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Abstract
The structural, electrical, and optical properties of monolayer ruthenium oxide (RuO2) nanosheets (NSs) fabricated by
chemical exfoliation of a layered three-dimensional form of K-intercalated RuO2 are studied systematically via
experimental and computational methods. Monolayer RuO2 NS is identified as having a distorted h-MX2 structure. This
is the first observation of a RuO2 NS structure that is unlike the t-MX2 structure of the RuO2 layers in the parent material
and does not have hexagonal symmetry. The distorted h-MX2 RuO2 NSs are shown to have optical transparency
superior to that of graphene, thereby predicting the feasibility of applying RuO2 NSs to flexible transparent electrodes.
In addition, it is demonstrated that the semiconducting band structures of RuO2 NSs can be manipulated to be semi-
metallic by adjusting the crystal structure, which is related to band-gap engineering. This finding indicates that RuO2

NSs can be used in a variety of applications, such as flexible transparent electrodes, atomic-layer devices, and
optoelectronic devices.

Introduction
Since the discovery of graphene, two-dimensional (2D)

materials, including hexagonal boron nitride and transi-
tion metal dichalcogenides and 2D metal oxides, have
attracted enormous attention for their potential in elec-
tronic, mechanical, and optoelectronic applications
because of their unique and outstanding properties1–5. In
particular, nanostructured metal oxide materials, includ-
ing 2D nanosheets (NSs), have shown significant impor-
tance in a wide range of applications, such as catalysis6,
solar cells7, supercapacitors8, and energy storage devices9–12.

Exfoliation techniques have opened up opportunities for
fabricating new 2D metal oxide NSs by manufacturing
monolayer NSs from three-dimensional (3D)-layered
parent materials.
Bulk ruthenium oxide (RuO2) has a well-known 3D

rutile crystal structure with metallic behavior that has
drawn considerable attention not only in academic
research, but also in industry due to its thermodynamic
stability, semi-transparency, and distinctive metallic
properties13,14. In recent years, RuO2 NSs exfoliated from
bulk rutile RuO2 have been used in lithium–oxygen and
lithium–ion battery applications because exfoliation
facilitates the fabrication of NSs15,16. Wang et al.17

reported obtaining a sheet resistance of 4.1 kΩ sq−1 from
RuO2 NS films at room temperature, although most of
their work focused on all NS ultrathin capacitors.
Recently, Lee et al.18 also demonstrated the optimization
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of electrode performance using exfoliated 2D RuO2 NSs
as a conducting additive. Choi et al.19 investigated the
detection of NO2 gas using films of RuO2 NSs, which
showed potential as a chemical sensor. However, these
researchers only focused on the properties of RuO2 NS
assemblies rather than on the properties of an individual
monolayer RuO2 NS because of the difficulty of investi-
gating an individual monolayer NS. In fact, although the
characterization of the structural, electrical, and optical
properties of monolayer discrete RuO2 NSs is critical to
the prediction of feasibility of applying RuO2 NSs to
atomic-layer devices, thus far, their detailed crystal
structures and physical properties have remained largely
unknown. It should be noted that NSs exfoliated from
parent materials could have crystal structures different
from that of their parent material, resulting in physical
properties that differ from those of the bulk material.
Because determining the crystal structure of an NS is not
trivial, it has only been suggested that RuO2 NSs have
crystal structures that differ from that of rutile RuO2,
which is thought to be hexagonal20.
Here, we report the first systematic study of the crystal

structure and physical properties of individual monolayer
RuO2 NSs through experimental and computational
methods. A combination of transmission electron
microscopy (TEM), X-ray diffraction (XRD), and first-
principles calculation techniques shows that individual
monolayer RuO2 NSs have distorted h-MX2 structures
(trigonal prismatic coordination between the M and X
atoms), whereas the parent K0.25RuO2 contains RuO2

layers with t-MX2 structures (octahedral phase coordi-
nation). First-principles calculations and experimental
results show that the distorted h-MX2 monolayer RuO2

NSs are semiconductors with an average transmittance in
the visible wavelength range, which is 1% higher than that
of monolayer graphene. In addition, we demonstrate that
the electrical properties of monolayer RuO2 NSs can be
adjusted by manipulating their structural distortion. Thus,
our results suggest that distorted h-RuO2 NSs have
potential in electrical and optical device applications.

