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a b s t r a c t

The behaviour of Na2/3Co2/3Mn2/9Ni1/9O2 in composite electrodes is studied via Na half-cells utilizing a
dedicated cyclic voltammetry approach. The application of increasing sweep rates enabled a detailed
analysis of the red-ox peaks of this material. All peak currents due to cathodic/anodic processes
demonstrated clear capacitive properties. This finding widens the picture of classical Naþ insertion/
extraction in this complex oxide, as purely diffusive processes of Naþ through its layers do not fully
explain the pseudocapacitance displayed by its red-ox peaks, which are typically linked to concomitant
oxidation state changes for its transition metal atoms and/or phase transitions. No phase transition was
observed during in operando X-Ray diffraction upon charge to 4.2 V vs. Naþ/Na, proving good structural
stability for P2-NaxCo2/3Mn2/9Ni1/9O2 upon Naþ removal. The origin of such pseudocapacitive properties
is likely nested in strong electrostatic interactions among the metal oxide slabs and a tendency to release
Naþ from its crystallites, e.g. to form surface by-products upon air exposure. Such a reactivity induces
defects (e.g. vacancies) in its lattice and charge compensation mechanisms are required to maintain an
overall charge neutrality, thus ultimately influencing the electrochemical properties. Possible limiting
factors for the performances of this compound in composite coatings are also discussed.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rechargeable Na-ion batteries (NIBs) are progressively
becoming more attractive for large-scale applications aiming at
stationary storage of electrical energy [1] thanks to their vantage
points of relatively contained costs [2] and high abundance of
sodium-rich raw materials in both the earth crust and the oceans
[3]. Although basic similarities exist between Na-ion batteries
and Li-ion batteries (LIBs), in terms of both materials and
fundamental electrochemical processes, the development of NIBs
and LIBs has not proceeded in a parallel way for these two
technologies so far.

The noticeable differences in characteristic radii, masses and
standard electrochemical potentials of Liþ and Naþ ions [4], as well
as their typical diffusivities in solid state compounds, create a wide
scenario for the discovery of unusual properties in NIB electrodes.
The latter cannot directly be predicted on the sheer basis of their
).
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LIB counterparts, which have been object of more extensive in-
vestigations. Many compounds and related electrochemical re-
actions in NIBs do not find a close behaviour in LIBs, yielding in a
few cases surprising results [5] and favourable characteristics in
terms of structural changes [6] and overall performances [7e9].
These are, however, interesting exceptions, since in most of the
cases the reactions involving Naþ ions and their resulting electro-
chemical features are not as beneficial as those obtainable by Liþ

ions under analogous conditions. Electrochemical sodiation of
graphite [10,11] or silicon to form Na-Si alloys [12], as well as full
conversion of iron oxide [13,14] via Naþ are typical examples of
hurdles for the development of negative electrodes in NIBs. On the
other hand, positive electrodes based on sodium-containing tran-
sition metal compounds [15e22] have experienced a higher degree
of success in NIBs, revealing intriguing electrochemical mecha-
nisms that do not necessarily mimic those taking place in similar
LIB electrodes [23]. One possible advantage of employing Na-based
compounds is, for example, avoiding cationic intermixing [24] (i.e.
transition metal/sodium) in the structure, thanks to the larger size
of Naþ compared to that of Liþ, which can result in some cases in a
distinctive electrochemical activity and thermal stability, such as
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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for NaFeO2 [25], contrarily to its metastable LiFeO2 counterpart
[26].

Among the large varieties of sodium-containing positive elec-
trodes, layered transition metal oxides (e.g. NaMO2, where M¼ Fe,
Co, Mn, Ni, Cr, V, etc.) are a topic of intense investigation
[23,27e35], as the combination of two or more of these transition
metals in associated crystalline compounds offers the possibility of
tuning crucial properties (e.g. red-ox potentials, capacities, struc-
tural changes, cycleability, etc.) for convenient operation in NIBs.
The simultaneous presence of Co, Mn and Ni in this family of
layered oxides proved beneficial for achieving suitable electro-
chemical performances [36e40]. Finding an optimal stoichiometry,
while controlling the atomic composition of the layers, remains a
challenge, especially if one aims at the best combination of mate-
rials stability, electrochemical properties and simultaneously
wishes to lower the amount of Co, due to its high costs and poor
sustainability [3].

Nonetheless, we have synthesized and accurately characterized
in previous studies [41,42] a P2-type compound with the nominal
composition Na2/3Co2/3Mn2/9Ni1/9O2, which demonstrates that a
simultaneous achievement of good specific capacity, limited po-
larization, reasonable Coulombic efficiency and cycle life is indeed
possible, without sacrificing too much the average operation po-
tential upon charge/discharge. Moreover, all the transition metals
in this P2-type compound appeared to be electrochemically active
upon cycling and earlier results from our Hard X-Ray Photoelectron
Spectroscopy (HAXPES) study [42] indicate that the plateaus found
in these galvanostatic measurements do not tie up with specific
redox couples, as it was previously suggested for this type of
complex layered oxides [38]. This intriguing feature of activity
seems to be general for this particular family of materials, in which
several electronic phenomena influence the resulting electro-
chemical properties [43].

