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In operando neutron imaging 
characterizations of all‑solid‑state 
batteries
Daxian Cao,* Yuxuan Zhang, Tongtai Ji, and Hongli Zhu* 

The surge in electric vehicle demand has propagated the extensive application of lithium-
ion batteries (LIBs) in recent years. Gaining significant traction due to their promising high-
energy density and elevated safety over traditional LIBs, all-solid-state Li batteries (ASLBs) 
have nonetheless been faced with hurdles relating to battery performance. These include 
concerns with interfacial compatibility, structural stability, Li dendrite inhibition, and large-scale 
manufacturing. To tackle these issues, it is necessary to employ advanced characterization 
methods to comprehend the intrinsic mechanisms within ASLBs. In this article, we advocate 
for the use of neutron imaging as a nondestructive approach for the operando visualization 
of ASLBs. We draw comparisons with other operando visualization strategies, underline 
the benefits of neutron imaging, and discuss its potential applicability in the scrutiny of all-
solid-state Li metal batteries and all-solid-state Li-sulfur batteries. Neutron imaging provides 
valuable insights into the dynamics of Li concentration, reaction mechanisms, and transport 
constraints in ASLBs. These insights are pivotal in contributing to the evolution of high-
performance all-solid-state batteries.

Introduction
The ever-increasing need for electric vehicles (EVs) in the 
global market triggered the burst of lithium-ion batteries 
(LIBs) over the past decades.1,2 All-solid-state Li batteries 
(ASLBs), recommended for delivering high-energy density 
and safety simultaneously, received intense interest from both 
academia and industry.3 Getting rid of using flammable liquid 
electrolytes, ASLBs contribute to outstanding safety.4 More 
impressively, ASLBs promise an energy density of more than 
500 Wh  kg−1, surpassing the conventional LIBs, when cou-
pled with high-energy electrodes, such as high-nickel oxide 
cathodes, sulfur cathode, Li metal anode, etc.5 Great progress 
has been made in developing high-performance ASLBs. How-
ever, the battery performances of ASLBs are still dissatisfac-
tory due to several challenges, including issues of interfacial 
compatibility,6 structure stability,7 Li dendrite suppression,8 
and large-scale processing.9 Therefore, advanced characteriza-
tions are highly desired to reveal the underlying mechanisms 
in the ASLBs. Nondestructively and operando visualizing the 
reaction processes of ASLBs is regarded as one of the most 

efficient methods to relate the fundamental mechanisms with 
the battery behaviors.10 First, without extracting the sample 
from the battery, nondestructive characterizations eliminate 
the risks that the sample of interest could be damaged or con-
taminated, resulting in misleading conclusions. Next, oper-
ando investigations allow monitoring the reaction processes in 
the ASLBs in real time. Conventional ex situ characterizations 
generally supply discrete evidence from samples in different 
batches.11 Because batteries usually suffer from self-discharge, 
the ex situ results are not consistent with those in the battery. 
Furthermore, the visualization of the ASLBs provides a chance 
to intuitively observe the morphology evolutions inside the 
ASLBs.12 Considering the reactions in ASLBs are couples of 
chemistry, electrochemistry, and mechanics, the visualization 
of the ASLBs contributes to a comprehensive investigation. 
Therefore, developing advanced nondestructive tools for 
operando visualization is of significance in understanding the 
electro-chemo-mechanic reaction mechanisms in ASLBs.

In this article, for the first time, we discuss the application 
of neutron imaging, a representative nondestructive tool, in 
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operando visualizing the ASLBs. Firstly, we briefly compare 
various operando visualization tools and summarize their 
pros and cons in developing nondestructive visualization of 
ASLBs. Next, we introduce the mechanism of neutron imaging 
and summarize its requirements for the operando investiga-
tion. Following, we review the progress of neutron imaging 
in operando investigating the all-solid-state Li metal batteries 
(ASLMBs) and all-solid-state Li-sulfur batteries (ASLSBs). 
Finally, we analyze the prospect of neutron imaging in char-
acterizing the ASLBs.