Results and discussion
Identification of crystal structure of K-intercalated RuO2

The crystal structure of most exfoliated NSs resembles
that of the parent layer materials. Therefore, identification
of the parent crystal structures is essential. We synthe-
sized a 3D-layered material of K-intercalated RuO2

(designated as K-form RuO2) as the parent material. Since
the crystal structure of K-form RuO2 has not been sys-
temically investigated, we identified the crystal structure
of K-form RuO2 by carrying out a Rietveld refinement
analysis of the XRD and scanning transmission electron
microscopy–annular bright-field (STEM–ABF) with X-
ray energy-dispersive spectroscopy (XEDS). We found

that bulk K-form RuO2 has a monoclinic phase with a
K–O–Ru–O–K–O–Ru–O–K layered stacking sequence
along the c-axis in each unit cell (Figures S1 and S2).
Subsequently, we investigated whether the Ru–O atomic
configuration in K-form RuO2 is t-MX2 or h-MX2. Due to
the experimental limits (such as the inability of XRD
refinements and SADP (selected area diffraction pattern)
to distinguish between the h- and t-phases), accurate
determination of oxygen atomic positions along the c-axis
is difficult. To overcome this obstacle, first-principles
calculations have been applied to determine the atomic
configuration through optimizing the structure. We found
the t-MX2-type Ru–O configuration to be stable in
K0.25RuO2, whereas the h-MX2 configuration is unstable
and changes to t-MX2 after structural optimization
(Figure S3). Thus, K0.25RuO2 should have the t-MX2-type
Ru–O configuration. The optimal crystal structure of
K0.25RuO2 is illustrated in Figure S2b.

Identification of crystal structure of monolayer RuO2 NSs
K-form RuO2 was used as a parent material for the

synthesis of the RuO2 NSs by chemical exfoliation.
Additional details on the exfoliating method are provided
in the “Methods” section. The electron diffraction pat-
terns observed using TEM revealed that all the RuO2 NSs
had identical patterns with nearly the same lattice para-
meters (i.e., their parameters differed by less than 1%).
The RuO2 NSs exfoliated from the K-form RuO2 with a
lateral length of several hundred micrometers, as shown
in Fig. 1a, and had a lateral width of a few tens of
micrometers. This large monolayer size is advantageous
for fabricating and manipulating NS-based electronic and
photonic devices21. Exfoliated RuO2 NSs with a width of
several tens of micrometers dispersed on a Quantifoil
TEM grid and SiO2-deposited Si wafer were observed by
performing STEM–ADF imaging and atomic force
microscopy (AFM), and the results are shown in Fig. 1b, c,
respectively. The thickness of the monolayer RuO2 NSs
was measured by AFM to be approximately 0.65 nm. This
result is consistent with the interlayer distance in the re-
stacked RuO2 NSs obtained from the STEM–ADF image
presented in Fig. 1d. The re-stacked NSs were fabricated
on a glass substrate by alternating drop-casting and drying
processes. Thus, the AFM and TEM results provide evi-
dence that we were successful in exfoliating uniform
monolayer RuO2 NSs.
The monolayer RuO2 NSs were investigated by con-

ducting TEM analysis of flat and uniform areas, as shown
in Fig. 1b. The atomic structure of the RuO2 NSs was
observed directly by carrying out monochromated Cs-
corrected high-resolution TEM (HRTEM) analysis using
an accelerating voltage of 80 kV. The results presented in
Fig. 2a show a planar honeycomb-like atomic structure for
monolayer RuO2. XEDS measurements revealed that the
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ratio of the number of Ru atoms to the number of O
atoms in monolayer RuO2 was close to 1:2. Furthermore,
a Cs-corrected STEM–ADF image (Figure S4) revealed
strong and weak signal pairs. Each strong and weak spot is
attributed to one Ru atom and two O atoms, respectively.
This pattern is similar to that exhibited by the Mo and S
atom pairs in the h-MoS2 crystal structure

22. In previous
reports, the crystal structure of RuO2 NSs was assumed to
be the same as the hexagonal structure of the parent
material, K-form RuO2