With these ideas in mind, we investigate here in depth the
electrochemical behaviour of Na2/3Co2/3Mn2/9Ni1/9O2 through a
detailed voltammetric study to unravel the nature of the capacity
arising from its characteristic redox peaks upon cycling in Na half-
cells. Possible structural changes, typically accountable for varia-
tions in the electrochemical properties of these materials, were
monitored by means of in operando X-ray diffraction coupled to
galvanostaticmeasurements. The overall analytical approach of this
investigation represents also a valid tool to pinpoint relevant
limiting factors existing in these composite coatings based on Na2/
3Co2/3Mn2/9Ni1/9O2 powders, thereby providing additional infor-
mation on this complex electrode system and possible strategies to
improve its overall electrochemical performance as advanced NIB
cathode.

2. Experimental

2.1. Electrode and electrolyte preparation

The active compound Na2/3Co2/3Mn2/9Ni1/9O2 was synthesized
via a sol-gel route, according to an earlier procedure [41]. The
electrode formulation consisted of 75wt% of activematerial, 10wt%
of polyvinylidene fluoride (PVdF) binder (Kynar Flex, 2801) and
15wt% of carbon black (CB e Super P). The PVdF binder and the
other components were mixed in a ball-mill jar together with N-
methyl-pyrrolidone (NMP) and ball-milled for 1 h. The slurry was
cast on an aluminium foil by a coating apparatus (KR e K Control
Coater) and dried for 3 h in a convection oven at 60 �C. Coated
electrodes having a diameter of 20mm were cut by means of a
precision perforator (Hohsen) and subsequently dried in a vacuum
oven (Büchi) at 120 �C for 12 h before battery preparation. The
exposure of the electrodes to air was minimized throughout the
various preparation stages, due to the sensitivity of this compound
and its tendency of reaction with other species to form unwanted
by-products (e.g. Na2CO3). The thickness of the composite coatings
was measured by a digital calliper (Mitutoyo), yielding an average
value of approximately 45 mm. The electrode coatings had a typical
mass loading per footprint area of roughly 1.96mg cm�2 for the
active material.

The electrolyte was prepared in an Ar-filled glove-box (M-
Braun) by first drying in vacuum a NaPF6 salt at 110 �C for 12 h in a
tubular oven and then dissolving it in propylene carbonate (PC) to
obtain a 0.5M electrolytic solution. No additives were included in
this electrolyte preparation.

2.2. Cell assembly and electrochemical measurements

Polymer-laminated (i.e. ‘coffee-bag’) cells were prepared in an
Ar-filled glove box (M-Braun) having oxygen and moisture levels
below 1 ppm. The batteries enclosed the composite Na2/3Co2/3Mn2/

9Ni1/9O2/PVdF/CB coating as working electrode, sodium metal as
simultaneous reference- and counter-electrode and a 0.5M NaPF6
electrolyte having PC as solvent. A thin membrane (Solupor) was
drenched with a few electrolyte droplets and used as separator in
these Na half-cells, which had aluminium tabs as electrical
contacts.

The electrochemical measurements were performed at room
temperature via a VMP2 (Bio-Logic) equipment. Cyclic voltamme-
try (CV) was conducted on the Na half-cells using a series of pro-
gressively increasing sweep rates ranging from 0.01 to 0.64mVs-1

between 2.00 V and 4.20 V vs. Naþ/Na to study the evolution of the
red-ox peak currents and the variations of their associated peak
potentials. Higher sweep rates were not applied here because the
size of the active particles was large and the Naþ transfer for these
compounds is typically not as fast as that of Liþ. A thorough analysis
was performed then to assess the electrochemical behaviour of
these electrodes and their main limitations upon operation at such
low and moderate rates.

2.3. Materials characterization and in operando XRD
measurements

The morphology of the active powders was investigated by
scanning electron microscopy (SEM) using a high resolution
scanning electron microscope (Zeiss Gemini 1550) with a field
emission gun (FEG) electron source and a dedicated InLens de-
tector for the detection of secondary electrons. Energy dispersive
X-ray (EDX) spectroscopy was carried out on the same specimens
by means of a built-in EDX probe (Oxford) operated via an AZtec
(INCA energy) software for X-ray mapping and simultaneous
elemental analysis. FT-IR measurements of the powders were
performed between 750 and 4000 cm�1 with a PerkinElmer
(Spectrum One) spectrometer using an attenuated total reflec-
tance (ATR) mode. The spectra were recorded through 20 cumu-
lative scans to improve the signal-to-noise (S/N) ratio of
correspondent spectral features. Nitrogen gas adsorption mea-
surements were conducted using a Micromeritics (Flowsorb III)
equipment to determine the surface area of the active powders.
The specific surface area of the powders was calculated by
Brunauer-Emmet-Teller (BET) method. Powder X-Ray diffraction
(XRD) of the pristine compound was run on a wide angular range
(10� � 2q� 88�) in a Bragg-Brentano geometry via a Bruker (D8
Advance) diffractometer equipped with a Cu Ka radiation.