Summary of various operando visualization 
techniques
A multitude of operando visualization tools, each with its dis-
tinct strengths and weaknesses, have been implemented in the 
characterization of ASLBs, as outlined in Table I. These tools 
can be grouped based on their spatial resolution into (1) Ultra-
sonic  imaging13 and magnetic resonance imaging (MRI),14,15 
which offer resolutions exceeding 100 μm; (2) x-ray imag-
ing,16–22 neutron imaging,23–27 and optical microscopy,28–32 all 
of which can achieve a few micrometers; (3) electron micros-
copies, such as scanning electron microscopy (SEM)33–37 
and transmission electron microscopy (TEM),38–42 which are 
distinguished by their nanometer scale. Despite significant 
advancements, not all of these methods fulfill the requirements 
for a nondestructive operando visualization of ASLBs. Ultra-
sonic imaging and MRI, two notable nondestructive visualiza-
tion tools, find extensive use in fields such as engineering and 
medical treatments. However, their application to ASLBs is 
challenged by their relatively limited spatial resolution. Typi-
cally, the interfaces in ASLBs span from nanometers to a few 
micrometers, which is significantly less than the hundreds of 
micrometers that these methods can resolve. In contrast, elec-
tron microscopies, known for their high spatial resolution in 
nanometers, have been effectively utilized for in situ or ex situ 
tracking of interfaces and reaction mechanisms. Despite their 
strengths, these methods require specialized sample designs 
and are limited to localized observation. The reactions tak-
ing place within ASLBs encompass a complex interplay of 
mechanical, electrical, and chemical processes. The complex 
reactions taking place during service are extremely difficult to 
replicate in in situ electron microscopy investigations. Further-
more, the electron beams used in these methods can potentially 
damage sensitive materials such as Li metal, sulfide solid elec-
trolytes (SEs), and sulfur. Moreover, conclusions drawn from 
localized observation could skew the understanding of the 
bulk reactions within the battery. In other words, they may not 
fully capture the holistic behavior of these reactions, thereby 
leading to potential misconceptions. Therefore, although elec-
tron microscopies offer high resolution, their applicability to 
the comprehensive study of ASLBs is limited.

Nondestructive imaging techniques such as optical micros-
copy, x-ray imaging, and neutron imaging can be used to 
visualize the internal structure and operation of ASLBs in 

real time. Optical microscopy has been reported for visualiz-
ing the Li metal behavior in ASLMBs, especially when using 
transparent polymer SEs.31 However, optical microscopy can 
only observe the surface reactions in opaque ceramic-SE-
based ASLBs.32

Specially designed cells are required to expose the region 
of interest. In comparison, x-ray imaging and neutron imag-
ing are highlighted with high transmission ability, providing 
a chance for nondestructively visualizing the inner reactions 
in ASLBs. X-ray imaging, including x-ray tomography, has 
been reported with great achievement in visualizing the reac-
tions in the ASLBs.21,43 Ning et al. tracked the dendrite growth 
within the cracks during plating.21 Lewis reported interphase 
growth and void generation at the Li|SE interface.22 X-ray 
imaging shows a powerful nondestructive visualization ability 
for ASLBs. However, it is unfortunate that x-ray cannot tell Li 
metal from voids and cracks. Because Li metal reactions often 
generate voids, regions with low x-ray attenuation could cor-
respond to either lithium metal or voids. In contrast, neutron 
imaging is advantageous for visualizing light elements such as 
Li in ASLBs.23 Neutron imaging can be used to differentiate 
the Li information from the voids, getting rid of the limita-
tion in x-ray imaging. Therefore, neutron imaging is one of 
the most promising visualization tools for nondestructively 
investigating ASLBs. However, currently, there are few works 
reported using neutron imaging in ASLBs, which is mainly 
attributed to the limited access to neutron-related techniques.

Comparison of neutron imaging to x‑ray 
imaging
Neutron imaging, akin to x-ray imaging (Figure 1a), serves 
as a nondestructive approach for exploring the internal fea-
tures, structures, and distributions of an object in its entirety.46 
It leverages the distinctive interaction between neutrons and 
matter, enabling it to visualize contrasts complementary to 
those discernible through x-ray imaging.

First, due to their ability to penetrate several millimeters or 
even centimeters into metals, neutrons make excellent probes 
for studying materials housed within apparatuses designed to 
control factors such as temperature, pressure, or other stim-
uli. This high penetration depth is also applicable to radiation 
shielding materials, such as lead, making neutrons instrumen-
tal in characterizing irradiated materials.

Second, neutrons exhibit a heightened sensitivity to light 
elements (such as hydrogen, lithium, etc.), showing a stark 
contrast to x-rays (Figure 1b).47 This sensitivity stems from the 
larger cross sections associated with these elements, which has 
catalyzed the development of neutron imaging as an invalu-
able tool in a myriad of research fields. These include energy-
storage materials, additive manufacturing (AM), geology, 
nuclear materials, and more.

