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A B S T R A C T

Six NASICON type samples with Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) stoichiometry are examined as positive elec-
trodes for sodium-ion batteries. The structural, morphological, and chemical state of elements in raw samples is
unveiled by XRD diffraction, electron microscopy, and Raman and XPS spectroscopies. The effect of the dual
Fe/Mn substitution is examined by electrochemical tests using both voltammetric and galvanostatic methods.
The results reveal the beneficial effect of the iron substitution, justified by an improvement of the kinetic
response, and supported by the calculation of the apparent diffusion coefficients and internal cell resistance.
1. Introduction

Electrochemical sodium-ion storage is attracting more attention as
a serious competitor of lithium-ion batteries. In the beginning, numer-
ous objections were raised about the intrinsic larger ion size and lower
output voltage of sodium than lithium. However, crucial benefits as
the high crust and ocean abundance, the homogeneous distribution
of resources, and environmental benignity of sodium have been
pointed out as essential aspects to be considered in the case of limited
lithium resource supply [1–6]. Moreover, the less polarizing character
of sodium is expected to notably affect the phase behavior and diffu-
sion properties. The desolvation energy for these alkaline ions has
been reported to be is roughly 30% smaller than for lithium in several
organic solvents, diminishing accordingly the charge transfer resis-
tance and enhancing the electrode kinetics [7,8]. Therefore, sodium-
ion batteries are nowadays envisaged for their applicability as large-
scale stationary batteries supporting energy storage from renewable
resources [9,10].

Sodium-ion batteries are based on the same electrochemical princi-
ples as lithium analogs, allowing rapid technological growth. Most of
this advance can be attributed to the achievements of electrode mate-
rials capable to provide a fast and stable diffusion path to the large
sodium ions. Despite this fact, the formation of intermediate phases
during sodium insertion results in a more complex behavior needing
careful attention [7]. Concerning cathode materials, research on lay-
ered oxides, polyanionic compounds and Prussian analogues have evi-
denced the possibility of reaching competing high output voltage,
large capacity, and cycling stability [11–15].

Particularly, polyanionic compounds with Na3M2(PO4)3 (M = V,
Fe, Mn, etc.) stoichiometry, featuring a NASICON (NAtrium SuperIonic
CONductor) structure, offer a rigid and open framework able to resist
the reversible insertion of large Na+ ions for a large number of cycles.
This structure can be more easily depicted as a built-up of repeating
units consisting of two MO6 octahedron sharing corners with three
PO4 tetrahedrons with a nominal M2(PO4)3 stoichiometry. They are
mutually enchained to form infinite ribbons along the c axis, creating
distorted octahedral sites to host one sodium per formula unit. The
extraction of this sodium is feasible but unfortunately, provokes irre-
versible changes in the structure affecting negatively further cycling.
In addition, three large interconnected eight-fold sites (Na2) are
located between these ribbons, constituting an effectve diffusion path
for the remaining two Na+ [16–19].

Among the possible compositions, much attention has been paid to
vanadium-containing cathode materials because of their high output
voltages and maximal attaining capacities. The multivalent character
of this transition element (V2+ to V5+), along with the low cost and
relative abundancy make of V-based materials promising electrode
for sodium-ion batteries [20]. Unfortunately, a large-scale application
is restricted by certain vanadium toxicity. Thus, researchers are now
focusing on the partial replacement of V by other environment-friendly
transition metals [21–24]. Particularly, iron and manganese are abun-
dant rock-forming elements, widely distributed in the Earth’s crust,
composing a large variety of proved electrode materials for sodium-
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ion batteries [25–27]. Recently, Zhou et al. described the electrochem-
ical behavior of Na4MnV(PO4)3 and Na3FeV(PO4)3, demonstrating
their reliability as cathode materials for sodium-ion batteries [28].