In operando XRD measurements were carried out in reflection
mode using a dedicated electrochemical cell. The cell consisted of
a main window made of beryllium (i.e. transparent to X-rays)
located in the upper part and an aluminum current collector,
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where the active material was placed together with the separator
and the metallic sodium. In operando XRD measurements were
performed with a Cu Ka radiation source and a movable detector
around the fixed sample. The material was charged in a galvano-
static mode up to 4.2 V vs. Naþ/Na with a current rate of C/35 (i.e.
7.21mAg�1).
3. Results and discussion

3.1. Morphology and composition analysis

The morphology of the pristine Na2/3Co2/3Mn2/9Ni1/9O2 powder
is presented in Fig. 1a together with a series of associated chemical
maps for its constitutive elements (see also overall EDX spectrum in
Fig. S1 of Supporting Information e SI).

The shape of the particles in Fig. 1a exhibits hexagonal- and
prismatic-like features, as expected for the characteristic P2-type
structure of this compound [41]. The particle size is large and
varies on a typical scale of a few microns, indicating that the
synthesis procedure led to the formation of bulky crystallites.
These active material particles possess an overall structure
reflecting the order of their atomic constituents arranged in a 2D
layered pattern, where the sodium atoms are found between two
subsequent metal oxide slabs (i.e. MO2 where M¼ Co, Mn, Ni) [41].
The particles in Fig. 1a display some additional surface charac-
teristics, i.e. a few irregularly shaped regions that generate a
slightly different contrast in the same topographic SEM image (see
black arrows) and extend on a typical scale length of �1 mm. The
same regions appear brighter in the chemical map of Fig. 1b (see
white arrows), where the respective distribution of Na is shown,
whereas slightly darker in correspondence of the other elemental
maps of Co, Ni and Mn (see Fig. 1def and white arrows). This can
directly be related with the presence of sodium carbonate on the
surface of this compound [36,37], which can be due to both its
synthesis and subsequent air exposure (see Fig. S2 in SI), thus
influencing both morphology and interface reactivity of the
resulting material. Contact with CO2 during air exposure of the
powder surface was clearly demonstrated to lead to Na2CO3 for-
mation by earlier FT-IR [41] and HAXPES [42] measurements. The
sensitivity of the Na in this compound has been ascertained and,
although the exposed surface area of the powders in Fig. 1a is by
no means large (i.e. 3.6m2g-1 according to BET analysis), its ten-
dency of being removed from the crystallites and reacting with
electronegative species and/or groups in the surrounding envi-
ronment was confirmed by previous studies, showing also
possible additional formation of sodium fluoride by-products in
composite electrodes with PVdF [42]. These preliminary observa-
tions confirm the high mobility of Na within the bulk of this P2-
type compound [44] and the ease of sodium extraction from the
lattice structure, especially if an external (e.g. chemical) driving
force exists. This could lead in principle also to Hþ/Naþ exchange
under particular conditions (i.e. direct contact with acid species).
However, this circumstance is ruled out here, due to careful
handling and storage of the as-prepared compound under Argon.
Possible presence of NiO by-products was also checked, as this
oxide is a common crystalline impurity found in sodium layered
oxides containing Ni and since a small local inhomogeneity of the
Ni signal in its chemical map (Fig. 1e) was seen as well. XRD of the
pristine Na2/3Co2/3Mn2/9Ni1/9O2 powders was carried out over a
wide angular range to ascertain hypothetical existence of such NiO
impurities that might arise during the synthesis process. However,
no trace of NiO was found (see Fig. S3b in SI) and the purity of the
active powders was confirmed, except from their surface Na2CO3
deposits.
3.2. Analysis of possible structural changes upon sodium extraction
by in operando XRD

The structural stability of NaxCo2/3Mn2/9Ni1/9O2 subjected to
sodium extraction during charge from 2.00 V to 4.20 V vs. Naþ/Na
was probed by in operando X-ray diffraction coupled to galvano-
static measurements. Fig. 2 shows a series of diffractograms of
NaxCo2/3Mn2/9Ni1/9O2 (with 0.69� x� 0.39) recorded during cell
charge up to 4.2 V vs. Naþ/Na at a low rate of C/35 (i.e.z7.2mAg�1)
using a dedicated Na half-cell setup.

NaxCo2/3Mn2/9Ni1/9O2 possesses a P2-type structure with a P63/
mmc space group, in which Co, Mn and Ni are located in octahedral
sites, while sodium ions are positioned in two different prismatic
sites (i.e. Nae, where Na shares only edges with MO6 and Naf, where
Na shares faces with MO6). This is schematically illustrated in
Fig. 2a and a detailed Rietveld refinement of this structure can be
found in an earlier study [41] and in Fig. S3a in SI. The compound
underwent the extraction of 0.33 Naþ during the charge leading to
a final composition of Na0.36Co2/3Mn2/9Ni1/9O2 at 4.2 V vs. Naþ/Na
corresponding to z82mAhg�1 in Fig. 2c. Its characteristic diffrac-
tion peaks (002), (004) and (100)maintained their distinctive sharp
shape and related widths (see Table S1 in SI) during cycling in all
the diffractograms showed in Fig. 2b. No additional peaks were
observed, thus indicating that the material preserved both its
crystallinity and distinctive P2-type structure in this range of po-
tentials, although the presence of stacking faults cannot be
excluded. A very weak broadening around 17� was observed in
Fig. 2a for a Na content �0.54. However, the origin of this minor
feature remains unclear, also because no apparent peak or evident
broadening can be detected upon careful inspection of the same
diffractograms (see later a magnified portion of the same angular
range in Fig. 3a). Two major inflections were noticed in the voltage
curve of Fig. 2c, one approximately around 3.4 V vs. Naþ/Na and
another atz4.0 V vs. Naþ/Na corresponding to a sodium content of
z0.53 andz0.39, respectively. These characteristic features in the
voltage profiles of this type of compounds are often associated with
sodium ordering [35]. A more pronounced inflection of the po-
tential is noticed in typical charge curves of NaxCoO2 at x¼ 0.5
corresponding to the formation of an ordered phase [35,45].
However, the presence of several other inflections and steps, which
characterize the voltage profiles of NaxCoO2, is not observed here
and this fact is corroborated by the consistency of the diffraction
patterns in Fig. 2b. These results are also in good agreement with
several other studies devoted to similar P2-sodium layered mate-
rials [15,28,32], where the P2 structure was found stable with
respect to the compositional range investigated here.

