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Abstract: In this work, we report a sol-gel synthesis-based Zn-doped Na0.6Fe0.5Mn0.5O2 (NFM) cath-
ode and understand the effect of Zn doping on the crystal structure and electrochemical performances
such as discharge capacity and rate capability. Detailed X-Ray diffraction (XRD) pattern analysis
indicated a decrease in the Na-layer thickness with Zn doping. Small amount of Zn2+ dopant (i.e.,
2 at.%) slightly improved cycling stability, reversibility, and rate performances at higher discharge
current rates. For example, at 1 C-rate (1 C = 260 mAh/g), the Zn2+-doped cathode retained a stable
reversible capacity of 72 mAh/g, which was ~16% greater than that of NFM (62 mAh/g) and showed
a minor improvement in the capacity retention of 60% compared to 55% for the pristine NFM after
65 cycles. Slight improvement in the electrochemical performance for the Zn-doped cathode can be
attributed to a better structural stability, which prevented the initial phase transition and showed the
presence of electrochemical active Fe3+/4+ even after 10 cycles compared to NFM.

Keywords: P2-type cathode; cobalt-free; Zn doping; sol-gel process; structural analysis; sodium-
ion battery

1. Introduction

Sodium-ion battery technology is considered as one of the potential alternatives to
existing lithium-ion batteries. Sodium metal is abundant, and has lower desolvation and
activation energies than lithium. Among sodium host intercalation materials, layered
sodium transition metal oxide materials are considered as excellent choices for sodium-ion
batteries [1]. Sodium layered oxides (NaxTMO2) are composed of duplicate sheets of TMO2
(TM:Fe, Mn, Co [2–4]) where Na ions are intercalated between the oxide layers. O3 phase
occurs when 0.7 ≤ x ≤ 1 [5–7], P2 when x ≈ 0.7 [1,6,8–11] and P3 when x ≈ 0.5 [12], where
x indicates the amount of sodium present in the cathode. P2-type cathodes show better
reversible capacity due to lower phase transition and less misalignment of Na-ions than
O3 types [6,13,14]. P2-type phase mainly occurs when x ~ 0.7, stacking of the oxide layers
are in ABBA fashion and Na ions are shared either entirely as edge-shared or face-shared
as shown in (Figure 1).

P2-type cathodes such as Na0.66Fe0.5Mn0.5O2 [6,9,10], Na0.67Fe0.33Mn0.67O2 [15],
Na0.67Mn0.8Fe0.1Ti0.1O2 [11], Na0.67Co0.67Mn0.33O2 [16], Na0.67Ni0.33Ti0.67O2 [17] have been
extensively studied. Among all, NaxFe0.5Mn0.5O2 (NFMO) is an intriguing cathode mate-
rial and shown promising high specific capacity of 190mAh/g, on a par with mainstream
Li-ion battery cathodes (LiNi0.8Mn0.1Co0.1O2 [18]). Though NFMO cathode is highly at-
tractive, because of redox active Mn3+ and Fe3+ ions, the cathode material undergoes
degradation f due to the irreversible phase transformations at higher voltages [6]. Yabuuchi
et al. [6], reported a phase transition from P2 to OP4 when charged to 4.2 V because of the
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Jahn Teller distortion cause from Fe4+ ion. Talaie et al. [19] argued that the electrochemical
degradation of NFMO owed to the migration of transition metal ions into the Na layer.
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Figure 1. Crystal structure of P2-type Na0.67Fe0.5Mn0.5O2 cathode with a typical hexagonal layered
lattice of space group P63/mmc symmetry, having Na occupancy with Nae (edge share) and Naf (face
share) amalgamated with yellow and navy-blue colors, respectively. Oxygen atoms are represented
in red, Mn atom in orange and Fe atom in black.