In this work, we aim to evaluate the effect of the replacement of
vanadium by different Fe/Mn ratios in the Na4-xVFexMn1-x(PO4)3
(0 ≤ x ≤ 1) series as cathode materials for sodium-ion batteries. A
citric-based sol–gel route was used to prepare in-situ carbon-contain-
ing samples ensuring a proper electric conductivity. The structural
and morphological properties of the raw materials have been charac-
terized by X-ray diffraction, electron microscopy, Raman, and X-ray
photoelectron spectroscopy, while galvanostatic and voltammetric
techniques were helpful to examine their electrochemical behavior
at different kinetic conditions.
2. Materials and methods

2.1. Material synthesis

An easy, low-cost, and scalable sol–gel procedure was employed to
prepare samples of the Na4-xVFexMn1-x(PO4)3 nominal stoichiometry.
Six products with × values of 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 were
obtained. For this purpose, stoichiometric amounts of NH4VO3

(Sigma-Aldrich, ≥ 99%), Fe(NO3)3·9H2O (Sigma-Aldrich, 99%) Mn
(CH3COO)2·4H2O (Aldrich, ≥ 99%), NaCH3COO (Aldrich, ≥ 99%)
and NaH2PO4 (Aldrich, 98–102%) were used as follows. First, the tran-
sition metal salts and sodium acetate were sequentially dissolved in
50 mL of citric acid (Sigma-Aldrich, 99%) solution. The amount of
the latter acid was that ensuring 3 to 1 citric to metal ratio. Next,
sodium acetate was dissolved not only to provide the eventual sodium
stoichiometry but also in slight excess to counterbalance losses upon
calcination. Then, 50 mL of the NaH2PO4 solution were slowly poured
from a funnel and stirred for at least one hour to ensure metal chela-
tion. After removing the solvent in a rotor evaporator (200 mbar,
Fig. 1. a) X-ray diffraction patterns of Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) samples. E
(green). DIF patterns for the indexation in the R-3c space group are shown in bl
interpretation of the references to color in this figure legend, the reader is referre
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70 °C), the precursors were dried overnight at 120 °C, ball-milled
and annealed in argon atmosphere following two sequential thermal
plateaus at 350 °C for 4 h and 750 °C for 8 h (heating ramp of 5 °
C min−1). The calcined black coloured powdered product evidences
the presence of a carbon conductive phase arising from the thermal
decomposition of citrate in the anaerobic condition existing during
the annealing process.
2.2. Material characterization

The crystalline phosphate samples were analysed by X-ray powder
diffractometry (XRD) to evaluate the purity of phases with a BrukerD8
Discover A25 diffractometer, equipped with Cu Kα radiation, Ge
monochromator, and Lynxeye detector. The patterns of raw samples
were scanned between 2 and 90° (2θ) (step size: 0.04° and 672 s per
step). Ex-situ X-ray patterns of electrodes charged – discharged at
C/10 along the first cycle were scanned between 20 and 60° (2θ) (step
size of 0.04° and 3840 s per step). To preserve them from the air, they
were covered with Kapton tape. The unit cell parameters were calcu-
lated by using TOPAS v.4.2 software. The carbon content was deter-
mined by elemental CHNS analysis in a Eurovector EA 3000
equipment, while the level of graphitization was calculated by record-
ing the Raman spectra in a Renishaw Raman spectrometer furnished
with a green laser light excitation source (532 nm). The morphological
study of the powdered samples was performed by transmission elec-
tron microscopy (TEM) by using a JEOL 1400 microscope, and field
emission scanning electron microscopy (FESEM), recorded in A JSM-
7800F Prime microscope, furnished with an EDX analyzer. Elemental
analysis was also determined by X-ray fluorescence (XRF) in a sequen-
tial wavelength dispersive spectrometer (ZSX Primus IV de Rigaku).
The chemical state of the elements of pristine and tested electrodes
was elucidated by X-ray photoelectron spectroscopy (XPS) by using a
SPECS Phobios 150 MCD spectrometer furnished with an AlKα source.
xperimental patterns (black), calculated patterns (red), and differential curves
ue color. b) Cell parameters variation as a function of the iron content. (For
d to the web version of this article.)
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Appropriate measurement required, samples pelletization and out-
gassing to high vacuum overnight. Binding energies were calibrated
by assigning the position of the adventitious carbon C1s line to
284.6 eV.
2.3. Electrochemical characterization

