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Aqueous sodium batteries and capacitors offer a low-cost and sustainable alternative to lithium-based
energy storage systems, with their performance crucially dependant on the choice of electrode
materials. Among the candidates commonly used in sodium-ion devices, various phase modifications of
presodiated manganese oxide are considered promising. In this work, we synthesized biphasic
(orthorhombic/monoclinic) NaMnO, using a cost-effective sol—gel technique and investigated its perfor-
mance as an electrode material for aqueous sodium electrochemical systems. The performance was
evaluated through cyclic voltammetry and galvanostatic charge—discharge measurements. The results
demonstrated that NaMnO, electrodes were highly suitable for high-power energy devices, exhibiting a
specific capacity of 103 mA h g~! and high capacity retention, even under high current conditions (82%
capacity retention as the current increased from 1C to 20C). The superior electrochemical performance,
especially under high discharge current conditions, was attributed to the optimal combination of
different pseudocapacitive mechanisms associated with the biphasic monoclinic-orthorhombic phase
structure, which ensured both high capacity and stability during cycling, as well as the morphology of
the samples. These results paved the way for the development of high-power, stable, and cost-effective
aqueous sodium-ion storage devices.

Layered structures based on manganese oxides have emerged as
promising candidates for such applications. For instance, high-

Despite the dominance of lithium-based energy storage devices,
cheaper, more abundant, safer, and efficient sodium-ion (Na)
batteries' ™ and supercapacitors®’ have garnered increasing
attention. One of the most significant challenges in the intense
research on these devices is to enhance their specific capacity,
power, and energy, aiming to achieve competitive operational
performance. This can be accomplished by selecting Faraday-
active electrode materials that favor reversible Na ion intercalation.
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voltage supercapacitors based on tetragonal NaMnO, have already
been developed, exhibiting a calculated capacity of 89.6 F g~ " at a
scan rate of 5 mV s~' and demonstrating good cycle stability.®
In the presence of Na' cations, the electrochemical potential of
manganese oxide in electrolytes shifts, allowing for the achieve-
ment of higher specific energy storage. Furthermore, Na,MnO, has
been shown to exhibit beneficial electrochemical properties, espe-
cially in terms of cycle stability, when sodium doping is applied
during synthesis.” ™

Two phases of sodiated manganese oxide materials have
been reported to date (Fig. 1a): monoclinic (« phase, space
group C2/m) and orthorhombic (B phase, space group Pmnm).
Additionally, f-NaMnO, systems have demonstrated capacity
values of approximately 90 mA h g~ ' at high currents, with a
capacity retention of around 89% over the first 100 cycles.'
These results suggest that the o-phase is particularly effective
in providing good rate capability, while the B-phase is more
suited for maintaining long cycle life.'* Consequently, both
phases exhibit distinct but complementary electrochemical
properties, which can be leveraged through their combination
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Fig. 1 (a) Orthorhombic and monoclinic phases of NaMnO,. (b) XRD patterns of as-synthesized Nag gMnO, (x = 0.8), NaMnO, (x = 1.0) and Na; ,MnO,

X = 1.2).

in a biphasic composite. Such NaMnO, polymorphs were observed
by Artem M. Abakumov et al.'® as quasi-periodic sequences
with varying concentrations of o-NaMnO, and B-NaMnO,
phases within each NaMnO, layer of the composite. The
electrochemical behavior of these biphasic materials has also
been investigated.'®'” In particular, Debasis Nayak et al'®
reported discharge capacity values of 110.5 mA h g~" with a
capacity retention of about 68% and Coulombic efficiency of
98.9% even after 120 cycles at 0.05C. The biphasic NaMnO,
compounds described above have been successfully prepared
using high-temperature solid-state reactions.>™” However,
owing to the lack of control over particle size, coarse-grained
powders exhibit a small specific surface area, which hampers
electrochemical performance at high currents (as is required
for supercapacitors) and can be solved using a bottom-up
approach, such as the sol-gel technique.'®° Moreover, elec-
trochemical testing of these microsized NaMnO, compounds
was performed in non-aqueous electrolytes, which may increase
the technological complexity of construction and, consequently,
the final device cost.

In this work, we overcome these limitations by demonstrating
the ability of simple and cheap sol-gel techniques to synthesize
biphasic Na,MnO, compounds, which appear to exhibit capacity
values as high as 103 mA h g~' at high scan rates with their
preservation for 100 cycles in aqueous electrolytes.

