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ABSTRACT
Superionic conductors are characterized by highly mobile charged ions, reflecting the presence of 
loosely bonded and partially occupied species within their crystal structures. These structural features 
are also essential for achieving high-performance thermal insulation. However, conventional skeleton 

materials used for thermal insulation, such as SiO2 , lack such crystallographic attributes. As a result, 
room-temperature thermal conductivity ( κ) values for fully dense and 3%-dense SiO2 remain around 
1400 and 15 mW m−1 K−1 , respectively. This work demonstrates the use of superionic conductors as a 
new paradigm for thermal insulation. Single-crystalline RbAg4 I5 is shown to exhibit an exceptionally 
low κ of 130 mW m−1 K−1 at room temperature. Furthermore, a 3.6%-dense porous form of RbAg4 I5 
achieves a record-low κ of only 6 mW m−1 K−1 , substantially outperforming existing porous thermal 
insulators. When applied as filler in a conventional Bi2 Te3 thermoelectric device, this porous insulator 
suppresses gas-mediated heat transfer, leading to a 10% improvement in device performance. In 

addition, this material effectively isolates heat from a CPU to enable a temperature drop of 5.3 K for 
the adjacent flash memory, thus achieving a 16% improvement in its startup speed. The design strategy 
introduced here is expected to open new pathways for advancing thermal management technologies. 

Keywords: thermal conductivity, superionic conductor, porous heat insulator, thermoelectric device 
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Since heat transport channels of diverse carri- 
ers collectively contribute to total heat conduction 

in parallel, the thermal conductivity is primarily 
determined by the large-flux channels. For exam- 
ple, heat radiation via photons is negligible in non- 
transparent SiO2 , where the κ of 1400 mW m−1 

K−1 stems from the transport of phonons [11 ]. 
Whereas gas molecules encapsulated in highly 
porous SiO2 substantially elevate their contribu- 
tion to heat conduction, since the minimal use of 
SiO2 skeleton produces a huge thermal resistance 
by impeding phonon transports [12 ]. 

Current efforts on enhancing heat insulation 

are focused primarily on the manipulation of 
porous structures inside the skeleton [13 ,14 ] and 
pore-stuffing [15 ]. At low relative densities, the 
aerogel thermal conductivity is dominated by the 
porous network structure [16 ], inter-particle con- 
tact resistance [17 ], gas-phase Knudsen effect 
[18 ] and fabrication conditions [19 ], rather than 

the intrinsic thermal conductivity of the solid 
skeleton. Alternatively, when the solid skeleton 
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NTRODUCTION 

eat insulators, which resist heat flow across a
emperature gradient, become crucial components
n modern technologies including thermal bar-
ier coatings [1 ], thermal managements [2 ] and
hermoelectrics [3 ]. To explore the fundamental
echanisms of heat insulation in solids, a variety
f materials from natural wood [4 ] to artificial ma-
erials [5 ,6 ] have been investigated. In these stud-
es, the thermal conductivity ( κ) is a key property
ndicator. 

Heat flow is mediated by the transport of parti-
les and quasi-particles. For practical applications
equiring mechanical robustness, heat insulators
re typically solids. Heat conduction can stem from
iffusible phonons/magnons/electrons [7 –9 ] and
ovable molecules/ions [10 ], e.g. the heat in the

orm of radiative photons can traverse from hot
ide to cold side in both vacuum and media. There-
ore, the essence for heat insulation lies in effec-
ively suppressing the transport of these energy

arriers. 
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ecomes percolated and contact effects are less
evere, the contribution of the solid skeleton to
he low thermal conductivity gradually becomes
mportant and cannot be neglected at sufficiently
igh relative densities. 
SiO2 aerogels are typical commercial heat in-

ulators, and their dense nano-scale pores sig-
ificantly impede the flow of encapsulated gas
olecules. Although the transport of hot gases

s successfully minimized by such a porous struc-
ure, a further reduction in heat transport via lat-
ice vibrations of the solid skeleton is crucial for
ecreasing the heat conduction of the whole in-
ulator [20 ,21 ]. Existing solid skeletons of aero-
els are thermally stable, while these materials
re insufficiently heat-insulative. Examples in-
lude graphene [22 ,23 ], 2D-BN [24 ] and SiO2 
11 ] with thermal conductivities of 2000, 400 and
.4 W m−1 K−1 , respectively. It is then straight-
orward that a switch to skeleton materials of bet-
er heat insulation would fundamentally offer fur-
her advancements for porous heat insulators. 