Electrochemical tests were performed by assembling the raw mate-
rials as working electrodes in SwagelokTM type two-electrode cells. For
this purpose, the studied compound, carbon black and polyvinylidene
fluoride (PVDF) were blended in a mass ratio 7:2:1. This mixture was
dispersed in N-methyl-2-pyrrolidone (NMP) and stirred for at least one
hour to achieve a homogenous paste. The eventual electrode was pre-
pared by spreading this paste onto a 9 mm diameter aluminium disk
and dried at 120 °C in a vacuum overnight. The counter electrode
was a 9 mm diameter disk of metallic sodium. The electrolyte was a
1 M NaClO4:PC (propylene carbonate) solution including 2% of FEC
(fluoroethylene carbonate). This solution was soaked in fiberglass
(GF/A-Whatman) separator disks. These elements were stacked into
the SwagelokTM cell and hermetically sealed in an argon-containing
glovebox able to control O2 and H2O traces.

The electrochemical cells were subjected to voltammetric and gal-
vanostatic cycling by using Biologic multichannel systems. Cyclic
Fig. 2. a) Raman spectra of Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) samples scanned
with a green light laser (λ0 = 532 nm). Deconvoluted bands have been filled
with distinct colors to remark their contributions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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voltammetry (CV) was conducted in the potential window between
1.8 and 3.9 V vs Na+/Na at scanning rates between 0.1 and
1 mV s−1. Galvanostatic cycling was executed within the same poten-
tial window at C rates varying from C/10 to 5C. For the long cycling
experiments at 1C, three initial activation cycles were performed at
C/10. Post-mortem analysis was carried out on electrodes tested at
C/10. Electrochemical Impedance Spectroscopy (EIS) was performed
in an SP-150 Biologic instrument at the selected depth of charge and
discharge during the first cycle at C/10 and after nine additional cycles
at 1C. Before measuring, the cell was allowed to relax for 6 h to reach a
quasi-equilibrium state. These spectra were recorded by perturbing the
open circuit voltage with an AC signal of 5 mV from 100 kHz to 2 mHz.
3. Results and discussion

The XRD patterns in Fig. 1a revealed highly crystalline and mostly
pure samples. The narrow reflections were suitably indexed in the R-3c
space group of the trigonal system. Only minor impurities ascribable to
maricite NaFePO4 are observed for the sample with x = 1.0. Morte-
mard et al. reported this same impurity for the Na3+xV2−xFex(PO4)3
series in samples with x ≥ 0.5 [29]. The cell parameters were calcu-
lated and displayed in Fig. 1b. On increasing the × value, an anisotro-
pic cell contraction resulted from the progressive decrease of the
parameter a, while c increases. This is a commonly observed effect
in NASICON compounds in which the transition metal is partially
replaced [30,31]. The cell volume decrease agrees well with the con-
tinuous replacement of larger Mn2+ (0.97 Å) by Fe3+ (0.785 Å). Zhou
et al. reported a slight structural variation in Na3FeV(PO4)3 arising
from a cooperative distortion of the FeO6 octahedra leading to a mon-
oclinic crystal structure [28]. Despite this fact, we have indexed all
samples in the same R-3c space group for comparative purposes. In
addition, a peak widening is also observed when the manganese con-
tent is increased. This effect could be correlated to hindrances to crys-
tal growth and/or crystal strains when V3+ (0.78 Å) is replaced by
larger Mn2+ (0.97 Å) along with the necessity for incorporating addi-
tional Na+ cations to balance the diminution of charge. Otherwise, the
close similarity of V3+ crystal radius as compared to that of Fe3+