Electrochemical performances of NFMO can be improved by stabilizing the phase tran-
sitions, promoting higher Na-ion diffusion by increasing the d-spacing between interlayers
and better electronic conductivity. Doping the cathodes material is an effective technique
to enhance the cycling stability of P2-type sodium ion batteries [8,19–22]. Al-doped NFMO
increases the d-spacing which enhances the Na+ diffusion, mitigates the irreversible phase
transition and improve structural stability and rate performances [20]. Ti doping at Fe or
Mn sites in NFMO improved the rate performances and cycling stability by increasing the
Na-layer in the crystal structure [8,23].

Zn2+ dopant is known to improve the O3-NaNi0.2Fe0.35Mn0.45O2, Na3Ni2BiO6,
Na3Ni2SbO6 by suppressing the phase transition, stabilize the crystal structure and alleviate
the voltage fading [24–26]. Wang et al. [27] showed Zn2+ was doped nonuniformly in P2-
Na0.67Ni0.33Mn0.67O2 by minimizing the Ni content and that it improved cycling stability
by mitigating the particle cracking, but showed low initial specific capacity of ~120 mAh/g
at 0.1 C cycled at 4.5 V. Xu et al. [28] reported P2-type Na0.67Mn0.6Fe0.4-x-yZnxNiyO2 cath-
ode synthesized via acetate decomposition where Zn2+ and Ni2+ was doped at Fe3+ site. It
shows better capacity retention and higher average discharge voltage by effectively allevi-
ate the Jahn–Teller (JT) distortion from Mn3+ but did not clearly explained the phenomenon
of minimizing the JT distortion. Wu et al. [29] has shown a detailed understanding of
Zn2+-doped P2-Na0.66Ni0.33Mn0.67O2 at Ni sites. Zn2+ helps to reduce the distortion degree
of Ni-O octahedron in the Na-Ni-Mn-O structure and it also improves the reversibility of
P2-O2 phase transition.

In this work, we report a wet-solution-based Zn2+ doping on Na0.60Fe0.5Mn0.5O2
(NFM) cathode material has varied contents of Zn2+ ion from 1–10 at.%. We investigated
detailed material crystallographic structures, understanding the effect of Zn2+ in NFM
cathode on its electrochemical performances. Rietveld refinement technique was performed
on the X-Ray Diffraction (XRD) patterns to calculate the thicknesses of transition metal
and Na-layers for undoped and Zn-doped NFM samples. We aimed to solve the fading
discharge capacity of NFM by improving the structural stability and prevent the phase
transition. We have attempted to reduce the Na content to 0.60 and expect an increase in the
c- lattice parameter from the strong repulsion of O2

--- between the adjacent transition metal
oxide layers in the structure and by incorporating higher ionic radius Zn2+ (0.74 Å) ion in
the crystal structure. Overall, the findings reported here highlight slight improvements in
the cycling stability, reversibility, and rate performance.
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2. Materials and Methods
2.1. Material Synthesis

P2 type—Na0.60Fe0.5Mn0.5−xZnxO2 (x = 0, 0.01, 0.02, 0.05, 0.10) was synthesized
via sol gel technique. The appropriate amount of precursor CH3COONa (10% excess,
Sigma Aldrich, St. Louis, MO, USA), Fe(NO3)3.9H2O (Alfa Aesar, Haverhill, MA, USA),
(CH3COO)2Mn.4H2O (Sigma Aldrich) and (CH3COO)2Zn.2H2O (Alfa Aesar) (0.60:0.5:0.5:0
molar ratio for x = 0, 0.60:0.5:0.0.49:0.01 molar ratio for x = 0.01, 0.60:0.5:0.48:0.02 molar
ratio for x = 0.02, 0.60:0.5:0.45:0.05 molar ratio for x = 0.05, 0.60:0.5:0.40:0.10 molar ratio for
x = 0.10) and citric acid (Alfa Aesar) were dissolved in deionized water. The mixed solution
was heated at 80 ◦C and stirred until distilled water evaporated. The dried powder was
ground and underwent first-phase heating at 400 ◦C (heating rate, 5 ◦C/min) for 4 h to
decompose all acetate and nitrate, followed by second-phase heating at 875 ◦C (heating
rate—5 ◦C/min) for 15 h in air to procure the final P2-type structure cathode material. The
final calcined powder sample was stored in an Argon-filled glove box (H2O, O2 ≤ 0.1 ppm)
to avoid the exposure to air. The notation for the Na0.60Fe0.5Mn0.5−xZnxO2 (x = 0, 0.01, 0.02,
0.05, 0.10) assigned as Zn-0 or NFM, Zn-1, Zn-2, Zn-5, and Zn-10 respectively