20,23. However, the crystal struc-
ture observed in this study does not seem to have hex-
agonal symmetry. The optimal RuO2 NS structure

obtained from the TEM measurements and first-
principles calculations is depicted in Figs. 2b and S5. It
is a distorted h-MoS2-type structure with the following in-
plane lattice parameters: a= 2.830 Å, b= 4.894 Å, and θ
= 89.14 Å, shown in Figure S5 and Table S1. Note that the
observed optimal crystal structure of monolayer RuO2 is
hereafter referred to as distorted h-RuO2. For the first
time, monolayer RuO2 was not found to have hexagonal
symmetry, and its structure is similar to that of h-type
MoS2. The distorted h-RuO2 configuration consists of
O–Ru–Oʹ layers, and each Ru atom is located at the
center of a trigonal prism formed by six O atoms. Unlike

Fig. 1 a SEM image of K0.25RulO2 flakes. b STEM–ADF image of a monolayer RuO2 NS. c AFM image of a monolayer RuO2 NS. d Cross-sectional
STEM–ADF image of re-stacked RuO2 NSs
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h-MoS2, the Ru layer is not flat; instead, it has a zigzag
pattern along the c-axis (the angle between the center of
the nearest Ru atoms is ϕ= 5.0°). In addition, the top O
layer is not positioned directly above the bottom Oʹ layer
in the distorted h-RuO2 arrangement along the c-axis but
is slightly off center with respect to the Oʹ layer in the a–b
plane.
As the structures of most exfoliated 2D materials, such

as graphene and molybdenum disulfide, resemble those of
their parents, our result that monolayer RuO2 has a dis-
torted h-RuO2 structure is unique. As mentioned above,
the parent material of RuO2 NSs has t-type RuO2 layers.
This unique result can be understood by considering the
structural phase transition from t-RuO2 to distorted h-
RuO2 that occurs during chemical exfoliation. The phase
transition from the h- to t-phase of transition metal
dichalcogenides, such as MoS2, MoSe2, WS2, and WSe2,
resulting from chemical exfoliation, was reported by
Ambrosi and Duerloo22,24. In RuO2 NSs, a reverse phase
transition from t- to h-phase is expected to occur. To
confirm this, we performed first-principles calculations.
The calculated equilibrium lattice constants of monolayer
RuO2 (a= 3.04 Å and b= 5.27 Å) were ~7% larger than
the experimentally observed lattice parameters (a= 2.83
Å and b= 4.89 Å), indicating that the exfoliated mono-
layer RuO2 is under compressive strain. Structural opti-
mizations were performed using the fixed lattice
parameters listed in Table S2. Figure 3 reveals that

distorted t-RuO2 is more stable than distorted h-RuO2 by
2.01 eV. This result raises the question of why distorted h-
RuO2 is observed rather than t-RuO2. To answer this
question, the kinetic properties of the distorted t- and h-
RuO2 were studied by performing nudged elastic band
(NEB) calculations, which were implemented using the
Vienna Ab Initio Simulation Package (VASP). As shown
in Fig. 3, our NEB calculations estimated an activation
energy barrier of 0.58 eV for the phase transition from
distorted h-RuO2 to distorted t-RuO2. A recent theore-
tical study of MoS2 showed that h-MoS2 is more stable
than t-MoS2 by 0.8 eV, and the activation barrier of the
phase transition from t-MoS2 to h-MoS2 is 0.79 eV25.
Although h-MoS2 is more stable than t-MoS2, metastable
t-MoS2 induced by chemical exfoliation has been
observed at room temperature22,26. This observation can
be interpreted to mean that the 0.7–0.8 eV activation
barrier of MoS2 is sufficiently high to maintain the
metastable phase even at room temperature. Similarly, it
can be assumed that the distorted h-RuO2 can be sus-
tained in the metastable phase in monolayer RuO2

because of the high activation barrier of 0.58 eV. In fact, in
the TEM measurements, we observed additional bright
spots at the centers of the honeycombs in the NSs (Fig. 4);
however, these spots disappeared after a few seconds of
exposure to the electron beam. We speculate that these
spots correspond to the O atoms in the t-RuO2 phase and
that the image was taken during the phase transition from

Fig. 2 a Monochromated Cs-corrected HRTEM image of a monolayer RuO2 NS obtained using an 80 kV accelerating voltage. b Schematic atomic
structure of monolayer a RuO2 NS
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Fig. 3 Schematic of the NEB calculation results based on the structural path of the distorted RuO2 NSs during the phase transition from distorted t-
RuO2 to distorted h-RuO2 through an intermediate state

Fig. 4 a Monochromated Cs-corrected HRTEM image of distorted RuO2 NS (insets: simulated TEM images). b Intensity profiles of distorted h-RuO2

and mixed t- and h-RuO2
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t-RuO2 to h-RuO2. This hypothesis was confirmed by the
simulated HRTEM images of the t-RuO2, h-RuO2, and
mixed (h+ t-RuO2) configurations (Figs. 4 and S6),
implying that an electron beam can induce the phase
transition from distorted t-RuO2 to distorted h-RuO2,
which could be additional evidence of metastable dis-
torted h-RuO2

27.