Solid-state superionic conductors inherently
ossess highly mobile ions, scientifically indicat-
ng the existence of loosely linked bonds with par-
ially occupied atomic sites in the lattice structure.
ssentially, the interatomic bonding force [25 ],
he mass of bonded atoms [26 ] and the concen-
ration of phonon scattering centers [27 ] deter-
ine the lattice vibrational properties and thus

he phononic heat conduction [28 ]. This directs
ur focus to the RbAg4 I5 superionic conductor of
lectrical insulation [29 ] and heavy average atomic
ass (115.16 g mol−1 , one of the heaviest among

uperionics) as a heat insulator candidate. Mean-
hile, porosification is also a common strategy to
educe the thermal conductivity of composites. In-
roducing porosity into inorganic materials with
ow thermal conductivity is a widely applicable ap-
roach [13 ], which can also be extended to supe-
ionic conductors. 

This study demonstrates that single-crystalline
bAg4 I5 superionic conductor inherently exhibits
 low κ of only 130 mW m−1 K−1 at 300 K, ow-
ng to its weak bonds, dense lattice vacancies and
arge primitive cell [30 ,31 ]. Few superionic con-
uctors have been reported to show total ther-
al conductivities down to 200 mW m−1 K−1 

32 ,33 ] because the presence of conducting elec-
rons in those materials contributes substantially
o the heat conduction [34 ,35 ]. To date, there are
lso rare reports of dense solids possessing a κ of
ess than 200 mW m−1 K−1 at room temperature
36 –39 ]. Moreover, RbAg4 I5 can be processed
ith an organic solvent using a dry-freezing tech-
ique, achieving a porosity of up to 96.4% with
Page 2 of 9
nano-scale pores inside the skeleton. This eventu- 
ally realizes a room-temperature κ of only 6 mW 

m−1 K−1 in 3.6% dense RbAg4 I5 , outperforming 
known porous heat insulators. 

RESULTS AND DISCUSSION 

Focusing on the skeleton of porous heat insu- 
lators, superionic RbAg4 I5 has been selected as 
the typical example. The synthesis procedures of 
both single- and poly-crystalline samples are il- 
lustrated in Fig. S1. The P 41 32 structure is iden- 
tified by single-crystal X-ray diffraction analy- 
sis (Fig. 1 a and Table S2), where Ag+ ions are 
found to be highly disordered with partial oc- 
cupancies at all three distinct sites [40 ]. The 
increase in lattice parameter with increasing tem- 
perature corresponds to a thermal expansion coef- 
ficient of 25 × 10−6 K−1 ( Fig. S2). The phase pu- 
rity and homogeneity of single crystalline RbAg4 I5 
are verified by the scanning electron microscope 
(SEM) equipped with an energy dispersive spec- 
trometer ( Fig. S2d). Room-temperature electron- 
density mapping of (100) plane reveals the exis- 
tence of isolating Ag ions (Fig. 1 b), indicating the 
weak Ag-I bonds. The overall weakness of bond 
strength and the existence of vacant sites con- 
tribute to very large atomic displacement parame- 
ters (ADP, U11 / U22 / U33 ) of Ag (Fig. 1 c). 

The as-grown crystal is sliced along a few spe- 
cific crystallographic directions (Fig. 1 d). Most 
importantly, the existence of weak chemical bonds 
would lead to a lattice softening for a reduction 

in mean sound velocity ( v ). To further rule out
the effect of atomic mass on v , various superi- 
onic conductors with comparable average atomic 
mass of 105–125 g mol−1 are collected for com- 
parison. These superionic materials demonstrate 
low sound velocity, with RbAg4 I5 exhibiting the 
lowest sound velocity and thermal conductivity 
among them (Fig. 1 e). This consistently indicates 
that superionic behavior has a strong effect on re- 
ducing v (from an average of 1786 to 1071 m s−1 

in RbAg4 I5 , as given in Table S3). 
Due to the cubic lattice structure, the mea- 

sured thermal conductivities along the [110] 
and [111] directions are nearly isotropic, with 

