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Nowadays, sodium-ion batteries (SIBs) are considered a 
complement to the well-established lithium-ion technology.  
A number of different chemicals have been studied as the basis 
for designing and creating positive and negative electrode 
materials for SIBs.1,2 Among them, compounds with oxoanions, 
mainly phosphates, such as AMPO4 (A = Na, Li; M = Fe, Mn or 
a mixture thereof)3 or Na3M2(PO4)3 (M = V, Mn, triple- or 
higher-charged cation or a mixture thereof),4–8 have been the 
focus of many research groups over the past three decades.9–11

There are two known forms of compounds described by the 
formula AMPO4 (M = Mn, Fe): maricite12 and triphylite,13–15 
which both belong to the olivine family.16,17 The electrochemical 
activity of maricite-structured phosphates and their carbon-
enriched composites has been a matter of debate for at least a 
decade.18 While maricite is the most stable form of NaMPO4, 
Na-based counterparts of triphylite (in nature the mineral 
natrophilite NaMnPO4) seem to be metastable, and their  
direct synthesis by high-temperature annealing is rather 
thermodynamically unfavorable.

Reported approaches to the synthesis of NaMPO4 isotypic to 
LiFePO4 can be classified into two groups. The first group 
includes a two-step ion-exchange reaction, involving the 
delithiation of LiFePO4/C with subsequent Na insertion.19 It is 
noteworthy that the introduction of Mn hinders the delithiation 
process (typically if the Mn content exceeds 60%).20 The second 
group approach was pioneered by Lee et al. in 2011.21 It was 
stated that the heat treatment of the dittmarite-structured 
precursor NH4MPO4·H2O (M is a doubly charged cation22) and 
a sodium salt, namely AcONa·3H2O (sodium acetate trihydrate), 
in the temperature range of 65–100 °C (the duration of the 
synthesis and other features of the procedure are not indicated in 

the original source) makes it possible to stabilize a wide range of 
phases of NaMPO4 (M = Mn, Fe, Fe0.5Mn0.5, Mg0.2Mn0.8) 
phosphates21 through the so-called topochemical reaction.23

At the moment, only a few works have been devoted to the 
preparation of NaMPO4 by the above-mentioned topochemical 
route.21,24,25 In this work, we addressed the possibility of 
stabilizing phase-pure NaMnPO4 and Na(Mn/Fe)PO4 in the 
NH4MPO4·H2O (M = Mn, Mn/Fe)–AcONa·3H2O systems. 
Additionally, the synthesis of Li(Mn/Fe)PO4 was successfully 
performed. The resulting compounds were characterized by 
powder X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FTIR), thermogravimetric (TG) analysis, scanning 
electron microscopy (SEM) and energy-dispersive X-ray 
analysis (EDX). Electrochemical tests in half-cells revealed 
almost no electrochemical activity of Na-based compounds vs. 
metallic Na, while the similarly synthesized Li counterpart 
demonstrated decent cycling performance in the same cell type.

Taking into account previous studies of the NH4MnPO4·H2O–
AcONa·3H2O25 and NH4(Mn/Fe)PO4·H2O–AcONa·3H2O24 
systems, for the topochemical synthesis of NaMPO4 (M = Mn, 
Mn/Fe) we used a 10-fold excess of sodium salt [Figure S3(a), 
see Online Supplementary Materials]. It was performed at  
200 °C in a stream of pure H2 for 12 h, followed by carbon 
coating at 410 °C to avoid the formation of unwanted maricite 
impurities.26,27 According to XRD data, pure Mn and mixed 
(Mn/Fe) samples with carbon coating do not contain any 
traceable impurities [Figure 1(a),(b)]. Rietveld refinements were 
performed in the space group Pnma and confirmed that both 
NaMnPO4 and Na(Mn/Fe)PO4 (Tables 1, S1 and S2, see Online 
Supplementary Materials) are frameworks isotypic to the 
LiFePO4 one.24,28 The mixed Mn/Fe compound is characterized 

Phase-pure NaMPO4 (M = Mn, Mn/Fe; isotypic to triphylite) 
and Li(Mn/Fe)PO4 were isolated as a result of the low-
temperature reaction between NH4MPO4·H2O (M = Mn, 
Mn/Fe) and AcONa·3H2O or AcOLi, respectively. 
Electrochemical tests in half-cells revealed that Na-based 
compounds exhibit poor electrochemical activity vs. metallic 
Na, while the similarly synthesized Li counterpart 
demonstrates decent cycling in Na cells. The synthetic 
features, crystal structures and properties of related 
members of the olivine family are discussed.

AcONa∙3H2O
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by slightly lower unit cell parameters, which suggests the 
formation of an Fe-substituted phase.24 In NaMnPO4, sodium 
ions are located in the M1 sites, forming zigzag chains of edge-
sharing NaO6 octahedra along the b-axis, similar to LiO6 in 
LiFePO4. In principle, this connectivity motif should give rise to 
1D ion diffusion channels for sodium ions (Figure S1).