2.2. Material Characterization

X-ray diffraction (XRD) was performed using Rigaku Ultima IV diffractometer with
a D/tex ultra-high-speed detector over the 2θ range from 10◦ to 80◦ at a scan speed of
2◦/min with Cu Kα radiation (power setting 40 kV, 44 mA). Rietveld refinements on
the XRD pattern were performed using Rigaku software. The initial structural model of
Na0.67Fe0.5Mn0.5O2 was adopted from the Inorganic Structural Database [30]. For Rietveld
refinement, parameters such as oxygen positional parameter, lattice constant and sodium
occupancy were refined. The total amount of sodium content was constrained to the nomi-
nal chemical composition i.e., 0.60, occupancy of Fe, Mn, Zn and the atomic coordinates
were constrained accordingly to the sample composition. The morphology of the powder
was observed using a Quanta 200 Environmental scanning electron microscope (SEM).

2.3. Electrochemical Characterization

The electrochemical characterization was analyzed by fabricating the cathode in the
coin cell CR2032 (20.0 mm(diameter) × 3.2 mm(height), United Minerals and Chemical
Corporation) using Na metal as the counter electrode, two glass microfibers (Whatman
DBS 30) as the separator and a slurry cast cathode as the working electrode. Cathodes
were prepared by casting the active material slurry on a carbon-coated aluminum current
collector. Slurries were prepared by mixing the active material, a conducting agent (Super P,
TIMCAL) and binder (Kynar PVDF) with the mass ratio 80:10:10 respectively and N-Methyl-
2-Pyrrolidone (NMP) was used as a solvent. The cathode was dried under vacuum at 90 ◦C
overnight. The active material weight on the circular disc electrode was approximately
~2–3 mg·cm−2. The electrolyte was 1.0 M solution of NaClO4 and 2% fluoroethylene
carbonate (FEC) was used as an additive in propylene carbonate. All the coin cells were
assembled in an Argon filled glovebox (H2O, O2 ≤ 0.1 ppm). Galvanostatic cycling on the
assembled coin cell was evaluated using MACCOR Series 4000 battery tester at various
current rate from 0.05 C to 4 C (1 C = 260 mAh/g) cycled between 1.5–4.2 V and 1.5–4.0 V
vs. Na+/Na. Cyclic voltammetry (CV) measurements were performed using Biologic
SP-200 at a scan rate of 0.1 mV/s cycled between 1.5–4.2 V vs. Na+/Na.

3. Results and Discussion
3.1. Structural and Morphological Studies of Undoped and Zn-Doped Na0.60Fe0.5Mn0.5−xZnxO2
(NFM) Cathodes

