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Influence of the manganese and cobalt content
on the electrochemical performance of
P2-Na0.67MnxCo1−xO2 cathodes for sodium-ion
batteries†

K. Hemalatha,‡a,b M. Jayakumar ‡a,c and A. S. Prakash *a,b

The resurgence of sodium-ion batteries in recent years is due to their potential ability to form intercala-

tion compounds possessing a high specific capacity and energy density comparable to existing lithium

systems. To comprehend the role of cobalt substitution in the structure and electrochemical performance

of Na0.67MnO2, the solid solutions of P2-Na0.67MnxCo1−xO2 (x = 0.25, 0.5, 0.75) are synthesized and

characterized. The XRD-Rietveld analysis revealed that the Co-substitution in Na0.67MnO2 decreases

lattice parameters ‘a’ and ‘c’ resulting in the contraction of MO6 octahedra and the enlargement of inter-

layer ‘d’ spacing. XPS indicates that the isovalent cobalt substitution in Na0.67MnO2 results in the partial/

complete replacement of Jahn–Teller active trivalent manganese to form low-spin complexes of better

structural stability. The Na-ion diffusion coefficient, DNa+, derived from cyclic voltammetry and impedance

spectroscopy, confirmed the enhanced mass transport in Co-rich phases compared to Mn-rich phases.

Furthermore, higher diffusion coefficient values are observed for Co3+/Co4+ than for their Mn3+/Mn4+

redox processes. In addition, Co-rich phases exhibit a high structural stability and superior capacity reten-

tion, whereas Mn-rich phases discharge higher capacities.

1. Introduction

Rechargeable sodium-ion batteries are among the front-
runners in the pursuit of energy storage systems beyond Li-ion
batteries.1,2 Sodium-based energy storage overcomes the issues
related to cost and scanty resources of lithium. Sodium storage
systems are attractive for niché applications such as stationary
grid storage which require inexpensive, safe and long life solu-
tions while offering flexibility in terms of energy density.3–6

Although electrochemistry and the insertion mechanism are
similar in both batteries, only recent years have witnessed
sodium-ion batteries catching up with Li-ion batteries due to
regained research interest and the realization of Na-insertion

electrodes with capacities comparable to commercialized Li-
ion cathodes.7–10

Among various sodium compounds classified on the basis
of the crystal structure, 2D sodium lamellar oxides of the
generic formula NaxMO2 are widely investigated as cathode
materials due to their structure and high specific capacity.11,12

P2-type NaxMO2 compounds exhibit a higher capacity and
superior rate performance than O3 phases, due to their
better structural stability and different Na-ion diffusion
pathways.13–17 In P2-type compounds, the unit cell contains
two MO2 layers with edge sharing MO6 octahedra, while Na-
ion exists in the prismatic (P) site.18 Among the P2 phases,
NaxMnO2 enjoy academic and commercial interest as they
intercalate higher sodium per formula unit due to their
superior structural flexibility.19–23

P2-type Na0.67MnO2 contains two MnO6 octahedra with Na+

in a trigonal prismatic environment. In this compound, nearly
two-thirds of manganese exist in the +3 oxidation state and the
remaining one-third oxidizes to +4 to compensate the deficient
sodium.24,25 The presence of Jahn–Teller high spin Mn3+ ions
reduces the diffusion coefficient of sodium and destabilizes
the structure.21 Also, during sodiation/desodiation, the P2
Na0.67MnO2 phase irreversibly transforms to the O2 phase with
multiple potential plateaus resulting in notable capacity
losses.22 Partial substitution of manganese with other electro-

†Electronic supplementary information (ESI) available: XRD, SEM, analysis of cyclic
voltammetry and electrochemical impedance spectroscopy data, and summary of
the literature on P2-Na0.67MnxCo1−xO2. See DOI: 10.1039/c7dt04372d
‡Equally contributing first authors.

aCSIR-Central Electrochemical Research Institute-Chennai Unit,

CSIR Madras Complex, Taramani, Chennai 600113, India.

E-mail: prakash@cecri.res.in, prakash.as@gmail.com
bAcademy of Scientific and Innovative Research (AcSIR), CSIR-Central

Electrochemical Research Institute-Chennai Unit, CSIR Madras Complex,

Chennai 600113, India
cElectroplating and Metal Finishing Division, CSIR-Central Electrochemical Research

Institute, Karaikudi 630006, India

This journal is © The Royal Society of Chemistry 2018 Dalton Trans., 2018, 47, 1223–1232 | 1223

Pu
bl

is
he

d 
on

 1
4 

D
ec

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 C
en

tr
al

 E
le

ct
ro

ch
em

ic
al

 R
es

ea
rc

h 
In

st
itu

te
 (

C
E

C
R

I)
 o

n 
20

/0
3/

20
18

 1
1:

00
:2

0.
 