The completeness of the topochemical reactions was also 
confirmed by FTIR data [Figure 1(c),(d)]. In the FTIR spectra of 
both samples there are no characteristic bands corresponding to 
residual NH4

+ cations or water. A slight decrease of vibration 
frequency from 957 to 953 cm−1 is additional evidence of the 
formation of an Fe-containing sample.24,29 One can see a set of 
bands belonging to the O–P–O vibrations, stretching  
(1150–900 cm−1) and bending (650–400 cm−1), which remained 
practically unchanged. These observations are consistent with 
previous studies of the olivine crystal type.24,30

According to SEM data, the resulting powders consist of 
small thin plates of varying sizes from submicron to 5 μm in the 
greatest dimension and a thickness of about 200–400 nm. By 
analyzing the morphology of the Mn-containing material, a 
strong tendency to form needle-like particles could be noticed. 
The introduction of Fe into the crystal structure results in the 
formation of irregularly shaped particles with no discernible 
orientation. EDX measurements were carried out to verify the 
expected formula. For NaMnPO4, the Na/Mn ratio was found to 
be very close to 1 : 1 [Figure 1(e),(f)]. EDX examination of the 
mixed phosphate demonstrates the presence of iron in the sample 
and the Na/Mn/Fe ratio is 1.01(1) : 0.87(9) : 0.11(2). For clarity, 
we denote the latter as Na(Mn/Fe)PO4.

TG-DSC analysis reveals a decrease in the temperature of the 
transition to maricite. Thus, Na(Mn/Fe)PO4 undergoes the phase 
transition at 605 °C and NaMnPO4 at 625 °C (Figure S4). 
According to phase analysis data, both powders belong to the 
maricite crystal type with V(Mn/Fe) = 319.49(3) Å3 and  
V(Mn) = 321.31(2) Å3.31,32 The decrease in unit cell volume V 
correlates with the presence of iron in the first sample  

[Figure S4(b)]. The IR spectra of maricites are consistent with 
published data.33,34 Both peak regions, namely 1200–800 cm−1 
and 650–540 cm−1, are characteristic of stretching and bending 
vibrations of the PO4 group, respectively. The difference in peaks 
position probably indicates different P–O bond lengths resulting 
from the substitution of Fe for Mn [Figure S4(c)]. The transition 
to the maricite phase leads to degradation of ion transport 
properties due to narrow migration channels unsuitable for the 
diffusion of alkali ions.35–38

Next, we performed electrochemical testing on Mn-rich 
AMPO4 (A = Na, Li). The absence of noticeable electrochemical 
activity of natrophilite in sodium cells was previously shown by 
Boyadzhieva et al.39 In Li half-cells, the carbon-enriched 
NaMnPO4 composite exhibits rather modest performance.40 As 
part of this work, we conducted a galvanostatic experiment on an 
iron-containing sample vs. metallic Na. Na(Mn/Fe)PO4/C was 
cycled at the C/50 rate [Figure 2(a)]. However, no significant 
capacity was observed that could be explained by the reversible 
removal/insertion of Na ions. The shape of the curves and the 
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Figure  1  Experimental, calculated and difference XRD patterns of  
(a) NaMnPO4/C and (b) Na(Mn/Fe)PO4/C after Rietveld refinement. Bragg 
reflections are indicated by black bars. Insets: SEM images of (a) NaMnPO4 
and (b) Na(Mn/Fe)PO4. FTIR spectra of (c) NaMnPO4 and NH4MnPO4·H2O, 
as well as (d) Na(Mn/Fe)PO4 and NH4(Mn/Fe)PO4·H2O in the range of 
4000–500 cm−1. The insets show an enlarged region on stretching (left) and 
bending (right) vibrations of the NH4

+ cation. SEM-EDX spectra of  
(e) NaMnPO4/C and (f) Na(Mn/Fe)PO4/C. The carbon line is indicated by *.
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Table  1  Cell parameters for NaMnPO4 and Na(Mn/Fe)PO4 after Rietveld 
refinement.

Formula NaMnPO4 Na(Mn/Fe)PO4

Space group Pnma

a/Å 10.5296(6) 10.4865(9)

b/Å 6.3471(3) 6.3281(5)

c/Å 4.9959(3) 4.9859(4)

V/Å3 333.89(3) 330.86(5)

Z 4

GOF 1.27 1.55

Rexp (%) 1.22 1.03

Rp (%) 1.22 1.19

Rwp (%) 1.55 1.60

Figure  2  (a) Galvanostatic curves for (1) the 1st charge and the (2) 1st,  
(3) 5th and (4) 10th discharge, obtained in a two-electrode Na||Na(Mn/Fe)-
PO4 cell at the C/50 rate in the potential range of 2.0–4.5 V vs. Na+/Na.  
(b) Galvanostatic charge/discharge curves obtained in a two-electrode 
Na||Li(Mn/Fe)PO4 cell at the (1) C/20, (2) C/10, (3) C/5, (4) C/2 and (5) 1C 
rates in the potential range of 1.5–4.1 V vs. Na+/Na. Yellow curve 6 
corresponds to the 1st discharge process, i.e., insertion of Na+ ions. Inset: 
capacity vs. cycle number plots at the (1) C/20, (2) C/10, (3) C/5, (4) C/2 and 
(5) 1C rates. (c) Powder XRD pattern of Li(Mn/Fe)PO4 with a = 10.3997(8) Å, 
b = 6.0742(4) Å, c = 4.7489(1) Å, V = 299.98(1) Å3, space group Pnma, 
GOF = 1.30, Rp = 1.19 and Rwp = 1.51. (d) FTIR spectra of Li(Mn/Fe)PO4 
and NH4(Mn/Fe)PO4·H2O in the range of 4000–500 cm−1. The insets show 
enlarged regions of stretching (left) and bending (right) vibrations of the  
NH4