Furthermore, the sensitivity of neutrons to light elements 
can be adjusted by either enriching or depleting specific iso-
topes. For instance, isotopes such as 7Li and deuterium are 



IN OPERANDO NEUTRON IMAGING CHARACTERIZATIONS OF ALL‑SOLID‑STATE BATTERIES

MRS BULLETIN • VOLUME 48 • DECEMBER 2023 • mrs.org/bulletin              3

Ta
b

le
 I.

  
Te

ch
ni

qu
es

 fo
r o

pe
ra

nd
o 

im
ag

in
g 

ch
ar

ac
te

riz
at

io
ns

 u
se

d 
in

 A
SL

Bs
.

Te
ch

ni
q

ue
M

ea
su

re
m

en
t

Ty
p

ic
al

 R
es

o
-

lu
ti

o
n 

S
p

at
ia

l
R

es
o

lu
ti

o
n 

(m
)

Te
m

p
o

ra
l

R
es

o
lu

ti
o

n
C

ha
ra

ct
er

iz
at

io
n 

D
ep

th
A

d
va

nt
ag

es
Li

m
it

at
io

n
R

ef
er

en
ce

s

V
is

ib
le

 li
g

ht

Op
tic

al
 m

ic
ro

sc
op

y 
(O

M
)

Vi
si

bl
e 

lig
ht

10
–7

–1
0–3

(u
p 

to
 s

ub
 μ

m
)

1–
10

 s
Su

rfa
ce

 a
nd

 s
id

e-
vi

ew
 

m
or

ph
ol

og
y

Lo
w

 c
os

t; 
ea

sy
 o

pe
ra

tio
n;

Di
re

ct
 c

om
m

on
ly

 u
se

d;
Hi

gh
 ti

m
e 

re
so

lu
tio

n;
Go

od
 fo

r t
ra

ns
pa

re
nt

 s
ol

id
 

el
ec

tro
ly

te
;

Ca
n 

fu
rth

er
 c

om
bi

ne
 w

ith
 

ot
he

r t
ec

hn
iq

ue
s,

 s
uc

h 
as

 
Ra

m
an

  im
ag

in
g29

Su
rfa

ce
 c

ha
ra

ct
er

iz
at

io
n 

fo
r 

un
tra

ns
pa

re
nt

 m
at

er
ia

ls
; 

sp
ec

ia
l c

el
l r

eq
ue

st
 (w

in
do

w
 

ne
ed

ed
)

28
–3

2

E
le

ct
ro

n 
B

ea
m

Sc
an

ni
ng

el
ec

tro
n

m
ic

ro
sc

op
y 

(S
EM

)

Ba
ck

sc
at

te
re

d 
el

ec
tro

ns
, s

ec
on

d-
ar

y 
el

ec
tro

ns
, o

r x
-r

ay
s

10
–9

–1
0–4

(n
m

 to
 μ

m
)

1–
10

 s
Su

rfa
ce

 m
or

ph
ol

og
y

Ca
n 

fu
rth

er
 c

om
bi

ne
 w

ith
 

ot
he

r e
le

ct
ro

n-
be

am
 

te
ch

ni
qu

es
, s

uc
h 

as
 

au
ge

r e
le

ct
ro

n 
sp

ec
tro

s-
co

py
 (A

ES
)  m

ap
pi

ng
33

 
an

d 
en

er
gy

-d
is

pe
rs

iv
e 

 sp
ec

tro
sc

op
y34

Su
rfa

ce
 c

ha
ra

ct
er

iz
at

io
n;

El
ec

tro
ni

c 
co

nd
uc

tiv
ity

 re
qu

es
t; 

Sp
ec

ia
l c

el
l w

ith
 o

pe
n 

su
r-

fa
ce

 re
qu

es
t; 

Sp
ec

ia
l s

am
pl

e 
ho

ld
er

 re
qu

es
t;

Hi
gh

 v
ac

uu
m

 e
nv

iro
nm

en
t

33
–3

7

Sc
an

ni
ng

tra
ns

m
is

si
on

el
ec

tro
n

m
ic

ro
sc

op
y

(S
TE

M
)