Crystallographic evaluations of P2-type Na0.60Fe0.5Mn0.5−xZnxO2 (x = 0, 0.01, 0.02,
0.05, 0.10) cathode powder was performed using the X-ray Diffraction patterns shown in
Figure 2. All the powder samples represented P2-type structure with a typical hexagonal
layered lattice having a space group P63/mmc symmetry, which is isostructural to P2-type
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NaCoO2 [31]. Samples with Zn-2, Zn-5 and Zn-10 detect impurity formations of ZnFe2O4
(DB card number 00-002-1030) as shown in Figure 2b. No impurities were observed for
Zn-0 and Zn-1.
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Morphological assessment for undoped/doped NFM cathodes were performed using
SEM images. All the synthesized samples showed distinct shape particles having an
average particle size in range of ~0.5–2.5 µm, except for Zn-10 sample as shown in Figure 3.
(The particle sizes were calculated with the help of Image J Software on SEM image). With
incorporation of Zn2+ dopant up to 2 at.%, no major morphological changes were observed
compared to the undoped NFM. For the Zn-5 sample, smaller lumped sized particles
were observed, and Zn-10 showed a larger amount of minute chunks of particles covering
the bigger particles, which are marked with circle/ellipse in Figure 3d,e. These lumped
particles might be corresponding to ZnFe2O4 impurities on the hexagonal NFM particles.
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Figure 3. (a–e) Scanning electron micrograph images of Na0.60Fe0.5Mn0.5−xZnxO2 (x = 0, 0.01, 0.02,
0.05, 0.10). Circle/ellipse mark on SEM image (d) Zn-5 and (e) Zn-10 shows the secondary particle.

Rietveld refinements were performed on XRD patterns for samples Zn-0, Zn-1 and
Zn-2 cathode powder respectively using Rigaku software as shown in Figure 4a–c. This
helps to determine atomic coordinates, refined lattice parameters and metal occupancy
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(Tables S1–S3) in cathode composite. The above parameters will be required to calculate the
thickness of the Na-layer and transition metal layer for the cathode sample by substituting
the oxygen coordinate value in Equations (1) and (2) mentioned below. The parameters
taken into consideration during refinement mentioned earlier in Section 2.2. Refined lattice
parameters and calculated Na-layer/transition metal layer thicknesses are given in Table 1.
The expected oxidation states present in P2-type Na0.67Fe0.5Mn0.5O2 for Fe is +3 (Fe3+ ionic
radius ~0.64 Å) and for Mn is Mn3+(0.64 Å) and Mn4+(0.53 Å) ions [6,8,20]. It is expected
that by doping the Zn2+ (0.74 Å, [32]) in NFM cathode, ‘c’ lattice parameter will increase
(Figure 4d).
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Table 1. Crystallographic refined lattice parameters and calculated TMO2 /Na-layer thickness value for Zn-0, Zn-1 and
Zn-2 cathodes.

Sample a (Å) c (Å) Rwp (%) Rp (%) d(002) (Å) Oxygen Coordinate (zox) TMO2 (Å) Na-Layer (Å)

Zn-0 2.93 11.27 6.06 4.08 5.63 0.0934 2.11 3.52

Zn-1 2.92 11.28 5.73 3.95 5.64 0.0975 2.20 3.44

Zn-2 2.92 11.28 5.81 3.82 5.64 0.0993 2.24 3.39

The transition metal and Na layer thicknesses can be calculated from Equations (1)
and (2) as mentioned below. Similar studies were performed by Li et al. [33].

d(002) = d(slab) + d(interslab) (1)

d(slab) = 2 d(002) − (1 − 2zox) × c (2)

Here d(002) denotes the d-spacing determined from (002) peak, d(slab) denotes the
transition metal layer (TMO2) thickness and d(interslab) denotes the Na-layer thickness, zox
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is the coordinate of oxygen in the crystal structure obtained after Rietveld refinement (See
Tables S1–S3) and c is the refined lattice parameter of the cathode sample. The results
are summarized in Figure 5 (shows the schematic of crystal structure plotted in Vesta
software [34]) and Table 1. Calculated Na-layer thickness for Zn-1 was 3.44 Å and for
Zn-2 was 3.39 Å which decreased by ~2.5–4% compared to Zn-0. Decrease in the Na-layer
thickness for Zn-2 results from the increase in its transition metal thickness layer. The
increased thickness of TMO2 slab may be attributed to the low bond dissociation energy
of Zn-O (∆Hf298K = 284.1 kJ/mol) compared to Fe-O (∆Hf298K = 409 kJ/mol) and Mn-O
(∆Hf298K = 402 kJ/mol) [35]. Based on this work, we-doped Ti4+ in our future work, where
Ti-O has higher bond dissociation energies (∆Hf298K = 662 kJ/mol) [23].
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3.2. Electrochemical Studies for Doped and Undoped NFM

