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thin layered MnO2 and its ionic charge transport†
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Ionic motion at the interlamellar space in layered materials can provide superior properties in electro-

chemical energy storage, neuromorphic computing, and ion-mediated charge transport. Herein, we

demonstrate the synthesis of ultra-thin, single-crystalline MnO2 nanosheets intercalated with Na+ ions

during molten-salt-assisted chemical vapor deposition. Unlike the post-intercalation of alkali ions into a

host material, this method facilitates spontaneous Na+ intercalation during crystal formation, yielding

highly ordered layered δ-MnO2 (birnessite-type phase) with structural stability. Our in-depth studies,

including X-ray diffraction, Raman spectroscopy, and transmission electron microscopy, on the as-syn-

thesized Na-MnO2 crystals elucidate the crystal properties and highlight that ambient moisture signifi-

cantly affects the movement of ions and improves their electrochemical stability. Furthermore, we used

two-terminal devices of Na-MnO2 crystals to show hysteretic behavior due to the ionic charge transport

mechanisms, making them highly suitable for neuromorphic applications.

1. Introduction

Ion-mediated mass and charge transport in layered materials
offers new avenues in electrochemical energy storage and
mixed ion–electron conductor devices for neuromorphic
applications.1,2 This ionic transport can be achieved via either
extrinsically or intrinsically intercalated interlamellar guest
ions into a host material. In the case of intrinsic ionic crystals,
the interlamellar ions are spontaneously intercalated during
the formation of the crystal, whereas in the extrinsic case, ions
are electrically or diffusively intercalated across the layers of
the host material.3 Extrinsic ionic crystals can offer flexibility
in creating various composite structures. As an example, pre-
viously, high-performance supercapacitor application through
intercalating various guest ions such as H+, Li+, and Na+ into
MoS2 and improved hydrogen evolution reactions in ion-inter-
calated WS2 has been demonstrated.4–7 However, wrinkling
and distortion of the host crystal after the intercalation limit

the usability of extrinsic doping.4 Moreover, extrinsic doping
of crystals is a slow process, and for planar devices, it is chal-
lenging to achieve large-area uniform doping within indust-
rially feasible durations. Intrinsically ion-doped layered
materials are superior alternatives to extrinsically doped ionic
layered materials as interlamellar doping is performed spon-
taneously during the crystal synthesis. Many steps that involve
electrochemical doping and wet ion chemistry are removed
from device fabrication.

One important example of an intrinsically ion-intercalated
layered material is manganese dioxide, known as δ-MnO2 (also
referred to as birnessite).8–11 δ-MnO2 has garnered significant
attention in recent decades as a promising material for energy
storage10,12,13 and catalysis14,15 owing to its affordability,
environmental friendliness,13,16 and unique layered structure,
which facilitates ion diffusion. Birnessite has been synthesized
by various methods, including simple reduction, thermal
decomposition, electrodeposition, co-precipitation, sol–gel,
and hydrothermal methods.17 The layered arrangement of
δ-MnO2 allows for the accommodation of water molecules and
alkali cations such as Li+, Na+, and K+ in the interlamellar
space. These ions alleviate the electrostatic repulsion between
the layers of MnO2, thereby enhancing the overall structural
stability.18–22

A novel approach for synthesizing δ-MnO2 is the molten-
salt-assisted chemical vapor deposition (CVD) technique. By
lowering the melting temperature of precursors, this method
enhances reaction kinetics, allowing precise control over

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr05342g
‡Current Address: Engineering Fundamental Science Department, Sivas
University of Science and Technology, Sivas 58010, Türkiye.
§Current Address: IMCN/NAPS, Université Catholique de Louvain (UCLouvain),
1348, Louvain-la-Neuve, Belgium.

aBilkent University UNAM – Institute of Materials Science and Nanotechnology,

Ankara 06800, Türkiye. E-mail: kasirga@unam.bilkent.edu.tr
bDepartment of Physics, Bilkent University, Ankara 06800, Türkiye

