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We report on the layer-dependent stability of muscovite-type two-dimensional (2D) mica nanosheets
(KAI;Si;0,4(OH),). First-principles calculations on mica nanosheets with different layer thicknesses
(n=1, 2, and 3) reveal their layer-dependent stability; odd-numbered 2D mica nanosheets are more
stable than even-numbered ones, and the preferable stability of odd-numbered layers originates from
electronic effects. A core-shielding model is proposed with a reasonable assumption, successfully
proving the instability of the even-numbered mica nanosheets. Raman imaging supports that the
population of odd-numbered mica nanosheets is predominant in exfoliated mica products. The
alternating charge states with odd/even layers were evidenced by Kelvin probe force microscopy.

We also demonstrate a unique photocatalytic degradation, opening new doors for environmental
applications of mica nanosheets.

Atomic-layer control in two-dimensional (2D) nanosheets is receiving great attention as a new category of
materials science because of the special physical and chemical properties of the nanosheets that suggest potential
applications in next-generation electronic devices!™!. Triggered by the discovery of graphene’, many research-
ers have explored the properties and applications of 2D nanosheets, consisting of inorganic layered materials*.
2D materials have gained much consideration recently due to their extraordinary properties!! and they are used
in different applications such as energy'?, humidity sensor'>!*, etc. Different characterization techniques such
as optical methods'®, Raman spectroscopy'®, AFM study'’, have been used to characterize them. Furthermore,
their features are explored by density functional theory'®!’.

In particular, being similar to graphene, it is expected that the reduction in the number of layers in the
inorganic materials will bring about new properties and novel applications®. For instance, Ryousuke Ishikawa
et al’! investigated the effect of the number of graphene layers on the performance of perovskite/graphene solar
cells, in which they also report the layer dependent graphene workfunction; 4.82 eV for monolayer, 4.94 eV for
bilayer, and a peak at approximately 4.97 eV for three and above layers. It is interesting to study if similar trends
are kept in 2D inorganic structures.

Mica, owing to its peculiar properties including electrical, mechanical, and chemical stability, has been used
in a variety of applications such as insulating substrates, capacitors, paint films, and barrier coatings. In par-
ticular, since mica is originally comprised of a layered structure with strong in-plane bonds and weak coupling
between layers, it is efficiently cleaved into thin nanosheets**~%, presenting unique and useful properties. For
example, with its dielectric characteristics with a bandgap of 7.85 eV?’~%, the capacitive properties of mica will
be extremely elevated by the exfoliation.

Even though there are some reports about the genuine exfoliation of mica nanosheets, down to single- or
few-layered nanosheets®**!, there is still room for further studies in this aspect. Furthermore, there has been
no significant progress toward the revelation of novel properties and applications of mica nanosheets with an
extremely small thickness. In a recent publication®*, we reported a simple but rather unexpected approach
for tunable bandgap narrowing in muscovite-type (KAl;Si;0,,(OH),) 2D mica nanosheets through controlled
molecular thickness. Decreasing the number of layers resulted in a reduced bandgap energy from 7 to 2.5 eV,
and the bilayer case exhibited a semiconducting nature with a bandgap energy of ~ 2.5 eV. This was attributed to
lattice relaxations, as well as surface-doping effects. These bandgap-engineered 2D mica nanosheets may solve
some key issues in the development of 2D nanosheet-based electronic/optoelectronic devices that require a nar-
row bandgap, a semiconductor-to-metal transition, and excellent layer dependent structure stability.
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In conjunction with that report, in this study, through first-principles density functional theory (DFT) cal-
culations, we found that even-numbered 2D mica nanosheets are less stable than odd-numbered ones, which
was explained by a core-shielding model and evidenced by Raman imaging.

Materials and methods

DFT calculations.  First-principles calculations were performed within the DFT framework, as implemented
in the the Vienna Ab-initio Simulation Package (VASP)*2. The exchange-correlation potential was approximated
by the generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) functional®*-**. The cut-off
of the kinetic energy was set at 500 eV. All of the structures were treated with periodic boundary conditions, and
mica nanosheets in the periodic supercells were separated by a vacuum spacing of being about 20 A. The crystal
lattice parameters of 1L, 2L and 3L mica nanosheets are available in our previous report®®. The optimized struc-
tures were obtained by relaxing all atomic positions until the interatomic forces became less than 0.01 eV A~".
The K-point meshes for geometric structure optimization and electronic structure calculations are 6 x4 x 1 and
10x 6 x 1 respectively. The charge in an atom was defined as the difference between the valence charge and the
Bader charge. The Bader charge was determined with the Bader scheme of charge density decomposition®’.

