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NaNOj; monolayer: A stable graphenelike supersalt with strong four-phonon scattering and low
lattice thermal conductivity insensitive to temperature
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Since the discovery of graphene, numerous efforts have been made to seek new two-dimensional (2D)
graphenelike materials with intriguing properties. Here,we report a stable graphenelike supersalt NaNOz; mono-
layer composed of superhalogen NOs. The 2D NaNO; monolayer is found to possess an ultralow isotropic
Young’s modulus (2.983 N/m) and a low thermal conductivity (1.65 W/mK @300 K), which is much lower
than that of 2D NaCl monolayer (3.72 W/mK @300 K). We attribute this behavior to the strong anharmonicity
induced by the weak bonding between Na and NOj; cluster and the large atomic displacements of O in the
NOs; cluster. A giant four-phonon scattering leads to a 60% reduction in lattice thermal conductivity at 300 K
compared to that of three-phonon scattering. Furthermore, temperature-induced phonon hardening causes the
lattice thermal conductivity to be nearly temperature independent in the studied temperature range (100-350 K),
displaying significant difference from the atom-based 2D materials.
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I. INTRODUCTION

Graphene is a 2D material consisting of a single layer of
carbon atoms arranged in a honeycomb lattice. Motivated by
its remarkable properties and technological applications in
optoelectronics, transistors, thermal management, and energy
storage devices [1-5], many other graphenelike 2D materials
have been predicted and synthesized [6—8]. In contrast to the
planar honeycomb configuration, the silicene, germanene, and
stanene, predicted by theory [9,10] and synthesized by experi-
ments [11-13], have buckled honeycomb lattice. Furthermore,
the 2D materials of group IIIA (borophene [14], Gallenene
[15]), group VA (phosphorene, arsenene, antimonene, and bis-
muthene) [16] as well as group VIA (selenene and tellurene)
[17] have also been found to have the buckled honeycomb
structure. Besides above monoelemental 2D materials, 2D
honeycomb compounds such as A-BN [18], ITA-VIA (BeO,
MgO, Ca0, ZnO, CdO, CaS, SrS, StSe, BaTe, and HgTe) [19]
and IVA-VIAXY (X =C, Si,Ge, Sn; Y = O, S, Se, Te) [20],
and BSi monolayers [21] have gained tremendous interest.

Recently, new graphenelike monolayer composed of
monochlorides (NaCl, LiCl, and AgCl) have been predicted
by first-principles calculations [22]. The monolayer sodium
chloride (NaCl) is of special interest because its bulk coun-
terpart is the common table salt. The negative binding energy
of the 2D NaCl monolayer implies that this exotic hexagonal
structure could be experimentally synthesized, which has been
confirmed by Kseniya et al. [23] through the growth of the
hexagonal NaCl thin films on the (110) diamond substrate.
It has been demonstrated that replacing halogens by super-
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halogens (i.e., clusters with electron affinities larger than that
of Cl, namely, 3.61 eV) could lead to a new class of mate-
rials with unprecedented properties because of their unique
size, symmetry, and electronic structure [24-26]. Note that
NOj3, with an electron affinity of 3.937 + 0.014 eV [27] is
a superhalogen cluster anion and is a building block of a
variety of compounds, such as three-dimensional nitrate salts
LiNO3, KNO3, Mg(NO3),, Ca(NO3),, hypersalt molecules
KLi(NO3),, KMg(NO3)3;, and KAI(NO3)4 [28], and ionic
liquid (BMIM-NOs) [29]. However, there is no report of NO3
as a building block of 2D graphenelike crystal, which mo-
tivated this study. In this paper, we show that not only 2D
graphenelike NaNOj supersalt is stable but its properties are
very different from that of 2D-NaCl. We first constructed a
graphenelike supersalt 2D NaNOs; monolayer by replacing
CI atoms with NO3 superatoms in the 2D hexagonal NaCl
[Fig. 1(a)] lattice and then systemically investigated its struc-
tural, electronic, mechanical, and thermal properties.