Evaluation of electrochemical performances for Zn-0, Zn-1 and Zn-2 cathode were
investigated by understanding the cycling stability, rate performances and voltage pro-
file curves for cathode sample obtained from the assembled coin cell CR2032 (detailed
fabrication of the coin cell is mentioned in Section 2.3). Figure 6a shows the galvanos-
tatic cycling performance of pristine NFM and Zn-doped NFM cathode cycled between
1.5–4.2 V vs. Na/Na+ at 0.05 C (1 C = 260 mAh/g). Zn-0, Zn-1, and Zn-2 indicate an
initial discharge capacity of ~193, ~188, and ~175 mAh/g which was reduced to ~107,
~99 and ~104 mAh/g after 65 cycles shows a capacity retention of ~55%, ~52% and ~60%
respectively. The difference in initial discharge capacities among the undoped/doped
NFM was because Zn2+ was doped at Mn3+ sites and it is an electrochemically inactive
within the corresponding voltage window (detailed explanation for low initial specific
capacity for Zn-2 cathode is mentioned below). Figure 6b shows the normalized capacity vs.
cycle number to distinguish the capacity degradation of different cathode composite with
every cycle and Zn-2 cathode sample represents better cycling stability. Figure 6c shows
rate performances of NFM and Zn-doped NFM cycled between 1.5–4.2 V vs. Na/Na+ at
different C rates. At 1 C-rate, Zn-2 cathode shows a stable reversible capacity of 72 mAh/g
which was ~16% higher than that of Zn-0 (62 mAh/g). Zn-0 shows an initial discharge
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capacity of ~190 mAh/g at 0.05 C and cycled back to 0.05 C after 4 C, and has a discharge
capacity of ~143 mAh/g, which indicates a loss of ~26% capacity, whereas Zn-2 showed
a capacity loss of ~17%. This slightly improved electrochemical performance for Zn-2
sample might be because no initial phase transition occurs at higher voltage which helps to
stabilize the crystal structure initially (explained later).

Electrochem 2021, 2, FOR PEER REVIEW 12 
 

than that of Zn-0 (62 mAh/g). Zn-0 shows an initial discharge capacity of ~190 mAh/g at 
0.05 C and cycled back to 0.05 C after 4 C, and has a discharge capacity of ~143 mAh/g, 
which indicates a loss of ~26% capacity, whereas Zn-2 showed a capacity loss of ~17%. 
This slightly improved electrochemical performance for Zn-2 sample might be because no 
initial phase transition occurs at higher voltage which helps to stabilize the crystal struc-
ture initially (explained later). 

 
Figure 6. Electrochemical performances of Zn-0, Zn-1 and Zn-2 cathode cycled between 1.5–4.2 V vs. Na/Na+. (a) Cycling 
stability at 0.05 C (1 C = 260 mA g−1). (b) Normalized capacity vs. cycle number. (c) Rate performances at different C-rate. 

Figure 7 shows the plot for Na content as a function of voltage for Zn-0 and Zn-2 
cathode cycled between 1.5–4.2 V vs. Na/Na+ at 0.05 C. For Zn-0, during the first charge 
cycle, the final Na content was ~0.22. We assume the theoretical Na content was 0.60 in 
the beginning of the charge cycle and it was increased to ~0.95 at the end of first discharge 
cycle. For Zn-2, the Na content after the first charge was around ~0.23 (Na+ extraction) and 
increased to ~0.89 at the end of first discharge cycle (Na+ insertion). Note that the amount 
of Na+ ion transport is less for Zn-2 (~0.66) compared to Zn-0 (~0.73) during the first 
charge-discharge cycle and thus the low specific capacity is observed for the Zn-2 cathode. 
During the second charge-discharge cycle, Zn-2 (~0.65) shows mostly similar amounts of 
Na+ transfer compared to Zn-0 (~0.71) and, consequently, during fifth cycle, Zn-0, and Zn-
2 show ~0.65 and ~0.61 respectively. Zn-0 shows decreases in the transport of Na+ content 
with the extended cycling compared to Zn-2 and thus a decrease in the specific capacity 
can be observed. For the Zn-2 cathode, the Na+ content for the fifth charged cycle was 
approximately similar amount to the second charged cycle and exhibited higher reversi-
bility when compared to the undoped NFM cathode. The loss of Na+ in the de/sodiated 
Zn-0 cathode might be due to several factors such as, structural instability, Fe/Mn migra-
tion to Na layer which blocks the diffusion of Na+ ion and irreversibility of initial phase 
transition. 