Chemical exfoliation. The chemical exfoliation process of the mica nanosheets is described in detail
elsewhere®. In a Teflon-lined autoclave with a mixture of potassium organic solution and mica powders, the
dissolved potassium ions in the solvent were intercalated into the interlayer space of the mica. Simultaneously,
the mica was irradiated by a rapid microwave heating, generating the exfoliated mica nanosheets. A colloidal
suspension of thin mica layers was then acquired by centrifugation and sonication.

Mechanical exfoliation. We obtained the ultrathin mica nanosheets by means of the mechanical exfo-
liation of muscovite mica with Scotch tape. As a source material, commercially available, highly ordered mica
plates were used.

Characterization. Optical microscopy (Olympus BX-51) and AFM (SII Nanotechnology E-sweep AFM)
were used to observe the topography of the nanosheets. Raman spectra were collected by using a HORIBA Jobin
Yvon (LabRam HR800UV) Raman microscope with an excitation wavelength of 514.5 nm. Kelvin probe force
microscopy (KPFM) was carried out with an SII Nanotechnology E-sweep AFM in vacuum to avoid contamina-
tion and water adsorption.

Photocatalytic experiments. The raw materials are as follows; TiO, (Degussa P-25) as a reference mate-
rial, exfoliated mica layers, and methylene red (MR) solution that was purchased from Daejung Chemicals &
Metals Co., Ltd., Korea. According to the specifications, the MR solution consisted of 90% ethanol, 9.9% deion-
ized water, and 0.1% MR. In a 250-mL conical flask, 6 mg of photocatalytic powder (TiO, (Degussa P-25) or
exfoliated mica layers) was suspended in 50 mL of the MR solution kept in darkness at room temperature with
stirring for 1 h. Then, the mixtures were kept under sunlight between 11.00 and 15.00 pm at the campus of Inha
University, Republic of Korea; the experiments using MR were carried out on different days. The aliquots from
the aqueous solution were taken out at intervals (30, 60, 120, 180, and 240 min), filtered with a filter paper, and
the UV-vis absorption spectrum of the clear solution with the same amount was recorded by a UV-vis spec-
trometer (VARIAM Technology, Cary 100 UV-vis). The photocatalytic activity of the synthesized photocatalyst
was determined by the decrease in the absorbance at 518 nm for MR.

Results and discussion

First-principles calculations and modeling of 2D mica nanosheets. In an earlier study*, we
carried out first-principles DFT calculations on the structural and electronic properties of muscovite-type
(KALSi;0,4(OH),) 2D mica nanosheets with a controlled molecular thickness. In the 2D mica nanosheets with
different numbers of layers, an abnormal bandgap narrowing was observed, contrary to well-known quantum
size effects. Decreasing the number of layers resulted in a reduced bandgap energy from 7 to 2.5 eV, proposing
a novel approach to preparing 2D materials with smaller bandgaps, which are needed to prepare devices from
2D heterostructures.

Since mica nanosheets are exfoliated from the host crystallites, they may present different structural properties
due to the fact that a large proportion of the atoms are now situated on the surface, as opposed to being confined
within the bulk. Accordingly, the structural distortions in the mica nanosheets may contribute to their counter-
intuitive band narrowing observed in an earlier study* and change their stability as well. In order to investigate
and compare the relative stabilities of single- and few-layered mica nanosheets, we performed a series of calcu-
lations on single-layered (1L), double-layered (2L), and triple-layered (3L) mica nanosheets as model systems.
We calculated the surface energy of mica nanosheets to quantify the stability by using the following equation:

1
AH; = -~ (Edab — NEpuik) (1)
where A is the area of the slab supercell surface, E,;, is the energy of the slab supercell, Ey is the bulk energy per
atom, and N is the number of atoms in the slab supercell. Interestingly, we found that 2L mica is 36 and 22 meV
less stable than 1L and 3L mica, respectively. The stability characterized by the surface energy can be assumed
to be derived from two factors, structural and electronic:
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AH; & Estructural + Eelectronic (2)

where the E,,cwra cOmponent originates from the local atomic environment at the surfaces (i.e., from the pres-
ence of dangling bonds, chemical potentials, etc.), while Eqjeronic cOmes from quantum electronic effects (i.e.,
quantum confinement, etc.). In our case, all single-, double-, and triple-layered mica structures have the same
kind of K* termination; hence, we can rule out the E, .. factor. Therefore, the preferable stability of odd-
number-layered mica sheets should originate from the electronic effects. To support this hypothesis, we have
developed a core-shielding model for the description of few-layered mica. According to this model, we treat the
mica structure as a sequence of charged positive and negative layers. The positive layer corresponds to the K*
region, while the negative layer corresponds to a tetrahedral-octahedral-tetrahedral sandwich region (Fig. 1 in
Ref.?). The positive and negative regions interact with each other according to a general Coulomb-like equation:

Q1Q2

oE; o« — (3)

Therefore, the stability depends on the values of positive and negative charges and the distance between the
positive and negative layers. In single-layered mica nanosheets (1L), there is a stable electromagnetic attraction
between the positive surface K* ion layer (Q,) and the negative tetrahedral-octahedral-tetrahedral sandwich
core (Q,) charges. However, in double-layered mica nanosheets (2L), there is a positive charge in the core region.
Although it is screened by the neighbouring negative charges, this shielded positive charge in the core repels the
positive K* ion layer in the surface, making double-layered mica unstable. The shielding effect is equivalent to
partial deduction of the negative Q,, therefore, the equation above can be re-written as follows:

B Ql (QZ _ Q;hielded)

r

o2 Ez [0 (4)
This brings about a decrease of the attractive electrostatic interaction between the surface K* ion layer and
the neighbouring negative tetrahedral-octahedral-tetrahedral sandwich layer. Further, in triple-layered mica
nanosheets (3L), a negative charge occurs in the core region. It is definitely screened by the neighbouring posi-
tive K* ion layer before this shielded negative charge in the core attracts the positive K* ion layer in the surface.
However, the far distance may dramatically weaken the attractive interaction to stabilize the 3L structure.

To verify this hypothesis, we calculated the Bader charges on all atoms in single-, double-, and triple-layered
mica. A negative value of Bader charge stands for acceptance of electrons to yield [ charge, while a positive
value represents donation of electrons to give [ charge. We found that the surface K atoms in all cases possess a
similar charge of + 0.89|e|, indicating that they are almost completely ionized. This also suggests equal Q1 values
of Eq. 1 in all cases. The charge of the core region in 1L has a value Q, of being — 1.78|e|, giving the attractive
electrostatic interaction between the K* ions and the core. However, a Qihi”de"l value of 0.004|e| in 2L, the indica-
tion of the shielding effect of negative layers impacting on the core positive charge, leads to a reduction of Q,.
As a result, we expect a much weaker interaction obtained in 2L with Eq. (4), hence, less stability. The calculated
Qgrielded yalue in 3L is negligible, which can be attributed to the large distance between the core to the surface.
This implicates that the core-shielding effect may not be substantial in mica nanosheets of many layers. On this
basis, we may expand our conclusion further and suggest that mica with an even number of layers would be less
stable than mica with an odd number of layers (Fig. 1).

Population of even- or odd-numbered mica nanosheets. For the purpose of proving the theoretical
calculation that predicts that odd-numbered mica layers are more stable than even-numbered ones, we have
attempted to measure the population of each layer in the product of exfoliated mica nanosheets. In order to
identify the number of layers in the exfoliated mica product, we performed a combined characterization of opti-
cal reflectivity and Raman scattering. Figure 2a shows an optical image under a while light illumination. It was
observed that the apparent color depends on nanosheet thickness, due to the interference effects from mica/SiO,
and SiO,/Si interfaces?*. To get more quantitative picture of the thickness distribution, we performed optical
characterizations (Fig. 2b,c) using a monochromatic illumination at 530 nm, which is near the maximal con-
trast for mica nanosheets?. Clearly, mica nanosheets showed higher reflectivity than the substrate. This image