Experimental
Synthesis

Several samples of sodium manganese oxide with different
amounts of sodium were prepared using the sol-gel method.
0.2 M water solutions of manganese acetate tetrahydrate

© 2025 The Author(s). Published by the Royal Society of Chemistry

C,HgO,Mn-4H,0 (Thermo Scientific, 99%) and sodium nitrate
NaNO; (Panreac, 99%) were mixed by stirring for 5 hours. The
pH was then adjusted to 8 by adding a 25% ammonia solution.
The resulting solution was heated to 80 °C and kept at low
pressure (200 torr) for 24 h. The obtained product was manually
ground, annealed at 750 °C for 15 h at a heating rate of
3 °C min~' and finally quenched to room temperature. The
choice of the final annealing temperature is determined by DTA
(Fig. S1, ESIT) and is described under the literature conditions
of o and B phase formation,”’.>*> We obtained three samples
with different Na amounts and nominal stoichiometric compo-
sitions: Na, gMnO, (x = 0.8), NaMnO, (x = 1.0) and Na; ,MnO,
(x = 1.2). After cooling to room temperature, the samples were
directly transferred to an Ar-filled glove-box and manually
ground in an agate mortar.

Characterization methods

X-ray diffraction (XRD) characterization of the samples was
carried out using a Bruker D8 ADVANCE A25 diffractometer
(Cu-Ka radiation source with a wavelength 4 = 1.54 A) in the 20
range 10-80° with a step size of 0.00205°. Rietveld refinement
procedures were carried out using FullProf software. The sur-
face morphology of the powders was analyzed by SEM (Hitachi
S4800 microscope at 10 kV of acceleration voltage). High-
resolution X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a SPECS GmbH system (base
pressure 1.0 x 10 '° mbar) equipped with an ASTRAIOS 190
2D-CMOS hemispherical analyzer. Photoelectrons were excited
with the Al-Ka line (1486.7 eV) of a monochromatic X-ray source
p-FOCUS 500 (SPECS GmbH). Measurements were taken at
room temperature with a pass energy of 50 eV. Morphological,
compositional and structural analyses of Na,MnO, samples
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were also performed by high-resolution transmission electron
microscopy (HRTEM) using a field emission gun TECNAI G>
F20 microscope operating at 200 kV, with the capabilities of
selected area electron diffraction (SAED) and energy dispersive
X-ray spectroscopy (EDX) in the facilities of the Servei Central
de Suport a la Investigacié Experimental (SCSIE) at the Uni-
versity of Valencia. To prepare the TEM samples, the Na,MnO,
samples were scratched, removed from the substrate and
deposited onto a carbon film supported on a copper grid.

Electrochemical measurement technology

The active mass of NaMnO, (80 wt%) was mixed with 15 wt% of
carbon black and 5 wt% of PTFE binder and ground in a
mortar. An electrode was prepared by repeated brush coating
onto nickel foam current collectors. The electrode area was 0.3
cm?, and the loading of the active mass was 8 mg independent
of the active material and electrolyte. The cyclic voltammetry
(CV) tests were performed (Gamry 5000P equipment) using a
three-electrode cell with Pt wire and Ag/AgCl electrode as
counter and reference electrodes in an aqueous 1 M solution
of Na,SO,(NS), Na,CO;3(NC) and NaNO;(NN) (scan rate region
of 0.5-50 mV s '). The specific capacitance of electrode (C)
estimated from the cyclic voltammogram was calculated as
follows:

C = S/(2AUmV),

where S is the area between the CVA curves, m is the mass of the
active material, and V is the scan rate. The cycleability of
electrode materials in different electrolytes was investigated

during 100 cycles at a scan rate of 50 mV s~ .

Results and discussion

Structure, morphology and stoichiometry of Na,MnO,

The XRD patterns of the as-synthesized and annealed at 750 °C
Na,MnO, samples (x = 0.8, 1.0, and 1.2) are shown in Fig. 1b.
The spectra obtained were compared with the data reported for
the monoclinic and orthorhombic NaMnO, phases, revealing
that the sol-gel samples studied here comprised a combination
of B (ICSD 21028) and o (ICSD 16271) polymorphous phases of
sodiated manganese dioxide in a proportion depending on
the sodium content. Based on Rietveld refinement processes,
low Na-content samples, such as the Nay gMnO, ones, show a
single B phase structure. Samples x = 1.0 and x = 1.2 can
be described as two-phase systems although stoichiometric
NaMnO, samples tend to present a higher ratio of the o phase
(rough estimation of the ratio of a-phase to B-phase is 69:31
for x = 1.0 and 76:24 for x = 1.2). The cell parameters of all
prepared samples are summarized in Table 1. The orthorhombic
phases present parameters compatible with those previously
reported.”” In the case of monoclinic o phase samples, the c lattice
parameter results are larger than those reported in,>*** which is
attributed to the presence of a higher amount of sodium between
MnO, layers (Fig. 1a). The diffraction peak shift has similar values
(A20 ~ 0.2°), and it leads to proportional changing of lattice
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Table 1 Lattice constant values for the o and B phases obtained through
Rietveld refinement