Band structure calculations of distorted RuO2

The electronic structures in the valence-band region of
monolayer RuO2 were verified by performing ultraviolet
photoelectron spectroscopy (UPS) measurements on
monolayer RuO2 (Figure S7). The band structures of
distorted h- and t-RuO2 were calculated to understand
the UPS data and the electrical behavior of monolayer

Fig. 5 Electronic band structures and corresponding partial DOSs of a, c distorted h-RuO2 and b, d distorted t-RuO2. Schematic plot of e the crystal
structure of distorted h-RuO2 with f the Brillouin zone for DFT calculation. The blue and red lines in a and b indicate spin-up and spin-down states,
respectively
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RuO2 NSs; this is shown in Fig. 5. The calculated
band structures and density of states (DOSs) suggest that
distorted t-RuO2 is a half-metal and distorted h-RuO2 is a
semiconductor with a narrow band gap of 0.35 eV. As
seen in Figure S7, the experimental UPS and
DOS results are in good agreement with the simulation
results calculated based on the structure of distorted
h-RuO2.
The spin-polarized DFT calculations indicated that

distorted h-RuO2 NSs prefer the FM state over AFM
states or non-magnetic states. Notably, the origin of
magnetism in distorted h-RuO2 NSs should be different
from that of similar low-dimensional materials, such as
graphene nanoribbons or hydrogenated SiC, in which the
magnetism originates from chemical doping28. In dis-
torted h-RuO2 NSs, direct Ru–Ru metal–metal bonding
can induce the stable FM state29, and we plan to inves-
tigate this in our future work. We also paid special
attention to the in-plane angle θ of distorted
h-RuO2 (shown in Figure S5) because we found that the
calculated electrical properties were very sensitive to θ.
Distorted h-RuO2 exhibits a band gap at the Dirac point
owing to the lower symmetry of this structure, which has
neither hexagonal nor any other crystallographic sym-
metry. However, if the crystallographic symmetry is
higher in distorted h-RuO2, i.e., if θ= 90° instead of 89.1°,
the band gap at the Dirac point is expected to close. Thus,
the electrical properties of distorted h-RuO2 can be
manipulated by changing the lattice distortion by adjust-
ing θ (Figure S8). Similar band-gap engineering of MoS2
by applying strain has been reported earlier30,31.

Electrical and optical properties of distorted h-RuO2 NSs
Knowledge about the optical and electrical properties of

RuO2 NSs is essential for understanding their use in
electronic and optoelectronic devices. Figure 6a presents
the temperature dependence of the resistivity of an indi-
vidual monolayer RuO2 NS measured by the four-point
electrode method (inset of Fig. 6a), which was used to
avoid contact resistance between the RuO2 NS and the
electrodes. As shown in Fig. 6a, the resistivity increases
with decreasing temperature, which can be understood
based on the semiconducting properties. The experi-
mental results of the electrical transport measurements
support the TEM observations, and electronic band
structure simulation results for distorted h-RuO2 NSs are
shown in Figs. 2a and 5a, respectively. The semi-
conducting electrical transport of RuO2 NSs provides
clear evidence of the structural phase transition from t- to
h-RuO2 that occurs during chemical exfoliation because
rutile RuO2 exhibits metallic behavior32. Furthermore, we
observe that the resistivity increases as the number of
RuO2 NS layers decreases, as shown in Figure S9b. This
thickness-dependent electrical transport phenomenon

can be understood by band-gap engineering caused by
quantum confinement33 and the interfacial scattering of
charge carriers34,35. RuO2 NSs with fewer layers have
higher surface-to-volume ratios; thus, thicker NSs have
smaller surface defects and, consequently, lower resistivity
values. The electrical properties that depend on the
number of layers were discussed in more detail in one of
our recent reports. Moreover, the RuO2 NS films were
very stable in the external electrical, mechanical, or

