.8Al0.2(VO4)3, the average charge voltage 
remains at 3.4 V vs. Na/Na+, but the average discharge potential decreases to 2.4 V.  
 

The increased capacity observed upon Al substitution may be surprising given that the 
average Mn oxidation state in the pristine alluaudite is higher in the x = 0.5 and 0.2 cathodes than 
in the unsubstituted x = 0 system. However, partial Mn2+ oxidation to Mn3+ upon Al substitution 
only reduces the capacity if the limiting factor is the number of redox active Mn2+ species in the 
system (this assumes that all Mn2+ present can easily be oxidized to Mn3+). In this case, the 
theoretical capacity limit would be ~95 mAh/g upon extraction of two Na+ ions and concurrent 
oxidation of two Mn2+ ions per formula unit. Instead, the capacity of alluaudites is limited by the 
inability to fully oxidize Mn2+ to Jahn-Teller distorted Mn3+ due to buildup of lattice strain, which 
eventually results in a prohibitively high energy barrier, preventing further Mn2+ oxidation and 
limiting the amount of Na that can be extracted on charge. Therefore, although Mn redox is 
observed in Na2Mn3(VO4)3, its capacity is drastically limited to 35 mAh/g. In the Al-substituted 
cathodes, the buffering effect of AlO6 octahedra in the 1D chains results in more facile oxidation 
of Mn2+ to Mn3+. Overall, Al substitution enhances the redox activity of these materials by 
lowering the energy barrier for Mn2+/3+ oxidation and increasing the electronic conductivity. 

To better understand the impact of Al substitution on the Na insertion-extraction 
mechanism in alluaudite cathodes, differential capacity (dQ/dV) curves for Na2Mn3(VO4)3 and 
Na2Mn2.8Al0.2(VO4)3 are compared in Figure 5c. Peaks in the dQ/dV plots correspond to discrete 
electrochemical processes and provide a more sensitive picture of the Na-ion (de)intercalation 
mechanisms at play than the voltage vs. capacity curves. Both compounds exhibit broad dQ/dV 
peaks at ~3.4 and ~3.6 V vs. Na/Na+ on charge and at ~3.3 V on discharge, yet the dQ/dV peaks 
are more intense for the Al-substituted material, indicating greater redox activity at those 
potentials. Additional features are observed at 3.68 V on charge and at ~2.4 V on discharge of 
Na2Mn2.8Al0.2(VO4)3, indicating a change in the Na extraction/reinsertion mechanisms upon Al 
incorporation.  
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Figure 5. Galvanostatic charge-discharge curves obtained at a C/20 rate for (a) Na2Mn3-xAlx(VO4)3 (x = 0, 
0.05, 0.2) during first charge and corresponding discharge process, and for (b) the first five charge-discharge 
cycles of Na2Mn2.8Al0.2(VO4)3. (c) Differential capacity (dQ/dV) and (d) GITT plots of the first charge and 
corresponding discharge cycle of Na2Mn3-xAlx(VO4)3.  

To probe the origin of the abnormally large voltage hysteresis between the charge and 
discharge processes, and to gain insight into kinetic limitations in Na2Mn3(VO4)3 and 
Na2Mn2.8Al0.2(VO4)3, galvanostatic intermittent titration technique tests were performed on the 
first charge and corresponding discharge of these materials. After a 30-minute C/20 current pulse, 
the cell potential was allowed to relax for 2 hours to obtain an approximate equilibrium voltage 
and the overpotential at various states of charge. As shown in Figure 5d, a smaller overpotential 
is observed on charge for Na2Mn2.8Al0.2(VO4)3, especially at voltages > 3.5 V, suggesting that Al 
incorporation facilitates Na extraction from the alluaudite structure. Generally, larger 
overpotentials are observed on discharge than on charge, indicating that the reinsertion of Na+ ions 
into the alluaudite structure is kinetically hindered. This polarization is particularly severe at 
voltages below 3.0 V for Na2Mn2.8Al0.2(VO4)3 and could imply a change in the Na re-intercalation 
mechanism at these low potentials. Additionally, a large voltage hysteresis remains even after 
allowing the cell potential to relax during the GITT process, indicating a thermodynamic 
asymmetry between the Na extraction and reinsertion processes that is more pronounced for the 
Al-substituted sample.  