The main detectable change in the XRD patterns was a shift of
the characteristic peaks (see Fig. 3), which is representative of a
variation in lattice parameters during the sodium extraction.

The peaks indexed (002) and (004) represent the lattice
parameter “c” and a progressive shift towards lower 2q values was
observed for them during the initial stages of the Naþ extraction.
This trend was followed by another shift directed to higher 2q
values, while reaching a composition of x¼ 0.39. The other peak
(100) corresponds here to the lattice parameter “a”, which under-
went a shift toward higher 2q values in a compositional range of
0.69� x� 0.54 before showing a stabilization at lower sodium
contents. The evolution of the lattice parameters as respective
functions of the sodium amount in the phase P2-NaxCo2/3Mn2/9Ni1/
9O2 during charge is presented in Fig. 3d.

The lattice parameter “a” represents the Metal-Metal distance
and is mainly affected by the oxidation/reduction of the transition
metals. A clear increase for it was noticed between the starting
composition x¼ 0.69, in correspondence of the open circuit voltage
(OCV), and the sodium content x¼ 0.54 (i.e. 3.5 V vs. Naþ/Na). Its



Fig. 1. (a) SEM image showing the surface morphology of the pristine Na2/3Co2/3Mn2/9Ni1/9O2 powders. (bef) Elemental maps of Na, O, Co, Ni and Mn. The respective electronic
edges are indicated in each panel.
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decrease is mainly caused by an increase in the oxidation state of
the transition metals to compensate for the charge lost during the
Naþ extraction. Indeed, it was found via HAXPES that the oxidation
of both Co3þ and Ni3þ ions occurred in this range of potentials [42].
However, this decrease for “a” is mostly attributed to the oxidation
of Ni3þ (0.060 nm) to Ni4þ (0.048 nm), as the ionic radii of Co4þ

(0.0530 nm) and Co3þ (0.0545 nm) are very close to each other and
this hardly affects the M-M distance. This is confirmed by the sta-
bility of the “a” values when x� 0.54 (i.e. �3.5 V vs. Naþ/Na), for
which the totality of the Ni3þ ions (i.e. 1/9) is expected to be
oxidized and a further contribution by the oxidation of the Co3þ

ions should not cause major variations for this lattice parameter. It
should be mentioned that Mn4þ ions are partially reduced to Mn3þ

during the first discharge below the initial OCV value and that this
mechanism is totally reversible, thus accounting for an overall
contribution of all the transition metals in the electrochemical
processes [42]. Hence, the inflections and plateaus characterizing
the galvanostatic cycling curves of NaxCo2/3Mn2/9Ni1/9O2 cannot



Fig. 2. (a) Illustration of P2-NaxCo2/3Mn2/9Ni1/9O2 structure. (b) In operando XRD patterns of the NaxCo2/3Mn2/9Ni1/9O2 electrode material recorded during complete charge in a
dedicated Na half-cell. (c) Corresponding cycling curve for the galvanostatic charge with rotated ‘voltage’ and ‘capacity’ axes. Note that the cell capacity increases as the value of “x”
in NaxCo2/3Mn2/9Ni1/9O2 decreases from 0.69 at the OCV to 0.39 in correspondence of 4.0 V vs. Naþ/Na. The colors of these points in (c) refer to the respective diffraction patterns in
(b), which were collected at such voltage values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Simultaneous evolution of each diffraction peak (a) (002), (b) (004) and (c) (100) upon charge. (d) Related evolution of lattice parameters “a” and “c” as respective functions
of sodium content in NaxCo2/3Mn2/9Ni1/9O2.
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univocally be related to specific red-ox couples. On the other hand,
the lattice parameter “c”, which is equal to twice the interlayer
distance, shows an increase with the decrease of the sodium con-
tent in the material during the charge. As the amount of sodium
ions sandwiched between the MO2 sheets decreases, the
electrostatic repulsion between the (MO2)n layers increases on both
sides causing their separation and, consequently, an overall in-
crease of “c”. Possible effects of Na-ordering in the interlayer
spacing between (MO2)n sheets due to the Metal-Metal (M-M)
distance in this P2-type structure might also play a role, although