Fig. 6 a Resistivity vs. temperature curve of monolayer RuO2 NSs
(inset: SEM image of an individual RuO2 NS with four electrodes). b
Experimental transmission spectra of monolayer RuO2 NS, CVD
graphene, and a quartz substrate. The transmission spectra computed
for distorted h-RuO2 and t-RuO2 and a transmission curve of distorted
h-RuO2 scaled by a factor of 0.9882 are presented
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optical field, showing a change in the resistance of less
than 1% over 50,000 bending test cycles36.
Figures 6b and S10 illustrate the optical transmission

spectra of monolayer RuO2 NSs and the locations used to
obtain the spectra, respectively. The transmittance T of
monolayer RuO2 NSs is 98.3 ± 0.1% in the visible
wavelength (λ) range of 450–700 nm and is practically
independent of λ above 450 nm. The average T of RuO2 in
the visible range is ~1% higher than that of single-layer
graphene grown by chemical vapor deposition (CVD).
The CVD-grown graphene exhibits T= 97.3 ± 0.1% (450
nm < λ < 700 nm), which is comparable to that previously
reported for natural graphene, T= 97.7%37. The optical
microscopy analysis further revealed that opacity
increases with the number of NS, and each RuO2 layer
adds an additional 1.5% (see Figure S11). Figure 6b also
presents the computed transmission spectra of both
distorted h- and t-RuO2. In addition, we simulated the
transmission spectra by performing optical dielectric
calculations with the HSE06 function in the VASP pack-
age assuming a thickness of 0.65 nm for each individual
monolayer. We estimated the relative populations of the
two RuO2 structures in a single layer by fitting the
experimental RuO2 transmission curve with
s × [p1 × Th+ p2 × Tt], where s is a scaling factor, pi is the
relative population with p1+ p2= 1, and Th and Tt are the
computed transmission spectra of distorted h- and
t-RuO2, respectively. The fitted result that has best-fit
parameters of s= 0.9882 and p1= 1.00 is represented by
the blue line in Fig. 6b. The scaled transmission spectrum
of distorted h-RuO2 shows excellent agreement with the
experimental one. This rough estimate suggests that dis-
torted t-RuO2 has a negligible contribution to the
experimental transmission curve and that the monolayer
RuO2 NSs investigated here are mainly composed of the
distorted h-RuO2 structure. As shown by the band
structure in Fig. 5a, the high T of distorted h-RuO2 may
be attributed to its large optical gap within each spin state.
The electrical resistivity and optical T of individual

monolayer RuO2 NSs were measured to be ~5.4 × 10−2Ω
cm and ~98.3% at room temperature, respectively,
revealing that the RuO2 NSs are competitive with gra-
phene as a promising material for flexible transparent
electrodes. This feasibility was demonstrated by fabricat-
ing RuO2 NS films on polycarbonate films using the
Langmuir–Blodgett (LB) method. The LB-deposited
RuO2 NS films with two layers and four layers have
sheet resistances of 8.3 × 103Ω sq−1 and 3.2 × 103Ω sq−1

with optical T values of 97.2% and 93.4%, respectively.
Moreover, the foldability and electrical connectivity were
investigated by using a blue light-emitting diode (LED)
bulb connected to the four-layer LB-deposited RuO2 NSs
films. The light of the LED remained on when the RuO2

NS films were folded, as shown in Figure S12. Considering

that chemically exfoliated graphene LB films have sheet
resistances of ~8 × 103Ω sq−1 with an optical T of 98%,
our results demonstrate that the RuO2 NS films are
competitive as flexible transparent electrodes owing to
their low sheet resistance, high optical transparency, and
mechanical flexibility. The temperature-dependent elec-
trical properties of the RuO2 NSs films were investigated
using a physical property measurement system (PPMS).
The activation energy of RuO2 NS films was calculated
from the Arrhenius equation (σ=A exp(−Ea/KbT), where
A is the pre-exponential factor; Ea is the experimental
activation energy; Kb is the Boltzmann constant). The
calculated activation energy was ~0.14 eV as shown in
Figure S13, meaning that the RuO2 NS films have narrow
band-gap semiconductor behavior. This result con-
siderably agrees with the simulation results of the simu-
lation based on the structure of distorted h-RuO2.