values as low as 130 mW m−1 K−1 within 300–
400 K range (Fig. 1 f). Poly-crystalline RbAg4 I5 
shows a slightly reduced thermal conductivity of 
∼125 mW m−1 K−1 ( Fig. S3), which might be 
attributed to the enhanced phonon scattering at 
grain boundaries. The existence of highly disor- 
dered Ag+ ions ( Fig. S4) and a large amount of 
lattice vacancies would lead to strong phonon 

scattering as well. According to the point-defect 
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Figure 1. (a) The P 41 32 lattice structure of RbAg4 I5 with partial occupation of Ag ions. (b) Room-temperature electron- 
density mapping of the (100) plane. (c) Anisotropic atomic displacement parameters ( U11 / U22 / U33 ) of Rb, Ag and I 
atoms, indicating the weak Ag-I bonds. (d) X-ray diffraction patterns for polycrystalline and single-crystalline RbAg4 I5 . 
(e) Mean sound velocity for RbAg4 I5 , as compared to that of materials with a similar average atomic mass (more 
details and the relevant references are given in Table S4). (f) Temperature-dependent thermal conductivity for single- 
crystalline and polycrystalline RbAg4 I5 , along with the predictions with and without the effect of Ag disorder. 
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cattering model based on Boltzmann transport
heory taking into account lattice periodicity
41 ,42 ], hypothetical RbAg4 I5 without partial-
ccupancy induced disordering (assuming v =
786 m s−1 ), is predicted to show a κ of 417.6 mW
−1 K−1 (Fig. 1 f), which is about triple of the mea-

urement in this work. The modeling suggests the
uperionic behavior in RbAg4 I5 not only reduces
he propagating velocity but also strengthens the
cattering of phonons, which eventually leads to
ts extremely low thermal conductivity, which is
ighly advantageous in the skeletons of porous
eat insulators ( Fig. S5 and Table S5). It is worth
oting that the above analysis of phonons is only
pplicable to rigid lattice frameworks and is used
o explain the intrinsic low thermal conductivity
aused by complex unit cells, heavy elements and
trong phonon scattering [43 ,44 ]. 

The thermal conductivity of RbAg4 I5 is nearly
onstant in the range of 300–400 K. This might
uggest that the temperature trend of thermal
onductivity is almost determined by lattice vi-
rations, and the contribution of ionic enthalpy
iffusion is negligible within the experimental
rror. This is because the contribution of ionic
nthalpy diffusion to thermal conductivity nec-
ssarily increases monotonically with increasing
Page 3 of 9
temperature. Meanwhile, ionic conductivity is 
highly density-dependent, which decreases signif- 
icantly with increasing porosity [45 ]. The mecha- 
nism for the observed lower thermal conductivity 
in porous materials will be discussed later in detail. 

Compared with other superionic conductors, 
RbAg4 I5 contains relatively heavy elemental com- 
ponents. As can be clearly seen from Fig. S6, 
the average atomic mass of RbAg4 I5 is much 

larger than that of other superionic conductors 
such as Cu2 Se, making the thermal conductivity 
( κ) of RbAg4 I5 much lower (Fig. 2 a). A Raman-
active optical phonon mode with an extremely 
low frequency ( ∼0.5 THz) is observed as shown 

in Fig. 2 b. At room temperature and above, the
specific heat capacity ( Cp ) measured at a constant 
pressure is comparable to that predicted by the 
Dulong-Petit law ( Fig. S7). To maintain consis- 
tency in the thermal conductivity estimation with 

literature reports, the use of the Dulong-Petit limit 
in this work is reasonable and conservative in the 
temperature range of 200–400 K [40 ,46 ]. At low
temperatures, Cp deviates from the predicted T3 

relationship based on the Debye model, due to the 
existence of low-frequency optical phonon modes. 
Once these low-frequency optical modes are oc- 
cupied by the thermally activated phonons, they 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
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ould significantly contribute to the heat capacity
eyond the Debye prediction with a Debye tem-
erature ( �D 

) of 97 K (Fig. 2 c). Including one
ore Einstein mode with an Einstein temperature

 �E ) of 25 K, the Cp / T3 can be well reproduced.
he �E of 25 K corresponds to the frequency
f 0.52 THz contributed from the optical modes,
hich quantitatively agrees well with the observed
aman-active optical phonon modes. This is fur-
her consistent with the quite similar disordering
nd partial occupancy characteristics in the low-
emperature phases [40 ,47 ]. 