II. COMPUTATIONAL METHODS

The energy and electronic structure calculations are per-
formed using the Vienna Ab initio Simulation Package (VASP)
[30,31]. The interactions between the electrons and ions are
described by using projector augmented-wave method [32],
which treats the N 2s?2p3, O 2s2p*, Na 2p®3s! as valance
states. The exchange-correlation functional is treated within
the generalized gradient approximation (GGA) [33] using the
Perdew-Burke-Ernzerhof (PBE) form [34]. A vacuum layer
of 20 A in the ¢ direction is used to avoid mirror interac-
tions. All atomic positions and cell shape are fully optimized
without any symmetry constraint with an energy cutoff of
600 eV and a Gamma-centered k mesh of 9 x 9 x 1. The

©2022 American Physical Society
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FIG. 1. (a) Schematic diagram of Cl atoms in the 2D NaCl
monolayer replaced by NO; clusters. The gold, green, gray, and red
spheres represent Na, Cl, N, and O atoms, respectively. (b) Geometry
and electron localization function of the 2D NaNO; monolayer.
Primitive cell and hexagonal lattice composed of Na atom and NO;
cluster are plotted in the rhombus and rectangle with red dotted lines,
respectively.

convergence criteria for energy and force are 10%eV and
10%eV/A, respectively. As band gaps of semiconductors are
underestimated at the PBE level, we used the Heyd-Scuseria-
Ernzerhof (HSEO06) hybrid functional [35] to obtain a more
accurate band gap. We also calculate the dielectric tensors and
Born effective charges using the density-functional perturba-
tion theory [36] to include the long-range interactions.

The harmonic interatomic force constants (IFCs) are esti-
mated using a4 x 4 x 1 supercell and the finite-displacement
method as coded in the PHONOPY package [37]. The anhar-
monic IFCs are extracted within a 4 x 4 x 1 supercell, as
implemented in the machine-learning based HIPHIVE package
[38]. In detail, we first generate 90 configurations via a Monte
Carlo algorithm with random displacements of 0.02 A. Then
we calculate the Hellmann-Feynman forces of each random
configuration with a 3 x 3 x 1 k mesh. Finally, based on the
displacements-forces of 90 random configurations, the force
constants potential (FCP) model and the anharmonic IFCs are
fitted through the least absolute shrinkage and selection op-
erator technique [39]. Here, the high-order IFCs are included
up to fourth order and the cutoff distances of 11.99, 6.0, and
4.0 A for the second-, third-, and fourth-order force constants,
respectively, are found to be sufficient for convergence.

From the gained FCP model, the self-consistent phonons
(SCP) calculations based on the stochastic self-consistent har-
monic approximation algorithm [40] are performed to obtain
the temperature-dependent phonon frequency. We set mixing
parameter o as 0.1 in the SCP iteration. Based on the FCP

model, lattice thermal conductivity (k;) can be obtained by
solving the Boltzmann transport equation using the SHENGBTE
code [41] with a ¢ mesh of 36 x 36 x 1. We use the full iter-
ative procedure to calculate the three-phonon scattering rates
and lattice thermal conductivity, which needs the temperature-
dependent second- and third-order IFCs as inputs. Consider-
ing the large anharmonicity of cluster-based supersalt-type
monolayer, we further involve the four-phonon scattering
rates treated at the relaxation time approximation (RTA) level
using the FOURPHONON package [42]. The Born effective
charges and dielectric constants are used to correct the long-
range electrostatic interactions. Since both 2D NaNO; and
NaCl monolayers are flat without the corresponding 3D struc-
tures, we choose the van der Waals diameter of Na atom
(4.60 A) [43] as the thickness to calculate their lattice thermal
conductivities.

III. RESULTS AND DISCUSSION
A. Structure and bonding

Figure 1(b) shows the geometry of the 2D NaNO; mono-
layer having the hexagonal P-6m2 (No. 187) space group. Its
primitive cell consists of one Na atom and one NO; cluster,
featuring a honeycomb lattice with the optimized lattice con-
stant of 5.99 A. In the NOj cluster, one N atom is surrounded
by three identically bonded oxygen atoms forming a perfect
trigonal planar geometry and all three N-O bond lengths are
1.26 A. The Na—O bond length has a larger value of 2.19 A
than that of the N-O bond.