Fo
re

sc
at

te
re

d 
el

ec
tro

ns
, t

ra
ns

m
it-

te
d 

el
ec

tro
ns

, o
r x

-r
ay

s
10

–1
0 –1

0–5

(u
p 

to
 a

to
m

ic
sc

al
e)

Fe
w

 s
ec

on
ds

Ne
ar

-s
ur

fa
ce

m
or

ph
ol

og
y

(n
m

 to
 μ

m
)

Hi
gh

 re
so

lu
tio

n;
Ca

n 
fu

rth
er

 c
om

bi
ne

 w
ith

 
ot

he
r e

le
ct

ro
n-

be
am

 
te

ch
ni

qu
es

, s
uc

h 
as

 
el

ec
tro

n 
en

er
gy

-lo
ss

 
sp

ec
tro

sc
op

y 
(E

EL
S)

, 40
, 

42
an

d 
an

nu
la

r b
rig

ht
 fi

el
d 

(A
BF

) i
m

ag
in

g,
41

 d
if-

fe
re

nt
ia

l p
ha

se
 c

on
tra

st
 

sc
an

ni
ng

tra
ns

m
is

si
on

 e
le

ct
ro

n 
m

ic
ro

sc
op

y 
(D

PC
-S

TE
M

) 
(to

 id
en

tif
y 

sp
ac

e 
ch

ar
ge

 
la

ye
r) 

38

Sp
ec

ia
l c

el
l d

es
ig

n 
re

qu
es

t 
(u

su
al

ly
 fa

br
ic

at
ed

 b
y 

sp
ut

-
te

rin
g 

an
d 

e-
be

am
 e

va
po

ra
-

tio
n 

m
et

ho
ds

);
Sp

ec
ia

l s
am

pl
e 

ho
ld

er
 re

qu
es

t;
St

ric
t t

o 
th

ic
kn

es
s;

Ha
rd

 to
 c

ha
ra

ct
er

iz
e 

el
ec

tro
n-

be
am

-s
en

si
tiv

e 
m

at
er

ia
ls

, 
su

ch
 a

s 
m

et
al

lic
 L

i, 
Na

, o
r 

S-
ba

se
d 

el
ec

tro
ly

te
s;

39

Hi
gh

 v
ac

uu
m

 e
nv

iro
nm

en
t

39
–4

2,
 4

4

X
-r

ay

Im
ag

in
g

Tr
an

sm
is

si
on

 x
-r

ay
 

m
ic

ro
sc

op
y 

(T
XM

)

Th
e 

sc
at

te
rin

g,
 tr

an
sm

is
si

on
, o

r 
ab

so
rp

tio
n 

of
 th

e
x-

ra
y

10
–8

–1
0–4

(n
m

 to
 μ

m
)

Te
ns

 o
f m

ic
ro

se
co

nd
s

 m
m

Hi
gh

 re
so

lu
tio

n;
Hi

gh
 c

ha
ra

ct
er

iz
at

io
n 

de
pt

h;
Si

m
pl

e 
in

 s
itu

 c
el

l d
es

ig
n 

w
ith

 s
ta

ck
in

g 
pr

es
su

re
 

ap
pl

ie
d;

Ca
n 

fu
rth

er
 c

om
bi

ne
 w

ith
 

ot
he

r x
-r

ay
 te

ch
ni

qu
es

, 
su

ch
 a

s 
x-

ra
y 

ab
so

rp
tio

n 
ne

ar
-e

dg
e 

st
ru

ct
ur

e;
 

sp
ec

tro
sc

op
y 

(X
AN

ES
)17

Li
 m

et
al

 is
 in

vi
si

bl
e;

Ha
rd

 to
 d

et
ec

t o
ve

rla
pp

ed
 

st
ru

ct
ur

e 
on

 th
e 

ho
riz

on
ta

l
di

re
ct

io
n

16
, 1

7



IN OPERANDO NEUTRON IMAGING CHARACTERIZATIONS OF ALL‑SOLID‑STATE BATTERIES

4        MRS BULLETIN • VOLUME 48 • DECEMBER 2023 • mrs.org/bulletin

Ta
b

le
 I.