Variable cycling rate tests were performed to determine the power capability of Na2Mn3-

xAlx(VO4)3 cathodes. As shown in Figure 6a, the reversible capacities of the x = 0 and 0.2 cathodes 
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drop rapidly as the current density increases, signaling kinetically limited diffusion processes at 
high charge/discharge rates. However, most of the capacity is recovered when the rate is decreased 
back to C/20, suggesting that the alluaudite structure is mostly unaffected by variable rate cycling. 
Long-term cycling tests at C/20 (Figure 6b) indicate that Na2Mn3(VO4)3, Na2Mn2.95Al0.05(VO4)3, 
and Na2Mn2.8Al0.2(VO4)3 retain 81%, 70%, and 75% of their initial discharge capacities after 30 
cycles, respectively.  

 

Figure 6. (a) Variable rate cycling tests for Na2Mn3(VO4)3 and Na2Mn2.8Al0.2(VO4)3. (b) Discharge capacities 
for Na2Mn3-xAlx(VO4)3 (x = 0, 0.05 and 0.2) over 30 cycles at a rate of C/20. 

 Overall, Al substitution for Mn in Na2Mn3-xAlx(VO4)3 cathodes is an effective strategy to 
activate Mn2+/3+ redox processes, with a more than two-fold increase in reversible capacity for the 
x = 0.2 compound as compared to the unsubstituted material. As mentioned earlier, the increased 
flexibility of the 1D MO6 chains upon Al incorporation increases the electronic conductivity and 
redox activity of the Mn ions, which at least partially accounts for the more facile extraction of Na 
from the alluaudite structure on charge and increased rate capability. Al substitution also affects 
the Na (de)intercalation mechanisms, with additional redox processes at ~3.68 V on charge and 
~2.4 V on discharge. For the Al-substituted compounds, the additional capacity at low potentials 
on discharge reduces the operating potential from 2.7 to 2.4 V vs. Na/Na+ and increases the voltage 
hysteresis, yet it does not significantly impact the reversibility of the processes over the first 30 
cycles.  

To assess the effect of the vanadate polyanion on the electrochemical performance of Mn-
based alluaudites, phosphate analogues were prepared and electrochemically tested in Na-ion half 
cells. Na2Mn3-xAlx(PO4)3 (x = 0, 0.2) powder samples were synthesized via a solution-assisted 
solid-state method similar to the one employed for the vanadates, and their crystallographic data 
and refined parameters are shown in Figure S12 and Table S7. While the vanadate products are 
dark brown, the phosphate products are red, indicating a lower electronic conductivity for the latter 
compounds. Both Na2Mn3(PO4)3 and Na2Mn2.8Al0.2(PO4)3 show negligible electrochemical 
activity (Figure S13), underscoring the improvement provided by vanadate polyanions.  Thus, the 
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improvement in electronic conductivity provided by vanadate compounds contributes significantly 
to the activation of the Mn2+/3+ redox couple in alluaudites, alongside Al substitution. 

 
Ex situ synchrotron XRD of cycled samples and effect of Al substitution on the 
electrochemical processes  
 
To investigate structural changes during sodium (de)intercalation, ex situ SXRD patterns were 
obtained at various states of charge for Na2Mn3(VO4)3 and Na2Mn2.8Al0.2(VO4)3 (Figure 7a-c). 
For the x = 0 cathode, a solid solution extraction and reinsertion process is evidenced by the gradual 
shift in the Bragg peak positions, corresponding to smooth changes in the lattice parameters on 
charge and discharge (Figure 7c). Rietveld refinements of the ex situ SXRD patterns reveal a 
reversible contraction and re-expansion of the alluaudite structure as Na+ ions are extracted and 
reintercalated, with changes in the lattice parameters and cell volume presented in Figure S14. 
While the b and c lattice parameters shrink upon Na+ extraction, the a lattice parameter increases 
slightly. The overall unit cell volume decreases, as is typical for polyanionic insertion 
compounds.49,81,82 As Na+ ions are reinserted into the structure, the cell volume gradually increases 
and eventually reverts back to its original value, demonstrating that the Na2Mn3(VO4)3 structure 
is stable upon cycling, in line with the rather good reversibility observed during galvanostatic 
cycling. A small volume change of 1.2% is observed on charge, consistent with the limited 
extraction of only ~0.8 Na+ ions per formula unit on charge and the rigid polyanionic structure. 
Site occupancies of the two unique Na sites, Na1 and Na2 were refined and are plotted in Figure 
7d. The Na occupancy for the 4.0 V ex situ point is unreliable as samples collected at the top of 
charge are particularly unstable, as indicated by the large voltage decay observed after the current 
flow is stopped (Figure S15). From these results, it can be seen that for the unsubstituted 
alluaudite, only Na+ ions occupying Na2 sites are extracted on charge, limiting the achievable 
capacity. This observation is in line with bond valence sum results on the pristine Na2Mn3(VO4)3 
structure (Figure S16),83 which predict that migration energy barriers for Na+ in Na1 sites are high 
and 0.25 eV higher than those of Na+ in Na2 sites. Selective Na+ extraction from Na2 sites has also 
been observed in the Na2Fe3(PO4)3 and Na2Fe2(SO4)3 alluaudites, via both ex situ SXRD and ab 
initio nudged elastic band calculations.84,85 
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Figure 7. SXRD patterns of ex situ alluaudite samples obtained at various points along the first charge and 
corresponding discharge of the (a) Na2Mn3(VO4)3 and (b) Na2Mn2.8Al0.2(VO4)3 cathodes. (c) Enlarged plot of 
the ex situ SXRD patterns collected on the Na2Mn3(VO4)3 cathode, revealing a solid solution behavior on Na 
(de)intercalation. (d) Evolution of the Na1 and Na2 site occupancies in the Na2Mn3(VO4)3 alluaudite structure 
on charge and discharge, as obtained from Rietveld refinements of the SXRD data collected on ex situ 
samples. The small impurity phases appearing during cycling are attributed to electrolyte decomposition 
products and are highlighted with asterisks. 