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 9337–9345 | 9337

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ye
ny

an
ku

lu
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
5-

08
-0

2 
09

:1
0:

24
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0001-6311-859X
http://orcid.org/0000-0002-0200-4211
http://orcid.org/0000-0002-1801-5628
http://orcid.org/0000-0003-3510-5059
https://doi.org/10.1039/d4nr05342g
https://doi.org/10.1039/d4nr05342g
https://doi.org/10.1039/d4nr05342g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr05342g&domain=pdf&date_stamp=2025-04-05
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05342g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017015


crystal growth and ensuring high uniformity in the resulting
crystals. Compared to conventional synthesis methods for
δ-MnO2, molten-salt-assisted CVD offers superior crystalline
quality.19 Beyond its advantages in crystal growth, this tech-
nique also introduces a breakthrough in interlamellar doping
strategies. Unlike conventional methods used to extrinsically
dope layered materials, this approach enables spontaneous
interlamellar intercalation of guest ions during crystal growth,
resulting in large-area uniform doping.23–25 By combining
high crystallinity with efficient, one-step spontaneous doping,
the molten-salt-assisted CVD technique can represent a signifi-
cant advancement in the synthesis and engineering of δ-MnO2

and related materials.
Until recently, no large-area single crystalline samples were

available, and a fundamental understanding of charge trans-
port mechanisms across these single crystalline samples was
lacking. Our previous work demonstrated that δ-MnO2 can be
spontaneously intercalated with K+ to obtain ultra-thin
K-MnO2 single-crystals via molten-salt-assisted CVD19 and
K-MnO2 crystals can be used to mimic synaptic responses and
achieve long-term potentiation and depression properties.
Exploring a similar approach with other alkali ions for enhan-
cing the performance of δ-MnO2 is highly promising. The
intercalation of layered MnO2 with Na+ may offer key advan-
tages for artificial synaptic devices by leveraging the biological
relevance of sodium ions, which play a crucial role in neuronal
signal transduction.26 The smaller ionic radius of Na+ (1.02 Å)
than that of K+ (1.38 Å) may allow for more efficient ionic
transport and intercalation within the MnO2 structure and
may improve both charge transport and long-term
stability.27,28 However, the synthesis of single-crystalline large-
area Na-MnO2 has been lacking so far.

In this study, we report the synthesis of Na+-intercalated
ultra-thin layered MnO2 nanosheets via a molten-salt-assisted
solid-state process, a technique that offers superior crystalline
quality and spontaneous Na+ incorporation. We examine their
structural properties and perform electrical measurements to
illustrate their potential in ionic charge transport. The distinc-
tive layered structure of single-crystalline Na-MnO2 enables the
efficient movement of ions when subjected to an electric field.
Our research underscores the essential influence of ambient
moisture on ionic mobility, and we illustrate the integration of
this material into two-terminal devices to replicate synaptic
functions. These results show that Na-MnO2 can be considered
for applications beyond batteries and supercapacitors.
Moreover, Na-MnO2 and K-MnO2 devices can be used in con-
junction to create functional devices.

2. Results and discussion
2.1. Na-MnO2 synthesis and characterization

Na-MnO2 crystal synthesis procedures were developed using
the real-time optical chemical vapor deposition (RTO-CVD)
method. Details of the RTO-CVD method can be found in our
previously published studies.19,29 The molten salt has dual