Q1 Q2 Q1

1Lnn £
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Figure 1. Core-shielding model for few-layered mica. The blue color represents positive-charge regions (K
layer) and the green color represents negative-charge regions (tetrahedral and octahedral sandwich structure).
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Figure 2. (a) Optical image measured with a white light on mica nanosheets on a 100 nm SiO,/Si substrate.
(b) Optical image measured with the 530 nm light, which is near the maximal contrast for mica nanosheets. (c)
Optical image measured with the 530 nm light on monolayer mica nanosheets. (inset) AFM image taken from
the dotted area in (c). (d) Raman spectra of mica nanosheets with different layer numbers. The spectra were
taken from the same film as (b). (e) Raman intensity maps monitored with 263-cm™ mode. (f) Distribution of
the layer numbers estimated from 100 Raman mapping images.

provides a clear picture of thickness distribution with layer ranging from 1 to 5L. The inset of Fig. 2c shows an
AFM image measured from 1L part of the optical contrast. The height different between mica nanosheet and
Si0,/Si substrate was 1.04 nm, which was comparable with the theoretical thickness of the 1L mica nanosheet?.
Having established the thickness identification using the optical reflectivity, we extend Raman spectroscopy,
which is one of the powerful tools for the thickness characterization of 2D materials. Figure 2d shows Raman
spectra of mica nanosheets with different layer numbers. Although Raman scattering efficiency of mica is much
lower (approximately 100 times) than those of graphene and MoS,, we could monitor the thickness dependence;
the peak intensity in the Raman spectra is evidently dependent on the number of layers. By converting the peak
intensity into an image, one can visualize the population of the mica nanosheets in terms of the number of layers,
which is often used in determining the number of layers in 2D materials. On this basis, we can make a Raman
imaging, indicating the number of layers for exfoliated mica products. One example of the Raman imaging is
shown in Fig. 2e, revealing the existence of few-layered mica nanosheets. The typical numbers of mica nanosheets
were observed to be 1, 2, 3, and 5. We observe that mica nanosheets with an even number of layers (i.e., 2 in the
present case) have been produced, in addition to those with an odd number of layers (i.e., 1, 3, and 5). Although
the results confirm the existence of 2L mica nanosheets, the amount of odd-layered mica nanosheets is signifi-
cantly larger than that of even-layered ones. We have estimated the population of odd and even layers from 100
Raman images, which were taken from different exfoliated mica products. The results are summarized in Fig. 2f,
evidently demonstrating that the odd-numbered mica nanosheets are predominant. This direct observation of
the population of mica nanosheets in terms of the number of layers is well consistent with the core-shielding
model, indicating that even-layered mica nanosheets are less stable in comparison to the odd-layered ones.

Surface charge states of mica nanosheets. According to the core-shielding model, due to the alter-
nation of charges in the core region that may lead to the alternation in dipole fields with components parallel
to the surface, there may be two-type surface charges for odd/even numbered layers. That is, the surfaces of all
types of layers are all positive, but the odd-numbered layers have a strong dipole due to the more negative core
regions, and the even-numbered layers have a relatively weak dipole due to the less negative core regions. To
verify this, we have measured the surface charge state of the 2D mica nanosheets by using Kelvin probe force
microscopy (KPFM), with which one can observe the work function of surfaces at a molecular scale. The map
of the work function produced by KPFM gives us information about the composition and electronic state of the
local structures on the surface of a solid because the work function of a solid is determined by various surface
phenomena, chemical composition, reconstruction of surfaces, and doping and band-bending of semiconduc-
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tors. As is shown in Fig. 3, odd-numbered layers such as 1L and 3L mica nanosheets are more positive than
even-numbered layers such as 2L mica nanosheets. What is more important is that the surface charge states for
1L and 3L are almost identical. We proved that the 3L nanosheet has a larger bandgap than the 1L and 2L ones;
if the surface charge does not play a role in Fig. 3, we should see 3 types (one for each layer type) corresponding
to the 3 work functions. The fact that there are two types observed in Fig. 3 is in favor of the alternating charges
with the odd/even layers.