(0.785 Å) would involve minor structural variations.
The disordered character of the carbon conductive phase, obtained

after annealing at 750 °C, prevented the appearance of observable XRD
reflection in Fig. 1a. The broadened and low intense diffraction reflec-
tions are undoubtedly masked by the intense peaks of the highly crys-
talline NASICON phase. To gather some structural information on this
amorphous component, Raman spectra were recorded between 1000
and 2000 cm−1 to at least determine the graphitization index. The
spectra in Fig. 2 feature two broad and overlapped bands ascribable
to disordered domains (D1 band) at 1351 ± 3 cm−1 and in-plane dis-
placement of carbon atoms in the crystalline graphene sheets
1591 ± 3 cm−1 (G band) (Fig. 2 and Table S1) [32]. The graphitiza-
tion index is defined as the ratio between the integrated area of both
signals. A proper quantification of them requires a precise deconvolu-
tion of the overall profile in gaussian–lorentzian components. Sadezky
et al. reported that this mathematical treatment requires the introduc-
tion of additional small components at 1500 ± 2 cm−1 (D3),
1167 ± 2 cm−1 (D4), and 1687 ± 1 cm−1 (D2), belonging also to
amorphous carbon. [33]. The graphitization index took low values
between 0.46 and 0.49 (Table S1), which is indicative of their highly
amorphous characters. The carbon contents of the studied samples are
collected in Table S2. These values were used to correct the eventual
electrode capacity.

TEM micrographs showed sub-micrometric agglomerations of par-
ticles in which two different domains can be discerned (Fig. 3). On
the one hand, the NASICON phase features darker sharp-edged parti-
cles which are engulfed into lighter domains attributed to the carbon
conductive phase. The sol–gel route here employed ensures this homo-



Fig. 3. Transmission electron images of selected Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) samples.
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geneous distribution of both phases, which favorably contributes to
facilitating the electrical conductivity among the electrochemically
active particles of the electrode. In addition, the carbon coating may
preserve the source of NASICON particles from corrosive reactions
during the electrochemical reaction. The efficiency of the here
employed sol–gel route to yield samples in which the compositing ele-
ments are homogeneously dispersed was confirmed by EDX analysis
(Figure S1). Chemical composition was determined by this technique
and XRF. The stoichiometric values are written in Table S3 and evi-
dence a close similarity to the nominal ones.

Cyclic voltammograms of sodium half-cells revealed reversible pro-
files ascribable to faradic processes when cycled between 1.8 and 3.9 V
(Fig. 4a). Two anodic bands appear at ca. 2.5 V and ca. 3.5 V with their
corresponding cathodic counterparts. The contribution of the former
signal progressively increases when the iron content is also aug-
mented. For the samples with the highest iron content (x ≥ 0.8), the
cathodic band is split. This effect has been already reported by several
authors in related compounds. Balaya et al. reported that local heating
can be induced by high charge/discharge rates and subsequently struc-
tural rearrangements by the transfer of Na ions from the Na(1) to the
Na(2) sites [34]. Otherwise, Zheng et al reported the appearance of
this effect even at a rate as low as 0.2C. According to these authors,
this feature can be ascribed to difficulties when trying to insert two
Na+ ions [35]. Although this effect is more clearly visible for those
samples with the highest iron content, we cannot discard its presence
in the lower intense signals of samples with × < 0.8. Following the
same assumption, the bands at ca. 3.5 V appears strongly split for the
lowest iron contents × ≤ 0.2 and progressively merge when man-
ganese is replaced by iron.
4

On increasing the iron content, both bands are progressively shifted
to lower potentials. This linear tendency of the thermodynamic poten-
tials has been plotted in Fig. 4b as the cell voltages at which the cur-
rent peaks are positioned. It can be interpreted as evidence of a
homogeneous distribution of both iron and manganese in the NASI-
CON structures. The rigidity of the polyanionic structure involves that
the shortening of the metal–oxygen bond lengths, which largely con-
tribute to the cell contraction. Thus, the diminution of M−O bond
lengths, when Mn2+ is replaced by Fe3+, involves a decrease of the
ionic character of the transition metals. This situation can augment
the V 3d–O 2p antibonding state leading to the lower cell potential
[36]. A careful inspection of Fig. 4b allows determining a parallel ten-
dency in both anodic and cathodic peaks for the high voltage signal.
Contrarily, the cathodic band at ca. 2.5 V appears significantly polar-
ized when the iron content is augmented. It could be correlated to sig-
nal splitting and the hindrances to Na+ insertion. Fig. 5a shows the
first charge and discharge cycle recorded at C10. The flat plateaus at
ca. 3.5 V are commonly ascribed to the reversible redox reaction of
V4+/V3+ and Mn3+/Mn2+ redox couples [28], while that of ca.
2.5 V is typically assigned to Fe3+/Fe2+ one [37]. The length of the
first discharge plateaus linearly varied according to the nominal stoi-
chiometry of the studied samples (Fig. 5b), which confirms the validity
of the assignation of these plateaus.