Fig. 4. Cyclic voltammograms of a composite Na2/3Co2/3Mn2/9Ni1/9O2 electrode cycled
in a Na half-cell between 2.00 and 4.20 V vs. Naþ/Na at increasing scan rates from 0.01
to 0.64mVs-1. The peaks labelled ‘I’, ‘II’, ‘III’ correspond to oxidation processes, whereas
‘IV’, ‘V’, ‘VI’ are their reductive counterparts. Note that all the cycles presented in the
graph were obtained after an initial cycle.
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the M-M distance is mainly controlled by the oxidation state of the
transition metals [42] in this compound. In O3-type oxides, the
presence of Naþ in the interlayers affects the M-M distance and, as
such, different Liþ and Naþ cations show distinctive M-M distances
in LiCoO2 and NaCoO2, for which the influence of NaþeNaþ repul-
sive interaction was reported earlier [59].

Interestingly, the lattice parameter “c” appeared stable after the
composition x¼ 0.49 was reached and its trend upon subsequent
de-sodiation followed that of the M-M distance (i.e. “a”) in a
specular way. Its evolution is mainly influenced by two compo-
nents: i) a steric interaction that induces its decrease upon de-
sodiation and ii) an electrostatic factor that causes an increase of
the interlayer distance as a result of the O-O repulsion upon Naþ

removal. Therefore, the electrostatic contribution appeared to play
a possible major role for a sodium content x> 0.49, whereas for
x< 0.49 it is reasonable to expect that the steric factor dominated.
Regardless of the variations observed for the lattice parameters, the
P2-type structure of this compound remained clearly consistent
upon charge without undergoing any major rearrangement.
3.3. Electrochemical analysis via cyclic voltammetry

The electrochemical response of a composite Na2/3Co2/3Mn2/

9Ni1/9O2 electrode subjected to cyclic voltammetry (CV) with
increasing sweep rates from 0.01 to 0.64mVs-1 between 2.00 and
4.20 V vs. Naþ/Na is presented in Fig. 4.

In the series of cycles carried out at various scan rates, the
evolution of three distinctive red-ox couples can be observed. These
red-ox peaks, which are labelled here with roman numbers, are
characteristic of this compound and correspond to various stages
upon electrochemical de-sodiation and sodiation. The possible
origin and attribution of such features was previously discussed in
literature [41], though their fundamental nature still remains
matter of debate [42,43].

The curves in Fig. 4 display typical red-ox components (i.e.
current peaks at potentials >3.00 V) combined with characteristic
capacitive features (i.e. flat lozenge-like curves at lower voltages).
Both properties are also present in the initial CV cycles of the
electrode (see Fig. S4 in SI) and significantly increased in Fig. 4 upon
raising the sweep rate. The shape of the voltammograms in cor-
respondence of the different sweep rates was progressively modi-
fied in proximity of the upper and lower cut-off voltages. As the
sweep rate was increased, the ending part of the curves around
4.20 V became progressively steeper, as if the oxidation processes
had more difficulty in being completed. This could be inferred from
the lack of a short tail for the peak ‘III’ at scan rates higher than
0.16mVs-1 and from the absence of a flat ending. This feature is
evident for the cycles at higher scan rates, where also a simulta-
neous shift in potential is observed for the red-ox peaks. The latter
is consistent with the fact that both oxidative and reductive sig-
natures in the correspondent half cycles shifted respectively to-
wards higher (i.e. for the anodic peaks) and lower (i.e. for the
cathodic ones) voltages with increasing scan rates. This type of
behaviour is usually related to processes limited by the rate of
charge transfer and/or ohmic drop [46,47]. In particular, if a sub-
stantial ohmic drop is present in the system, a linear relationship
between the peak potential (Ep) and the scan rate (n) can be ex-
pected on the basis of Ohm's law [47]. Indeed, resistive aspects
need to be considered in Na half-cells, as an additional polarization
derives from the presence of metallic sodium and its unstable
interface upon electrochemical reactions [60,61].

Nevertheless, it can be seen that in all the graphs of Fig. 5 the
evolution of the peak potentials, Ep, did not exhibit a clear linear
trend with the scan rate, while the opposite occurred for the peak
currents, Ip. The peak currents displayed an evident linear rela-
tionship with the scan rates (see also the r-values for jIpj in Table 1),
suggesting a significant capacitive response for this electrode under
such conditions, as explained more in detail in the following.

The various contributions associated with the electrochemical
processes taking place in an electrode subjected to CV at various
sweep rates can be analysed by the general power law [48e50]:

I ¼ avb (1)

where I is the experimental value of the measured current, n is the
applied scan rate, while a and b are varying parameters that can be
determined. By rewriting eq. (1) as (I/a)¼ n b and by taking the
logarithms of both members, it is possible to calculate the b-value
in such expression. The latter can be obtained by plotting the log-
arithm of themeasured current vs. the logarithm of the scan rate for
each set of data points and by extrapolating the resulting slope. In
this way, it is possible to point out two distinctive ideal regimes for
the electrochemical processes. The first one is characterized by
b¼ 0.5, which corresponds to a regime where the processes are
entirely diffusion-limited (i.e. semi-infinite diffusion), whereas the
other one (i.e. b¼ 1.0) refers to the other extreme case in which the
reactions follow a complete capacitor-like kinetics. Under such a
condition the current is given by Refs. [48,49]:

I ¼ CdAv (2)

where Cd is the electrode capacitance and A represents the surface
area of the electrode material. Accordingly, the contribution to the
current in eq. (2) is purely capacitive and results proportional to n.