A survey of average atomic mass ( M ) depen-
ent mean sound velocity ( v ) for halides (Fig. 2 d)
learly suggests a reduction in v in ionic conduc-
ors, which can be qualitatively understood by the
eak chemical bonds that enable ions to be highly
obile. Meanwhile, RbAg4 I5 with a more com-
lex unit cell structure and the presence of par-
ial occupancies of atoms further modulate chemi-
al bonding strength. Thereby, a sound velocity of
056 m s−1 lower than that of other halide-based
uperionic conductors is obtained in RbAg4 I5 . 

Highly porous RbAg4 I5 can be synthesized
y a solution-processed method. In this work,
imethyl sulfoxide (DMSO) is used as the sol-
ent to dissolve the mixture of a 1:4 molar ra-
io of RbI and AgI raw powders. As compared
Page 4 of 9
to commonly used N , N -Dimethylformamide 
[48 ] organic solvent for inorganic salts, DMSO 

[49 ] has a higher boiling point (189°C), lower 
saturated vapor pressure (76.60 kPa at 0°C), 
lower volatility and higher coordination affinity, 
which are beneficial for the formation of porous 
structures [50 ]. With the addition of tert-butyl 
alcohol and distilled water, RbAg4 I5 flocs form a 
cross-linked network structure. The density of the 
sample can be controlled by adjusting the evapo- 
ration speed of organics during the dry-freezing 
procedure (Fig. 3 a). In this way, porosity up to 
96.4% can be achieved. On the other hand, the 
densities of 60% or above can be obtained by con- 
trolling the profile of hot pressing polycrystalline 
RbAg4 I5 powders ( Fig. S1). This process of fabri- 
cation confirms that the target porous microstruc- 
tures are reproducible and controllable, this ap- 
proach can also be extended to introduce porosity 
into other superionic conductors. The phase pu- 
rity of solution-processed porous RbAg4 I5 is con- 
firmed by the X-ray photoelectron spectroscopy 
and X-ray diffraction patterns ( Fig. S8). 

The structural investigation provides the side 
length of the cavity ( d ), which is a key vari-
able for determining the gas thermal conduc- 
tivity ( κg ). We quantified the porous struc- 
tural parameters by surface area measurements 
of Brunauer −Emmett −Teller revealing a surface 
area as large as 210 m2 g−1 ( Fig. S9a), suggesting 
that the mesoporous structure is mainly concen- 
trated at a diameter of ∼45 nm ( Fig. S9b). And 
SEM images reveal a hierarchical honeycomb- 
like structure in the 3.6% dense RbAg4 I5 sample 
(Fig. 3 b), where the large-sized pores are about 
tens of micrometers in average diameter. Impor- 
tantly, the wall of honeycomb consists of nu- 
merous inter-linked nano-sized bubbles (Fig. 3 c). 
Since the existence of mobile Ag+ in RbAg4 I5 
challenges the stability under electron beams, 
higher-magnification SEM images in this work 
are unavailable. Such a hierarchical microstruc- 
ture would significantly limit the mean free path of 
gases encapsulated in the nano-scale pores [51 ,52 ], 
leading the heat transport of confined gases to be 
lower than that of free ones [20 ,53 ]. These struc-
tural investigations validate the reliability of the 
observed low thermal conductivity. 

The measured thermal conductivity ( κ) of 
porous RbAg4 I5 , consisting of the contributions 
from both solid and gas phases, and the measured 
mean sound velocity ( v ) are found to continuously 
decrease with the decrease in density (Figs 4 a and 
S10). As compared to existing SiO2 -based mate- 
rials, porous RbAg4 I5 in this work shows signif- 
icantly lower κ , which can be understood by its 
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Figure 3. (a) Schematic for the fabrication of porous RbAg4 I5 . Scanning electron microscopy images taken at low (b) 
and high (c) magnifications for the 3.6%-dense sample. 