Sample Phases a, A b, A c, A
Nay sMnoO, B 4.934 2.852 6.091
NaMnO, o 4.462 2.654 7.023
B 5.004 2.893 6.207
Na, ,MnoO, o 4.457 2.647 7.012
B 4.926 2.880 6.193

parameters for both phases. As shown in,"> such a correlation of
lattice constant can be explained by quasi-periodic modulated
sequences using the known o- and B-NaMnO, polymorphs as
the two limiting cases.

Fig. 2(a)-(c) shows low magnification TEM micrographs of
Na,MnO, samples with different Na/Mn ratios together with
selected area electron diffraction (SAED) patterns acquired in
these samples. As revealed by TEM micrographs, the morphol-
ogy of the synthesized product is made of relatively large
crystals. Diffraction spots observed in the SAED patterns shown
at the bottom of Fig. 2(a)-(c) are produced by the small
monocrystals randomly orientated, giving an angular distribu-
tion of (4kl) spots at a distance proportional to 1/dp; from the
(000) spot for each allowed reflection. The SAED pattern pro-
duced by Na,gMnO, can be indexed only by invoking an
orthorhombic phase and is in good agreement with 00-025-
0844 in JCPPS files (database). In contrast, the high-resolution
TEM images acquired in NaMnO, and Na,;,MnO, samples
evidence the co-existence of both monoclinic and orthorhom-
bic phases, in agreement with that observed by XRD (Fig. 1).
In fact, interplanar distances and lattice parameters, as
extracted from SAED patterns and HRTEM images of Na,MnO,
(see Fig. S2 and Table S1 of the ESIf), are also in good
agreement with those obtained by XRD.

SEM micrographs (Fig. 2d, e and f) suggest a high degree
of crystallinity, with the presence of layered particles of sodium
manganese oxide clearly distinguishable in all cases, while
samples with deviations from sodium stoichiometry present
more irregular particles with more defect morphology. In fact,
samples with x = 1.0 tend to be composed of regular hexagons
with a surface size of about 1.5 x 1.5 microns. Energy-
dispersive spectroscopy (EDS) measurements were performed
to map the elemental distribution on the Na,MnO, surface
(Fig. S3, ESIt). Because we observed deviation from the homo-
geneous distribution of Na and Mn elements for non-
stoichiometric samples (x = 0.8, x = 1.2), XPS measurements
were performed in all Na,MnO, samples to obtain additional
information about their chemical composition and atomic
bonding nature.

The XPS spectra of Na 1s, Mn 2p, and O 1s core levels
acquired in these samples are depicted in Fig. 3a-c, respec-
tively, which are deconvoluted by assuming Gaussian lineshape
components. From this analysis, it appears that the Na 1s XPS
spectra (Fig. 3a) are composed of different components with an
intensity ratio that depends on the sample stoichiometry.
A first component, centered at a binding energy of 1071.7 eV,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM micrographs with corresponding selected area electron diffraction (SAED) patterns of NaggMnO, (a), NaMnO, (b), Na; ,MnO, (c). SEM
images of Nap gMnO, (d), NaMnO (e) and N3 ,MnO; (f).

T e T N —
b) wn® e Mn 2p c) Mn-O-Mn O1s
642.2 eVg 543,1 eV 530..0 eV Mn-OH

fal O- defects . .532.1eV

Intensity (a. u.)
Intensity (a. u.)
Intensity (a. u.)