To gain insight into the chemical bond characteristics of
2D NaNO; monolayer, we calculate the electron localiza-
tion function (ELF) [44]. The values of ELF vary from 0
to 1, where ELF = 1 corresponds to perfect localization and
ELF = 0.5 represents delocalized electron gas. The ELF re-
sults in Fig. 1(b) show that the electrons are primarily located
in the middle between the N and O atoms, exhibiting a strong
covalent bond, while for Na atoms and NOs clusters, electrons
mainly localize around the latter, indicating that ionic bonding
dominates the Na—NOj3 bonds. The different length and type
of N-O and Na—O bonds result in the hierarchical bond struc-
ture in 2D NaNOj; monolayer, which induces special atomic
vibrational motions that are responsible for the low thermal
conductivity [45]. Furthermore, it has been shown that the
number of electrons transferred from Na to NO;5 is 0.91e,
which is larger than that of Na to Cl in the 2D NaCl monolayer
(0.82¢ charge) based on the Bader charge analysis. The larger
number of electron transfer in the 2D NaNO; monolayer
manifests in the increased bond ionicity, which in turn leads
to the asymmetric wave functions and produces anharmonic
bonds [46].

B. Energetic, dynamic, and thermal stability

To confirm the stability of the 2D NaNO3; monolayer, we
use energetic, dynamic, and thermal stability as three crit-
ical factors that need to be satisfied. Here, we choose the
formation energy as the energetic stability criteria. The for-
mation energy of the 2D NaNOj; monolayer is defined as
AEf = ENaNO3 — %EN2 — %EO2 — ENa’ where ENaN03 is the
total energy of the 2D NaNO3; monolayer, En,, Eo,, and En,
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FIG. 2. (a) Phonon dispersions of the 2D NaNO; monolayer. The solid lines show the results at finite temperatures, and the black dotted
lines represent the results for the harmonic approximation (HA). (b) Free-energy changes with respect to time. (Inset) Final structure at 350 K.

are the energies in the most stable phase of Na, N,, and O,
respectively. The calculated AE of the 2D NaNO; monolayer
is —2.875 eV /unit cell, confirming the energetic stability of
the 2D NaNOj3; monolayer.

The dynamic stability is confirmed by calculating the
phonon dispersions; the absence of imaginary frequencies
signifies dynamical stability of the material. Figure 2(a) shows
the phonon dispersions under harmonic approximation at fi-
nite temperatures. The harmonic phonon dispersions show
obvious imaginary frequencies. According to the projected
phonon density of states (PDOS) of the 2D NaNO3s mono-
layer, we find that the unstable phonon branches are mainly
derived from the O atoms (see Fig. S1 in the Supplemental
Material (SM) [47]). The unstable soft modes usually asso-
ciate with strong lattice anharmonicity [48] or phase transition
[49]. To further analyze the vibrations of the unstable phonon
branches, we perform a 10000-step ab initio molecular-
dynamics simulations (AIMD) at 300 K with 2-fs time step
in a 3 x 3 x 1 supercell. The resulting MD trajectories of
three random N, O, and Na atoms are plotted in Fig. S2 in
the SM [47]. Note that the displacements from the equilib-
rium position of the O atoms show strong anisotropy. Such
large asymmetric displacements of O atoms will enhance the
lattice anharmonicity, thus generating the soft modes. Upon
including temperature effects, soft modes are all stabilized
and continue hardening with increasing temperature. This
confirms the dynamic stability of the 2D NaNO3; monolayer
at finite temperatures.

Finally, the thermal stability is evaluated by performing an
AIMD simulation in a 3 x 3 x 1 supercell. After heating at
350 K for 10 ps with a time step of 2 fs, the total energy
is seen to fluctuate around a constant value and the final
structure remains intact without bond breaking as depicted
in Fig. 2(b). These results prove the energetic, dynamic, and
thermal stability of the 2D NaNO3; monolayer.

