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Considering o.-RbCuyCI31, is isostructural with a-RbAgyls, in this work, we built a molecular dynamics simulation
system of the former superionic conductor with an empirical pairwise potential model, which was verified on the latter
crystal, including long-ranging Coulomb, short-ranging Born—-Mayer, charge—dipole, and dipole—quadrupole interactions.
The corresponding parameters were collected from the crystal structure and several reports of interionic potentials in al-
kali halides. The coordination number of fixed ions was examined, and the dynamic distribution of dissociative Cu™ was
described by the radial distribution function. The diffusion behavior of the ions was evaluated with mean square displace-
ments and velocity auto-correlation functions. The diffusion coefficient of copper ions obtained is (47.94£6.1)x 107 cm?/s,
which is approximately 37 times that of the simulation result (1.340.1)x10~7 cm?/s of silver in -RbAgyls at room tem-
perature. In this work, the diffusion coefficient of Cu™ was first discussed by molecule simulation, while there are few
experimental reports.

Keywords: diffusion coefficients, Cu™ conductors, superionic conductor, microcanonical ensemble, empirical

pair potential
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1. Introduction

Nowadays, the discovery and development of solid elec-
trolytes benefit human beings in the energy storage of mo-
bile devices. The massive demand for lighter, safer, longer-
lasting energy storage and lower-cost batteries is attracting re-
searchers and arousing many investigations and applications
on Li™ and Na™ ion electrolytes.!'-3] Additionally, machine
learning methods are applied to predict Lit, Zn*, and Alt
battery cathode materials satisfying the criteria from massive
materials with fast screening.[*! In contrast, the recognition
and study of Cu™,[3=%1 Ag* 119211 and other mobile ions are
much slower for the lack of these advantages of Li™ and Na*
ions. However, it is worth pushing forward that the potential
usages on micro-thruster of satellites, field emission ion im-
plantation of the Cu™ or Ag™ achieving interconnection on
three-dimensional (3D) integrated circuit (IC) chips,*?! de-
signing memristor by Ag alloyed with Cu in an Si medium,??!
and so on.

The compound a-RbAgls was discovered in 1967 (see
Refs. [24,25]) with excellent room temperature conductivity of
0.27 S/cm.[2! Later on, the crystal structure of o-RbCuyClsI;
with further ion conductivity of 0.47 S/cm was reported by
Geller'®! in 1979, after a-RbsCu;6Cl 317 with 0.34 S/cm by

TCorresponding author. E-mail: djfu@whu.edu.cn
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Takahashi in the same year.!”] They are both isostructural with
a-RbAguls. In a-RbCuysCl31,, all the tetrahedra have C1~ and
I” ions at apices, but the coordination polyhedron about the
Rb™ ions contain only Cl~ ions. The transition of a—f8 and
B—7 phases occurs at 221 K and 170 K, respectively.

The exploration of the theoretical model description
on atomic level for alkali halides!*’3!! and superionic
conductors!1:13:19:21.32-38] gybsequently emerged following
the experimental result.?%-28-39-411 Tn 2019, by molecular dy-
namic (MD) simulation, Burbano et al. constructed the dy-
namic model of &-RbAgyls with an empirical pairwise po-
tential of four terms and calculated the diffusion coefficient
Dyp = (0.1340.1) x 107® cm?/s comparing with the exper-
imental results Dyvr = (0.18 +0.1) x 107® cm?/s at room
temperature.'°! The following year, the diffusion path of Ag*
ions!'!l was studied using the same simulation model, and
some new sites were reported.['3] These numerical simula-
tions make a significant theoretical contribution to understand-
ing the mechanism of the behavior of solid electrolytes on an
atomic scope.

Meanwhile, a battery prototype, the solid electrolyte cell,
copper—RbCuyClsI-I,, glassy carbon studied by Ostapenko
in 2000,1?! and the iodine diffusion coefficient limiting the
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chemical interaction of iodine with RbCuyCl3I, was 6.2 x
1077 c¢cm?/s. In 2001, the author also studied the cell of
Cu/RbCusCls1,/Pt, and the diffusion coefficient of Cu?t be-
tween a l-pum-thick layer of CuyO and RbCuyCIz1, inter-
face is 0.15x10~7 cm?/s,[43] limiting the reaction rate of
Cut — e~ = Cu®*. These two pieces of research suggested
that the diffusion coefficient of Cut in RbCusCL315 is tremen-
dously beyond the above limitations.