To assure the validity of this assumption, XPS spectra of fully
charged and subsequently discharged electrodes were recorded for a
selected sample with intermediate composition (x = 0.6). (Fig. 6).
Spectra at the V2p core level showed the two broadened bands
ascribed to V2p3/2 (517.0 eV) and V2p1/2 (523.5 eV) transitions. These
values agree well with the occurrence of trivalent vanadium [38,39].



Fig. 4. a) Cyclic voltammograms for Na4-xVFexMn1-x(PO4)3 samples recorded at a scan rate of 0.1 mV s−1; b) Linear variations of cell potential at the current peaks
versus composition.
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The small band at ca. 520 eV is commonly attributed to an O1s satel-
lite. Similarly, Mn2p3/2 and Mn2p1/2 transitions are revealed by sig-
nals at 641.4 eV and 653.2 eV, which evidence the presence of
Mn2+ in the raw material [40]. Finally, Fe2p spectrum shows
Fe2p3/2 and Fe2p1/2 bands corresponding to iron in trivalent state at
712.1 eV and 725.4 eV, respectively [41]. The Mn2p and V2p spectra
recorded for the electrode charged at 3.9 V show a significant band
shifting to higher binding energies, which agrees with the expected
oxidation of these transition metals at the end of the plateau at
3.5 V. Otherwise, the Fe 2p bands remained unshifted after full dis-
charge. Further discharge up to the lower cut-off voltage revealed a
position retrieving for V2p and Mn2p spectra, while a new band at
lower binding energies (710.5 eV) would justify the occurrence of
reduced iron to the divalent state [41].

Structural changes induced by sodium extraction/insertion were
examined by recording ex-situ XRD patterns on the later sample
5

(x = 0.6) at several points of the first cycle (Fig. 7). Splitting of reflec-
tions indicating the occurrence of a two-phase system could be
observed in neither charge nor discharge. The reflections shifted
according to changes in the unit cell during Na+ extraction/insertion.
It was quantified by calculating the cell parameters, which are
included in Table 1. The values evidence a slight cell contraction dur-
ing the first charge. Parameter a monotonically decreased, while the
value of c initially decreased to eventually reach values close to that
of the raw material. This anisotropic variation was also reported for
Na3VCr(PO4)3 [42]. Further discharge involved a continuous increase
of both crystallographic parameters. It was more abrupt for the last
stage of discharge for which the reduction of Fe3+ is expected to occur.

The electrochemical performance of the studied samples was deter-
mined by subjecting sodium-half cells to cycling at increasing rates
from C/10 to 5C and then retrieving the initially low rate for a few
cycles (Fig. 8a). The discharge capacity for the first cycle ranged from



Fig. 5. a) First charge and discharge branches of sodium half-cells assembled with the studied samples. Rate: C/10; b) Linear relationships between the length of
the high and low voltage plateaus and iron content in Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1).
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121 mA h g−1 for the sample with x = 0, which was close to the the-
oretical value calculated for this stoichiometry (125 mA h g−1) to the
lowest value of 102 mA h g−1 for the sample with the highest content
of iron (x = 1.0). On increasing the rate, the effect of iron becomes
more evident, providing better capacity retention. Thus, the Mn-free
sample (x = 1.0) was able to sustain 85.5 mA h g−1, while it decreased
to 50.5 mA h g−1 for the sample with × = 0.4. At 5C, a clear corre-
lation between discharge capacity and iron content is observed that,
surprisingly, led to poor performance for samples with × ≤ 0.2.
Likely, it should be related to the tendency of Mn-containing samples
to suffer irreversible structural transformation occurring near to the
upper cut-off voltage. It has been reported that charging at the region
from 3.8 to 4.0 V leads to the extraction of Na+ mainly from the Na1
6

position as evidenced by the enlargement of Na1− O distance as com-
pared to Na2 − O one. It is reflected by an irreversible structural evo-
lution when cycling over 4.0 V during the first cycle. In our case, the
upper cut-off voltage was limited to 3.9 V to avoid this undesirable
effect, though the poor cyclability observed for samples
with × ≤ 0.2, could be correlated to this effect [43,44].