View Article Online
View Journal  | View Issue

www.rsc.li/dalton
http://orcid.org/0000-0002-2265-238X
http://orcid.org/0000-0003-3752-6316
http://crossmark.crossref.org/dialog/?doi=10.1039/c7dt04372d&domain=pdf&date_stamp=2018-01-19
http://dx.doi.org/10.1039/c7dt04372d
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT047004


chemically active transition metal ions (Ni2+, Co3+, Fe3+,
Ti4+)26–30 and electrochemically inactive ions (Li+, Mg2+,
Al3+)31–34 favors the oxidation of Mn3+ to Mn4+, which is
expected to overcome such undesired structural instability and
irreversible phase transformation. As a result, such com-
pounds have shown a superior electrochemical performance
than the parent compound in terms of capacity retention and
rate capability as the Jahn–Teller effect associated with Mn3+

ions is suppressed.26–34

In particular, cobalt substitution in P2-NaxMnO2 is expected
to improve the electrode performance as it enhances the electri-
cal conductivity and Na-ion diffusion.21,35,36 The existing
reports on Na2/3MnyCo1−yO2 phases focus on improving the
electrode performance27,35–42 by tuning the morphology, com-
position, and so forth. To the best of our knowledge, the effect
of Co-doping in NaxMnO2 on Na-ion diffusion and its corre-
lation with the structural stability and electrochemical perform-
ance has not been investigated. The prima facie is to estimate
DNa+ at specific potentials corresponding to the Co3+/Co4+ (above
3 V) or Mn3+/Mn4+ (below 3 V) redox. Hence, the diffusion
coefficient DNa+ calculated at different redox potentials could
offer insights into the mechanistic understanding of the Na-ion
transport phenomenon and charge storage properties.

Here we report few compositions of cobalt doped layered
sodium manganese oxides, Na0.67MnxCo1−xO2 (x = 0.25, 0.5,
0.75), as cathode materials for Na-ion batteries. Using struc-
tural analysis, cyclic voltammetry and impedance spectroscopy
supported by electrochemical Na-ion storage, we comprehend
the positive role of Co doping in the Na0.67MnO2 cathode.

2. Experimental section
2.1 Material preparation

Na0.67Mn0.25Co0.75O2, Na0.67Mn0.5Co0.5O2 and Na0.67Mn0.75

Co0.25O2 (henceforth referred to as MC25, MC50 and MC75,
respectively) phases were prepared by an urea–glycine assisted
combustion method.43 The stoichiometric amounts of metal
nitrate salts of Na, Mn and Co (0.72 : x : 1 − x molar ratio) and
mixed fuel (urea and glycine – 3 : 1 molar ratio) were dissolved
in a minimum amount of water. In order to compensate the
sodium loss occurring at annealing temperature, which is
closer to the boiling point of sodium (882.94 °C), about 5%
excess of sodium nitrate (with respect to 0.67 moles of Na) was
taken during the synthesis. The solution was made homo-
geneous and introduced into a preheated muffle furnace at
700 °C. The solution boils, froths, and undergoes exothermic
flaming combustion to result in a black colored product. The
as-prepared powder was reheated in a muffle furnace at 900 °C
for 6 h to obtain a carbon free crystalline product. All the
samples were then quenched at 300 °C, ground and stored in
an argon filled glove box.

2.2 Material characterization

XRD measurements were carried out on well-ground powder
samples in a transmission geometry at ambient temperature

and pressure using synchrotron facility at Extreme conditions
XRD (ECXRD) beamline (BL-11), Indus-2, RRCAT.44 For this
purpose, we used the angle dispersive mode at wavelength λ =
0.5052 Å. A MAR345 imaging plate system was used to collect
two-dimensional XRD patterns. The calibration of the X-ray
photon energy and the distance between the sample and the
image plate was carried out by using standard LaB6 and CeO2

samples. The collected 2D diffraction images were integrated
and converted to intensity versus 2θ using the FIT2D
program.45 The crystallographic parameters were determined
by the Rietveld method,46 using the Fullprof Suite program.47

Scanning electron microscopy was performed using FESEM
from Oxford Instruments attached with EDS. The XPS spectra
of the as-prepared samples were recorded with a Thermo
Fischer Scientific Multilab 2000 spectrometer using non-
monochromatic AlKα radiation (1486.6 eV) as an X-ray source
operated at 150 W (12 kV, 12.5 mA) under ultrahigh vacuum.