Vice versa, when b¼ 0.5 the current follows another character-
istic equation [50]:

I ¼ nFC*AD1=2ðanF=RTÞ1=2p1=2cðbtÞv1=2 (3)

where n is the number of electrons exchanged in the electro-
chemical reaction, F is the Faraday constant, C* is the surface con-
centration of the electrode material, D is the chemical diffusion
coefficient, a is the transfer coefficient, R is themolar gas constant, T



Fig. 5. Composite graphs showing the trends of the peak currents (triangles) and peak potentials (squares) as a function of the applied scan rates. Each graph from (a) to (f) refers to
a specific red-ox feature, whose values have been extracted from the corresponding peaks in Fig. 4. Note in all the cases the linear trend of the peak currents vs. the scan rates, with a
simultaneous non-linear behaviour for the related peak potentials.

Table 1
Synoptic table of the various parameters obtained from different linear fits regarding the red-ox peak features presented in Fig. 4. Note that the reported values refer to the
features found in the series of graphs shown in Figs. 5 and 6.

Peak feature r-value (jIpj fit) Slope jIpj fit r-value (jlnjIpjj fit) b r-value (jIpj/n1/2 fit) k1 k2 k2/k1

I 0.99947 1.01373 0.99960 0.90550 0.99929 0.95600 0.06337 0.0663
II 0.99945 1.16039 0.99996 0.90934 0.99914 1.09362 0.07559 0.0691
III 0.99945 1.16039 0.99935 0.87647 0.99904 1.18834 0.11017 0.0927
IV 0.99611 0.90226 0.99965 0.86455 0.98933 0.81374 0.11765 0.1446
V 0.99833 1.03540 0.99980 0.93556 0.99582 1.00084 0.05985 0.0598
VI 0.99831 0.89434 0.99931 0.90307 0.99654 0.84629 0.06399 0.0756
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Fig. 6. Graphs for determining the experimental values employed in the analysis of the
electrochemical behaviour of the electrode. (a) Logarithmic plot to determine the b-
values linked to the rate-limiting factors of the electrochemical processes. (b) Plot
referring to the square root of the scan rate used to evaluate the k1 and k2 parameters
respectively related to capacitive and intercalation contributions for each red-ox
feature.

M. Valvo et al. / Electrochimica Acta 276 (2018) 142e152 149
the temperature and c(bt) represents a function that corresponds
to the normalized current for a totally irreversible system, as
indicated by the CV response. Hence, the contribution to the cur-
rent in eq. (3) is merely diffusive due to faradaic intercalation
processes, being the latter proportional to n 1/2.

Here the different contributions arising from capacitive and
diffusive mechanisms have been analysed on the basis of an earlier
approach [49] where the current response at a fixed voltage, I(V),
can be expressed as a combination of the characteristic terms n and
n 1/2 [49,51]:

IðVÞ ¼ k1vþ k2v
1=2 (4)

where k1n represents the capacitive element, whereas k2n
1/2 ac-

counts for the diffusive intercalation component. The quantities k1
and k2 are associated parameters that can be further determined via
an analysis of the experimental data. The above equation can
conveniently be rewritten as:

IðVÞ
.
v1=2 ¼ k1v

1=2 þ k2 (5)

where the related slope, k1, and y-intercept, k2, can be obtained by
fitting the respective data points. The resulting values enable a
quantitative evaluation of the different contributions and their ra-
tio at a fixed voltage.

From Fig. 6a it is observed that for all the red-ox peaks very
similar slopes were obtained, independently of their state of
reduction/oxidation. Typical b-values, yielded by the linear fits of
the logarithm of the currents for the various peaks, were around
z0.9 (see Table 1).

The data points in Fig. 6a closely followed a linear trend (see r-
values for jlnjIpjj fit in Table 1) and their b-values indicate that for all
the peak currents a clear part of the charge storage is derived from
capacitive-like contributions. It is also seen that for the red-ox
peaks at the highest voltage (i.e. ‘III’ and ‘IV’) the b-values re-
ported in Table 1 are slightly below 0.9, thus suggesting that minor
faradaic contributions due to intercalation played a role as well.
These considerations are further strengthened by the results in
Fig. 6b, where the values for k1 and k2 were determined by the
linear fits of the various sets of data points.

From the data reported in Table 1 for all the couples of peaks it is
clear that k1>> k2, being the values of k2 slightly higher for the
features ‘III’ and ‘IV’, in line with the precedent finding. From this
preliminary analysis, it can be argued that the electrochemical
behaviour of this electrode material is mainly controlled, under
these conditions, by capacitive-like processes and that such
mechanisms dominate the charge storage even in correspondence
of the various peak currents. This is quite unexpected, as the latter
are typically ascribed to faradaic insertion/de-insertion of Naþ and
simultaneous changes in oxidation state for the transition metals in
this type of layered compounds [38]. Nevertheless, the fact that, on
average, the contribution to the currents through these peaks
originates only for z20% from diffusive faradaic processes (i.e.
b¼ 0.5 ideally corresponds to 0% capacitive behaviour and 100%
diffusion characteristics, whereas b¼ 1 represents its comple-
mentary case) cannot be neglected (see Table 1). This finding is
interesting, as capacitor-like features are often associated with
large interface areas and clearly manifest when the electrode ma-
terials are subjected to quick variations of the applied voltage (e.g.
in supercapacitors), while none of these conditions are fulfilled
here, since low and moderate scan rates were utilized to favour the
completion of the reactions in these micron-sized active particles.