X=0.8

P Ros P X=0.8
FPTYTTTL PYYTY IYTOY FYTTYTITTTVIYTI IO IYTTY IYTIYTTYTVIIOTI FYOTY DYURY IO P I P S A I A B | PRI RS P R BT I
1064 1068 1072 1076 635 640 645 650 655 660 525 530 535 540
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 3 Na 1s (a), Mn 2p (b) and O 1s (c) core-level spectra acquired by XPS for Nag gMnO,, NaMnO, and Na; ,MnO, powders. The fitting curves of the
experimental data (red solid lines) were obtained through deconvolution, assuming Gaussian lineshape components. Shadowed Gaussian peaks
correspond to the components identified through the deconvolution processes.

is observed in all analyzed powders, which is attributed to Na* or/and monoclinic Na,MnO, configurations."*® On the low
cations intercalated between MnO, layers in orthorhombic energy side of the Na 1s spectra, an additional component

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 1152-1163 | 1155


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01150c

Open Access Article. Published on 27 December 2024. Downloaded on 6/14/2026 2:13:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

centered at 1070.1 eV in binding energies can be resolved in
non-stoichiometric compounds Na,MnO, (i.e., x = 0.8 and 1.2),
attributable to the presence of metallic Na®.? In the case of the
Na, gMnO, sample, the formation of metallic sodium can be
explained by complications of sodium migration inside
the grains at the initial step of synthesis owing to stable
orthorhombic phase formation, which causes the appearance
of oxygen defects. For the sample Na;,MnO,, the obvious
reason is an excess of sodium and its accumulation in the
intergranular space. These results show that Na,MnO, powders
with x = 1 sodium concentration exhibit a higher crystal quality,
as observed by SEM measurements (Fig. 2i) and an efficient Na
incorporation into the lattice.

Because in-site Mn cations are only surrounded by oxygen
anions (in both orthorhombic and monoclinic structures), the
observation of any XPS signal attributable to oxidation states
different from the Mn®" one expected in stoichiometric
NaMnO, provides valuable information about the effects of
Na incorporation into the host lattice. Deconvolution processes
performed on the Mn 2p spectra (Fig. 3b) allow for the resolu-
tion of up to three different Mn 2p3,, and Mn 2p,,, spin-orbit
doublets whose spin-orbit splitting is ~11.5 eV.””>° These
three doublets, whose Mn 2p;, components are centered at
640.4, 642.2, and 643.1 eV, appear to come from Mn**, Mn*",
and Mn"" related species, respectively,?®***! which indicates
the presence of MnO and MnO, in our samples, coexisting with
the Na,MnO, host lattice.>> Moreover, the evolution of the
relative weight of each Mn 2p doublet in the Mn 2p XPS signal
with the Na content reveals a continuous enhancement of the
presence of Mn**-related species to the detriment of the Mn*'-
related ones, as sodium content increases in the Na,MnO,
powder, while the presence of Mn**-related species remain
stable.

To obtain more insight into the chemical state of the
elements of the compounds studied here, we show in Fig. 3c
the O 1s XPS signal acquired in the Na,MnO, powders. Decon-
volution of the O 1s spectra (Fig. 3¢ and Table S2, ESIt) allows
the resolution of at least four singlet peaks, which appear at
different binding energy (BE) positions: A first singlet related to
the presence of oxygen defects (O-defects) and impurities (BE =
527.6 €V);>*** a second one attributable to the host Mn-O-Mn
lattice (BE = 530.0 eV);>’?%**37 a third one attributable to
manganese hydroxide Mn-OH (BE = 532.1 eV);*>**>?% and a
fourth one related to adventitious adsorbed H-O-H water (BE =
533.1 V).”>*>?%3% From the XPS results shown in Fig. 3a and c,
a clear correlation can be established between the presence of
O-defects density, the linewidth of the O 1s peak coming from
the Mn-O-Mn lattice, and non-ionic metallic sodium atoms
(1070.1 eV) (see also Table S2, ESIt), indicating that NaMnO,
powders prepared with x = 1 Na content exhibit a higher crystal
quality (lower defect density and narrower O 1s linewidth of the
Mn-O-Mn related peak) than the non-stoichiometric ones,
which is in agreement with morphological SEM results reported
here (Fig. 2). Moreover, the stoichiometric NaMnO, powders
present the highest Na*/Mn®" content ratio among the powders
prepared (see Fig. S5d of the ESIt), which suggests that optimal
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ionic sodium incorporation processes occur in the stoichio-
metric NaMnO, powders.

We calculated Na, Mn and O atomic ratios of the powder’s
surface composition by considering core-level cross-sections at
the used photon energy (Fig. S5d, ESIt). The atomic percentage
of total chemical composition (Fig. S5d upper panel ESIt)
agrees with those measured by EDS (Fig. S3, ESIT). By consider-
ing just the chemical composition of ionic elements bounded
in the Na,MnO, powder crystal (Na*, Mn** and 0™?), i.e., not
including non-ionic elements, amorphous components and
defects (see Fig. S5d bottom panel ESIt) show a decreasing
amount of Mn*" oxidation state with increasing sodium
amount. The calculated atomic Na*/Mn®* ratios depicted in
Fig. S5f of the ESIf linearly increase with increasing sodium
amounts. It is worth mentioning that the maximal amount of
incorporated ionic sodium is found in powders prepared with
x = 1 sodium concentration (see Fig. S5d bottom panel ESI¥).