2.3 Electrochemical experiments

Electrochemical tests using organic electrolytes were carried
out in Swagelok™/coin type cells assembled in an argon-filled
glove box. The working electrodes were prepared by mixing the
Na0.67MnxCo1−xO2 sample, SP carbon and polyvinylidene fluo-
ride (PVDF) binder in the weight ratio of 75 : 20 : 5 with the
N-ethyl pyrrolidone (NEP) solvent, to form a slurry. The homo-
genized slurry was coated onto the aluminium foil using a
doctor blade. The coated film was dried in a vacuum oven at
80 °C overnight. After calendaring, the film was punched into
discs for assembling Na cells. The sodium electrode was pre-
pared by pressing a small piece of sodium metal onto a thin
stainless disc. The electrolyte solution was 1 mol L−1 NaPF6
dissolved in a mixture of 1 : 1 volume percent of ethylene car-
bonate–propylene carbonate. A porous glass microfiber filter
(Whatman) was used as a separator. The typical sample
loading was about 4–5 mg cm−2. The cell thus fabricated was
cycled galvanostatically in the voltage range of 1.5 V to 4.2 V
versus sodium. Cyclic voltammetry experiments were per-
formed with IR compensation. Electrochemical impedance
spectroscopy was carried out in the frequency range of 400
kHz to 10 mHz. All the electrochemical experiments were con-
ducted at ambient temperature (303 K) using a VMP3Z
Biologic multi-channel potentiostat/galvanostat.

3. Results and discussion
3.1 Crystal structure and morphological analysis

The typical structure of P2 Na0.67MnxCo1−xO2 is shown in
Fig. 1a. The transition metals, cobalt, and manganese consti-
tute the MO2 layer, where Co and Mn are randomly distributed
due to the similar ionic radii of Co3+ (0.545 Å), Co4+ (0.53 Å)
and Mn4+ (0.53 Å).27,35 The structure can be represented as
alternate MO2 slabs of edge-shared MO6 octahedra while Na+

lies in the interlayer spacing.13,48 The six coordinated Na+ in a
prismatic geometry exists in an edge and face shared environ-
ment as shown in the cross-sectional view of MO2 slabs along

Paper Dalton Transactions

1224 | Dalton Trans., 2018, 47, 1223–1232 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 1
4 

D
ec

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 C
en

tr
al

 E
le

ct
ro

ch
em

ic
al

 R
es

ea
rc

h 
In

st
itu

te
 (

C
E

C
R

I)
 o

n 
20

/0
3/

20
18

 1
1:

00
:2

0.
 

View Article Online

http://dx.doi.org/10.1039/c7dt04372d


the c-axis (Fig. 1b). The green colored Na-ions share the face
with metal oxide octahedra above and below, whereas the blue
colored Na-ions share the edges. The sodium-ion distribution
in these sites strongly depends on the sodium content, the
competition between Na+–Mn+/n+1 and in-plane Na+–Na+

electrostatic repulsions.37,48

The powder X-ray diffraction (XRD) pattern of P2-
Na0.67MnxCo1−xO2 is presented in Fig. 2a–c. All the peaks
could be indexed to a hexagonal system with the space group
P63/mmc. The XRD pattern is well consistent with P2-type
Na0.67MnO2 (JCPDS No 27-0731)41 and Na0.71Co0.96O2 (JCPDS
File No. 30-1182).49 As the cobalt content is increased, the base
peak (002) shifts towards a higher angle due to the decrease in
cell dimensions and the contraction of MO6 octahedra [Fig. S1,
ESI†]. The corresponding lattice parameters and lattice angles
obtained by the Rietveld fit and the crystallographic para-
meters of P2 Na0.67MnxCo1−xO2 are presented in Table S2,
ESI.† The increase in the Co content decreases the lattice para-
meters ‘a’ and ‘c’ causing the shrinkage of the cell volume and
the contraction of Na–O and M–O bonds as shown in Table S2,
ESI.† This trend is expected as the more electronegative cobalt
(1.9 versus 1.5 of that of manganese in the Pauling scale)
makes Co–O bonds less ionic, dissipates a negative charge
from oxygen and lowers the coulombic/electrostatic repulsion
between the MO2 layers.

27,35 Undoped Na0.67MnO2 prepared by
a similar method indicates severe Jahn–Teller distortion
(Table S2 and Fig. S3†) which establishes the positive role of
cobalt doping in the structural stabilization of Na0.67MnO2.

The FESEM images of P2-Na0.67MnxCo1−xO2 are presented
in Fig. 3 and Fig. S4, ESI.† The micrograph shows polyhedral
crystallites with a mostly hexagonal shape and a particle size
of 1–2 μm. EDX mapping confirms the homogeneous distri-
bution of the elements throughout the sample and the esti-

mated composition is closer to the nominal stoichiometry of
the phase.