Given that there is little research about a-RbCuyClsl;
with the MD modeling. This work aims to build the MD sim-
ulation system of RbCusCI31, at room temperature using the
method in the work of Burbano et al.l'”! The crystal model
refers to the structure data on the experimental result,® and
some potential parameters are collected from the research of
alkali halides.[?-2°]

2. Methods

MD simulation on the MolDy program is applied with
classical Newton’s equation. The empirical potential is
used to describe the structural and dynamical properties in
RbCuyCl31, at room temperature:

2
U,'j (r) = Z4l-7er£i %—Fbcijexp

AT M

The first term is the Coulomb interaction with long range. The

|:Gi+(7j—l":|

second term is overlap repulsive interaction (Born—Mayer po-
tential) with short range assuming that ions are rigid spheres.
The third and fourth terms are mono-dipole-induced and
dipole—dipole interactions considering each ions having a po-
larized attribute. Z; and Z; are the effective charge of the cor-
responding ions. The parameter b is 20.8 kJ/mol®?! p is a
constant value of 1/3 A, and cij is expressed as

Z  Z
Cij:1+ﬁi+ﬁj', (2)

where N; or N; denotes the number of electrons in the outer
shells of the corresponding ion.!*#! For example, the Rb* is 8,
Cutis 18, Cl™ is 8, and I is 8.F;; has the following equation:

(aiij. + (XjZ?) &2

Fj= 8mey

) 3)
where o; or @ is the polarizability of the corresponding ion.

In Table 1, the effective radius of the ions are collected
from the work of Gellar'® in 1979 in which the radius of I~
ions is determined by the minimized length of the I-I bond,
the same of Cl™, then based on the minimized length of Rb-I
bond the Rb radius is identified. At last, the minimized length
of the Cu-I or Cu—Cl pair determines the radius of Cu™. The
polarizability of each ion at 300 K is from the work of Jaswal
and Sharma in 1972,13%1 except that ions of copper are zero
since they almost wander in the gap of the crystal.

Table 1. Values for the ionic parameter as the effective radii (o), polariz-
ability (&), and effective charge (Z).

Ion o (A) a (A%) Z
Rb* 1.521 1.707 0.63
Cu* 0.45 0 0.63
cl- 1.87 3.004 -0.63
I~ 2.114 6.294 -0.63

The coefficient W;; of each pair of ions can be found in
the review of Sangster ez al. in 1976,1?8! except Cl-I1. How-
ever, given the equation

3o0EE;

=S =12, 4)
2 E+E;
the W;; can also be derived as
2,2

oo WiWii

Wyj =2t &)
Q; Wjj-i-OCjVVii

thus, W;; of the pairs of CI-I can be estimated from the values
of C1-Cl and I-I.

3. Results

After the Coulomb interaction term, the MolDy program
provides additional potential models, such as Lennard—Jones,
6-exp, MCY, and generic potentials. Only the last one fitting
the formation of Eq. (1) is expressed as

U=pe 4 -8 _B_1 (©)
where the parameters of @-RbCu4Cl31, are listed in Table 2.
po and p; contribute to the strength of repulsion referenced
from Fumi and Tosi repulsive parameters. The former is de-
termined by the radius of the two particles and the latter varies
slightly around 3 for different rocksalt structure alkali halides
including RbCl, and RbL.[?®! p; is corresponding to the pa-
rameter of P;; and p4 is W;; which is derived from Table 4 of
Ref. [28].

a-RbCuyCls]; is calculated with the P4,32 space group
at 300 K in the NVE ensemble. The Ewald method is ap-
plied to calculate the Coulomb interaction. A unit cell of
a-RbCuyCl3], with 26 neighbor cells contains 27 x 40 ions
(Rb* =432, Cut =108, CI~ = 324, and [~ = 216). Then,
the periodic boundary condition is applied to extend to endless
numbers of the same prototype in three directions to approx-
imate the macroscope condition and avoid the surface transi-
tion calculation. The MD step is set up to be one fs. The
heating up of the system with the extra kinetic energy trans-
ferred from the extra repulsive potential of the lag reaction of
finite element calculation when the collision of ions occurs is
inevitable, especially in a significant slope potential. Thus,
temperature rescaling is necessary throughout the whole sim-
ulation. The MD run is separated into two phases. The first
phase is set up with 5x10° steps (5000 ps) to equilibrium the
system. The second phase contains 10 x10° steps (10* ps),
and the data of the last 5000 ps are taken to make analyses.

076501-2
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Table 2. Values of the parameters for each ion pair in a-RbCuyCl31, at room temperature.