Conversely, a sheer capacitive mechanism due to electric double
layer (EDL) charging is unlikely here for a series of reasons. First, the
active material has an evident bulk nature (see Fig. 1a) and its
characteristic values of specific surface area are low (i.e.
<10m2 g�1). This means that, on average, a pure EDL component
could play only a minor role, since a high surface area is normally
required to enhance this type of capacitive charge storage process.
Secondly, the carbon black in the electrode formulation can give
rise to a larger electrochemically active area (i.e. characteristic
specific surface areas for Super P carbon lie in the range of
60e65m2 g�1) and thereby could account for more significant EDL
contributions. However, the carbon content in the composite
coating is limited to 20% of that of Na2/3Co2/3Mn2/9Ni1/9O2, while it
cannot sensibly contribute to the observed peaks above 3.0 V, since
its characteristic electrochemical activity vs. Naþ/Na is limited to
lower voltages (e.g.�1.2 V vs. Naþ/Na) [52]. Sparse surface traces of
sodium carbonates and sodium fluoride [42] could play only a
negligible role in these electrochemical reactions, since most of
their dissolution (i.e. oxidation) was observed only at higher volt-
ages (i.e. 4.5 V vs. Naþ/Na). The use of such high potentials is known
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to cause possible electrolyte degradation and, for this reason, it was
avoided in this study. In any case, approximate theoretical values of
purely capacitive currents, IEDL, in correspondence of the different
sweep rates were estimated for this composite electrode via eq. (2),
as described more in detail in the separate section S.1 in the SI
section. The series of calculated values for IEDL at each n are listed
and compared in Table S2 (see SI) with the actual experimental
values, Ip, which were recorded for each peak during the CV mea-
surements. It is clear from Table S2 that the values of Ip are much
larger than those estimated for IEDL for each peak in correspondence
of all the scan rates. Hence, this leaves open only one main route to
explain the high specific capacitance per unit area observed for the
peak currents (see Fig. 7 later) in this composite electrode: pseu-
docapacitance. This intriguing phenomenon has attracted more
and more attention in the last years, not only for supercapacitors
[53], but also for Li- and Na-ion batteries [54e57], especially for a
number of different oxides [49,58] undergoing insertion mecha-
nisms of these ions.

Fig. 7 presents the evolution of estimated (i.e. approximate)
specific areal capacitances for each CV peak as a respective function
Fig. 7. Evaluation of approximate specific capacitance per unit area of the composite
Na2/3Co2/3Mn2/9Ni1/9O2 electrode for each peak as a function of (a) the scan rate and (b)
the respective reaction potentials. Open symbols refer to oxidative processes, whereas
solid ones are related to their reductive counterparts. Note that the capacitance values
are normalized with respect to a slightly overestimated total specific surface area of
the active material and the carbon black additive.
of the scan rate (a) and the voltage recorded for each individual red-
ox feature in correspondence of the various sweep rates (b).

It is seen that the specific areal capacitance is not constant for
each peak, but tends to level off with increasing sweep rates after
an initial drop in correspondence of the lowest scan rates. Most of
the values estimated for the specific areal capacitance lie in the
approximate range of 0.7e1.2mFcm�2, which is order of magni-
tudes larger than 10e50 mFcm�2 [53]. This interval of tens of
mFcm�2 is often documented for conductive surfaces in contact
with aqueous electrolytes (i.e. with organic solvents such values
should be further reduced) [53]. Therefore, Na2/3Co2/3Mn2/9Ni1/9O2
appears to possess an intrinsic ability of storing charge in a
distinctive pseudo-capacitive way. This scenario can still fit with
the overall picture of characteristic Naþ insertion/extraction in the
layered structure of this compound, if one recalls that a strong
repulsive electrostatic interaction exists between two neighbour-
ing metal oxide slabs [41] and that charged defects can easily be
generated in its lattice, too. The latter observation agrees well also
with the fact that a partial removal of Naþ from its pristine struc-
ture readily occurs in contact with air yielding clear surface Na2CO3
deposits (see Fig. S2 in SI), which can also cause sliding of the metal
oxide slabs [36]. These processes, in turn, imply a necessary charge
compensation mechanism to hold overall electroneutrality across
the material. Indeed, a variation of the sodium concentration in P2-
NaxCoO2 generates various single-phase domains with distinct
Naþ/vacancy patterns [35].

From Fig. 7b it can be noticed that also some subtle differences
exist in the pseudo-capacitive behaviour of the three couples of
peaks (i.e. I-VI, II-V, III-IV). The asymmetry for the distribution of
associated data points (solid vs. open) appears to be enhanced with
increasing peak potential vs. Naþ/Na, together with the earlier
mentioned shift of the peak positions with rising scan rates. The
separation in potential for each couple of peaks, DEp, grows with
increasing sweep rates. Possible limiting factors influencing the
performance of this type of electrode can be better understood by
checking the dependence of DEp on the currents involved in these
processes.