Figure 6. Electrochemical performances of Zn-0, Zn-1 and Zn-2 cathode cycled between 1.5–4.2 V vs. Na/Na+. (a) Cycling
stability at 0.05 C (1 C = 260 mA g−1). (b) Normalized capacity vs. cycle number. (c) Rate performances at different C-rate.

Figure 7 shows the plot for Na content as a function of voltage for Zn-0 and Zn-2
cathode cycled between 1.5–4.2 V vs. Na/Na+ at 0.05 C. For Zn-0, during the first charge
cycle, the final Na content was ~0.22. We assume the theoretical Na content was 0.60 in
the beginning of the charge cycle and it was increased to ~0.95 at the end of first discharge
cycle. For Zn-2, the Na content after the first charge was around ~0.23 (Na+ extraction)
and increased to ~0.89 at the end of first discharge cycle (Na+ insertion). Note that the
amount of Na+ ion transport is less for Zn-2 (~0.66) compared to Zn-0 (~0.73) during the
first charge-discharge cycle and thus the low specific capacity is observed for the Zn-2
cathode. During the second charge-discharge cycle, Zn-2 (~0.65) shows mostly similar
amounts of Na+ transfer compared to Zn-0 (~0.71) and, consequently, during fifth cycle,
Zn-0, and Zn-2 show ~0.65 and ~0.61 respectively. Zn-0 shows decreases in the transport
of Na+ content with the extended cycling compared to Zn-2 and thus a decrease in the
specific capacity can be observed. For the Zn-2 cathode, the Na+ content for the fifth
charged cycle was approximately similar amount to the second charged cycle and exhibited
higher reversibility when compared to the undoped NFM cathode. The loss of Na+ in the
de/sodiated Zn-0 cathode might be due to several factors such as, structural instability,
Fe/Mn migration to Na layer which blocks the diffusion of Na+ ion and irreversibility of
initial phase transition.
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marked (•).