functions: acting as both the reaction medium and ion source,
facilitating the growth of high-quality, single-crystalline
materials and enabling spontaneous ion intercalation during
crystal formation. This method overcomes the limitations of
vapor-phase- and solution-based techniques, allowing for the
growth of large-area, defect-free materials with superior ionic
mobility.23–25 The formation of Na-MnO2 involves melting a
mixture of the metal oxide precursor (MnO2 powder) and
sodium salt (NaI powder) on a c-cut sapphire substrate to
promote substrate-directed growth. Prior to use, the sapphire
substrate was subjected to ultrasonic cleaning in acetone, iso-
propanol, and deionized water, after which it was dried using a
high-purity N2 spray gun. The NaI and MnO2 powders were
milled together into a fine powder of 3 : 1 ratio, and then a few
granules were dispersed on the growth substrate for the
molten-salt-assisted solid-state reaction, which was loaded onto
a substrate heater, as schematically illustrated in Fig. 1a. The
temperature was ramped to 670 °C at a rate of 25 °C per
minute under ambient conditions. Once the target temperature
was reached, nanosheets with the desired size and thickness
formed within 10 minutes. The growth process was completed
by allowing the substrate heater to cool naturally, and the
samples were removed once they reached room temperature.

Fig. 1b shows the schematic representation of the layered
MnO2 crystals co-intercalated with Na+ ions and water mole-
cules. This material consists of sheets made up of [MnO6] octa-
hedra that share edges, creating pathways for the movement of
Na+ ions between them.8,16 To characterize the synthesized
crystals, we used Raman spectroscopy, X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray
spectroscopy (EDX), and high-resolution transmission electron
microscopy (HR-TEM) along with selected area electron diffrac-
tion (SAED) measurements on the samples. Optical, scanning
electron, and atomic force microscopy techniques were
employed to image crystals. Fig. 1c shows the optical micro-
graph of typical Na-MnO2 nanosheets synthesized on a c-cut
sapphire substrate. As illustrated in Fig. 1d, atomic force
microscopy (AFM) height trace maps of the ultra-thin Na-
MnO2 reveal a 2.8 nm thick crystal with overgrowth of two
atomic layers, considering that the distance between MnO2

sheets is ∼0.7 nm.8,10,30,31 The nanosheets can grow as large as
several tens of micrometers with uniformity across the crystal
scale. Fig. S1† demonstrates another crystal typically posses-
sing a hexagonal-shaped morphology with sharp edges and a
thickness of 4.2 nm.

XRD results exhibit two strong peaks located at 12.6 and
25.2° corresponding to the (001) and (002) planes and they
matched well with the JCPDS 00-043-1456 data card (Fig. 2a)
for δ-MnO2. The interlayer spacing we obtained from our
measurements corresponds to 7.0 Å, which is slightly lower
than the interlamellar spacing reported in the data card
(7.1 Å).22,30 Fig. 2b shows the SAED pattern indexed for the
[001] zone axis of the crystal. The six-fold symmetric arrange-
ment of the diffraction pattern reveals the single-crystalline
nature of the nanosheets. Intriguingly, supercell reflections are
visible in the SAED pattern. We consider that these reflections
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are from the interlayer Na and H2O, as clarified later. Larger
tilt angles with respect to the [001] zone axis show a better
view of the supercell reflections due to the ordered distribution
of interlayer cations (Fig. S2†). The inset shows the corres-
ponding HR-TEM image. The crystalline spacing of 0.24 nm
corresponds to the (11–1) plane, which perfectly agrees with
the XRD data card. To qualitatively confirm the uniformity of
the material, EDX spectra were collected on the TEM sample,
which indicate a uniform distribution of Na, Mn, and O
throughout the nanosheet (Fig. 2c).

XPS analysis also reveals the presence of Na 1s and Mn 2p
peaks, which closely align with previously reported
values22,31–33 (Fig. 2d). The peak located at 1072.3 eV for Na 1s
indicates the presence of Na+ in the crystal. The core-level spec-
trum of Mn 2p exhibits two distinct peaks, Mn 2p3/2 and Mn
2p1/2, located at energy levels of 643.3 eV and 654.9 eV, respect-
ively. The observed spin–orbit distance between the two Mn 2p
peaks is 11.6, confirming the existence of the MnO2 phase.33