Dye degradation. For the purpose of exploiting the exfoliated mica nanosheets, we have investigated their
photocatalytic properties by testing dye degradation. The photocatalytic degradation activities of the mica and
TiO, (used as a reference) are shown in Fig. 4. The ultraviolet-visible (UV-vis) absorption spectra of methylene
red (MR) solutions containing TiO, or mica nanosheets are shown in Fig. S1 (see Supplementary Fig. S1 online).
Prior to the sunlight irradiation, the suspensions of mica or TiO, and the dye-containing MR solution were
stirred in the dark to establish the adsorption/desorption equilibrium between the dye and the photocatalyst.
As shown in Fig. 4, mica nanosheets demonstrate a strong absorption of the anionic MR dye with the initial
absorption value of 4.05. Particularly, the absorbance of MR on the mica nanosheets decreased from 4.05 to 2.8
after 250 min of sunlight irradiation. On the other hand, MR did not degrade at all on TiO, and its concentra-
tion remained nearly unchanged after 250 min. Dye degradation needs two steps: (1) dye adsorption on the
mica nanosheet and (2) dye destruction by photoelectrons. The mica nanosheets prepared by exfoliation consist
of few-layered flakes, being composed of mainly 1 and 3 layers and partly of 2 layers. According to our ‘core-
shielding” model, the mica nanosheet structure can be treated as a sequence of charged positive and negative
layers. The positive layer corresponds to the K* region, while the negative layer corresponds to a sandwiched
Si0,-AlO4-SiO, region. Accordingly, the effective MR degradation by the exfoliated mica nanosheets is rea-
sonable. In contrast, we do not expect significant degradation of MR on the negatively-charged TiO, surface.
Our studies on mica nanosheets suggest it to be a potential candidate that can effectively degrade acidic dyes.
Since a positive charged TiO, surface would yield a better understanding of the positive mica surface effects to
photocatalytic degradation of anionic MR dye, we plan to synthesize positive charged TiO, nanoparticles by
adjusting the pH of solution®, or incorporating protonated amine® for their photocatalytic dye degradation tests.

1L

830 ~ 845 mV
1

2L
815 ~ 820 mV

3L
~ 840 mV

Figure 3. (a) AFM image and (b) charge state measured by KPFM of the exfoliated mica product.
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Figure 4. UV-vis absorption spectra of MR at 518 nm.
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Since the surface K atoms in 1L, 2L and 3L mica nanosheets possess a similar charge of +0.89|e|, their cor-
responding electrostatic interaction to bring about surface adsorption of anionic MO dye may show insignificant
discrepancy. Considering that the bandgap energy tends to reduce with the decrease of layer numbers?, this will
lead to an increase of UV-Vis light adsorption. Therefore, assuming that the electron-hole pair recombination
would not alter with the number of nanosheets layers, the efficiency of photocatalytic degradation of MO dye
will increase with the decrease of the number of layers.

Conclusions

We investigated the layer-dependent stability of muscovite-type (KAl;Si;0,,(OH),) 2D mica nanosheets using
DFT-based theoretical modeling and spectroscopy techniques. DFT calculations on mica nanosheets with dif-
ferent layer thicknesses (n=1, 2, and 3) indicated that the preferable stability of odd-numbered layers originates
from electronic effects. With a reasonable assumption that the electronic effects will play a major role, we devel-
oped a core-shielding model, successfully proving the instability of the even-numbered layers of mica nanosheets;
the K interlayer inside double-layered mica creates a shielding effect for the core charge. Raman imaging revealed
that the exfoliated mica products are comprised predominantly of odd-numbered layers (i.e., 1L, 3L, and 5L),
as well as a minor amount of even-numbered ones (such as 2L and 4L), being consistent with the model, which
was further evidenced by the surface charge measurement via KPFM. We have compared the photocatalytic
degradation ability of exfoliated mica nanosheets to that of TiO, by using a MR solution. Mica had a very high
degradation ability toward MR, whereas TiO, did not, indicating that the mica nanosheets have a potential for
use in the photocatalytic degradation of acidic MR.

