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Copper ion conducting solid electrolyte Rb4Cu16I6.5Cl13.5 was prepared by means of mechano-chemical method. The
structure and morphology of the powder was investigated by x-ray diffraction and scanning electron microscopy. The grain
size was estimated to be 0.2–0.9 µm and the ionic conductivity at room temperature was approximately 0.206 S/cm. The
solid electrolyte Rb4Cu16I6.5Cl13.5 was exploited for copper ion beam generation. The copper ion emission current of sev-
eral nA was successfully obtained at acceleration voltages of 15 kV and temperature of 197 ◦C in vacuum of 2.1×10−4 Pa.
A good linear correlation between the logarithmic ion current (log I) and the square root of the acceleration voltage (Uacc)
at high voltage range was obtained, suggesting the Schottky emission mechanism in the process of copper ion beam gener-
ation.
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1. Introduction
Solid electrolytes also called fast ionic conductors are

a class of materials exhibiting high ionic conductivity and
low activation energy.[1] They have been extensively studied
and investigated for broad applications in the fields of energy
storage, electrochemical devices, solid-state batteries, and ion
beam generation.[2–4] The interest in solid state ionics leads
to numerous researches of solid electrolytes. Up to date, re-
searchers have explored ion-conducting materials with vari-
ous mobile ions, e.g., H+, Li+, Na+, K+, Ag+, Cu+, F−, and
O2−.[5–13] Among them, Ag+ and Cu+ ion conducting solid
electrolytes attract special attention due to their extremely high
ionic conductivity (∼ 10−1 S/cm) at room temperature, for
example, MAg4I5 (with M = NH4, Na, Rb)[14] and Na-β -
alumina.[15]

The framework crystalline ion conducting materials
are polymorphic systems showing significant differences
in ion conductivity between polymorphs. Contrary to
solid electrolytes, especially in terms of ion transport
or ion emission, liquid electrolytes can be operated nei-
ther at high temperatures due to their volatility and ther-
mal instability nor at too low temperatures because of a
large increase of their cell impedance.[16] The key point
to achieve high conductivity at relatively low tempera-
tures is a stabilization of the ion conductivity. Typi-
cal examples of the useful solid electrolyte materials are
yttria-stabilized zirconia (YSZ) as oxide ion conductors,[17]

tin-doped PbF2 representing fluoride ion conductors,[18]

and KAg4I4CN,[19] (AgI)0.5(AgPO3)0.5,[20] RbAg4I5,[21,22]

CsAg4Br3−xI2+x,[23,24] Rb4Cu16I7Cl13, etc.[25] as silver or
copper ion conductors, successfully improving ion conductiv-
ity at low temperatures.

It is worth noting that the solid electrolytes containing
copper or silver metal have the advantages of space saving
and simple structure, which is believed to be useful for fabri-
cation of solid state ion sources. In particular, copper-based
solid electrolytes can be deposited with the desired species
on substrates without complicated machining processes. Con-
sequently, it is high technological interest to utilize the de-
position atoms with easy access. The ionic conductivity of
Rb4Cu16I7Cl13 is reported to reach the highest value at room
temperature, among all known solid state electrolytes.[26,27] In
space technological area, copper-based solid electrolytes may
be used in the form of ion emitter arrays for the field emission
electric propulsion, owing to the low operating temperature,
long lifetime, small energy spread and small size of the ion
source. In this work, Rb4Cu16I6.5Cl13.5 solid electrolyte pow-
ders were prepared by ball milling and followed by deposi-
tion of Rb4Cu16I6.5Cl13.5 film by thermal evaporation dipping
method to cover a tip emitter. The crystal structure and copper
ion beam generation of synthetic materials are studied. The
relationships of ion beam intensity to working temperature (I–
T ) and acceleration voltage (I–U) are tested by measuring the
beam current.
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2. Experimental details
2.1. Synthesis and characterization of Rb4Cu16I6.5Cl13.5

powders

The mechano-chemical method of ball milling was used
to synthesize Rb4Cu16I6.5Cl13.5 powder. The commercially
purchased RbCl (Acros organics, 99.8%), CuI (Shanghai
Hushi Laboratorial Equipment Co., Ltd, 99.5%) and CuCl
(Alfa Aesar, 99%) powder was mixed in molar ratio of
8:13:19. Then, the mixture was placed in an agate container
for ball milling process. The container was put in a vacuum
sleeve filled with dry argon. The mechanical milling was per-
formed in a planetary ball-milling apparatus (Nanjing, QM-
QX2). The rotation rate was 480 rpm.

The crystalline phase composition of the synthesized
Rb4Cu16I6.5Cl13.5 samples was identified by powder x-ray
diffraction (XRD, Bruker company) using Cu Kα radiation
(λ = 0.1542 nm) over the 2θ range of 10◦–50◦. The morphol-
ogy and elemental composition were examined by scanning
electron microscopy (SEM, Zeiss Sigma) and energydisper-
sive x-ray spectroscopy (EDS). The Rb4Cu16I6.5Cl13.5 powder
was pressed into a pellet with diameter of 7 mm and thickness
of 1–2 mm by an electric press machine (DY-30, Tianjin KE-
QIGAOXIN) that could supply pressure of 4 MPa for 2 min,
then silver electrodes were deposited on both sides of the pel-
let by the method of vacuum evaporation. The pellet was used
for AC impedance measurements, which were conducted from
10 Hz to 1 MHz at various temperatures using an impedance
meter (6500B, Wayne Kerr).