The observed splitting and broadening of the spectral lines in
the Mn 2p spectrum point towards the existence of multiple
oxidation states for manganese.34,35 This observation is further
reinforced by the binding energy difference (ΔE) of Mn 3s mul-
tiplet splitting, which is commonly used to qualitatively assess
the oxidation state of Mn.13,36 The measured ΔE value of
approximately 5.1 eV confirms the presence of a mixed oxi-
dation state (∼+3.3) in the synthesized Na-MnO2

34,37 (Fig. S3†).
Upon Na+ ion intercalation, some of the Mn4+ cations reduce
to Mn3+ to counterbalance the charge in the whole structure.8

The unstable high-spin Mn3+ in a degenerate electronic state

undergoes geometrical distortion to form a system of lower
symmetry, leading to the elongation of the [MnO6] octahedron
along the z-axis and volume expansion. This causes the trans-
formation of the lattice structure from a hexagonal to an ortho-
rhombic structure.9,16,38 Further intercalation can induce a
structural transition to monoclinic, which is in good agree-
ment with the XRD result and previously reported
literature.11,16 Although there is a strong O 1s peak present in
the spectra, it is dominated by the signal from the sapphire
substrate.39 The other peak located at 532.2 eV corresponds to
the H–O–H bond,17,33 which confirms that water molecules
exist in the layered structure.

The aforementioned characterization studies suggest the
successful intrinsic intercalation of Na+ ions into δ-MnO2

during the crystal synthesis via a molten-salt-assisted CVD
approach, paving the way for further exploration of intercalated
MnO2 materials with tailored properties.

2.2. Interlamellar water intercalation

An important characteristic of the Na-MnO2 crystals is their
inherent ability to spontaneously incorporate ambient moist-
ure between the layers, resulting in the formation of a
hydration layer.16 To investigate this phenomenon, we per-
formed temperature-dependent Raman spectroscopy on the
as-grown Na-MnO2 sheets under 532 nm excitation (Fig. 3a).
Based on group theoretical calculations, it is predicted that the
layered MnO2 exhibits a total of 9 Raman-active modes,8 as
experimentally characterized in Fig. 3a (spectrum labeled
‘before heating’). The presence of all predicted modes suggests

Fig. 1 (a) Schematic illustration of the growth of Na-MnO2 crystals on a sapphire substrate. (b) Representative schematic of layered Na-MnO2 crys-
tals spontaneously intercalated with sodium ions during the growth. (c) Optical microscopy image of 2D Na-MnO2 crystals on a sapphire substrate.
(d) Optical observation of a 2D Na-MnO2 crystal and the corresponding AFM image and height profile.
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Fig. 2 (a) XRD θ–2θ scan of the Na-MnO2 crystals at room temperature. The red lines indicate the peak positions in the JCPDS-00-043-1456 data
card. (b) SAED pattern indexed along the [001] zone axis. The inset shows the HRTEM image of the crystal with an interplanar spacing of 0.24 nm. (c)
EDX maps of Na, Mn, and O elements. The scale bar is 1 μm. (d) XPS core-level regions of Na 1s, Mn 2p, and O 1s, respectively.

Fig. 3 (a) Raman spectra recorded under ambient conditions at various temperatures. The dashed lines mark the location of the peaks at 448 and
603 cm−1. (b) AFM scans and (c) HR-TEM images of the crystal before and after 15 minutes of water immersion. The height difference complies with
the increase in interlamellar spacing.
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the high crystallinity of the synthesized Na-MnO2 crystals.
There are three main vibrational features located at 448, 575,
and 643 cm−1 corresponding to the out-of-plane asymmetric
bonding vibration of Mn–O or wagging vibration,40 Mn–O sym-
metric stretching vibration along the [MnO6] octahedral
sheets, and Mn–O symmetric stretching vibration along the
c-axis,8,16,38,41,42 respectively. Based on these observed
vibrational characteristics, it can be inferred that the obtained
MnO2 possesses a layered structure consistent with the birnes-
site type.