Ton pair p (kJ/mol) p1 (A1 pa (kKJ-A'2/mol) p3 (kI-A*/mol) p4 (kKJ-A%/mol) ps (kJ-A%/mol)
Rb-Rb 2.213x10° 3 0 9.413x10? 3.577x10° 0
Rb-Cu 8.567x103 3 0 4.706x 10% 0 0
Rb-Cl 5.447x10° 3 0 1.299x 10 4.757x 10 0
Rb-I 1.133x10° 3 0 2.206x10° 8.130x10° 0
Cu—Cu 3.312x10? 3 0 0 0 0
Cu-Cl 2.096x 10* 3 0 8.283x 107 0 0
Cu-I 4357x10* 3 0 1.735%x103 0 0
Cl-Cl 1.307x10° 3 0 1.657x10° 7.829%10° 0
Cl-I 2.718x10° 3 0 2.564x103 1.406x 10* 0
I-I 5.652x10° 3 0 3.471x10° 2.577x10* 0
The evolution of the temperature and the total energy in 6 (a)
the second phase showing in Fig. 1 verify the equilibration | T Rb-RD
of the system. The average temperature and the total en- % 4 :21“_}3“
ergy per primitive cell of &-RbCusCl31; are 300.1£2.1 K and o} —I-1
—104.56 + 0.04 eV, respectively. Here, the total energy of 0
a-RbAgyls is —95.798 £0.012 eV per unit cell rather than 81 (c)
23.9495+0.003 eV per mole expressed in Burbano’s work. - 6 :iziféz
The corresponding temperature of the component average ve- Z 4l cla
locity T, =295.6 K, T, = 304.6 K, and 7; = 297.4 K of Cu™ o — 11
agree well with the Maxwell distribution. 0
0 2 4 6 8 10
g 308 ' y ' ' T
o 304 10} (b) — Rb—Cl (CI-Rb)
2 — Rb—I (I-Rb
5§ 300 2 — Cl-1 ((1701))
£ 296 o~
& = 4
%\ S48 ' " ' ' 9 M
< 0
b 81(d)
£ __ 6] —Rrb-Cl
3 = | —Rb-I
® oo, SNt
Time (103 ps)
Fig. 1. The evolution of the temperature and the total energy for 00 2 4 6 8 10

RbCuy4CIz1, along the second phase.

Radial distribution function (RDF) g(r) is used to show
the structure of crystal materials. The coordination number
can be revealed when the integration of g(r) in spherical co-
ordinates is multiplied by the number of the right-side partner
particles in the unit cell. A normalized g(r) profile always
tends to be 1 in the bulk range. The g(r) of Rb—Rb, Cu—Cu,
CI-Cl, and I-I pair are shown in Fig. 2(a), while the coordi-
nation number of Rb surrounding itself is six at 6.15 A, Clis
four at 3.65 A, and 1 is three at 4.175 A while one more at
4.8 A as shown in Fig. 2(c). The g(r) of Rb—Cl surrounding
Rb is six at 3.4 A, 1 surrounding Rb is six at 4.25 A, and I sur-
rounding Cl is six at 4.075 A as shown in Figs. 2(b) and 2(d).
The image demonstrations are shown in Fig. 3. These coordi-
nation numbers demonstrated agree well with the structure of
a-RbCuyClsl; (Ref. [8]) in the tolerance of accuracy range of
+0.025 A.

(A)

Fig. 2. RDF for the pairs of (a) Rb—Rb, Cu—Cu, CI-Cl, I-I; (b) Rb-Cl
(CI-Rb), Rb-I (I-Rb), CI-I (I-Cl); and the coordination numbers (first

platform) of (c) Rb—Rb, Cu—Cu,

Cl-Cl, I-T; (d) Rb-Cl, Rb-1, CI-I in

the crystal o-RbCu4Cl31, at room temperature.

RbCu4Cl312
frame without coper
[}

Rb—Rb Cl-C1 I-I

e ®@° .. st

[ ]
Rb—-Cl Rb—-I

Cl-I I-Cl

Fig. 3. Image demonstration of coordination numbers of fixed ion pair

of a-RbCuyClsl,, the balls with

red, green, and purple curlers repre-

senting Rbt,Cl-,and I, respectively.
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The g(r) of Cu—Cu in Fig. 3(a) with a smoother curve in-
dicates that Cu™ is almost free in the crystal. The first three
peaks of Cu™ distribute at 3.65 A, 7.55, A, and 10.225 A, while
Agtis 4.45 A, 8 A, and 11.2 A, which of these are shown in
Fig. 4. The first peak of Cu™ surrounding Rb™, C1™, and I is
3.825A,2 A, and 2.45 A, respectively, while Ag* surrounding
Rb* and Iis 4.225 A and 2.7 A, respectively.