+ cation.
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discharge capacity values, not exceeding 25 mA h g−1, suggest 
the capacitor type of behavior of this composite material.41 
Interestingly, some electrochemical activity of a similar mixed 
Mn/Fe-based composite was recently reported by Koleva et al.24 
However, those tests were conducted only on Li-half cells. 

In contrast, Li-based mixed Mn/Fe triphylites are considered 
more viable hosts for sodium ions cycling.42,43 The XRD pattern 
of the corresponding phosphate is shown in Figure 2(c). After the 
synthesis procedure, no traceable impurities were detected, and 
the cell parameters correspond to literature data.44,45 The FTIR 
spectra [Figure 2(d)] confirm the results of the phase analysis. 
The absorption maxima can be attributed to the stretching and 
bending vibrations of O–P–O bonds, which is consistent with 
previous reports.46–48 Additionally, the FTIR spectrum shows the 
absence of characteristic bands of –OH or H2O.27,46–51 The 
capacity during the first discharge, corresponding to the insertion 
of Na into the electrochemically delithiated framework 
[Figure 2(b), curve 6], is prominently higher than that of 
subsequent discharges; the same feature had been observed by 
several groups previously.19,20 The composite demonstrates 
reversible electrochemical cycling, exhibiting discharge 
capacities of 74 and 60 mA h g−1 at C/20 and 1C rates, 
respectively [Figure 2(b)]. In the galvanostatic charging curves, 
two distinct plateaus can be distinguished: the Fe3+/Fe2+ reaction 
is observed near 3 V vs. Na+/Na, and the Mn3+/Mn2+ redox 
activity occurs at a higher potential of ~3.8 V vs. Na+/Na. The 
observed values are within the same range as previously reported 
for a mixed composition with a Mn/Fe ratio of 4 : 1.3,20,52

In comparison to Fe-based counterparts such as LiFePO4 or 
triphylite NaFePO4,53 Mn-rich phosphates demonstrate lower 
capacities and worse rate performance. This was observed during 
cycling in both Na- and Li-based electrolytes.3,19,20 Experimental 
data on the chemical de-insertion of alkali metal cations also 
suggest that Mn-rich frameworks tend to retain a non-negligible 
residual amount of Li+/Na+ ions in the channels. For instance, 
Saurel et al.20 mentioned that ‘Fe0.2Mn0.8PO4 could not be fully 
delithiated, and as a result the sodiated sample is not single-
phased’ when continuously stirred with potassium persulfate 
K2S2O8 in aqueous medium. The observed discharge capacities 
of ‘Fe0.2Mn0.8PO4’ and ‘MnPO4’ (~73 and ~58 mA h g−1) confirm 
the assumption of incomplete delithiation. Only the use of quite 
aggressive oxidants in combination with special synthetic 
precautions makes it possible to stabilize phase-pure 
‘Fe0.2Mn0.8PO4’.19 An additional reason for the significant 
hindrance of electrochemical activity is the peculiarity of the 
electronic structure of NaMPO4 phosphates, in particular low 
electronic conductivity.40 This is indirectly confirmed by the 
study of the optical absorption edge by UV-VIS spectroscopy, 
which allowed us to classify this form of NaMPO4 as a wide 
bandgap insulator (the bandgap exceeds 5 eV).54

In this study, we successfully isolated phase-pure NaMnPO4 
and its mixed Mn/Fe counterpart using the corresponding 
dittmarites as precursors via a reaction under H2 flow. The 
Rietveld refinement confirmed that the obtained Na-containing 
phosphates are isotypic to LiFePO4. The results of the powder 
XRD data refinement are in agreement with the FTIR data. Both 
samples consist of small thin plates of varying sizes from 
submicron to 5 μm in the greatest dimension. For the first time, 
phase-pure mixed Na(Mn/Fe)PO4/C obtained under H2 flow was 
tested in Na cells, however, no reversible electrochemical activity 
of the de/intercalation type was observed. At the same time, 
topochemically assisted synthesis allows the isolation of phase-
pure mixed Li(Mn/Fe)PO4/C, which exhibits reversible 
electrochemical cycling in Na-based cells. The chemical features 
of Mn-based triphylite counterparts were summarized and 
discussed. Further comprehensive study of this group of 

materials prepared by different synthetic routes is necessary to 
shed light on the observed sluggish electrochemical performance. 
The implementation of mild chemistry approaches as a tunable 
synthesis tool can provide enormous opportunities for the 
stabilization of various functional compounds.55,56
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