C. Electronic and mechanical properties

Next we investigate the electronic properties of the 2D
NaNO3; monolayer by calculating its band structure and the
corresponding total and partial density of states. As seen in
Fig. 3(a), the 2D NaNO; monolayer has a direct band gap of
5.16 eV (3.15 eV) at the T" point computed using the HSE06
(PBE) functional, which is smaller than that of the 2D NaCl

monolayer (6.30 eV at the HSEOG6 level). From the band-gap
values, we can conclude that 2D NaNO; monolayer is an
insulator, which is similar to 2D NaCl monolayer and other
2D alkali halides with the energy band gap ranging from 5.0
to 6.74 eV at the PBE level [50]. The computed partial elec-
tron density of states of the 2D NaNO3; monolayer is plotted
in Fig. 3(b), which shows that the valence-band maximum
(VBM) is mainly determined by the O-p orbitals, and the
conduction-band minimum (CBM) is mainly determined by
the O-p and N-p orbitals. Specifically, the VBM is contributed
by O-p, and O-p, orbitals, and the CBM is mainly contributed
by O-p, orbital and N-p, orbitals. These agree well with the
information observed in the band-decomposed charge-density
distributions (see Fig. S3 in the SM [47]).

The mechanical properties of the 2D NaNO; monolayer
are explored by calculating in-plane Poisson’s ratio v(6) and
Young’s modulus Y (6) based on the elastic constants. There
are 21 independent elastic constants forming a 6 x 6 sym-
metric tensor in a 2D crystal. For this 2D NaNO3; monolayer
with hexagonal symmetry, only C;; and Cj, are nonzero and
independent. Considering the lattice symmetry above, Pois-
son’s ratio v(#) and Young’s modulus Y (@) as a function of
in-plane 6 can be expressed as follows [51]:

_ Ci2(sin*0 + cos*0) — Bsin20cos26
"~ Cy1(sin®0 + cos*0) + Asin20cos20’
Ch —Ch
C11(sin*@ + cos*0) + Asin’fcos?0’

v(0) (D

Y(0)=

©))

where A = 2(C121—C122)/(C11 - C]z) — 2C12, and B = 2C11 —
2(C}—C%,)/(Cyy — Cyp). These results are shown in Fig. 4.
Poisson’s ratio v(@) is isotropic with a large value of 0.902
along all directions. This implies that the large elastic de-
formation against the same strain is equal along different
directions. Young’s modulus measures the resistance of a
material to elastic deformation. In general, a material with
low Young’s modulus is flexible and elastic. Young’s modulus
Y(0) is found to be isotropic with a value of 2.983 N/m, which
is less than those of previously reported 2D materials, such as
1000 N/m for graphene [52] and 330 N/m for MoS, [53].
This shows the softness of the 2D NaNO; monolayer. For
comparison, the calculated v and Y of the 2D NaCl monolayer
and other 2D monochlorides [50] are given in Table I, showing
that the ¥ of the 2D NaNO3 monolayer is lower than those of
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FIG. 3. (a) Electronic band structure and (b) PDOS of the 2D NaNO3; monolayer. (Inset) Enlarged PDOS of O and N atom.

most 2D monochlorides, which indicates the weaker bonding
between Na atom and NOj cluster compared to the inter-
atomic bonding strength in monolayer atomic compounds.
This would lead to slow transport of phonons and low lattice
thermal conductivity («;) of 2D NaNO3; monolayer.

D. Lattice thermal conductivity

As unique structures usually lead to intriguing thermal
properties, it is of great interest to explore the thermal prop-
erties of the 2D NaNO; monolayer. Slack’s rules [54,55]
prescribe four characteristics for nonmetallic crystals to have
high thermal conductivity. The corresponding rules for crys-
tals to have low thermal conductivity can thus be summarized
as having (i) large atomic mass, (ii) weak bonding, (iii) com-
plex crystal structure, and (iv) large anharmonicity. Based on
these characteristics, we can expect the 2D NaNO3; monolayer
to have a lower lattice thermal conductivity than that of the 2D
NaCl monolayer.