Electrochemical testing of aqueous electrolytes

As described in the experimental section, Na,MnO, powders of
different Na contents are introduced in aqueous electrolytes to
analyze their electrochemical properties using the Ag/AgCl
reference electrode. Cyclic voltammograms are measured in a
voltage range from —0.25 V to 0.8 V. For all samples and
electrolytes (Fig. 4), we obtain similar cyclic voltammograms
with two parts of pseudocapacitance and corresponding pairs
of peaks: intercalation/deintercalation and reversible redox
reactions at or near the surface of the electrode material, as
described below.

At low scanning rates, a cathodic peak can be noticed at
voltage values of 0.3-0.35 V irrespective of the powder and
electrolyte employed, reflecting an incorporation of Na ions
into the Na,MnO, lattice, which is particularly more pro-
nounced at slow voltage changes (Fig. S4, ESIT). Additionally,
two peaks can be observed, one cathodic at 0.5 V and the other
anodic at 0.6 V, whose intensities increase as the scan rates
increase. The small voltage difference between the cathodic
and anodic peaks indicates fast redox/oxidation reactions,
mostly on the electrode surface. Particularly, there is a marked
intensity in these peaks for all samples in Na,CO; electrolyte as
well as for samples with non-stoichiometric compositions in
other electrolytes probably due to the presence of surface
defects (as suggested in XPS and shown in Fig. 3). Additionally,
in the particular case of sodium carbonate electrolytes in the
three-electrode configuration, CV curves versus the current zero
line are asymmetric, which implies the low reversibility of
intercalation/absorption reactions.

Following one of the main objectives of the present work,
the preparation of a stable biphasic structure with optimized
morphology to operate under high current conditions with high
reversibility, the specific capacity values are calculated based on
the results obtained from cyclic voltammograms. Table 2 shows
the calculated specific values and their retention after 100 CVA
cycles (scan rate of 50 mV s~ ') for Na,MnO, samples with x =
0.8, 1.0 and 1.2 in three different electrolytes selected. The
maximum value (103 mA h g ) is obtained for NaMnO, sample

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01150c

Open Access Article. Published on 27 December 2024. Downloaded on 6/14/2026 2:13:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
(a) (b) (c)
1.6E[0.5 mV/s £[0.5 mV7s] 0.5 mV7/s|
2mvr 2007 vie 12672 mvss
1.2F| 5mVis 1.5F| 5mVis 5mV/s|
10 mV/s 10 mV/s E[ 10 mV/s
0.8
0.8F b 1.0F
o . mV/s . 50 mV/s o 50 mV/s
8 | o4 Z 05 g 04
Z | Zoop = £
®© 0.0F, - 0.0
z 0.4
L0.4F 5L
5 -0.4
-0.8¢ 1.0E
-0.8
12 L | L 1 1 X208 1.5k x=14 L 1 1 L 1 xol2
- L - - i g 1 1 1 1 1 1 1 1 3| 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8
U (v) U (V) U (v)
@ 0 ®
04 0-52 "“\’/’/5 TE05mvs 1.6[F[05 mvrs|
R LT 2mV/s 2mV/s
5mVis 3.0F 5mvis 12F| 5mvs
0.3 |10mV/s El 10 mv/s “E|10mvis
X | _ 0.2F[50mVis 20 Elso mvis 0-8F50 mvss
S1% . <10 <
Q| Eoap EVF £ 04F
(] E = —
z 0.0 0.0 ?‘/ 0.0F
0.1 -1.0 3 04F
025 X=038 20K = X=12
02 L L 1 L 1 L L 1 L 2.0 Il | | | L | L | -0.8E., L 1 L 1 L L L 1 Lo
-0.2 0.0 0.2 0.4 0.6 0.8 02 0.0 0.2 0.4 06 0.8 -0.2 0.0 0.2 0.4 0.6 0.8
u) U (V) U (V)
(h) (k) (0]
40 0.5 mV/s 5.0F[0.5 mV7s| 25 0.5mV/s
. 2 mV/s| 2mV/s| 2 mV/s|
E| 5mVis 4.0F| 5mVis 2.0p 5mV/s
3.0F| 10 mV/s 10 mV/s 10 mV/s
E 30 1.5¢
50 mV/s 50 mV/s
e ~20F 50 mV/s
le) 2.0F g 10
O £
N 1.0 — 05
(]
pz4 0.0E 0.0
-1.0F -0.5
=10
20 el I Fiyi r v LT -1.0 4 i ' ) ! = 1"2
02 00 02 04 06 08 02 00 02 04 06 08 5 g ; :
uw) uw) -0.2 0.0 0.2 i (V;'JA 0.6 0.8