The galvanostatic charge-discharge curve for Zn-0, Zn-1 and Zn-2 cathodes cycled be-
tween 1.5–4.2 V vs. Na/Na+ at 0.05 C shown in Figure 8. During the first charge (Figure 8a),
the plateaus around ~3.5 V corresponds to Mn3+/4+, followed by the second plateau at
~4.0 V which is related to oxidation of Fe3+/4+. During discharge, the plateaus around
~3.25 V and ~2.0 V corresponds to the reduction of Fe4+ and Mn4+ respectively. Similar
charge discharge profiles are observed in other reports [6,8,19,20,36]. During the first
charge, it has been known from the literature [6,14,20] that, above 4.0 V, Na0.66Fe0.5Mn0.5O2
cathode shows phase transition from P2 to OP4 with P6m2 space group due to stacking
faults, where octahedral and prismatic sites are arranged alternatively. We were unable to
perform the ex situ XRD due to unavailability of infrastructure. However, we cycled the
cathode between 1.5–4.0 V to understand the differences when it is charged above 4.0 V
(see Figure 8b). For the Zn-0 cathode, during charging, when cycled above 4.0 V, the charge
profile curve obtained indicates the phase transition from P2 to OP4, whereas the charge
profile curve for Zn-2 is smoother or more sloped than Zn-0 (see the inset plot in Figure 8a).
A similar observation was noticed by Park et al. [8]. To further support the statement, we
plotted dq/dV as shown in Figure 8c. We observed comparatively suppressed peak for the
Zn-2 cathode sample above 4.0 V, indicating minor phase transition to OP4. This finding
can be attributed to the improved structural stability by suppressing the phase transition
from P2 to OP4.
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Figure 8. Charge–discharge profile curves for Zn-0, Zn-1 and Zn-2 cathodes cycled between 1.5–4.2 V
vs. Na/Na+ at 0.05 C. (a) First cycle, the inset image shows a smooth curve for Zn-2 electrode
compared to Zn-0 and Zn-1. (b) First cycle in the voltage range of 1.5–4.0 V vs. Na/Na+. (c) dq/dv
plot in the voltage range of 1.5–4.2 V for first cycle. (d) 10th cycle in the voltage range of 1.5–4.2 V vs.
Na/Na+.
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Figure 8d represents the voltage profile curves for the 10th cycle at 0.05 C for Zn-0,
Zn-1 and Zn-2 cathode. The iron redox plateau almost vanished for Zn-0 and Zn-1 elec-
trodes, whereas, we can clearly observe the plateau of Fe4+/3+ for the Zn-2 electrode. We
speculate that there might be migration of Fe3+ ions to Na layer and no further redox
activity was observed for Fe ions for Zn-0 and Zn-1 cathodes which impedes the Na+ ion
transport during insertion process [37]. Thus, Zn-2 cathode shows a better electrochemical
performance from redox active Fe ions for longer cycles.

The cyclic voltammetry (CV) curves obtained from the assembled Zn-0, Zn-1 and
Zn-2 cathode in the coin cell CR2032 vs. lithium metal (detailed fabrication of the coin cell
is mentioned in Section 2.3). The coin cell was cycled between 1.5 to 4.2 V vs. Na/Na+

at a scan rate of 0.1 mV/s, shown in Figure 9. (Current was normalized based on the
active material for the corresponding sample). It has been reported that Mn and Fe both
undergo redox reactions over a wide voltage window [9,38]. Zn-0, Zn-1 and Zn-2 peaks
correspond to Mn3+/4+ at 2.51/1.89 V, 2.59/1.92V, and 2.54/1.84V respectively and Fe3+/4+

at 4.19/3.26 V, 4.15/3.26 V and 4.17/3.27 V respectively for the first cycle. These results
are complementary to the charge–discharge curves shown in Figure 8. An additional peak
(marked with a black arrow in Figure 9c) is observed for Zn-2 sample at around 3.5 V which
may be caused by Mn3+ induced Jahn–Teller distortion and a similar observation was made
by Wang et al. [20]. It can be clearly observed that for the 10th cycle, Zn-2 sample showed
a peak at around 3.2 V corresponding to Fe3+/4+, but Zn-0 and Zn-1 cathode samples
showed very low or no redox. These findings complement the inferences put forth from
our electrochemical cycling assessments shown in Figure 8d.

Electrochem 2021, 2, FOR PEER REVIEW 12 
 

compared to Zn-0 and Zn-1. (b) First cycle in the voltage range of 1.5–4.0 V vs. Na/Na+. (c) dq/dv 
plot in the voltage range of 1.5–4.2 V for first cycle. (d) 10th cycle in the voltage range of 1.5–4.2 V 
vs. Na/Na+. 

Figure 8d represents the voltage profile curves for the 10th cycle at 0.05 C for Zn-0, 
Zn-1 and Zn-2 cathode. The iron redox plateau almost vanished for Zn-0 and Zn-1 elec-
trodes, whereas, we can clearly observe the plateau of Fe4+/3+ for the Zn-2 electrode. We 
speculate that there might be migration of Fe3+ ions to Na layer and no further redox ac-
tivity was observed for Fe ions for Zn-0 and Zn-1 cathodes which impedes the Na+ ion 
transport during insertion process [37]. Thus, Zn-2 cathode shows a better electrochemical 
performance from redox active Fe ions for longer cycles. 