0

5

10

15

20

25

30
Free air

Porous material

κ
(m

W
m

1
K

1 )

0 20 40 60 80 100
0

20

40

60

80

100

120

140

Wall thickness(D)

κ
(m

W
m

1
K

1 )

Relative density (%)

RbAg4I5

κup

κ low

0 20 40 60 80 100
0

500

1000

1500

0
10
20
30
40
50

κ
(m

W
m

1
K

1 )

Relative density (%)

RbAg4I5

SiO2

0 10 20

SiO2 EPS foamRbAg4I5

Stage temperture =333 K 333 K 333 K 

300 K 300 K 

Heating time =30 s 2 min

a b c

d

4.3%
relative density
κ=16 mW m−1 K−1

κ=37 mW m−1 K−1
4.3%

relative density
κ=6.5 mW m−1 K−1

Free air
1 nm
5 nm
10 nm
15 nm
20 nm
30 nm
50 nm
100 nm

LC
-N

Ce
ll a

er
og

els
Gr

ap
he

ne
ae

r o
ge

ls

Si
C@

Si
O 2

He
xa

go
na

lb
o r

on
nit

ri d
ea

er
og

els

Am
or

ph
ou

ss
ili c

aa
er

og
els

 
Si

O 2
ae

ro
ge

l/fi
be

rs
ke

let
on

c o
mp

os
ite

s
Po

lyi
mi

d e
/ba

cte
ria

lc
ell

ul o
s e

ae
r o

ge
ls

Bl
ea

ch
ed

ce
ll u

los
ef

ibe
rs

ae
ro

ge
ls

Ce
llu

l os
e/S

iO
2

ae
ro

ge
ls

Ze
oli

tic
im

ida
za

lat
ea

er
og

els
Si

O 2/ch
ito

sa
na

er
og

els

Ca
rb

on
-S

iO
2-A

l 2O 3
ae

ro
ge

ls
BC

F/
 N

FC
 co

mp
os

ite
 ae

ro
ge

ls

Zir
co

nn
an

ofi
br

ou
sa

er
og

els
a-

BN
GA

 ae
ro

ge
ls

3.6
%

de
ns

e R
bA

g 4I 5

Pu
re

 S
iO

2
ae

ro
ge

ls

Figure 4. (a) Room-temperature thermal conductivity as a function of density for porous RbAg4 I5 , SiO2 and SiO2 - 
based heat insulators. (b) Comparison between measurements and model predictions for RbAg4 I5 at 300 K. (c) A 
comparison of room-temperature thermal conductivity among the porous materials in this work and literature (more 
details and the relevant references are given in Table S6). (d) A comparison of heat insulation between RbAg4 I5 , 
commercial SiO2 aerogel and EPS foam of similar density placed on a hot stage of 333 K, monitored by an infrared 
camera for different heating times. 
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uch lower intrinsic κ (125 mW m−1 K−1 versus
400 mW m−1 K−1 in dense form). 
A model [54 ] of uniformly distributed cu-

ic pore structure is developed to understand
he thermal conductivity of porous materials
Page 5 of 9
( Fig. S11), which takes into account porosity- 
induced reduction in sound velocity of skeleton 

[12 ,55 ] and in molecule transport due to gas
confinement (pore size of mean free path of free 
air or smaller) [20 ,53 ]. Meanwhile the interfacial 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
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Figure 5. (a) Thermoelectric devices with and without filling of ∼4%-dense porous 
RbAg4 I5 . (b) Measured maximum cooling temperature drop and (c) the conversion 
efficiency ( ηmax ) of thermoelectric devices before and after filling. (d) Schematic 
diagram of porous material isolating heat conduction from the CPU. (e) Tempera- 
ture change curve and hard drive startup speed during operation with and without 
CPU thermal insulation conditions. 

t  

p  

i  

d  

g  

f  

t  

c  

g  

m  

a  

a  

t  

c  

t  

c
o  

R  

c  

o  

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/13/13/nw

ag318/8698482 by caup.tongji U
niversity user on 21 July 2026
hermal resistance is neglected for intrinsic
honon scattering plays a key contributory role
n the solid thermal conductivity at high relative
ensities ( Fig. S12). This model offers effective
uidance for designing the hierarchical structure
or minimizing κ (Fig. 3 c). It is worth noting
hat different atmospheres affect the thermal
onductivity as well, which mainly acts on the
as thermal conductivity component of porous
aterials. The experimental thermal conductivity

nd the modeling predictions under different
tmospheres are shown in Fig. S13. As expected,
he porous RbAg4 I5 exhibits the lowest thermal
onductivity under vacuum conditions, due to
he reduced contribution of gases to thermal
onductivity. This model under air suggests a κ
f 6 mW m−1 K−1 (Fig. 4 b) in 3.6%-dense porous
bAg4 I5 of d = 45 nm ( Fig. S9b), which is quite
onsistent with the model predicted minimum
f 5.4 mW m−1 K−1 . The estimated error bars
Page 6 of 9
in thermal conductivity are based on the three to 
five times repeated measurements by Laser flash 

method, and the raw data of thermal diffusivity 
measurement for a series of porous samples at 300 
K shown in Fig. S14 [56 ,57 ]. 