 
In contrast to Na2Mn3(VO4)3, SXRD spectra collected on ex situ Na2Mn2.8Al0.2(VO4)3 

samples show a clear phase transformation at high voltages. This is first observed in the 4.0 V 
charged sample, with the appearance of two low-angle peaks around 2θ = 3.5◦ that signifies the 
formation of a different structure. In fact, very faint signatures of this new phase can be identified 
at low angles in the pattern collected on the Na2Mn3(VO4)3 4.0 V charged sample. This behavior 
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deviates sharply from phosphate alluaudite variants, where a solid solution reaction is observed 
even upon extraction of large amounts of Na+ from the structure.49 While the alluaudite phase is 
still present at 4.0 V in Na2Mn2.8Al0.2(VO4)3, its phase fraction is heavily reduced at the expense 
of the new phase. The new phase is difficult to identify yet persists down to at least 3.4 V on 
discharge. At 2.3 V, the alluaudite phase is completely restored, with no trace of the high voltage 
phase. Rietveld refinements on ex situ Na2Mn2.8Al0.2(VO4)3 samples where the alluaudite phase is 
dominant indicate an increase and decrease in lattice parameters similar to the evolution observed 
for Na2Mn3(VO4)3 (Table S8). Interestingly, the high voltage phase transformation in 
Na2Mn2.8Al0.2(VO4)3 appears to be reversible, based on the similar pristine and discharged SXRD 
patterns and the stable capacity observed during long-term cycling (Figure 6b). One possible 
cause for this phase transition is Al migration during cycling. While 27Al NMR is, in theory, ideally 
suited to determine whether Al is extracted from the cathode material on charge, these experiments 
are prohibitively time-consuming due to the small amount of Al in the cathode materials and the 
small amount ex situ cathode sample that can be prepared for NMR analysis. Although not directly 
observed, Al substitution enables the extraction of Na+ from Na1 sites, in addition to Na2 sites, as 
~1.5 Na+ ions are reversibly extracted from the structure. For the x = 0.2 cathode, the asymmetry 
in the charge-discharge phase transformation observed via ex situ SXRD mirrors the results from 
GITT. Even up to 3.6 V on charge, only the alluaudite phase is observed, however once the phase 
transition occurs at 4.0 V, it does not revert back to the alluaudite phase until 3.4 V on discharge, 
which may account for the exacerbated voltage hysteresis and large overpotential observed on 
discharge (Figure 5d). The differences between the Na+ insertion and extraction mechanisms for 
the x = 0.2 material implied by GITT are clearly observed in the ex situ SXRD patterns and suggest 
that suppressing the formation of the high voltage phase could increase the efficiency, discharge 
potential, and energy density of this class of Na-ion cathodes. 
 