The calculated values of «; of 2D-NaNO; and NaCl
monolayers are given in Fig. 5. To illustrate the effects of four-
phonon (4ph) scattering, we calculate «; by first considering
three-phonon (3ph) scattering (k3p;,) and then including 4ph
scattering (k3, 4p,). The key findings concluded from Fig. 5(a)
are as follows: (i) Both «3,;, and k3 4, of the 2D NaNOj3
monolayer are lower than those of the 2D NaCl monolayer,
and much lower than those of hexagonal BN, BP, BAs [56],
C3N [57], and graphene [58] monolayers with similar low
average atomic mass. (ii) Further, considering 4ph scattering,

~
o
-

Young's Modulus(N/m)

OB WN-=2O =2 NWRO

270

FIG. 4. Polar diagram of (a) Poisson’s ratio v(#), and (b) Young’s
modulus Y (6) as a function of the angle 6 of the 2D NaNO;
monolayer.

k; of 2D NaNO3; monolayer is dramatically reduced from 4.13
to 1.65 W/mK at 300 K, leading to a 60% reduction. (iii)
k3pn of 2D NaNOs; monolayer exhibits very weak temper-
ature dependence. The fitted x;—7 relationships are 700
and T, respectively, for k3., and k34,, of 2D NaNO;
monolayer, which are very different from the corresponding
result of 77962 and 7074 of 2D NaCl monolayer, indicating
the weak temperature dependence of «; in superatom crystal.
This behavior is significantly different from other typical 2D
materials such as graphene, phosphorene [59], and tellurene
[60], whose «; values are fitted with an inverse relationship
with temperature (k; ~ 1/T). In addition, we calculate the
mean-free path (MFP) corresponding to the cumulative «3,
and k3, 4, of 2D NaNO3 and NaCl monolayers. Figure 5(b)
shows that MFP values corresponding to 80% of k3, 4pn (k3p1)
are about 52 (159) nm in 2D NaNO; monolayer, which are
much lower than 109 (272) nm in 2D NaCl monolayer. These
low values of MFP would result in the low k3, ,; and &3, 4,1, in
2D NaNOj; monolayer.

In order to reveal the underlying mechanism for the much
lower «; of 2D NaNO3 monolayer, we calculate the key factors
such as the phonon group velocity (v,), Griineisen parame-
ter (y,.), 3ph scattering rates (I'3,4), and 4ph scattering rates
(I'4pn) and compare them with that of NaCl monolayers at
300 K. Because 2D NaNO3s monolayer has smaller average
atomic mass than that of 2D NaCl monolayer, the former
would have larger values of v, as shown in Fig. 5(c). The
Griineisen parameter describes the strength of anharmonic
interactions of a crystal, which can be defined as y; = — a)i)\ %,
where A and w are the area of the primitive cell and the fre-
quency of a phonon mode A, respectively. Generally, large |y |
implies strong anharmonicity, which accordingly gives rise to
low k;. As shown in Fig. 5(d), the mode Griineisen parameters
of 2D NaNOj; monolayer cover a wider range, resulting in a
larger absolute value of average Griineisen parameter (4.18)
than that of 2D NaCl monolayer (0.71).

The stronger anharmonic interactions contribute to the
higher phonon scattering rates of I'3,;, and I'sp;, of 2D NaNO3
monolayer than that of 2D NaCl monolayer at 300 K, as
shown in Figs. 5(e) and 5(f). Especially in midlying frequency
range (2-5 THz), the bunched optical phonon branches of
O atoms restrict the 3ph scattering phase space, but allow
4ph scattering [61]. In contrast, in 2D NaCl monolayer, 4ph
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TABLE 1. The calculated elastic constants, Poisson’s ratio, and Young’s modulus of 2D NaNOj;, NaCl monolayers, and other 2D

monochlorides.
Ci; (N/m) Cpp (N/m) Poisson’s ratio Young’s modulus (N/m)
2D NaNO; 15.961 14.393 0.902 2.983
2D NaCl 13.602 10.575 0.777 5.379
2D LiCl [50] 18.729 21.398 0.669 10.342
2D KCl1 [50] 9.844 8.042 0.818 3.268
2D RbCl [50] 8.803 7.209 0.820 2.889

scattering rates are generally smaller than 3ph scattering rates.
The giant values of I'spn in 2D NaNO3z monolayer reinforce
the importance of the quartic anharmonicity on the phonon