The X-ray photoelectron spectroscopy (XPS) spectra of
Na0.67MnxCo1−xO2 were recorded to ascertain the chemical
state of constituent elements. Survey spectra are presented in
the ESI (Fig. S5†) which show representative peaks corres-
ponding to Na, Mn, Co, O and C at 1071, 641, 779, 530 and
285 eV, respectively. Adventitious C 1s was observed at 284.5

Fig. 1 (a) Crystal structure of layered P2-Na0.67MnxCo1−xO2 (x = 0.25,
0.50, 0.75) and (b) structural view along the c-axis highlighting the face
and edge sharing Na ions.

Fig. 2 Rietveld fit for the XRD pattern of (a) Na0.67Mn0.25Co0.75O2, (b)
Na0.67Mn0.5Co0.5O2 and (c) Na0.67Mn0.75Co0.25O2. The experimental
diffraction pattern (blue dots), the calculated pattern (red line), the
difference plot (black line) and the Bragg’s diffraction reflections (green
ticks) are presented.
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eV and all binding energies could be referenced to this value.50

Further discussion on C 1s, O 1s and Na 1s spectra is pre-
sented in the ESI (Fig. S5† and discussion therein).

As shown in Fig. 4, 1A–3A, cobalt 2p has two peaks with the
binding energies of 779 and 794 eV corresponding to 2p3/2 and
2p1/2, respectively. The Mn (2p3/2,1/2) peaks are observed at 642
and 654 eV (Fig. 4, 1B–3B). Using the curve fitting models
reported by Biesinger et al. and Nesbitt et al., the core energies
of Co and Mn were analyzed.51,52 In Na0.67MnxCo1−xO2, the oxi-

dation state of Mn and Co varies between +3 and +4. Table S6,
ESI,† compiles the results of Mn 2p and Co 2p peak fit. In the
case of MC50 and MC75, the Mn 2p peak deconvolutes into
two predominant peaks; each peak can be further de-convo-
luted into five peaks.52 The set of peaks with pink fill corres-
ponds to Mn3+ and the other set with yellow fill corresponds to
Mn4+. In MC50, the peak areas are in the ratio of about 35 : 65
(Theoretical Value T.V. – Mn3+ : Mn4+ 34% : 66%) and in MC75,
the relative peak areas are in the ratio of 58 : 42% (T.V.:
56 : 44%). In the case of MC25, the Mn(3/2) peak at 642.6 eV
can be deconvoluted into five peaks that predicts the presence
of manganese only in the tetravalent state. In the same phase,
the Co 2p3/2 peak can be deconvoluted into three peaks at
779.9, 780.9 and 782.26 eV with a prominent shoulder at 789.5
eV indicating the presence of trivalent cobalt.51,53 Additional
peak at 785.2 eV clearly establishes the presence of tetravalent
cobalt. The relative areas of Co3+ : Co4+ regions are in line with
their theoretical values of 88 : 12%. In the case of MC50 and
MC75, the Co 2p spectrum shows three components at 780.1,
781.4 and 783.2 eV and a satellite peak at 789.2 eV, confirming
the presence of cobalt only in the trivalent state.54 XPS analysis
shows that the chemical state of cobalt and manganese and
their composition in Na0.67MnxCo1−xO2 are in line with their
theoretical values (as listed in Table S6, ESI†). Moreover, the
redox peaks observed in CV are well correlated with the oxi-
dation states as evidenced from the XPS which is discussed in
the later section.

3.2 Electrochemical properties

Cyclic voltammetry, impedance spectroscopy, and galvano-
static charge–discharge tests were carried out with sodium
half-cells of Na0.67MnxCo1−xO2 to evaluate their electro-
chemical Na-ion storage properties. Cyclic voltammetry was
carried out for MC25, MC50 and MC75 in the voltage range of
1.5–4.2 V at a scan rate of 0.05 mV s−1 and the results are pre-
sented in Fig. 5. MC25 shows three sharp oxidation peaks at
3.4 (x), 3.69 (y) and 4.02 V (z) and the corresponding reduction
peaks at 3.34 (x′), 3.63 (y′) and 3.98 V (z′). MC50 shows two oxi-
dation peaks at around 1.79 (a) and 4.04 V (z) and the respect-
ive reduction peaks at 1.59 (a′) and 4.01 V (z′). MC75 shows oxi-
dation peaks at around 2.0 (a) and 2.2 V (b) and the corres-
ponding reduction peaks at 1.79 (a′) and 2.01 V (b′).
Consecutive cyclic voltammograms overlap with each other
describing the high stability and the excellent reversibility of
the Na-insertion cathodes. A pair of reversible peaks observed
in the lower voltage region (∼2 V) is associated with the Mn4+/
Mn3+ redox55,56 and the minor peaks from 2 to 3 V represent
the structural rearrangement of the layers.18,57 Prominent
redox peaks observed at around 3–4 V correspond to the Co3+/
Co4+ redox38 and Na+/vacancy ordering process.54 Cyclic vol-
tammetry confirms that the charge capacity originates from
Co3+/Co4+ and Mn3+/Mn4+ redox couples, while part of the Mn
remains in the tetravalent state. During subsequent discharge,
the Co4+ ions are reduced to Co3+/Co2+ and some of the Mn4+