2.2. Construction of copper-based solid electrolyte ion
source

To detect the ion beam extracted from the copper ion
source based on the Rb4Cu16I6.5Cl13.5 superionic conductor,

an experimental setup was constructed, consisting of an emit-
ter assembly, heating device and ion-beam collector, as pre-
sented in Fig. 1(a). The Cu+ ion emitter was made of copper
tip with curvature radius of 10 µm and Rb4Cu16I6.5Cl13.5 coat-
ings deposited on its surface. The dipping method was used
for the deposition of Rb4Cu16I6.5Cl13.5 coatings, which was
described elsewhere.[23] The power supply provided an anode
voltage (50–100 V) and acceleration voltage (0–20 kV). The
ion beam current was measured by a pico-ammeter.

20 µm
Si

Cu tip

DC 20 kV

+
-

(a)

Rb4Cu16I6.5Cl13.5

(b)

Fig. 1. (a) Schematic illustration of the ion emission test assembly. (b)
The photo and SEM image of the copper ion emitter.

3. Results and discussion
3.1. Crystal structure and ion conductivity of

Rb4Cu16I6.5Cl13.5

The prepared Rb4Cu16I6.5Cl13.5 powders at different
milling times were characterized by x-ray diffraction to iden-
tify the phase composition, as shown in Fig. 2. The Ri-
etveld refinement was performed by GSAS software and the
goodness-of-fit quantities including the standard R-factors and
χ2 were attached. The right column of Fig. 2 shows the local
spectra in the range of 23◦–32◦, where the characteristic peaks
of all phases are located.
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Fig. 2. Rietveld refinement of XRD patterns for synthesized samples at different milling times.
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At the beginning of ball milling (480 rpm 0 h), phases
of raw materials were identified while the Rb4Cu16I6.5Cl13.5

phase was absent. After 1.5 h of ball milling, the
main diffraction peaks were indexed to the high conductive
Rb4Cu16I6.5Cl13.5 phase with space group P4132[28] and some
CuI impurity phase still remained. When the milling time
increased to 3 h, almost pure Rb4Cu16I6.5Cl13.5 phase with
good crystallinity was obtained. The crystal structure of
Rb4Cu16I6.5Cl13.5 determined by the Rietveld fit is presented
in Fig. 3. Rb4Cu16I6.5Cl13.5 has cubic structure, where Rb+

ions occupy the distorted octahedral sites of Cl− ions. The
Cu+ ions are predominantly located in Cu1 and Cu2 sites,
i.e., 24(e) positions with (0.5148, 0.318, 0.793) and (−0.0071,
0.827, 0.198). A little amount of Cu+ ions were found to oc-
cupy the 8(c) (0.161, 0.161, 0.161) positions (Cu3 sites). Thus,
in each unit cell, the 56 sites were only occupied by 16 copper
ions, leading to numerous copper vacancies which contributed
to the formation of ion-transport pathways. This makes ap-
proximately 71% of the sites vacant. It is easily understood
that the occupancies of the various Cu+ sites are essential
to diffusion pathways and influence on ionic conductivity.[29]

In addition, the copper ion in Rb4Cu16I6.5Cl13.5 can move
through faces shared by the Cu(I/Cl)4 tetrahedron to neighbor-
ing Cu1, Cu2 and Cu3 sites. From Fig. 3(b) we can find that
Cu1 and Cu2 atoms have smaller distances, within 2.392(10)–
2.618(10) Å. The Cu1–Cu3 atom range 1.74374(8) Å is a little
bit further away, but not a long passage. These tetrahedrons
are alternatively sharing faces forming Cu(I/Cl)4 tetrahedrons
with each other units and this suggests that the conduction
pathway is along with the Cu(1)–Cu(2)–Cu(1) sites.

Rb

Cu

Cl

I

(a) (b)

a

b
c

Fig. 3. (a) View of the crystal structure of Rb4Cu16I6.5Cl13.5; (b) Cu1–
Cu2 and Cu1–Cu3 ion transport pathway along the nearest atom posi-
tion.

The ionic conductivity of the pelletized Rb4Cu16I6.5Cl13.5

sample was determined by the alternating current (AC)
impedance spectroscopy. Figure 4(a) presents an impedance
plot of the copper ion conductor Rb4Cu16I6.5Cl13.5 at room
temperature. The impedance values were determined by
the intersecting point of the semicircle with the real axis.
The ionic conductivity at room temperature was estimated
σ ∼ 0.206 S/cm, which is slightly lower than the value of
Rb4Cu16I7Cl13 (σ ∼ 0.34 S/cm) at room temperature. A plot

of the calculated Cu+ ion conductivity as a function of recipro-
cal temperature is shown in Fig. 4(b). The conductivity versus
temperature is fitted well by the Arrhenius equation

σ =
A
T

exp(−Ea/kBT ), (1)

where T is the absolute temperature, A is the pre-exponential
factor, Ea indicates the activation energy for conduction, and
kB is the Boltzmann constant. The fitting gave the activation
energy of the Rb4Cu16I6.5Cl13.5 target to be 0.087(9) eV.