(@) 20

scattering rates. To further understand the origin of the large
anharmonicity, we calculate the atomic displacement parame-
ter (ADPs) of the N and O atoms in NOj cluster and Cl atom
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FIG. 5. (a) Changes of k; with temperature for 2D NaNO; and 2D NaCl monolayers. The empty stars denote the values obtained

considering only three-phonon (3ph) scattering, whereas the filled stars further include four-phonon (4ph) scattering. (b) Comparison of the
cumulative k; of 2D NaNOj (red lines) and 2D NaCl monolayers (blue lines) at 300 K. Dashed and solid lines represent the results excluding
and including 4ph scattering, respectively. (c) Group velocity; (d) Griineisen parameter; and (e), (f) anharmonic scattering rates of 2D NaNO;
and NaCl monolayers at 300 K.
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as shown in Fig. S4(a) (see in the SM [47]). The ADPs of
the N atom are comparable to that of the Cl atom, but the
ADPs of the O atom along the y direction are distinctly larger
than those of the Cl atom at all temperatures, which gives
rise to the large anharmonicity in the 2D NaNO; monolayer.
Moreover, to clarify the configuration patterns of the O atom
clearly, we plot the schematic displacements of O atom in NO3
cluster based on 300 K AIMD results (see Fig. S4(b) in the SM
[47]). The large anisotropic displacements of O atom coupled
with these four kinds of displacement modes are as follows:
O atoms rotate clockwise or anticlockwise around N atoms,
and O atoms move towards or away from N atoms. Multiple
configuration modes of O atom in NOj; cluster enhance the
anharmonicity and enlarge 4ph scattering rates in 2D NaNO3
monolayer, thus leading to a low lattice thermal conductivity.

Another remarkable feature of 2D NaNO; monolayer is its
unusual temperature dependence of «3p;,, which can be ex-
plained by the effects of phonon hardening on v, and I'3,;,. An
analysis of the frequency-dependent cumulative k3., shows
that more than 95% of k3, is contributed by phonon branches
in the range of 0-5 THz. In Figs. S5(a) and S5(b) (see in the
SM [47]), we plot the v, and I';p, in this frequency range.
Note that in the low-lying frequency range associated with
acoustic phonon branches (<2THz), v, is increased while
'3 is surprisingly reduced when temperature increases from
100 to 300 K. These anomalous behaviors are caused by the
increased slope of phonon branches and reduced scattering
phase induced by the phonon hardening effect (see Fig. S6
in the SM [47]) and thus contribute to the increase of k3.
The phonon hardening can be seen more clearly in Fig. S7
in the SM [47], where the total density of states (TDOS) of
the 2D NaNO3; monolayer in the frequency range of 0-5 THz
shifts toward higher frequency as temperature increases, while
in the midlying frequency range, v, at 300 K is partly lower
than those at 100 and 200 K. This can be attributed to bunched
phonon branches of O atoms (yellow lines in the SM, Fig. S6)
at 300 K. Besides, I'3 , gets larger with temperature due to the
increasing number of phonons, which would hinder phonon

transport, thus lowering «3,,. These two competitive effects
lead to an unusual temperature dependence of x3.,.

IV. CONCLUSION

In conclusion, we propose a honeycomb 2D NaNOj; super-
salt monolayer consisting of NO3 superhalogen as a building
block that is energetically, dynamically, and thermally stable.
The calculated results show that the 2D NaNO; monolayer
is a direct wide band-gap insulator with a band gap of
5.16 eV and has an ultralow Young’s modulus. Especially,
strong anharmonicity exists in 2D NaNOj; monolayer, due
to the weak bonding between the Na and NOj cluster and
the large anisotropic ADPs of the O atom in the NOj clus-
ter. This makes it necessary to treat anharmonicity up to the
quartic term for both phonon scatterings and phonon frequen-
cies. Because of the large 4ph scattering phase space, the
strong 4ph scattering significantly reduces the lattice thermal
conductivity from 4.13 to 1.65 W/mK in the 2D NaNO;
monolayer at 300 K, which makes it able to be applied in
thermal insulation. Unlike other 2D materials reported so far,
the lattice thermal conductivity of the 2D supersalt monolayer
exhibits very weak temperature dependence. These findings
demonstrate the advantages of cluster-based materials over the
conventional ones.
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