On decreasing the rate to 0.1C after 30 cycles, iron-containing sam-
ples, particularly for x = 0.6, displayed good capacity recovery.
Fig. 8b shows selected charge and discharge curves at the different
cycling rates. On increasing the iron content, the plateaus ascribable
to the faradic reactions become less steep, while the charge and dis-
charge hysteresis decrease. It allows the sample with x = 0.1 to
achieve high capacity values before reaching the cut-off voltages.



Fig. 6. X-ray photoelectron spectra at the Mn2p, Fe2p, and V2p core levels for raw Na3.4VFe0.6Mn0.4(PO4)3 sample and fully charged and discharged electrodes.

Fig. 7. Ex-situ X-ray diffraction patterns of Na3.4VFe0.6Mn0.4(PO4)3 recorded
at several points of the first cycle. Reflections ascribable to the Al support are
labeled with an asterisk.

Table 1
Calculated cell parameters in the R-3c space group calculated from XRD patterns
of Na3.4VFe0.6Mn0.4(PO4)3 electrodes at different points of the first cycle.

a / Å c / Å Volume /Å3

Raw 8.814(2) 21.654(5) 1456.5(7)
Charged at 3.5 V 8.795(4) 21.633(7) 1449(1)
Fully charged at 3.9 V 8.794(3) 21.662(5) 1451(1)
Discharged at 3.4 V 8.795(3) 21.653(6) 1450(1)
Discharged at 2.9 V 8.815(2) 21.787(5) 1466(1)
Discharged at 2.4 V 8.862(1) 21.818(8) 1484(1)
Fully discharged at 1.8 V 9.008(4) 21.821(9) 1533(2)

P. Lavela et al. Journal of Electroanalytical Chemistry 895 (2021) 115533

7

According to these results, samples with high iron contents were cho-
sen to perform extended cycling at 1C (Fig. 8c). These experiments
confirmed the beneficial effect of iron substitution on Na3V2(PO4)3,
so that the capacity retention for the sample with x = 1.0 was 98%
and 88% after 100 and 150 cycles, respectively. Otherwise, this value
decreased to 72% for x = 0.8 after 150 cycles. Likely, the better elec-
trochemical performance of samples containing high iron contents
could be explained by the slight decrease of the operational voltage
at the high voltage plateau. The occurrence of irreversible structural
transformations over to 4 V has been reported for Na4VMn(PO4)3
[45]. This fact has been demonstrated to be deleterious for the
reversibility of the electrochemical reaction. Thus, shifting down the
charge–discharge voltage of this plateau may positively contribute to
preserving the NASICON framework to sustain cycling at high rates
and for a large number of cycles.

To justify these results, the kinetic response of these electrode
materials was determined by different techniques. In this way, Ran-
dles-Sevcik set a linear correlation between the maximum at the peak
current of the faradic signals in cyclic voltammograms recorded at dif-
ferent scan rates and the square root of the scan rate, allowing to cal-
culate the apparent chemical diffusion coefficients (Dapp

Naþ ) (Figure S1)
[46]:

Ip ¼ 2:69� 10�5n3=2S Dapp
Naþ

� �1=2Cv1=2 ð1Þ
In this equation, C refers to sodium concentration, S to the elec-

trode geometric area, and n is the number of electrons transferred dur-
ing the electrochemical reaction. Fig. 9a shows the linear relationship
between Ip and ν1/2 so that the diffusion coefficients can be determined
from the slope. For this purpose, high (peaks 2 and 3) and low (peaks 1
and 4) voltage signals were selected as indicated in Figure S2. Fig. 9b
evidences a progressive increase of the coefficients with the iron con-



Fig. 8. a) Rate capability of sodium half-cells assembled with Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) samples and cycled at rates ranging from C/10 to 5C and then C/
10; b) selected charge and discharge curves recorded at rates from C/10 to 5C; c) Extended galvanostatic cycling of samples with × ≥ 0.6 at 1C (closed symbols:
discharge; open symbols: charge).
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tent, though lower coefficients were determined for the signals corre-
sponding to the Fe3+/Fe2+ redox couple. It means that even if the Na+

diffusion is slower during the participation of iron in the electrochem-
ical reaction, the incorporation of iron to the NASICON structure
involves an overall improvement of the kinetic response of the elec-
trode material.