ions are activated below 2 V.38,55,56,59

Fig. 3 (a) FESEM image, (b) EDS profile, (c) the image used for elemen-
tal mapping, and the homogeneous distribution of (d) sodium (e) cobalt
(f ) manganese and (g) oxygen of Na0.67Mn0.5Co0.5O2 are presented.

Fig. 4 XPS spectra of (A) manganese and (B) cobalt are shown for (1)
Na0.67Mn0.25Co0.75O2, (2) Na0.67Mn0.5Co0.5O2 and (3) Na0.67Mn0.75Co0.25O2.
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Fig. 6a shows the galvanostatic charge–discharge experi-
ments for three samples carried out in the voltage range of
1.5–4.2 V at C/25 rate (insertion/de-insertion of 1 Na per
formula unit in 25 h). According to previous reports, the
cycling profiles of the parent compounds, Na0.67CoO2, and
Na0.67MnO2, show multiple plateaus.22,48 However, all the
three solid solutions, MC25, MC50 and MC75, depict smooth
cycling profiles. The compositions MC50 and MC75 deliver a
discharge capacity of about 145 and 167 mA h g−1 corres-

ponding to 0.56 and 0.64 moles of sodium, respectively. The
Co-rich phase, MC25, exhibits a discharge capacity of about
120 mA h g−1 corresponding to the removal of 0.46 moles of
Na and the cycling profile shows a sharp potential jump
(3.3–3.5 V) on reaching the composition Na0.5Mn0.25Co0.75O2

which is isostructural with orthorhombic Na0.5CoO2. On the
other hand, the cycling pattern of MC50 and MC75 shows a
sigmoidal S type curve and a smooth cycling profile devoid of
any potential jump or phase transition driven multiple pla-

Fig. 5 Cyclic voltammetry plot of (a) Na0.67Mn0.25Co0.75O2, (b)
Na0.67Mn0.5Co0.5O2 and (c) Na0.67Mn0.75Co0.25O2 at a scan rate of
0.05 mv s−1.

Fig. 6 (a) Cycling plot showing the specific capacity and average
potential used for energy calculation. (b) Capacity retention plot and (c)
rate capability plot of (1) Na0.67Mn0.25Co0.75O2, (2) Na0.67Mn0.5Co0.5O2

and (3) Na0.67Mn0.75Co0.25O2.
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teaus. On discharging to 1.5 V, MC50 and MC75 exhibit
nominal and over sodiated compositions, Na0.9Mn0.5Co0.5O2

and Na1.05Mn0.75Co0.25O2, respectively. In contrast, the Co-rich
phase reaches the chemical composition Na0.7Mn0.25Co0.75O2

at 1.5 V. With an increase in Mn-concentration, higher sodia-
tion is observed during discharge. This arises due to higher
oxygen uptake in the as-prepared MC75 27 which is confirmed
by oxygen estimation experiments (Table S7, ESI†). The dQ/dV
plots of all the phases clearly establish the reversible phase
transitions (Fig. S8, ESI†).

In Na0.67MnxCo1−xO2, there are two redox centres corres-
ponding to cobalt and manganese. In the voltage range of the
present study, 1.5–4.2 V (vs. Na+/Na), a single redox couple,
Co3+/Co4+, is active at around 3–4 V, whereas manganese exhi-
bits two redox couples Mn2+/Mn3+ and Mn3+/Mn4+.27 While the
Mn3+/4+ redox operates between 2 and 3.5 V, the Mn2+/3+ couple
becomes active at voltages <2.0 V and can contribute to signifi-
cant capacity, as much as 45 mA h g−1, and is widely witnessed
as a smooth long cycling curve.27,54 Due to the inductive effect
between cobalt and manganese, the extent of substitution
shifts the redox voltage of other elements by several hundred
mVs; the higher substitution of cobalt pushes the Mn3+/4+

redox to lower potential, whereas a higher manganese concen-
tration lifts the Co3+/4+ redox to higher potential.27 Although
the presence of divalent cobalt at lower voltages is reported by
some groups, the exact active voltage range has not been
unambiguously established.37,38 In other words, the redox vol-
tages of cobalt and manganese are not fixed and vary strongly
with their composition.27