  
(c

on
tin

ue
d

)

Te
ch

ni
q

ue
M

ea
su

re
m

en
t

Ty
p

ic
al

 R
es

o
-

lu
ti

o
n 

S
p

at
ia

l
R

es
o

lu
ti

o
n 

(m
)

Te
m

p
o

ra
l

R
es

o
lu

ti
o

n
C

ha
ra

ct
er

iz
at

io
n 

D
ep

th
A

d
va

nt
ag

es
Li

m
it

at
io

n
R

ef
er

en
ce

s

Co
m

pu
te

d
to

m
og

ra
ph

y
(C

T)

10
–8

–1
0–4

  
(n

m
 to

 μ
m

)
Fe

w
 m

in
s 

to
 te

ns
 o

f m
in

s
Su

rfa
ce

 a
nd

bu
lk

 m
or

ph
ol

og
y

Hi
gh

 re
so

lu
tio

n;
No

 li
m

it 
of

 s
am

pl
e 

si
ze

;
Ca

n 
ex

pl
or

e 
in

te
rn

al
 3

D 
st

ru
ct

ur
e

Lo
w

 ti
m

e 
re

so
lu

tio
n;

Lo
w

 L
i s

en
si

tiv
ity

;
Ha

rd
 to

 d
is

tin
gu

is
h 

Li
, p

or
es

, 
an

d 
cr

ac
ks

18
–2

2

N
eu

tr
o

n

Im
ag

in
g

Th
e 

sc
at

te
rin

g,
 tr

an
sm

is
si

on
, 

or
 a

bs
or

pt
io

n 
of

 th
e 

ne
ut

ro
n 

ra
di

at
io

n

10
–5

–1
0–4

(te
ns

 o
f μ

m
)

Fe
w

 s
ec

on
ds

 to
 fe

w
 m

in
s

m
m

Di
re

ct
 d

et
ec

tio
n 

of
 li

th
iu

m
 

an
d 

lit
hi

um
 c

on
ce

nt
ra

-
tio

n;
Is

ot
op

e 
di

sc
rim

in
ab

le
;

Hi
gh

 c
ha

ra
ct

er
iz

at
io

n 
de

pt
h;

Si
m

pl
e 

in
 s

itu
 c

el
l d

es
ig

n 
w

ith
 s

ta
ck

in
g 

pr
es

su
re

 
ap

pl
ie

d

Li
m

ite
d 

fa
ci

lit
ie

s;
Ha

rd
 to

 d
et

ec
t o

ve
rla

pp
ed

 
st

ru
ct

ur
e 

on
 th

e 
ho

riz
on

ta
l 

di
re

ct
io

n

23
–2

7

Co
m

pu
te

d
to

m
og

ra
ph

y
(C

T)

10
–5

–1
0–4

(te
ns

 o
f μ

m
)

Fe
w

 h
ou

rs
Su

rfa
ce

 a
nd

 b
ul

k 
m

or
ph

ol
og

y, 
el

em
en

t 
di

st
rib

ut
io

n

Ca
n 

ex
pl

or
e 

in
te

rn
al

 3
D 

st
ru

ct
ur

e,
 m

ap
 s

pa
tia

l 
di

st
rib

ut
io

n

Lo
w

 s
pa

tia
l a

nd
 ti

m
e 

 
re

so
lu

tio
n;

Hi
gh

 c
os

t

24
–2

6

Ne
ut

ro
n 

de
pt

h
pr

ofi
lin

g 
(N

DP
)

Th
er

m
al

 n
eu

tro
ns

 (n
) r

ea
ct

 w
ith

 6 Li
 

em
itt

in
g 

al
ph

a 
pa

rti
cl

es
 (4 He

) a
nd

 
tri

to
ns

 (3 H)

10
−

7 –1
0−

3

(u
p 

to
 s

ub
 μ

m
)

1–
10

 m
in

El
em

en
t 

di
st

rib
ut

io
n 

in
de

pt
h 

(μ
m

)

Hi
gh

ly
 s

en
si

tiv
e 

to
 li

th
iu

m
;

Tr
an

sm
is

si
ve

 z
-a

xi
s 

el
e-

m
en

t d
is

tri
bu

tio
n

Lo
w

 s
en

si
tiv

ity
 in

 x
-y

 p
la

ne
;

Hi
gh

 c
os

t;
Sp

ec
ia

l c
el

l d
es

ig
n 

re
qu

es
t

45

O
th

er

Ul
tra

so
ni

c
te

st
in

g 
(U

T)
Ac

ou
st

ic
 w

av
es

10
–4

–1
0–2

 (s
ub

 
m

m
)