The determination of the internal cell resistance at the elec-
trode–electrolyte interphase may also offer relevant information about
the electrochemical behavior of the electrode material at an elevated
kinetic regime. Fig. 10a-c shows the electrochemical impedance spec-
tra, plotted as Nyquist diagrams, recorded on the end member of the
series and a selected compound with intermediate composition
(x = 0.6). They were recorded at several points of the first cycle at
C/10 and after nine additional cycles at 1C. These profiles featured
two overlapped semicircles at high and medium frequencies, typically
ascribed to resistive and capacitive phenomena existing at the solid
electrolyte interface deposited onto the surface layer and during the
charge-transfer reaction occurring at the electrode surface. To eluci-
date the resistance values, the diagrams were fitted to the equivalent
circuit included in Fig. 10d. In this scheme, Rsl and Rct are respectively
the resistance values at the surface layer and charge transfer reaction.
The fitted spectra appear in the figure at lines overlapping the exper-
imental spectra (symbols) to evidence the goodness of fitting. These
resistance values are written in Table 2.
8

Along the first cycle, Rsl showed more constancy values than Rct.
More abrupt changes were observed for Rct values, which were signif-
icantly higher before extracting sodium, at full charge and full dis-
charge. It can be correlated to initial barriers to charge transfer
when sodium is completely extracted from Na2 sites or fully inserted
in available sites. In any case, resistance values were notoriously lower
for the sample with x = 1.0. After running nine additional cycles at
1C, iron-containing samples preserved resistance values close to that
of the first cycles, evidencing the stability of their NASICON structure
on cycling. Otherwise, a large increase of the Rct value was determined
for the iron-free samples, which agrees to its poor behavior at high
rates (Fig. 8a).

Impedance spectra can also be used for calculating apparent diffu-
sion coefficients of sodium ions (Dapp

Naþ ) and comparing results with
those obtained by cyclic voltammetry. The cell was allowed to relax
for a few hours before measuring the spectra. Thus, these coefficients
should reflect the diffusivity of sodium in a quasi-equilibrium state. To
achieve this goal, the real impedance (Z’) is plotted versus the recipro-
cal root square of the lower angular frequencies (ω-1/2) (Figure S3).
From the slope of the linear segment, the Warburg impedance coeffi-
cient (σw) can be deduced from equation (2)[47]:

Z0 ¼ Rsl þ Rct þ σw � ω�1=2 ð2Þ



Fig. 9. a) Plots of the peak current (Ip) versus the square root of the scan rate (ν1/2) and b) Plot of the apparent diffusion coefficients, calculated by Randles-Sevcik
equation for Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) samples.

P. Lavela et al. Journal of Electroanalytical Chemistry 895 (2021) 115533
Then, the apparent diffusion coefficient (Dapp
Naþ ) can be determined

from the next equation:

Dapp
Naþ ¼ 1

2
RT

SF2σwC

� �2

ð3Þ

being R the gas constant expressed in J K−1 mol−1, T is the abso-
lute temperature, S the geometrical area of the electrode in cm2, F
the Faraday’s constant, and C the molar concentration of Na+ ions
in mol cm−3. The results in Table 2 revealed an increase of the diffu-
sion coefficients, measured at the voltage plateaus, when the iron con-
tent is increased, which agrees with the results obtained from
9

voltammetry. Notwithstanding, the latter values we roughly one order
lower than the former ones, which can be attributed to the inherent
incertitude of the employed techniques.
4. Conclusion

Six samples with nominal Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) stoi-
chiometry have been studied as positive electrodes for sodium-ion bat-
teries. The citric-based sol–gel route yielded high purity phases in
which the constituting elements appeared homogeneously dispersed
on the particle surface, as determined by X-ray diffraction and electron



Fig. 10. Experimental and fitted Nyquist plots of Na4-xVFexMn1-x(PO4)3 (0 ≤ x ≤ 1) samples with x = a) x = 0.0, b) x = 0.6 and c) x = 1.0 at several points of the
first cycle; d) Equivalent circuit used for the fitting of the spectra.