Data availability
All data generated or analyzed during this study are available from the corresponding author upon reasonable
request.

Received: 21 November 2022; Accepted: 30 April 2023
Published online: 15 May 2023

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669 (2004).
2. Osada, M. & Sasaki, T. Exfoliated oxide nanosheets: new solution to nanoelectronics. J. Mater. Chem. 19, 2503-2511 (2009).
3. Mas-Ballesté, R., Gémez-Navarro, C., Gomez-Herrero, J. & Zamora, E 2D materials: To graphene and beyond. Nanoscale 3, 20-30
(2011).
4. Osada, M. & Sasaki, T. Two-dimensional dielectric nanosheets: Novel nanoelectronics from nanocrystal building blocks. Adv.
Mater. 24(2), 210-228 (2012).
5. Butler, S. Z. et al. Progress, challenges and opportunities in two-dimensional materials beyond graphene. ACS Nano 7(4), 2898-2926
(2013).
6. Geim, K. & Van der Grigorieva, I. V. Waals heterostructures. Nature 499, 419-425 (2013).
7. Sangian, D. et al. Materials nanoarchitectonics using 2D layered materials: Recent developments in the intercalation process. Small
14(33), 1800551 (2018).
8. Azadmanyjiri, J., Wang, J., Berndt, C. C. & Yu, A. 2D layered organic-inorganic heterostructures for clean energy applications. J.
Mater. Chem. A 6, 3824-3849 (2018).
9. Kong, X. et al. Elemental two-dimensional nanosheets beyond graphene. Chem. Soc. Rev. 46, 2127-2157 (2017).
10. Kim, H. G. & Lee, H.-B.-R. Atomic layer deposition on 2D materials. Chem. Mater. 29(9), 3809-3826 (2017).
11. Marani, D. et al. Nucleation front instability in two-dimensional (2D) nanosheet gadolinium-doped cerium oxide (CGO) forma-
tion. Cryst. Eng. Commun. 20, 1405-1410 (2018).
12. Luo, B, Liu, G. & Wang, L. Recent advances in 2D materials for photocatalysis. Nanoscale 8, 6904-6920 (2016).
13. Late, D. ], Rout, C. S., Chakravarty, D. & Ratha, S. Emerging energy applications of two-dimensional layered materials. Can. Chem.
Trans. 3, 118-157 (2015).
14. Pawbake, A. S, Jadkar, S. R. & Late, D. J. High performance humidity sensor and photodetector based on SnSe nanorods. Mater.
Res. Express 3, 105038 (2016).
15. Shelke, N. T. & Late, D. J. Hydrothermal growth of MoSe, nanoflowers for photo-and humidity sensor applications. Sens. Actuators
A 295,160-168 (2019).
16. Reshmi, S., Sundheep, R. & Late, D.J. Optical based techniques for 2D layered materials in Advanced analytical techniques for
characterization of 2D materials (ed. Rout, C.S. & Late, D.J.) 2-1-2-24 (AIP Publishing, 2022).
17. Chacko, L. & Late, D.J. Raman spectroscopy-based techniques for 2D layered materials in Advanced analytical techniques for
characterization of 2D materials (ed. Rout, C.S. & Late, D.J.) 3-1-1-20 (AIP Publishing, 2022).
18. Late, D.]. et al. Rapid characterization of ultrathin layers of chalcogenides on SiO,/Si substrates. Adv. Funct. Mater. 22, 1894-1905
(2012).
19. Kadrekar, R. & Late, D.J. Density functional theory: an investigative and predictive tool for the study of 2D materials in Advanced
analytical techniques for characterization of 2D materials (ed. Rout, C.S. & Late, D.J.) 11-1-11-22 (AIP Publishing, 2022).
20. Shenoy, U. S. et al. Electronic structure and properties of layered gallium telluride. Chem. Phys. Lett. 651, 148-154 (2016).
21. Yoffe, D. Low-dimensional systems: quantum size effects and electronic properties of semiconductor microcrystallites (zero-
dimensional systems) and some quasi-two-dimensional systems. Adv. Phys. 51(2), 799-890 (2002).
22. Ishikawa, R., Yamazaki, S., Watanabe, S. & Tsuboi, N. Layer dependency of graphene layers in perovskite/graphene solar cells.
Carbon 172, 597-601 (2021).
23. Low, G. & Zhang, Q. Ultra-thin and flat mica as gate dielectric layers. Small 8(14), 2178-2183 (2012).
24. Kim, S. S. et al. Tunable bandgap narrowing induced by controlled molecular thickness in 2D mica nanosheets. Chem. Mater.
27(12), 4222-4228 (2015).
25. Castellanos-Gomez, A. et al. Atomically thin mica flakes and their application as ultrathin insulating substrates for graphene. Small
7,2491-2497 (2011).
26. Kim, H.-]J. et al. Hunting for monolayer oxide nanosheets and their architectures. Sci. Rep. 6, 19402 (2016).
27. Christenson, H. K. & Thomson, N. H. The nature of the air-cleaved mica surface. Surf. Sci. Rep. 71(2), 367-390 (2016).
28. Pan, X.-F. et al. Transforming ground mica into high-performance biomimetic polymeric mica film. Nat. Commun. 9, 2974 (2018).
29. Weeks, J. R. The dielectric constant of mica. Phys. Rev. 19, 319-322 (1922).