Conclusions 
 
The development of Na-ion alluaudite cathodes has been hindered by the limited number of 
electrochemically active M species in this structure type. Barring just a few compositions, only 
Fe2+/Fe3+ redox has been harnessed, even in compounds containing multiple M species. Here, we 
report a series of new alluaudite Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2) compounds designed to 
activate the Mn2+/3+ redox couple in this family of Na-ion cathodes. The materials were synthesized 
with a high phase purity via a low-temperature method, and the successful incorporation of Al into 
the alluaudite structure was confirmed by 27Al solid-state NMR. The increase in the average Mn 
oxidation state with Al content, as observed by XAS and magnetometry, was accounted for by a 
small Na deficiency in the as-synthesized Al-substituted compounds, with the presence of a small 
yet increasing amount of Na-containing diamagnetic impurities observed by 23Na solid-state NMR. 
The incorporation of Al into the one-dimensional edge-sharing MO6 chains of the alluaudite 
structure results in a more flexible framework and buffers the strong Mn3+-induced Jahn-Teller 
distortions in Na2Mn3-xAlx(VO4)3, allowing for more facile oxidation from Mn2+ to Mn3+ and 
additionally resulting in a three-fold increase in electronic conductivity from Na2Mn3(VO4)3 to 
Na2Mn2.8Al0.2(VO4)3. Consequently, Al substitution led to a more than two-fold increase in 
reversible capacity, from 35 mAh/g to 75 mAh/g. All Na2Mn3-xAlx(VO4)3 compositions exhibited 
reasonable capacity retention over the first 30 cycles. Ex situ synchrotron XRD results revealed 
that, while Na insertion and extraction occurs via a solid-solution mechanism in Na2Mn3(VO4)3, 
Na2Mn2.8Al0.2(VO4)3 displays a reversible phase transition at high potentials. Overall, both Al 
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substitution and the presence of vanadate polyanions contribute to the activation of the Mn2+/3+ 

redox couple by increasing the electronic conductivity and by facilitating electron transfer 
processes in three-dimensions. The successful application of simple compositional design rules to 
activate a new redox couple in alluaudite cathodes opens up the compositional space for this class 
of Na-ion positive electrodes. 
 

Materials and Methods 
 
Materials synthesis 
 
Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, and 0.2) compounds were prepared via a solution-assisted solid-
state method. Precursor powders of NaNO3, Mn(C2H3O2)2.4H2O, Al(NO3)3.9H2O, and NH4VO3 
were weighed out in stoichiometric ratios such that the total mass was 1000 mg. Two aqueous 
solutions were prepared: (1) NaNO3, Mn(C2H3O2)2.4H2O, and Al(NO3)3.9H2O were dissolved in 
5 mL of deionized H2O, and (2) NH4VO3 was dissolved in 15 mL of H2O under heat. Solutions 
(1) and (2) were mixed and immediate precipitation of a brown intermediate compound followed. 
The mixed solution was dried on a hot plate until all moisture had evaporated, leaving a dry 
powder. The powder was ball milled for 12 hours under 300 rpm to ensure complete mixture of 
precursors. The resulting ball milled powder was calcined at 300 and 500◦C for 12 hours under Ar 
gas flow.  
 
Na2Mn3-xAlx(PO4)3 (x = 0 and 0.2) compounds were prepared in a similar manner. Precursor 
powders NaNO3, Mn(C2H3O2)2.4H2O, Al(NO3)3.9H2O, and NH4H2PO4 were weighed out in 
stoichiometric ratios such that the total mass was 1000 mg. Two aqueous solutions were prepared: 
(1) NaNO3, Mn(C2H3O2)2.4H2O, and Al(NO3)3.9H2O were dissolved in 5 mL of deionized H2O, 
and (2) NH4H2PO4 was dissolved in 5 mL of H2O. Solutions (1) and (2) were mixed, resulting in 
the precipitation of a light pink intermediate compound. The mixed solution was dried on a hot 
plate until all moisture had evaporated, leaving a dry powder. The powder was ball milled for 12 
hours under 300 rpm, and the resulting powder was calcined at 300◦C for the x = 0 composition, 
and at 500◦C for the x = 0.2 composition for 12 hours. Here, phosphate alluaudites were calcined 
in air, as opposed to their vanadate counterparts prepared under inert conditions. We attribute these 
differences to the fact that the phosphate group has a stronger inductive effect than the vanadate 
group, so that Mn ions in the phosphate alluaudite are more difficult to oxidize than in the vanadate. 
Hence, a more oxidizing environment (ambient air) is needed to form mixed valent Mn2+/3+ 

phosphate alluaudites, while an inert (Ar) environment is required to form the vanadate 
counterparts. 
 