The Raman spectra found in the literature often lack the
603 cm−1 vibration mode due to the broadening of Raman fea-
tures caused by the disorder present in the synthesized crystals
using the aforementioned methods.8,19 This peak is ascribed
to the out-of-plane symmetric bending vibration of Mn–O or
twisting vibration. Other peaks located at low wavenumbers
are associated with translations of the interlayer Na+ ions and
water molecules.8,11,16 As the temperature increases, the inten-
sity of peaks located at 448 and 603 cm−1 notably decreases,
attributed to the out-of-plane Mn–O vibrational modes. Upon
cooling down to room temperature, the pristine spectrum is
obtained intriguingly, indicating the absorption of water mole-
cules from ambient moisture. Similar observations were
reported for ultra-thin K-MnO2 crystals, where temperature-
dependent XRD measurements demonstrated a reduction in
interlayer spacing.19 This suggests that as the temperature
increases, water molecules within the crystal structure are
expelled.

To understand the effect of water intake on the interlayer
spacing of Na-MnO2, we conducted morphological analysis on
the as-grown nanoflakes using AFM and TEM, both before and
after a 15-minute immersion period in water. The AFM height
profiles obtained along the white lines indicate a 5.4 ± 0.2%
increase in nanoflake thickness (Fig. 3b). Cracks visible in
certain crystals after elongated water immersion are a signa-
ture of the significant interlayer spacing change of the
material. Cross-sectional TEM images further confirmed the
layered structure of the crystals. Fig. 3c illustrates a compari-
son between the cross-sectional TEM images of a Na-MnO2

sample immersed in water for 15 minutes and a pristine
sample, revealing a 5.6 ± 0.3% increase in interlamellar
spacing after water immersion. These values align closely, con-
firming the consistency between the AFM and TEM measure-
ments. The hydration layer plays an important role in ionic
charge transport, resulting from the change in the interlayer
spacing of birnessite.13

2.3. Electrical measurements

Spontaneously ion intercalated δ-MnO2 exhibits peculiar elec-
trical properties thanks to the ionic charge transport. The
ionic charge transport in solid electrolytes is a slow process
compared to the electronic charge transport. Moreover, the
ionic motion affects the layered material’s interlayer spacing
and local electrostatics. As a result, strong hysteresis is
observed and this can be useful in mimicking biological
neurons. Two-terminal devices were fabricated using standard

optical lithography methods, followed by Cr/Au deposition.
Current–voltage (I–V) measurement was performed under
ambient conditions to characterize the electrical response of
the crystals (Fig. 4a).

A wide hysteresis window was observed in the I–V curves,
likely due to the slow movement of ions from the contacts into
the material and the separation of water and sodium ions
within it. Starting from 0 V and increasing the positive voltage,
the device maintained a low resistance state (LRS) up to 10 V,
where negative differential resistance (NDR) appeared. Within
the NDR region, the resistance transitioned from the LRS to a
high resistance state (HRS). The device remained in this HRS
as the voltage was reduced from 10 V back to 0 V. Similar be-
havior was observed during the negative voltage sweep. After
the I–V curve measurement was completed and returned to 0
V, the device stayed in its HRS. This hysteresis behavior
suggests that the device can “remember” the history of applied
voltages. Endurance testing over eight consecutive cycles, as
shown in Fig. S4,† at a read voltage of around ±6 V—where the
maximum LRS/HRS ratio occurs—demonstrates reliable
switching between resistance states. This consistent switching
highlights the potential of Na-MnO2 nanosheets for memory-
switching applications.

To ensure consistency and reliability across various devices,
the device-to-device (D2D) variation was examined using 10
different devices. The I–V characteristics exhibited comparable
hysteresis windows across the devices (Fig. S5a†). Furthermore,
the statistical distributions of current values at the LRS and
HRS at a read voltage of ±5 V are presented (Fig. S5b†). We con-
sider that D2D variation is primarily due to differences in the
thickness of the crystals used in device fabrication.