It is well known that Na0.67MnO2 exhibits discharge
capacities of >200 mA g−1 but with poor retention. The pres-
ence of Jahn–Teller Mn3+ reduces the structural stability which
is further deteriorated when the oxidation state of the remain-
ing non-trivalent Mn ions converts to 3+ during sodiation/de-
sodiation. In most cases, this is associated with orthorhombic
distortion during synthesis or sodium intercalation. The sub-
stitution of non-Jahn–Teller ions, even as low as 10%, is
expected to mitigate the structural instability and improve the
capacity retention.36 In the present study, the increase in
cobalt content in Na0.67MnxCo1−xO2 contributes to the capacity
retention as part of isovalent Mn3+ is replaced, whereas the
increase in manganese content contributes to the high specific
capacity. X-ray refinement data offers the evidence for the sup-
pression of Jahn–Teller distortion by cobalt substitution. The
sodium storage observed in Na0.67MnxCo1−xO2 phases is a
trade-off between the redox process and mass transport orig-
inating from manganese and cobalt.

The Co-rich phases exhibited improved cycling stability as
witnessed from the life cycle test. The phases MC25, MC50
and MC75 retained about 91, 87 and 79% of their initial
capacities of 107, 121 and 126 mA h g−1, respectively, at the
end of 100 cycles with minimum polarization (Fig. 6b). The
rate performances of these cathodes were performed at the
different current densities from 0.025 A g−1 (C/25) to 1.25
A g−1 (5C) and are presented in Fig. 6c. MC25 could deliver 90,
75 and 62 mA h g−1 at C/5, C/2 and at 1C rate, respectively,

whereas MC50 and MC75 delivers 110, 100 and 78 mA h g−1,
and 140, 135 and 105 mA h g−1 at C/5, C/2 and at 1C rate,
respectively. Table S9, ESI,† shows a summary of the literature
of P2-Na0.67MnxCo1−xO2 cathodes.

3.3 Diffusion coefficient from cyclic voltammetry and
impedance spectroscopy

The electrochemical performance of the intercalation electro-
des is closely associated with the mass transport of the alkali
ion into the bulk of the electrode material. The larger ionic
radius of the Na+ ion (1.12 Å) in comparison with Li+ (0.76 Å)
could hamper sodium diffusion leading to an inferior per-
formance of Na-insertion electrodes compared to their Li-
counterparts. Therefore, it is important to estimate the DNa+

values to comprehend the electrode performance.
Electrochemical techniques such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), galvanostatic
intermittent titration technique (GITT), potentiostatic inter-
mittent titration technique (PITT) have been employed to esti-
mate the chemical diffusion coefficient of Li+/Na+ in insertion
electrodes.58–61

CV and EIS techniques were used to calculate the apparent
chemical diffusion coefficient of Na+ in Na0.67MnxCo1−xO2

series. The diffusion coefficients are derived from the slope
obtained from the linear fit of plotting ip vs. υ1/2. For compari-
son, it is also deduced from the Warburg impedance measured
by stopping the cell at specific peak potentials and from the
peak current contributing to the Co and Mn redox. The funda-
mental rationale is to estimate DNa+ at specific potentials
corresponding to the Co3+/Co4+ (above 3 V) or Mn3+/Mn4+

(below 3 V) redox. During the charge/discharge process,
changes in the stoichiometry of Na+, the oxidation state of Co/
Mn and the resulting structural changes will influence DNa+

and it is imperative to understand the relation between these
driving forces and mass transport.

The approach presented here is not infallible and has some
limitations. First, diffusion in an electrolyte and in a solid elec-
trode film is a different phenomenon and the electrochemical
approach accorded to them must also be different. The classi-
cal Randles–Sevcik equation primarily concerns with ionic
diffusion in electrolytes and therefore the ip vs. υ1/2 plot for
Na0.67MnxCo1−xO2 presented here is an approximate method
to estimate the diffusion coefficient of Na+. Hence, the results
presented here offer only a qualitative picture of diffusion
coefficient, thereby aiding us to compare the effect of Co
doping in Na0.67MnO2. Second, the capacitive effect of added
conductive carbon cannot be ignored. To minimize the capaci-
tive charge storage originating from SP carbon, and the
electrode materials at higher scan rates, the domain of
0.2–1 mV s−1 is used in the present study.58