The cyclic voltammetry (CV) curves obtained from the assembled Zn-0, Zn-1 and Zn-
2 cathode in the coin cell CR2032 vs lithium metal (detailed fabrication of the coin cell is 
mentioned in Section 2.3). The coin cell was cycled between 1.5 to 4.2 V vs Na/Na+ at a 
scan rate of 0.1 mV/s, shown in Figure 9. (Current was normalized based on the active 
material for the corresponding sample). It has been reported that Mn and Fe both undergo 
redox reactions over a wide voltage window [9,38]. Zn-0, Zn-1 and Zn-2 peaks correspond 
to Mn3+/4+ at 2.51/1.89 V, 2.59/1.92V, and 2.54/1.84V respectively and Fe3+/4+ at 4.19/3.26 V, 
4.15/3.26 V and 4.17/3.27 V respectively for the first cycle. These results are complemen-
tary to the charge–discharge curves shown in Figure 8. An additional peak (marked with 
a black arrow in Figure 9c) is observed for Zn-2 sample at around 3.5V which may be 
caused by Mn3+ induced Jahn–Teller distortion and a similar observation was made by 
Wang et al. [20]. It can be clearly observed that for the 10th cycle, Zn-2 sample showed a 
peak at around 3.2 V corresponding to Fe3+/4+, but Zn-0 and Zn-1 cathode samples showed 
very low or no redox. These findings complement the inferences put forth from our elec-
trochemical cycling assessments shown in Figure 8d. 

 
Figure 9. Cyclic voltammetry results of (a) Zn-0 (b) Zn-1 and (c) Zn-2 cathodes in the voltage range of 1.5–4.2 V vs. Na/Na+ 
at a scan rate of 0.1 mV/s. 

  

Figure 9. Cyclic voltammetry results of (a) Zn-0 (b) Zn-1 and (c) Zn-2 cathodes in the voltage range of 1.5–4.2 V vs. Na/Na+

at a scan rate of 0.1 mV/s.

4. Conclusions

In conclusion, Na0.60Fe0.5Mn0.5O2 cathode material was doped with Zn2+ using a
sol gel synthesis process followed by detailed structural analysis and electrochemical
performance evaluations. Higher quantity of Zn dopant (Zn ≥ 2 at.%) resulted in the
formation of impurities. Rietveld refinements for Zn-0, Zn-1 and Zn-2 cathodes helped
us to understand that Zn-doped NFM cathodes decreased the Na-layer thickness due to
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lower bonding energy of Zn-O (∆Hf298K = 284 kJ/mol) in the transition metal layer. For
example, calculated Na-layer thickness for Zn-1 was 3.43 Å and Zn-2 was 3.39 Å, showing a
decrease by ~2.5–4% compared to the pristine Zn-0. Consequently, the Zn-2 showed minor
improvement in the capacity retention of 60% compared to 55% for NFM after 65 cycle,
better reversibility and rate performances at higher C-rate. At 1C-rate the Zn-2-doped
cathode retained a stable reversible capacity of 72 mAh/g which was ~16% greater than
that of NFM (62 mAh/g).This finding can be attributed to an improved structural stability
with Zn doping which prevented the phase transition from P2 to OP4 in the first cycle and
showed the presence of redox active Fe ions for longer cycles. We believe that this result
can further be improved by optimization of cathode materials and particle morphologies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/electrochem2020023/s1. Table S1. Refined crystal sites and atom occupancies of Na0.6Fe0.5Mn0.5O2
(Zn-0) as determined by the Rietveld refinement. Table S2. Refined crystal sites and atom occupancies
of Na0.6Fe0.5Mn0.49 Zn0.01O2 (Zn-1) as determined by the Rietveld refinement. Table S3. Refined
crystal sites and atom occupancies of Na0.6Fe0.5Mn0.42 Zn0.02O2 (Zn-2) as determined by the Rietveld
refinement.
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