Conclusion
In summary, we identified the crystal structure of

monolayer RuO2 NSs as distorted h-RuO2 by experi-
mental observations and computational calculations. We
showed that the structural phase transition from the t- to
h-phase occurs under compressive strain during the
chemical exfoliation process, and this structural phase
transition causes a difference in the electrical and optical
properties between the nanosheet and its parent material.
The RuO2 NS exhibits narrow band-gap semiconducting
behavior, while the parent material of K0.25RuO2 exhibits
metallic properties. Furthermore, the electrical resistivity
and optical T of individual monolayer RuO2 NSs are
~5.4 × 10−2Ω cm and ~98.3% at room temperature,
respectively, indicating that distorted h-MX2 RuO2 NSs
can compete with graphene. Moreover, we presented that
the LB-deposited RuO2 NS films act as flexible transpar-
ent electrodes with high foldability. Our results showed
that the electrical properties of monolayer RuO2 can be
manipulated by adjusting the structural distortions, sug-
gesting the possibility of band-gap engineering in nanos-
tructured materials.

Methods
Materials synthesis
Potassium ruthenate (K-form RuO2) layered structures

were synthesized by annealing a mixture of K2CO3 and
RuO2 at 850 °C under a flow of N2 for 24 h using a fur-
nace. The chemical composition ratio of K-form RuO2

was experimentally confirmed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES), energy-
dispersive spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS) investigations showing the measured
ratio of K:Ru:O is 0.23–0.27:1:1.92–2.05. The K-form
RuO2-layered structures were acquired by washing the
annealed samples with deionized water. The K-form
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RuO2 particles were immersed in 1M HCl for 72 h to
replace their K+ ions with H+ ions. The interlayer K+ ions
were exchanged by immersing the particles in 1M HCl
for 3 days at 60 °C. The acid-treated K-form-layered
protonic RuO2 structures were exfoliated by the inter-
calation of tetrabutylammonium hydroxide. The solutions
were gently stirred for 14 days at room temperature to
exfoliate the H0.2RuO2 to RuO2 NSs (Fig. 1c). The
monolayer NSs were collected, and the non-exfoliated
particles were removed by centrifuging at 2000 rpm for
30min.

Microstructural analysis
The HRTEM and STEM–ADF images of the RuO2 NSs

were acquired by using a double-Cs-corrected Titan
Cubed microscope equipped with a monochromator
operated at an accelerating voltage of 80 kV. The resolu-
tion of the Cs-corrected HRTEM images (<90 pm) was
sufficient to observe the atomic structure of the RuO2 NSs
(the shortest atomic length of Ru–O is ~160 pm). Fur-
thermore, the monochromator performance at low
accelerating voltages, such as 80 kV, is pivotal in HRTEM
imaging. It not only improves the image resolution by
correcting chromatic aberration, but also avoids knock-on
electron-beam damage and enhances the contrast of O
because the scattering power is higher at lower voltages.
The HRTEM images were obtained by activating the
monochromator to achieve an energy spread of 0.1 eV.
The convergence and detector semi-angles of 30 mrad
and 65–200 mrad, respectively, were used to acquire the
STEM–ADF images. The TEM analysis of K0.25RuO2 and
NaRuO2 was performed by using a Cs-corrected Titan G2
80–200 microscope with a Super-XTM XEDS detector at
200 kV. The atomic position of O was observed by using
the STEM–ABF technique with convergence and detector
semi-angles of 26 mrad and 12–24 mrad, respectively.
The simulated HRTEM images were obtained using the
HREM simulation suite (HREM Research Inc., CS= 1 μm
under Scherzer defocus). The AFM measurements were
performed in tapping mode using rectangular Si canti-
levers (spring constant, k= 40 Nm−1, and resonance
frequency,
f= 300 kHz) under ambient conditions with a Dimension
Icon microscope (Brucker). The conventional XRD mea-
surements of the bulk K0.25RuO2 powder were conducted
by applying Cu Kα radiation with λ= 1.54 Å. The
unknown K0.25RuO2 crystal structure was determined
using the Rietveld refinement technique, and the struc-
tural optimization was performed based on first-principles
calculations.