The stability of porous material against mois- 
ture is a key property for practical uses [58 ]. 
The anionic framework of RbAg4 I5 consists of 
I− and metal cations (Ag+ , Rb+ ), which exhibit 
extremely weak hydrogen-bonding interactions 
with water molecules. Moreover, the material 
surface lacks strong polar sites such as hydroxyl 
groups and unsaturated bonds, so water molecules 
can only attach to the pore surfaces via physi- 
cal adsorption and cannot penetrate the lattice. In 

our experiments, the matrix material of RbAg4 I5 
shows a water solubility of only 0.133 g/100 mL, 
indicating that it is nearly insoluble in water 
( Table S6). To minimize the potential influence 
of moisture absorption on the transport property 
measurements, all property measurements of the 
porous materials in this study were carried out 
immediately after sample preparation. The ther- 
mal conductivity of 3.6% dense RbAg4 I5 here is 
markedly lower (Fig. 4 c and Table S7), compared 
to porous materials form the literatures [13 ,52 ,59 –
64 ]. As shown in Fig. 4 d and Fig. S15, all materi-
als are placed on a heat stage of 333 K. The much
hotter upper surface of 4.3%-dense SiO2 aerogel ( κ
= 16 mW m−1 K−1 ) and EPS foam ( κ = 37 mW
m−1 K−1 ) observed after 2 min, suggests its infe- 
rior heat insulation to that of 4.3%-dense RbAg4 I5 
( κ = 6.5 mW m−1 K−1 ) developed in this work. 

To demonstrate the extraordinary heat insula- 
tion in practical applications, ∼4%-dense porous 
RbAg4 I5 was filled into a commercial Bi2 Te3 ther- 
moelectric device (Model 9501/017/030 B from 

Ferrotec) (Fig. 5 a, Fig. S16 and Table S8) to 
minimize the heat leakage under a temperature 
gradient. In ambient air and at room tempera- 
ture, a maximum cooling temperature difference 
( �Tmax ) of 56.5 K is achieved in the RbAg4 I5 - 
filled device, which is 7.6 K higher than that in 

the unfilled device. The �Tmax of 56.5 K closely 
approximates the performance of the unfilled de- 
vice in vacuum (Fig. 5 b). This again indicates 
the thermal conductivity of 3.6%-dense porous 
RbAg4 I5 is much lower than that of free gases. For 
thermoelectric power-generation with a room- 
temperature cold side, the conversion efficiency 
( ηmax ) increases by 10% compared to the liter- 
ature report [35 ] due to the filling of porous 
RbAg4 I5 ( Fig. S17). Furthermore, this porous ma- 
terial effectively isolates heat conduction from 

CPU, leading to a temperature drop of 5.3 K in the

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag318#supplementary-data
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djacent flash memory and a corresponding 16%
mprovement in its startup speed (Fig. 5 d and e). A
oad-bearing capacity was carried out for this sam-
le, demonstrating that the synthesized porous
bAg4 I5 possesses a certain degree of structural

ntegrity under low-stress and static loading con-
itions ( Fig. S18). Fiber reinforcement or polymer
ross-linking strategies [65 ] will further improve
he toughness and mechanical strength, which will
ive it a broader scope of application. 

ONCLUSION 

aking the features of weakly bonded ions and
artial atomic occupancy in superionic conduc-
ors, single-crystalline superionic RbAg4 I5 shows
 remarkably low thermal conductivity of 130 mW
−1 K−1 at room temperature. By further manip-
lating its hierarchical structure of pores through
 solution processing, the 96.4%-porosity RbAg4 I5 
aterial successfully realizes a record low thermal

onductivity of 6 mW m−1 K−1 at room tempera-
ure. This work demonstrates that superionic con-
uctors with mobile ions have great potential as
uperior solid skeletons for porous heat insulators
nd thermoelectric conversion. 
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