 
Powder X-ray diffraction 
 
High-resolution synchrotron powder diffraction patterns for pristine and ex-situ Na2Mn3-

xAlx(VO4)3 (x = 0, 0.05, 0.2) compounds synthesized at varying temperatures were collected on 
Beamline 11-BM at the Advanced Photon Source (APS), Argonne National Laboratory. Room 
temperature data were collected between 2θ of 0.5◦ and 50◦. Powder X-ray diffraction data for 
phosphate alluaudites Na2Mn3-xAlx(PO4)3 (x = 0, 0.2) were collected using a laboratory-source 
Panalytical Empyrean diffractometer with Cu Kα radiation in reflection geometry. All resulting 
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patterns were refined using the Rietveld method in TOPAS Academic v7.86 Crystal structures were 
depicted using VESTA.87 
 
Solid-state nuclear magnetic resonance. 
 
23Na ssNMR data were collected at B0 = 7.05 T (300 MHz for 1H) and room temperature on the 
pristine alluaudite Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2) samples synthesized at 300◦C using a 
Bruker super wide-bore NMR spectrometer operating at 79.40 MHz (23Na Larmor frequency) and 
equipped with an Avance-III console. The data were obtained under magic-angle spinning (MAS) 
using a 1.3 mm double-resonance HX probe and a spinning frequency νR = 60 kHz. 23Na was 
referenced against a 1 M aqueous solution of sodium chloride (NaCl, δ(23Na) = 0 ppm). 23Na spin 
echo spectra were acquired on all samples using a 90◦ radiofrequency (RF) pulse of 0.74 µs and a 
180◦ RF pulse of 1.48 µs at 200 W. A recycle delay of 35 ms was used, with the value optimized 
to ensure that the paramagnetic 23Na signal was fully relaxed between pulses.  
 
27Al ss-NMR data were collected on alluaudite Na2Mn2.8Al0.2(VO4)3 and α-Al2O3 that was diluted 
with KBr to roughly match the Al weight % expected for the Na2Mn2.8Al0.2(VO4)3 sample. Spin-
echo spectra were recorded at room temperature and at a B0 = 11.7 T (500 MHz for 1H) using a 
Bruker wide-bore NMR spectrometer equipped with an Avance-II console and operating at a 
frequency of 130.34 MHz. The data were obtained under MAS at a frequency νR = 30 kHz using 
a 2.5 mm double-resonance HX probe. 27Al was referenced against a 1 M aqueous solution of 
aluminum nitrate (Al(NO3)3, δ(27Al) = 0 ppm). 27Al spin echo spectra were acquired on all samples 
using a 90◦ radiofrequency (RF) pulse of 0.98 µs and a 180◦ RF pulse of 1.96 µs at 200 W. A 
recycle delay of 40 ms was used in order to obtain signal averaged spectra in a reasonable time 
frame. Solid-state NMR data were processed using the Bruker TopSpin 4.1.1 software and spectra 
were fitted using the DMfit software.88 Details on the analysis of the NMR results are provided in 
the SI. 
 
Magnetometry 
 
Magnetic susceptibility measurements of pristine alluaudite Na2Mn3-xAlx(VO4)3 (x = 0, 0.05, 0.2) 
samples were measured with a Quantum Design Magnetic Property Measurement System 3 
(MPMS) superconducting quantum interference device (SQUID) magnetometer. Powder samples 
of about 2 mg were packed into a polypropylene holder, snapped into a brass rod, and wrapped 
with a single layer of Kapton tape. Zero field-cooled (ZFC) and field-cooled (FC) susceptibility 
data were measured on warming from 2 to 350 K in an applied field of 500 Oe.  
 
X-ray absorption spectroscopy 
 
X-ray absorption spectroscopy (XAS) data were collected on pristine Na2Mn3-xAlx(VO4)3 (x = 0, 
0.05, 0.2) samples and MnO, Mn2O3, and MnO2 reference samples at the Advanced Photon Source 
(APS) on beamline 20-BM using a Si(111) double crystal monochromator. Materials were diluted 
with hexagonal boron nitride (h-BN) and pressed into self-supporting pellets with an active 
material loading density of 4-5 mg/cm2. Mn K-edge (6539 eV) data were collected in transmission 
mode with ion chambers filled with N2. A Mn foil was scanned simultaneously for energy 
calibration. XAS data were processed using the Athena interface and EXAFS fitting used the 
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Artemis interface of the Demeter package.89 Details on the EXAFS analysis are provided in the 
Supplementary Note 2. 
 