Optical characteristics
The optical transmission spectra and NS images were

obtained using a UV-vis absorption spectrometer capable

of microscopic characterization (QDI 2010, Craic Tech-
nologies Inc., USA). White light from a Xe lamp was used
to illuminate the samples, and the optical images of the
2D NSs on a quartz substrate (1″ × 1″, 1 mm thick) were
collected using an imaging lens (×40, 0.6 NA) and a
charge-coupled device camera. For the transmission
measurements, a small part of the transmitted light was
directed to a spectrometer before it reached the camera
(dark square in Figure S10 with dimensions of 6 μm× 6
μm). The transmission spectra presented in this report
were averaged over 250 scans. Independently measured
background spectra from NS-free regions of the quartz
substrate were subtracted from the sample spectra, as in
Figure S10. The dispersed RuO2 NSs and CVD-grown
graphene flakes were prepared on the quartz substrate by
drop-casting and the standard transfer methods, respec-
tively. All measurements were performed under ambient
conditions.

Device fabrication and electronic characteristics
Single RuO2 NSs were fabricated using electron-beam

lithography (JSM-7001F JEOL and ELPHY Quantum
Raith). The synthesized RuO2 NSs were dispersed by
drop-casting on a thermally oxidized Si (100) substrate
with alignment markers patterned for electron-beam
lithography. The position and orientation of a selected
NS was defined by the digitized coordinates obtained
from a scanning electron microscopy (SEM) image. Cr (5
nm)/Au (50 nm) electrodes were deposited using a cus-
tom-made, ultra-high-vacuum DC sputtering system. The
resistance of each individual RuO2 NS was determined by
performing four-probe measurements to prevent contact
resistance between the NSs and the electrodes. The
resistivity of each RuO2 NS was calculated by using the
equation ρ= Rπ(d/2)2/L, where R and L are the resistance
and channel length, respectively. The temperature-
dependent resistivity was obtained in the temperature
range of 10–300 K using a closed-cycle cryostat. All
measurements were conducted in a high vacuum with a
pressure of less than 5 × 10−6 Torr to eliminate convec-
tional thermal fluctuations. The UPS measurements were
performed using a custom-made in situ analysis system
(UV generator: VUV 5000 and electron detector: SES-
100). The electrical conductivity of the RuO2 NS films was
measured using a physical property measurement system
(PPMS DynaCool, Quantum Design).

First-principles calculations
We performed the first-principles calculations to

investigate the structural stability and electronic structure
of RuO2, using VASP and a projector-augmented wave
(PAW) pseudo-potential. In the PAW pseudo-potential,
the 2s and 2p electrons and the 4s and 4d electrons were
treated as the valence states of O and Ru, respectively.

Ko et al. NPG Asia Materials _#####################_ Page 9 of 11



The exchange-correlation effects were described by the
generalized gradient approximation functional of Perdew,
Burke, and Ernzerhof, and the spin-polarization effects
were considered. An exact description of the Ru
d-electron states was obtained by performing hybrid
density-functional theory calculations (screened hybrid
functional by Heyd, Scuseria, and Ernzerhof (HSE06))
with a mixing ratio of 0.25 for an exact exchange inter-
action. For the total energy calculations, a plane-wave
basis set with a kinetic energy cutoff of 400 eV and an
8 × 4 × 1 Monkhorst–Pack k-point grid including a
gamma point were used. The structure was optimized by
performing structural relaxation until the total energy
difference was less than 10−5 eV. The structural phase
transition of RuO2 was investigated by using the NEB
method, as implemented in VASP. The conductivity of
RuO2 was calculated by employing the BoltzTrap pro-
gram, which is compatible with VASP, with a constant-
scattering-time approximation. In this case, denser k-
point grids generated by a 32 × 16 × 2 Monkhorst–Pack
mesh were used to calculate the electronic structure in
detail. A scattering time τ of 1 × 10−14 s was used. We
estimated the optical properties by calculating the
frequency-dependent dielectric function using HSE06
functions and VASP. The dielectric function can be
expressed as the sum of real and imaginary parts:
ε(ω)= ε′(ω)+ iε″(ω). The use of this function and the
relation √ε= n+ iK, where n is the refractive index and K
is the extinction coefficient, enables us to obtain
K(εʹ(ω), ε″(ω)). From K(εʹ(ω), ε″(ω)), the absorption coef-
ficient α (α= 4πK(ω)/λ) and the transmittance T, which
can be expressed as T= exp(−αt), where t is the thickness
of a RuO2 monolayer (0.65 nm), were obtained from the
experimental results.
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