Fig. 4 Cyclic voltammetry (CV) curves of NaggMnO, (a), (d) and (g), NaMnO; (b), (e) and (h) and Na; ,MnO, (c), (f) and (i) in different electrolytes.

Table 2 CVA-based calculated values of specific capacity and their retention for Nag gMnO,, NaMnO, and Na; ,MnO; in different electrolytes

Electrolyte
NaNO; Na,S0, Na,CO;
Sample Capacity, mA h g~' Capacity retention, % Capacity, mA h g~' Capacity retention, % Capacity, mA h g~ Capacity retention, %
Nay gsMnO, 13 66 63 82 60 72
NaMnO, 23 89 103 93 61 83
Na, ,MnO, 18 70 42 80 39 42

cycling in sodium sulfate-based electrolytes. In addition, the
highest capacity retention rate (93 percent after 100 cycles) was
found for the NaMnO, sample in a sodium sulfate solution.
The different behavior of the electrochemical performance
of the devices prepared can be found in the structural and
morphological properties of the electrode materials, which
bend the balance towards one of the two possible pseudocapa-
citance mechanisms: intercalation (diffusion-controlled pro-
cesses) and surface absorption. According to the discharge
curves (Fig. 5a—c) obtained for cells based on Na,MnO, in
different electrolytes (discharge current 100 mA g '), charge

© 2025 The Author(s). Published by the Royal Society of Chemistry

accumulation occurs more commonly via adsorption, but the
presence of a weakly evident horizontal plateau at 0.3 volts
(versus Ag/AgCl electrode) indicates Faraday reactions. For
diffusion-controlled processes, the magnitude of cathodic and
anodic currents, which was proportional to the mass transport
rate, resulted in an increase in the scan rate. As shown in
Fig. 5(d)—(f), we observe linear dependencies between measured
based on CVA cathodic and anodic current peaks and the scan
rate square, indicating a diffusion-controlled behavior.
Among all samples studied, samples in NaNOj; electrolyte
showed the lowest capacity values (Table 2), which is attributable
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to the small difference found between anode and cathode current
peaks and their low values (from —1 mA to —1.5 mA for cathodic
and from 1.2 mA to 2 mA for anodic), even in a high scan rate
region (Fig. 5d). Cycling in Na,CO; electrolytes (Fig. 5f) demon-
strates low cathodic peak values for all electrode materials
employed here, as well as significantly high anodic peak values
(up to 5 mA at high scan rates), which demonstrates low Coulom-
bic efficiency and capacity retention. Fig. 5e illustrates that sample
cycling in Na,SO, electrolytes reflects a symmetrical behavior
whose highest values of cathodic and anodic peaks occur for
NaMnO, (x = 1.0).3%°

Intercalation and absorption pseudocapacity mechanisms
monitored by XPS

Typically, upon cycling, the solid-electrolyte interface (SEI)
degrades upon unwanted reactions at the electrode/electrolyte
interface defects and dislocations, blocking local Na‘/electrons
diffusion.** To determine the stability degree of the devices
prepared in this work, the XPS technique is employed to
determine the effects of pseudocapacitive charge accumulation
processes. Hereinafter, we focus on Na,MnO,-based devices
exhibiting the highest operation values observed here (i.e., devices
prepared with Na,SO, electrolytes).