(a)
—— Cu—Cu

4t — Rb—-Cu
— Cl-Cu

g(T)-RbCU4ClgIQ

(b)

g(r)-RbAg,l;
w

0 2 4 6 8 10 12 14
r (A)
Fig. 4. Comparisons of RDF between free ions, (a) Cu™ and (b) Ag™

surround itself and fixed ions in RbCu4Cl31, and RbAgyls, respectively,
at room temperature.

The profiles of mean square displacements (MSDs) and
velocity auto-correlation functions (VAFs) of each particle
typically reveal the dynamic properties of the equilibrium sys-
tem. The line of MSD for each particle of the crystals is com-
pared in Fig. 5. The relatively stable MSD value of Rb" is
1.027 A2, C1~ is 0.947 A%, 1~ is 0.936 A? in RbCu,Cl3]; af-
ter a long enough simulation time, indicating that they are al-
most vibrating at the fixed area. Meanwhile, the line of Cu™ is
100.45 A% at 300 ps and 861.86 AZ at 3000 ps. Here, it should
be corrected that the mistake of the MSD profile in the work
of Burbano et al.,['”! where the time steps range is 3000 ps
instead of 300 ps. The corresponding estimated diffusion co-
efficient is shown in Table 3. The slope at 300 ps and 3000 ps
reveals the corresponding coefficient values. Because of the
cage effects the value of former is large than the latter. D) is
evaluated from the average slope along 3000 ps. The value of

error 6.1 is the deviation of slope along 3000 ps.

= 800 (2) O R ) _ 7
o~ Rb+ P - 3
= 6001 — -Cut 7
S N o]
= 4004 _ s
O I-_-
< 7
~ 2001 L 1
Q d
n
= 0-7V~IA7I7V-F¥>Iﬁ-AI77' 0-l T T T T
0 1000 2000 3000 O 2 4 6 8
Time (ps) Time (ps)

Fig. 5. MSD calculated by MD simulation at room temperature for each ion
of a-RbCuyCl31; in the range of 3000 ps (a) and (b) 9 ps.

Table 3. Calculated diffusion coefficient with varied scale simulation
time.

D300 ps) D (3000 ps) D(c
(10~7 cm?/s) (1077 cm?/s) (107 cm?/s)

Cu™ in a-RbCuyCl31, 55.8 479 47.91+6.1

The VAFs are calculated to examine the dynamical prop-
erties. The algorithm of normalized VAFs is
(vi(to) -vi(to +1))

(vi(to) - vi(t0))

where v; denotes the velocity of particles, 7o denotes the start

VAFs(1) = (7

time for counting, and ¢ is the evolution time of VAFs. The
curves of each ion in the material are illustrated in Fig. 6. The
fixed ions, Rb™, C1~, and I, have an oscillatory profile, while
Cu™ shows a fast, decent correlation profile, and agrees with

the feature of wandering in the crystal.

VAF-RbCU401312

|
e 2 @
o

3.0

o
o
(o)
=
o
-
(o)
[\
o
[\
(o)

Fig. 6. VAF for each ion of o-RbCu4Cl3]; in the time range of 3 ps.

The diffusion coefficient of Cut also can be calculated
from the equation
1 [!=max

Dyar = 3/
=l

(vi(to) -vi(to+1)) dr. ®)
The calculated value Dyap = 31.716 x 10~7 cm?/s is smaller
than that from MSD. However, the sample is not large enough,

and this value will not be considered.

4. Conclusion

In summary, we used a proper method and the experi-
ment parameters to build the MD simulation system for o-

RbCu4Cl31, at room temperature and obtain the structural and

076501-4
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transport properties. The RDF profiles of each fixed ion kept
the original structure during the simulation and the RDF of
Cu™ shows the dynamic distribution in the crystal gap. MSD
profiles were calculated to estimate the diffusion coefficient,
which for Cu™ in RbCuyCls3I, was (47.9£0.61) x 107 cm?/s
and approximately 37 times that of the simulation result (1.3 +
0.1) x 1077 cm?/s of Ag" in a-RbAgyls. In the work of
Ostapenko ef al. about the solid electrolyte cell,*!]
RbCuyCl31,-1I5, the diffusion coefficient value iodine diffu-

sion 6.2 x10~7 cm?/s depending on porosity and on the his-

copper-

tory of the RbCuyCl31, sample limiting the decomposition of
electrolyte maybe provide the only clue for the discrepancy
of Cu™ and Ag™. However, too small value of Cu™ or the
other fixed ions radius determined by the method in our work
that maybe make the discrepancy big, thus the slight tuning
of each radius to fit the experimental dates remaining to study
in the future. The VAFs profile also shows the free feature of
Cu™. This work first reported the diffusion coefficient of Cu*
in a-RbCuyCIz1, at room temperature and paved the way for
understanding the structural and transport properties of Cu™ in

solid electrolytes.
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