To determine the dominant charge carrier type, we con-
ducted voltage–time (V–t ) measurements under constant
current, as depicted in Fig. 4b. Applying a constant current
resulted in a voltage increase across the contacts following an
exponential trend. Similarly, when the current was removed,
the voltage across the contacts exhibited exponential decay. In
both cases, the experimental data aligned perfectly with the
empirical formula V(t ) = V0 + V1e

−t/λ, where V0 and V1 represent
the fitting parameters and λ represents the time constant for
the exponential decay function. The calculated λ values are in
the order of several seconds. In a device with purely electronic
conductivity, λ would be less than a millisecond. However, for
a mixed ionic–electronic conductor, λ may last for even a few
minutes due to the relatively sluggish movement of ions,
leading to the accumulation of voltage across the contacts.
These observations provide evidence for the mixed conduc-
tivity nature of charge transport in Na-MnO2 devices. Similar
mixed ion–electron conduction mechanisms have been
reported in other oxide-based systems.43

To further investigate the mechanisms causing hysteresis,
we visually monitored the changes in the device during
biasing and conducted Raman spectroscopy. Fig. 4c illustrates
a device with gold electrodes, where one electrode was fixed to
the ground while a constant voltage was applied through the
other electrode. A series of optical microscopy images were
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captured during the biasing process, revealing significant
optical changes in the crystal. The initial image depicts the
state just before applying a 10 V bias (Fig. 4ci), and subsequent
images showcase the evolution of optical contrast within the
crystal. As the bias is increased to 20 V (Fig. 4ciii), the optical
contrast near the biased electrode becomes more pronounced
than that of the pristine crystal.

As discussed earlier, the pristine layered MnO2 reveals a
total of 9 Raman-active modes,8 as shown in Fig. 4d (gray spec-
trum). Analysis of the Raman spectrum obtained from the
dark contrast region suggests the absence of vibrational modes
at low wavenumbers, indicative of no translations of interlayer
Na+ ions and water molecules. This distinctly different Raman
spectrum from that of the bright contrast region hints at the
formation of spinel Mn3O4, which resulted from the separation
of the hydration layer around the Na+ ions.8,19 The migration
of ions and the intercalation/deintercalation of water from the
ambient environment in Na-MnO2 lead to reversible phase
transitions in the crystal structure, alternating between layered
and spinel phases. These transitions are accompanied by vari-
ations in ionic content, resulting in changes in optical con-
trast. The above results indicate that the presence of Na+ ions
and water molecules significantly strengthens the stability of
the layered structure, acting as sturdy pillars to support its
integrity, confirmed by previously reported literature.31,44,45

Furthermore, devices subjected to I–V cycling in a vacuum
exhibited reduced hysteresis (Fig. S6b†). Additionally, measure-

ments were performed under ambient conditions after immer-
sing the device in water for 30 seconds, where the relative
humidity can be considered equivalent to 100%. A significant
enhancement in both the electrical response and hysteresis
window was observed (Fig. S6c†). This supports the idea that
Na+ ions are more readily reintegrated in the presence of
moisture.

2.4. Synapse-like response of Na-MnO2 devices

Artificial synapses can be created using a variety of materials,
enabling the construction of neuromorphic devices capable of
performing tasks such as image recognition and natural
language processing.46,47 One promising material for artificial
synapses is spontaneously ion intercalated δ-MnO2, which has
demonstrated synaptic plasticity—the ability to modify its con-
ductance in response to repeated electrical pulses.7,19,48 To
demonstrate the neuromorphic capabilities of Na-MnO2-based
devices, the short-term potentiation (STP) of the devices was
evaluated (Fig. 5a). Two pulses, each with a temporal width of
0.1 s and a pulsing voltage of 5 V, separated by 1.5 s, caused a
gradual change in the device’s conductance, that is, facilitation
of the synapse. The read voltage was set to 1 V to prevent
changes in the resistance state of the device.