Scientific Reports |

(2023) 13:7880 | https://doi.org/10.1038/s41598-023-34465-5 nature portfolio



www.nature.com/scientificreports/

30. Islam, M. R. & Tomitori, M. Evaluation of the discrete thickness of exfoliated artificially synthesized mica nanosheets on silicon
substrates: Toward characterization of the tunneling current through the nanosheets. Appl. Sur. Sci. 532, 147388 (2020).

31. Ding, J., Zhao, H. & Yu, H. Superior to graphene: Super-anticorrosive natural mica nanosheets. Nanoscale 12(30), 16253-16261
(2020).

32. Davidson, T. & Vickers, A. F. The optical properties of mica in the vacuum ultraviolet. J. Phys. C 5(8), 879-887 (1972).

33. Rudenko, N., Keil, E. ], Katsnelson, M. I. & Lichtentein, A. I. Graphene adhesion on mica: Role of surface morphology. Phys. Rev.
B 83, 045409 (2011).

34. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys.
Rev. B 54(16), 11169-11186 (1996).

35. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 865-3868 (1996).

36. Wu, S. N. et al. Origin of observed narrow bandgap of mica nanosheets. Sci. Rep. 12, 2868 (2022).

37. Tang, W. et al. A grid-based Bader analysis algorithm without lattice bias. J. Phys. Condens. Matter 21(8), 084204 (2009).

38. Azeez, E et al. The effect of surface charge on photocatalytic degradation of methylene blue dye using chargeable titania nanopar-
ticles. Sci. Rep. 8, 7104 (2018).

39. Klaysri, R. et al. One-step synthesis of amine-functionalized TiO, surface for photocatalytic decolorization under visible light
irradiation. . Ind. Eng. Chem. 45, 229-236 (2017).

Acknowledgements
We acknowledge Jin-Young Kim for his help in drawing figures.

Author contributions

S.S.K. conceived and designed the project. J.H.K. carried out the dye experiments. V.V.K. performed the DFT
calculations. S.W. carried out the DFT calculations. Y.S. perfomred AFM and Raman experiments. PW. prepared
the draft and guided the model. M.O. obtained the Raman spectra and KPFM results and drafted the related
parts. HW.K. finalized the manuscript. All authors discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-34465-5.

Correspondence and requests for materials should be addressed to PW., M.O., H-W.K. or S.S.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:7880 | https://doi.org/10.1038/s41598-023-34465-5 nature portfolio


https://doi.org/10.1038/s41598-023-34465-5
https://doi.org/10.1038/s41598-023-34465-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Layer-dependent stability of 2D mica nanosheets
	Materials and methods
	DFT calculations. 
	Chemical exfoliation. 
	Mechanical exfoliation. 
	Characterization. 
	Photocatalytic experiments. 

	Results and discussion
	First-principles calculations and modeling of 2D mica nanosheets. 
	Population of even- or odd-numbered mica nanosheets. 
	Surface charge states of mica nanosheets. 
	Dye degradation. 

	Conclusions
	References
	Acknowledgements