Table 2
Surface layer (Rsl) and charge transfer resistance (Rct) values, Warburg coefficients (σW), and diffusion coefficients (Dapp

Naþ ) calculated from the impedance spectra
recorded for samples with x = 0.0, 0.6 and 1.0 after one cycle at C/10 followed by nine additional cycles at 1C.

Rsl / Ohm g Rct / Ohm g σW / Ohm s−1/2 Dapp
Naþ ./ cm2 s−1

x = 0.0 O.C.V. 0.77 10.82 189.34 3.46 10-15

x = 0.6 0.91 0.81 106.42 1.43 10-14

x = 1.0 0.33 0.79 34.70 1.68 10-13

x = 0.0 Charge at 3.5 V 1.02 0.74 32.25 2.12 10-13

x = 0.6 1.01 0.26 8.46 3.58 10-12

x = 1.0 0.23 0.14 1.70 1.00 10-10

x = 0.0 Full charge at 3.9 V 0.63 9.89 67.69 1.08 10-13

x = 0.6 0.86 9.39 92.86 5.42 10-14

x = 1.0 0.36 4.13 12.08 3.12 10-12

x = 0.0 Discharge at 3.4 V 0.77 0.51 35.68 1.73 10-13

x = 0.6 0.91 0.22 8.16 3.85 10-12

x = 1.0 0.41 0.04 1.61 1.12 10-10

x = 0.0 Discharge at 2.5 V 0.91 21.72 190.67 4.45 10-15

x = 0.6 1.07 0.34 34.48 1.36 10-13

x = 1.0 0.50 0.10 2.89 2.42 10-11

x = 0.0 Full discharge at 1.8 V 0.93 18.89 200.13 3.09 10-15

x = 0.6 1.15 0.35 74.46 2.11 10-14

x = 1.0 0.58 0.09 17.12 3.88 10-13

x = 0.0 After 10 cycles 0.83 71.84 108.59 1.05 10-14

x = 0.6 1.24 0.44 31.87 1.15 10-13

x = 1.0 0.74 0.09 6.98 2.33 10-12

P. Lavela et al. Journal of Electroanalytical Chemistry 895 (2021) 115533
microscopy. A carbon conductive phase was in-situ generated because
of the thermal decomposition of citric acid in the inert atmosphere.
Raman spectra evidenced their low levels of graphitization.

Cyclic voltammograms featured two main reversible faradic signals
at ca. 3.5 V and ca. 2.5 V respectively attributed to V4+/V3+ and
10
Mn3+/Mn2+, and Fe3+/Fe2+ redox couples. These bands progres-
sively shifted down to lower potentials when the iron content
increased, which has been explained in terms of a shortening of the
metal–oxygen bond when Mn2+ is replaced by the smaller Fe3+. More-
over, galvanostatic tests evidenced that the length of these plateaus
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matched well to the transition metal content existing in each sample.
Ex-situ XPS spectra recorded in a selected raw sample with x = 0.6
confirmed the expected oxidation state of the transition metals. Also,
it evidenced the oxidation of V and Mn after a full charge of the cell
and further reduction at the lower cut-off voltage, remarking the
occurrence of iron in the divalent state. Ex-situ-XRD patterns recorded
during the first cycle did not reveal the appearance of a two-phase sys-
tem. The change in cell parameters was more pronounced along the
2.5 V region in which Fe3+ is reduced.

The evaluation of the kinetic response of these electrode materials
evidenced the better electrochemical behavior of the Na3VFe(PO4)3
sample both at a high rate and long cycling. It was correlated to its
high apparent diffusion coefficients calculated by voltammetric and
impedance methods. Likely, the shifting down of the cell operational
voltage preserves the NASICON framework from irreversible structural
transformations and allows sustaining prolonged cycling at high rates.
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