CV experiments were conducted at various scan rates in the
range of 0.2 to 1 mV s−1 on MC25, MC50 and MC75 half-cells
(Fig. S10, ESI†) to obtain Na-ion diffusion. The increase in
peak currents with the scan rate and farther divergence of
cathodic–anodic peaks are observed for all the compositions.
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According to the Randles–Sevcik equation, the peak current
(ip) is proportional to the square root of scan rate (υ1/2),

ip ¼ 2:69� 105An 3=2CD 1=2υ 1=2 ð1Þ

On rearranging eqn (1) and substituting slope (m) = ip/υ
1/2

D ¼ ½slope ðmÞ=ð2:69� 105An 3=2CÞ�2 ð2Þ

where ip is the peak current (A), F is Faraday’s constant (96 485
C mol−1), A is the surface area of the active material in the elec-
trode (cm2), n is the number of electrons per molecule during
oxidation/reduction, C is the concentration of sodium ions
(mol cm−3), DNa is the diffusion coefficient (cm2 s−1), and υ is
the scan rate (V s−1). The slope (m) for oxidation and reduction
can be obtained from the linear fit on plotting the peak
current (ip) versus square root of scan rate (υ) as shown in
Fig. S11, ESI.† From Table S13, ESI,† the diffusion coefficient
for oxidation and reduction reactions in the case of MC25
(8.6 × 10−9 cm2 s−1, 5.5 × 10−9 cm2 s−1, respectively) is
comparatively higher than that ofMC75 (4.4 × 10−9 cm2 s−1,
5 × 10−9 cm2 s−1, respectively).

In addition, cyclic voltammograms for the three compo-
sitions at a scan rate of 0.05 mV s−1 were recorded (Fig. 5). The
diffusion coefficients are calculated from the peak current
using eqn (1). From Table S13, ESI,† the diffusion coefficient
calculated for the redox couple above 3 V corresponding to
cobalt (MC25 ∼ 10−10 cm2 s−1) is relatively higher than the
diffusion coefficient calculated for the redox couple below 3 V
corresponding to manganese (MC75 ∼ 10−11 cm2 s−1). It is
evident from the CV measurements that the diffusion of
sodium ions is more pronounced in the Co-rich phase than in
the Mn-rich phase. In order to corroborate the diffusion coeffi-
cient from CV, EIS measurements were also carried out.

Electrochemical impedance spectroscopy (EIS) experiments
were performed on MC25, MC50 and MC75. Two different EIS
experiments were carried out to study the kinetics. First, EIS
experiments were recorded on a fresh cell and at the end of
the first charge, first discharge and fifth discharge for the
three compositions (Fig. 7, Fig. S12 and Table S13, ESI†).
Another set of EIS was recorded on cells at different peak
potentials associated with the manganese and cobalt redox
observed below and above 3 V, respectively (Fig. S14, S15 and
Table S16, ESI†).

The Nyquist plot shows a semicircle in the high to mid fre-
quency region and a sloping line in the low-frequency region.
The shift from the origin represents the internal/ohmic resis-
tance/solution resistance of the cell (Rs). The semicircle rep-
resents the Na-ion migration through the interface: between
the surface of the electrode and the electrolyte. The charge-
transfer resistance also represents the electronic conductivity
of the material which is approximately equal to the diameter
of the semicircle on the Zreal (Z′) axis, in the high-frequency
region which is a parallel combination of a capacitor (Cdl) and
a resistor (Rct). The straight line at an angle of 45° with respect
to the horizontal axis (Zreal) is attributed to the semi-infinite
diffusion while the divergent spectrum contributes to the

finite diffusion. The Rs values for all the impedance measure-
ments were closer to 20 ohms (Fig. 7). The Rct values systemati-
cally increased from a fresh cell to the fifth discharge which
may be attributed to the formation of the passivating SEI film
in the initial cycles. The values of Rct for the first and fifth dis-
charge of the Co-rich phase (MC25) were 600 and 900 Ω,
respectively (Fig. 7a). On the other hand, the Mn-rich phase
(MC75) showed the Rct values of about 2500 and 4500 Ω in the
first and fifth discharge, respectively (Fig. 7c). The Rct values of
the Co-rich phase are comparatively lower than those of the

Fig. 7 Nyquist plots of the fresh cell, first charge, first and fifth dis-
charge of (a) Na0.67Mn0.25Co0.75O2, (b) Na0.67Mn0.5Co0.5O2 and (c)
Na0.67Mn0.75Co0.25O2.
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Mn-rich phase. It is evident from the Rct values that the elec-
tronic conductivity of the cathode material increases with the
increase in cobalt content.