Fig. 8 shows the difference in potential existing for each couple
of peaks as a function of the average peak current recorded for the
respective cathodic and anodic processes.
Fig. 8. Comparative graph of the difference in potential existing between each couple
of redox peaks as a function of the average (i.e. red-ox) peak current obtained at
increasing sweep rates. Note the linear trend of DEp for all the couples of related peaks.



Table 2
Pearson's values for the linear fits presented in Fig. 8 and estimated resistances from
the slopes obtained from the same fit for each couple of peaks.

Peak Couple r-value (DEp fit) Slope [kU]

I-VI 0.998 0.310
II-V 0.994 0.317
III-IV 0.994 0.326

M. Valvo et al. / Electrochimica Acta 276 (2018) 142e152 151
The trend of the data points in the three panels of Fig. 8 suggests
an overall linear-like relationship between DEp and the average of
the absolute values of the cathodic/anodic currents for each peak
couple, thus highlighting Ohmic losses as main contributors to the
observed voltage separation. Although a neat linear relationship is
effectively obtained only for the peak couple I-VI, it can be noticed
that in all the cases the extrapolated values of the slopes indicate a
significant resistance for all the peak pairs (see Table 2) with typical
values exceeding 300U.

Considering the active mass loading in these electrodes, their
thickness and the fact that they were not calendered, it is not
surprising to observe such resistances for the electrochemical
processes. This can be further justified by the micron-sized nature
of the oxide particles and their electrically insulating surface by-
products (e.g. NaF, Na2CO3) in these composite coatings with
PVdF, together with unfavourable resistive properties of the metal
sodium interface [60,61] upon reaction.

Bearing in mind the pseudo-capacitive contribution to the
charge storage in this layered oxide compound, a possible reduc-
tion in size for its crystalline particles can be regarded as certainly
convenient. A larger electrochemically active interface can signifi-
cantly boost the pseudocapacitance andwell-developed crystallites
of this oxide with average sizes below 1 mm should be most likely
accessible via tailored syntheses. This approach, combined with
additional electrode calendering and local electronic bridging of
the active particles by carbon black, should contribute to an effec-
tive lowering of the overall electrode resistance. In this way,
improved electrochemical performances can be enabled without
sacrificing too much the energy density of the resulting electrodes.

4. Conclusions

To sum up, the electrochemical behaviour of Na2/3Co2/3Mn2/

9Ni1/9O2 was carefully investigated in Na half-cells by means of a
dedicated cyclic voltammetry study and its structural stability upon
sodium extraction was checked through in operando XRD coupled
with galvanostatic measurements. The analysis of the various cur-
rents and potentials characterizing the peaks in correspondence of
the different sweep rates suggests that the picture of classical
insertion/extraction of Naþ ions into/from this layered oxide does
not fully capture the intrinsic electrochemical properties displayed
by this compound in composite electrodes. The examination of the
results of the various linear fits, to determine whether the currents
for the peakswere purely faradaic (i.e. due to insertion/de-insertion
of Naþ ions diffusing into/from the lattice structure), or intrinsically
capacitive, indicates that significant pseudo-capacitive features are
at play in the electrochemical reactions of this complex oxide. The
contribution of pure electric double layer charging as capacitive
storage mechanismwas evaluated in this context and it was shown
that this alone could not justify the high values of specific areal
capacitance obtained in correspondence of all the peaks. Pseudo-
capacitance, which is most likely associated with electrostatic in-
teractions present in the layered lattice structure, as well as with
the generation of possible charge compensation mechanisms for a
partial Naþ removal from the crystallites to form surface by-
products (i.e. Na2CO3, NaF), represents here the most logical
mechanism for rationalizing the charge storage displayed by this
electrode system.

The rather stable cycle performances demonstrated in our
earlier study [41] for this complex oxide can be related then to two
main factors: i. a good stability of its P2-type structure for those
reactions occurring between 2.0 and 4.2 V vs. Naþ/Na, as proved by
the previous in operando XRD measurements and ii. highly
reversible pseudocapacitive processes brought about by the metal
oxide slab framework, as well as by the defects (e.g. vacancies)
generated in its lattice and related charge compensation mecha-
nisms arising from charge neutrality requirements. Most likely,
such phenomena should apply also to other Na-containing metal
oxide compounds relying on similar layered structures, as the basic
physical and chemical interactions should not sensibly depart from
those considered so far.

Finally, possible limiting factors existing for this type of com-
posite electrodeswere taken into account as well. It was shown that
reducing the overall resistance experienced by the electrode during
the electrochemical processes is of paramount importance to ach-
ieve improved performances. Reducing the electrical resistance of
these composite electrodes by a careful selection of smaller crys-
tallite sizes (e.g. few hundreds of nanometers), as well as promoting
their effective connection in the resulting coatings by well-
adhering conductive additives are crucial aspects that need to be
addressed to enhance the performances of this type of positive
electrode for NIBs. In this way, quicker charges/discharges can be
supported by better exploiting the pseudocapacitive features
without the penalty of a high electrode resistance.
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