Electrochemical characterization 
 
The electrochemical performance of alluaudite cathode samples was characterized using 
Swagelok-type cells assembled in an argon- filled glovebox and using Na metal foil as a combined 
counter and reference electrode. The alluaudite active material was hand ground with carbon black 
(Super C65) and polytetrafluoroethylene (PTFE) in a 70:20:10 active:binder:carbon weight ratio. 
6.35 mm diameter electrodes films were prepared with a loading density of 4-5 mg/cm2. Whatman 
GF/D glass microfiber filters were used as the separator, and a 1M NaPF6 in ethylene carbonate 
and dimethyl carbonate (EC/ DMC 50/50 v/v) electrolyte was used. Cells were cycled using an 
Arbin BT2000 potentiostat.  
 
Computational methods 
 
Spin-unrestricted hybrid density functional theory (DFT)/ Hartree Fock (HF) calculations were 
performed using the CRYSTAL17 all-electron linear combination of atomic orbital code90,91 to 
determine 23Na and 27Al NMR parameters in the Na2Mn3(VO4)3 and Al-substituted Na2Mn3-

xAlx(VO4)3 structures. Since the Mn(2) site of Na2Mn3(VO4)3 is multivalent with both Mn2+ and 
Mn3+, the initial charge configuration for the starting input structure was obtained from 
electrostatic energy minimization using an Ewald sum analysis as implemented in Pymatgen92. 
The starting input structure for Al-substituted Na2Mn3-xAlx(VO4)3  was generated by replacing one 
Mn3+ on the Mn(2) site of Na2Mn3(VO4)3 with Al3+. Since there are 12 Mn atoms in the unit cell, 
this results in a stoichiometry of around Na2Mn2.92Al0.083(VO4)3. Two spin-polarized exchange–
correlation functionals based upon the B3LYP form,93–96 and with Fock exchange weights of F0= 
20% (B3LYP or H20) and 35% (H35) were chosen for their good performance for the electronic 
structure and band gaps of transition metal compounds (B3LYP or H20),97,98 and for their accurate 
description of the magnetic properties of related compounds (H35).99–101 All-electron atom-
centered basis sets comprising fixed contractions of Gaussian primitive functions were employed 
throughout. Two types of basis sets were used for all elements except Al: a smaller basis set (BS-
I) was employed for structural optimizations, and a larger basis set (BS-II) was used for computing 
23Na and 27Al NMR parameters which require an accurate description of the occupation of core-
like electronic states. For Al, a large basis set was used for both structural optimizations and 
computing NMR parameters. For BS-I, individual atomic sets are of the form (15s7p)/[1s3sp] for 
Na, (20s12p5d)/ [1s4sp2d] for Mn, (20s12p4d)/ [1s4sp2d] for V, and (14s6p1d)/[1s3sp1d] for O. 
The values in parentheses denote the number of Gaussian primitives and the values in square 
brackets the contraction scheme. All BS-I sets were obtained from the CRYSTAL online 
repository and were unmodified from their previous use in a broad range of compounds.90 For BS-
II, a flexible and extended TZDP-derived (11s7p)/[7s3p] set was used for Na, Ahlrichs DZP-
derived sets were used for both Mn (13s9p5d)/[7s5p3d] and V (13s9p5d)/[7s5p3d],102 and a 
modified IGLO-III set (14s8p1d)/[5s4p1d] was used for Al. NMR parameters were computed on 
the fully optimized (atomic positions and cell parameters) Na2Mn3-xAlx(VO4)3 structures. All first 
principles structural optimizations were carried out in the ferromagnetic (FM) state, after removal 
of all symmetry constraints (within the P1 space group) and using the H20 and H35 hybrid 
functionals. A 160 atom 1 x 1 x 2 supercell was used throughout. Anisotropic Monkhorst–Pack 
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reciprocal space meshes with shrinking factors 3 3 3 were used for both H20 and H35 
calculations.103 Structural optimizations were pursued using the quasi-Newton algorithm with 
RMS convergence tolerances of 10-7, 0.0003, and 0.0012 a.u. for total energy, root-mean-square 
(rms) force, and rms displacement, respectively. Tolerances for maximum force and displacement 
components were set to 1.5 times the respective rms values. Sufficient convergence in total 
energies and spin densities was obtained by application of integral series truncation thresholds of 
10-7,10-7,10-7,10-7,and 10-14 for Coulomb overlap and penetration, exchange overlap, and g- and n-
series exchange penetration, respectively, as defined in the CRYSTAL17 documentation.90 The 
final total energies and spin and charge distributions were obtained in the absence of any spin and 
eigenvalue constraints. NMR parameters were obtained on ferromagnetically aligned supercells.  
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