a) Na,MnO, Na 1s b) _ i Mn 2p c) Min-OHINe-OH O 1s
Na,SO, :: e
1071.7 ey Baz> s 6422V 6431 eV Mn-O-Mn & H-O-H/N2,SO
i 1072.9 eV i : 580,
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Fig. 6 High-resolution X-ray photon emission spectroscopy (XPS) analysis of Nag gMnO, (x = 0.8), NaMnO, (x = 1.0) and Na; ,MnO, (x = 1.2) electrodes
in Na,SO4 electrolyte after 100 CVA cycles at 50 mV s~2, with corresponding Na 1s (a), Mn 2p (b) and O 1s (c) core-level spectra. Note the presence of the
Na KLL sodium Auger peak (BE = 533.9 eV— 537.3 eV)26283338 \yhich was absent in the O 1s spectra of the powders. The detection of this Auger peak in
the cycled samples suggests the accumulation of Na atoms at the electrode surface, likely originating from the Na,SO,4 electrolyte.
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Fig. 6 shows XPS spectra acquired in Na,MnO, electrodes
(x = 0.8, 1.0, and 1.2) after 100 operation cycles at 50 mV s~ in
Na,SO, electrolytes. To unravel the chemical effects of cycling
on electrodes, acquired XPS spectra are deconvoluted by follow-
ing procedures similar to those carried out for the powder
materials. Comparing the XPS results obtained in the powders
(Fig. 3) with those obtained in the cycled electrodes (Fig. 6), it
appears that, first, two new Na 1s components develop at the
high binding-energy side of the XPS spectra of the cycled
electrodes, which is detrimental to the Na’-related XPS signal
detected in the powders. Note that the powders were not in
contact with the electrolytes. However, the samples in Fig. 6 are
cycled and, therefore, in contact with the electrolytes, a second
source of Na. One of the new Na 1s-related peaks, the one
centered at 1072.9 eV, stems from the Na,SO, electrolyte,*>
while the one centered at ~1074 eV can be attributed to
residual NaOH surface layer formed during cycling.*®*" Regard-
ing the XPS Mn 2p core-level spectra measured in the cycled
electrodes (Fig. 6b), deconvolution processes performed in
these spectra reveal a notable enhancement of the presence
of Mn"" species to the detriment of Mn** ones in the cycled
electrodes compared to the powder samples. This can be
confirmed by a closer examination of the atomic ratios of
manganese oxidation states before and after cycling (see Fig.
S5e of the ESI,¥ bottom panel). A ratio between both Mn
oxidized states, Mn**/Mn>", is 2.7 for Nay sMnO, (x = 0.8) and
Na; ,MnO, (x = 1.2) cycled electrodes and 12.0 for NaMnO, (x =
1) cycled electrode (Fig. S5e in the ESIT). These facts (i.e., the
absence of a metallic Na component after cycling, attributable
to its oxidation by interacting with the electrolyte,’” and the
relative enhancement of both the Mn**-like species and NaOH
at the surface of the samples) suggest that cycling promotes the
accumulation of NaOH at the surface of the samples, partly
substituting for Na* ions in the starting Na,MnO, powder.
Deconvolution of the O 1s core-level XPS spectra acquired in
the cycled Na,MnO, electrodes (Fig. 6¢) seems to support these
observations. Besides the observation of the O 1s XPS signal
coming from adsorbed H-O-H water and Na,SO, electrolyte
residuals at BE ~533.9 + 0.4 eV,29?%3%38 3 notable enhance-
ment of the XPS signal from Mn- and Na-hydroxides®>**® is
produced.

The intercalation of NaOH into the electrode structure after
cycling explains the increase in the interlayer distance between
the nanosheets, as observed elsewhere.®® This widening of the
interlayer distance explains the improvement in capacity with
cycling (Table S2 of the ESIf) as a consequence of the better
circulation of electrolyte ions within the crystal. The high
capacity and its retention with enhanced circulation properties
of NaMnO, (x = 1) cathode in Na,SO, electrolyte can be
attributed to the transformation of o-NaMnO, crystal phase
into the stable hydrated Na-birnessite phase,'®,*° containing
interlayer structural water between separated individual nano-
sheets without significant change in their initial crystal struc-
ture. The interlayer water mediates the interaction between
the intercalated cation and the birnessite.>® This structural
modification allows for the enhancement of cation absorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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not only on the electrode planar surface but also between the
interlayers of individual electrode nanosheets, thus boosting
cathode electrochemical properties.

Sample operation at different currents: results and their
representation

The XPS and electrochemical results obtained here for
NaMnO,-based devices indicate the coexistence of the two types
of pseudocapacitance. Our samples can be used under condi-
tions of low operating current values and devices with fast
charge-discharge processes. For this purpose, we performed a
more detailed study of CVA at different scanning rates and
galvanostatic discharges at different currents. In CV measure-
ments, the total current measured under a potential sweep rate
can be interpreted as the sum of the current related to the slow
diffusion-controlled process (ig) and the current required to
charge the double layer at the electrolyte interface or to initiate
fast faradaic reactions on the exposed electrode surface (i.).*°
An empirical description of the charge/discharge processes can
be summarized as follows:

i) =i, + iqg = @’

log i(v) = loga + blog(v),

where a and b are adjustable parameters. Parameter b is
determined from the slope of the linear plot of logi(v) versus
log(v) and is used to provide kinetic information about the
electrochemical reactions. In the case of cycling of the three
samples in the Na,SO, electrolyte (Fig. 7d), the calculated b
values for the cathodic peaks are within 0.63-0.74 and anodic
0.59-0.69. The smallest among cathodic values (0.63) was
observed for NaMnO,. This means that for this sample, we
have a charge accumulation mechanism closer to the diffusion
control than for the other samples. Consequently, we achieve
higher values of capacity and discharge time (Fig. 5a-c).

For high power device applications, it is important to have
high capacity values and save these values under higher dis-
charge current. Based on the galvanostatic discharge results
recorded here (Fig. S6 ESIf), the capacity rate (in percent
compared with the capacity at 1C) on the discharge current
for all electrolytes is shown in Fig. 7a-c. Even at 20C, cells based
on NaMnO, demonstrate capacity retention at the level of 84%
(NaNOs3) and 82% (Na,SO,). From these results, it appears that
the best opportunities for application in aqueous sodium
devices are biphasic NaMnO, with the best stoichiometry,
larger lattice constant and optimized morphology based
on an increase in interlayer spacing, enhancing cathode per-
formance, especially using these structures as an electrode
material for high power devices.

Ragone plots are employed to quantify the energy—power
relationship of the electrode material or full electrochemical
systems.*>** Usually, based on measurements of charge-dis-
charge characteristics, these plots show the dependency exist-
ing between specific power and energy. In our case, comparing
the results of CVA and discharge characteristics of samples at
different currents, we noted the relationship between CVA

Mater. Adv,, 2025, 6, 1152-1163 | 1159
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(d). Dependencies between current peak differences and peak voltage differences (f) for NaMnOs at different scan rates (0.5, 2, 5, 10, 20 and 50 mV s™%)

and explanation of each elements (e).

curve shapes at different scan rates and discharge curves. This
became the basis for our approach to constructing an analogue
of the “power-capacitance” diagram based only on cyclic vol-
tammetry, which can quickly provide information on specific
capacities and their values under high current conditions. This
plot (Fig. 7f) represents the relationship between AI, and AU,
that could be taken exclusively from cyclic voltammetry at
different scan rates. A detailed explanation of this approach
is presented in Fig. S7 (ESIt). AL, is the difference between
anodic I,, and cathodic I;,. current peaks for each scan rate, and
AU, is the difference between cathodic Uy, and anodic current
peak U, voltage positions (Fig. 7e).

In the case of a cell based on NaMnO, electrode (Fig. 7f), the
maximal value of AI, (responsible for transferred charge
amount during the cycle) is observed for Na,SO,, and it is
completely consistent with the calculated specific capacity
based on CVA (Table 2). The ability to work under high currents
can be estimated using AU,: systems with better power ability
show smaller values of AU, with a gradual increase in the scan
rate (For example, NaMnO, (Fig. 7a-c) has capacity retention of
84% (NaNO3), 82% (Na,SO,) and 64% (Na,CO3) at a current of
20C, which correlates with the change in AU, with increasing

160 | Mater. Adv, 2025, 6, 1152-1163

scan rate (Fig. 7f)). It is important to note that this approach
does not provide real values of capacity or power but can be
successfully used in the case of studying the electrochemical
properties of a certain cathode material in different electrolytes
or their concentrations, or in symmetrical or asymmetrical
systems with different anodes.

Conclusions

In this work, we describe the synthesis of biphasic sodiated
manganese oxide using the sol-gel technique. Based on XRD,
XPS and TEM, it is shown that it is possible to obtain stoichio-
metric compounds with both polymorphous monoclinic and
orthorhombic phases and a layered structure that is stable
during electrochemical sodium insertion and extraction. Based
on the CVA in aqueous electrolytes at different scan rates, it has
been established that the total capacity is provided mostly by a
diffusion-controlled process. Technologically, promising values
of the specific capacity (103 mA h g ') are observed for
stoichiometric biphasic systems in Na,SO, electrolytes with
high retention during the first 100 cycles (93%). Moreover,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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these samples appear to exhibit a high ability to operate at high
currents (82% capacity retention when the current increases
from 1C to 20C). These results open new opportunities for
using these materials in high power, highly stable and cheap
aqueous sodium storages due to the possibilities of surface
optimization during synthesis.
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