The sloping line in the low-frequency region depicts the Na-
ion diffusion into the bulk of the electrode material. The
sodium-ion diffusion coefficient (DNa in cm2 s−1) can be calcu-
lated using the following equation:

D ¼ R2T 2=2A 2n4F 4C 2σ 2 ð3Þ

Z′ ¼ Rs þ Rct þ σω�1=2 ð4Þ
where R is the gas constant (8.314 J mol−1 K−1), T is the absol-
ute temperature (298 K), A is the surface area of the electrode
(cm2), n is the number of electrons per molecule during oxi-
dation/reduction, F is Faraday’s constant (96 485 C mol−1), C is
the concentration of sodium ions (mol cm−3) which could be
calculated from the density (ρ in g cm−3) and molecular weight
(M in g mol−1), and σ is the Warburg factor (ohm s−1/2) which
is determined from the slope of the curve obtained by plotting
the square root of frequency (ω in sec) on the x-axis and Zreal
(Z′ in ohm) on the y-axis (Fig. S12 and S15, ESI†). The intercept
value corresponds to the electrolyte resistance and charge-
transfer resistance (Rs + Rct in ohm) values. These values are in
concordant with the Rct values calculated from the diameter of
the semicircle in the high-frequency region and are already
discussed in the previous section.

The diffusion coefficient calculated after the first and fifth
discharge of MC25 (10−11 cm2 s−1) is relatively higher than
that of MC75 (10−13 cm2 s−1), whereas MC50 (10−12 cm2 s−1)
holds the intermediate value (Table S13, ESI†). The diffusion
coefficient calculated from the EIS measured at different peak
potentials shows that the potentials corresponding to cobalt
(∼10−11 to 10−12 cm2 s−1) exhibit a higher diffusion coefficient
than the potentials corresponding to the manganese redox
(∼10−12 to 10−13 cm2 s−1) (Fig. S14, S15 and Table S16, ESI†).

Diffusion coefficients calculated from the CV and EIS
measurements for the solid solution Na0.67MnxCo1−xO2 were
in the range of 10−9 to 10−13 cm2 s−1 which are higher than
the diffusion coefficient reported for Na0.67MnO2 (10−14

cm2 s−1).21 Furthermore, among the three compositions studied
here, the calculated Na+ diffusion coefficient value is higher in
the sample containing a higher cobalt content (MC25). It is
observed that the rate performance is similar for all the three
compositions although the calculated diffusion coefficients
were different. In other words, solid state diffusion is not rate
limiting, which is not unexpected with the small particle size.
As XPS data points out, phases with significant manganese
concentrations such as MC50 and MC75 contain Jahn–Teller
Mn3+ ions forming high-spin complexes which lower the
structural stability. As a result in the solid solutions
Na0.67MnxCo1−xO2, the increase in cobalt content contributes
to the capacity retention replacing part of isovalent Mn3+,
whereas the increase in manganese content contributes to the
high specific capacity but with inferior retention. Cobalt sub-
stitution improves the Na+ diffusion and also enhances the
electronic conductivity. As witnessed from the X-ray diffraction

data analysis (Table S2, ESI† and discussion therein), cobalt
substitution causes the contraction of MO6 octahedra and the
enlargement of inter-slab ‘d’ spacing which improves the struc-
tural stability during Na+ intercalation/de-intercalation. In
addition, more open space can expedite ionic transport more
effectively. As a result, phases containing more cobalt exhibit
stable Na-ion storage over longer cycles (Fig. 6b). Hence, the
multi-pronged role of cobalt in improving the structural stabi-
lity and electrochemical performance of Na0.67MnxCo1−xO2 is
demonstrated through the combination of structural analysis,
cyclic voltammetry, impedance spectroscopy and electro-
chemical Na-ion storage.

4. Conclusions

P2-Na0.67MnxCo1−xO2 (x = 0.25, 0.5, 0.75) were investigated as
cathode materials for Na-ion batteries to comprehend the
pivotal role of cobalt in supporting the structural integrity and
Na-ion diffusion. Sodium-ion diffusion coefficients (DNa+) in
these solid solutions were in the range of 10−11 to 10−13

cm2 s−1. Higher diffusion coefficient values were observed in the
voltage domain of Co3+/Co4+ redox, and DNa+ values increased
with the increase in cobalt content in the order MC25 > MC50
> MC75. The structural stability and capacity retention fol-
lowed a similar trend, while the discharge capacity values fol-
lowed the reverse order. The observed DNa+ values could be cor-
related to the analogous contraction in Co/Mn–O bond lengths
and the increase in inter-slab distance which provides more
room for Na-ion diffusion. The capacity retention with the
increase in cobalt content is due to the better structural stabi-
lity attributed to the suppressed Jahn–Teller effect.
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