The resistive switching in Na-MnO2 is governed by Na+ ion
migration and Mn redox interactions, which enable gradual
conductance modulation. This mechanism differs from purely
filamentary memristors, where resistance switching is typically

Fig. 4 (a) Eight consecutive I–V cycles taken from a device. The real and schematic images of an exemplary gold contact device are shown in the
inset. (b) V–t scan under constant current conditions demonstrating an exponential decay in the voltage response across the electrodes. λ is the
time constant in the exponential function. The red line shows the current applied at various times. (c) Series of optical microscopy images taken
during biasing of a two-terminal device of Na-MnO2. (d) Raman spectra recorded at the positions indicated in (c), the gray (pristine) point marked in
(i), and the red and blue points marked in (iii).

Paper Nanoscale

9342 | Nanoscale, 2025, 17, 9337–9345 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ye
ny

an
ku

lu
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
5-

08
-0

2 
09

:1
0:

24
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05342g


abrupt.49,50 Similar to other ion-based neuromorphic
materials, such as WOx

51 and K-MnO2,
19 the reported devices

exhibit longer switching times of approximately 100 ms and
estimated energy per spike of 0.5 nJ. The energy per spike
values are within the expected range for mixed ionic–electronic
conduction systems, yet significantly larger than those of fila-
mentary memristors. We acknowledge that the operating
voltage (∼4 V) of the device is higher than those of some oxide-
based memristors, and further optimization, such as reducing
the device channel length and improving ionic mobility, may
lower the overall energy dissipation. However, given its ability
to achieve gradual synaptic plasticity, ultrathin Na-MnO2

remains a relevant material for neuromorphic computing.
Long-term potentiation (LTP) and depression (LTD) are

crucial mechanisms in synaptic plasticity, commonly associ-
ated with learning and memory in biological systems. These
mechanisms mimic the brain’s ability to strengthen or weaken
synaptic connections.47,48 LTP and LTD effects are also
observed in Na-MnO2 devices (Fig. 5b). The conductance of
these devices can be gradually modified by applying a series of
voltage pulses. The high resistance and low resistance states
can be repeatedly achieved upon cycling the devices (Fig. S4†).
We successfully developed a device using a single Na-birnes-
site nanosheet, positioning this material as a promising candi-
date for neuromorphic computing applications.

3. Conclusion

In summary, we have successfully synthesized Na+-intercalated
ultra-thin MnO2 nanosheets using real-time chemical vapor
deposition via the molten-salt-assisted synthesis method,
offering a novel route for producing single-crystalline, layered
materials with intrinsic ionic charge transport properties. Our
structural and electrochemical analysis demonstrates that this
method not only yields highly ordered δ-MnO2 but also pro-
motes spontaneous Na+ intercalation, which is critical for

enhanced ionic mobility and stability. The ambient moisture
was found to play a pivotal role in modulating ion transport,
further optimizing the electrochemical performance of these
nanosheets. The distinctive layered architecture of Na-MnO2

enables efficient electron and ion movement under an electric
field, which we have shown to be advantageous for neuro-
morphic applications. The results obtained from the two-term-
inal devices suggest that this material can mimic synaptic be-
havior, paving the way for its use in ion-mediated charge trans-
port systems. Overall, the insights gained from this study
provide a foundation for further exploration of Na+-intercalated
MnO2 in diverse fields, including neuromorphic computing,
beyond traditional energy storage applications.
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Fig. 5 (a) Short-term potentiation (STP) of the device showing a gradual change in the conductance of the Na-MnO2 device. The conductance
value is read with 1 V. Two spikes 1.5 s apart at 5 V with 0.1 s temporal width are sent to induce the change. (b) Long-term potentiation (LTP) and
depression (LTD). LTP and LTD are shown with pulse voltages (VP) of 5 and −5 V, respectively, while the read voltage is 1 V. Pulses are separated by
1.5 s and last for 0.1 s.
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