Furthermore, RbCl–CuI–CuCl fast ion conductors use
copper ions as the mobile species, and have a highly dis-
ordered and distorted structure, which is related to the
gradual change in the occupancy of the copper sites.
The temperature-dependent conductivity and decomposition
potential of Rb4Cu16I7Cl13 electrolyte is reported to be
0.69 V,[30,31] which is lower than other ion battery materials.
For this reason, Rb4Cu16I6.5Cl13.5 ionic conductor has limita-
tions for applications in solid-state batteries.
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Fig. 4. (a) The ionic conductivity of Rb4Cu16I6.5Cl13.5 sample at room
temperature. (b) Arrhenius plot of ionic conductivity as a function of
reciprocal temperature.

Figure 5 shows the SEM images of the synthesized sam-
ples at different ball milling times. All the prepared samples
have the well-defined polyhedron morphology with the par-
ticle size of 0.2–0.9 µm, whilst exhibit slight agglomeration.
With the increase of milling time, the large particles are broken
and the size becomes smaller. When the ball milling extends
to 3 h, the fine particles have a small average size and account
for the main proportion of the sample.
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10 µm

(c)

5 µm 10 µm

(b)(a)

Fig. 5. SEM images of ball milled samples at different times: (a) 0 h, (b) 1.5 h and (c) 3 h.

3.2. Ion beam generation properties

The experimental setup for the Cu+ ion emission cur-
rent measurement is shown in Fig. 1(a), which consists of
emitter assembly, ion collector and resistive heating device.
The photo and SEM image of the copper ion emitter are
shown in Fig. 1(b). The curvature radius of the emitter is
estimated less than 10 µm. For the ion emission system,
the solid electrolyte was not a working substance (propellant)
in the usual sense.[32] The mobile ions in solid electrolytes
were field-assisted emitted from the cone’s apex and the lost
ions were replaced (compensated) by the ones in the metal
reservoir. Therefore, the metal reservoir played an important
role in an effective transmission system in which the move-
ment/replacement of mobile ions was constantly occurring due
to the directional mass transfer in the external electric field.

Figure 6 exhibits the current–voltage (I–U) and current–
temperature (I–T ) characteristics of the copper ion source.
The volt-ampere characteristic (I–U) of the SEIS at the work-
ing temperature of 197 ◦C and vacuum of 2.1×10−4 Pa is plot-
ted in Figs. 6(a)–6(c). As the acceleration voltage increases,
the ion current starts to increase slowly at a threshold voltage
of 2 kV, and the current is ∼ 47.5 nA at 15 kV. It can be ob-
served from Fig. 6(d) that the threshold temperature of the ion
source was about 180◦ and was considered as a sign of the ion
source activation. For solid electrolyte ion source, a sharp tip
was essential for ion emission testing. The curvature radius of
the copper tip was estimated to be ∼ 8 µm from SEM image
analysis and the sharpness is directly related to the threshold
voltage and ion emission current. Although the average cur-
rent was only 348 pA, Cu+ ion emission for more than 4 min
was observed (Fig. 7), suggesting a continuous Cu+ supply
from the Cu tip during the emission. Based on the Schottky
model,[33] the I–U curve satisfied the following equation:

log I ∝
√

Uacc. (2)

Thermionic emission is thermally induced flow of charge car-
riers from a surface. The origin of space charge theory was
founded by Child and Langmuir.[34] For the emission cur-
rent shown in Figs. 6(b) and 6(c), a good linear correlation is
achieved in a low voltage range using the space charge limited
current model and in a high voltage range using the Schottky
model, revealing that the emission of Cu+ ions from the tip
of the solid electrolyte can be expressed by the Schottky-like
thermionic emission.
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To investigate the element composition of the emitted ion
beam, a Si wafer was placed at the bottom of Faraday cup as
ion collector. EDS spectra and the corresponding SEM image
of the Si wafer surface are shown in Fig. 8. The intense signal
of Cu element was observed, revealing copper ion emission
from the presented ion source. In addition, no other element
such as rubidium, chlorine, and iodine were identified in the
EDS spectra. Therefore, it could be concluded that almost
pure Cu+ ions were emitted from the source at the sensitivity
level of the characterization techniques.

4. Conclusion
In summary, we have investigated the crystal structure

and ion emission properties of Rb4Cu16I6.5Cl13.5 solid elec-
trolyte. High ionic conductivity of Rb4Cu16I6.5Cl13.5 is iden-
tified in bulk samples. The point-like ion source has been fab-
ricated and tested. The ion beam measurement demonstrates
emission of Cu ions from Rb4Cu16I6.5Cl13.5 emitters with ion
current in the range of 47.5 nA operated at 197 ◦C working
temperature and 15 kV accelerating voltage. The EDS analy-
sis proves that Cu+ ion is a dominant component in the emitted
ion beam.
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