Fe
w

 m
in

s
Li

qu
id

 d
is

tri
bu

tio
n

(m
m

)
Hi

gh
ly

 s
en

si
tiv

e 
to

 v
oi

d 
an

d 
ga

s
Lo

w
 re

so
lu

tio
n

13

M
ag

ne
tic

 re
so

na
nc

e 
im

ag
in

g 
(M

RI
)

Nu
cl

ea
r m

ag
ne

tic
 re

so
na

nc
e 

si
gn

al
10

–4
 (s

ub
 m

m
)

1–
10

 m
in

μm
Is

ot
op

e 
di

sc
rim

in
ab

le
Li

0 /L
i+

 d
is

cr
im

in
ab

le
Lo

w
 re

so
lu

tio
n

14
, 1

5



IN OPERANDO NEUTRON IMAGING CHARACTERIZATIONS OF ALL‑SOLID‑STATE BATTERIES

MRS BULLETIN • VOLUME 48 • DECEMBER 2023 • mrs.org/bulletin              5

significantly less attenuating than 6Li and hydrogen, respec-
tively. This tunability presents a significant advantage for vari-
ous relevant research domains.

Application of operando neutron imaging 
in all‑solid‑state Li metal batteries
The application of neutron imaging in ASLBs is currently in 
the initial research stage mainly due to the limited access to 
neutron-related techniques worldwide. Recently, it has been 
successfully applied in  ASLMBs26,27 and ASLSBs.24,25 These 
works have demonstrated the great prospect of neutron imag-
ing in investigating the ASLBs.

Operando neutron imaging investigating the “soft 
short” and Li deformation in all‑solid‑state Li metal 
batteries 
Li metal owns a high specific capacity (3860 mAh  g−1) and the 
lowest reduction potential (−3.04 V versus standard hydrogen 
electrode), making it the ideal anode choice for ASLMBs.8 
However, ASLMBs are generally criticized for their low cou-
lombic efficiency and poor cycling life. More severe, the Li 
dendrite (or called filament) can easily penetrate the SE caus-
ing a short circuit of the ASLMBs. The mechanisms of the 
short circuit are still debated, and advanced characterizations 
are highly recommended for the fundamental analysis.

The short circuit is one of the most common failures in 
ASLMBs. Generally, the short circuit, also called “hard short,” 
refers to the permanent connection of the cathode and anode 
inside the battery, and the battery exhibits a continuous voltage 

drop-off. Meanwhile, there is another phe-
nomenon that the battery cannot be normally 
charged to the set cutoff voltage and the 
voltage dynamically maintains stable. This 
phenomenon is called the “soft short,” dif-
ferent from the aforementioned “hard short.” 
The “soft short” is frequently observed in 
ASLMBs, but lacks deep investigations. 
Wang et al.48 reported using cyclic voltam-
metry and electrochemical impedance spectra 
to diagnose the “soft short” in the symmetric 
cell. However, the mechanism for the “soft 
short” in ASLMBs is still unclear.

Our group used neutron imaging to 
operando investigate the “soft short” in 
the ASLMBs (Figure 2).26 The ASLMB 
was a full cell comprised of an argyro-
dite-type sulfide SE, Li metal anode, and 
 LiNi0.8Mn0.1Co0.1O2-based cathode. Fig-
ure 2a shows the 2D neutron radiograph 
image of the ASLMB. The Li-containing 
components displayed dark gray color. 
Along the axial direction as the arrow 
shows, the transmission distribution in the 
marked box is plotted in Figure 2b. The 
stainless-steel (SS)-made current collector, 
cathode, SE, and Li metal anode layers were 

well distinguished according to the transmission differences 
related to the Li concentration. Therefore, the transmission 
fluctuation can be employed to monitor the Li concentration 
evolution in real time. The transmission change ratio,  Trt/Tr0, 
was utilized to further amplify the transmission change during 
the battery test, where  Tr0 and  Trt represent the transmissions 
at the beginning and at the charging time t, respectively, as 
illustrated in Figure 2c. The fluctuation of the transmission 
change ratio and corresponding colors can well display the Li 
concentration evolution: if  Trt/Tr0 > 1, the Li concentration is 
reduced, and the region was marked with bright color; if  Trt/
Tr0 < 1, the trend was reversed; if  Trt/Tr0 = 1, it showed Viridis 
color representing no Li concentration change. Because the 
neutron transmission depth in regions at the middle and edge 
are different, two regions of interest marked with Region I 
and Region II were selected for operando observation (Fig-
ure 2d). As shown in Figure 2e, the ASLMB showed a typical 
“soft short” failure after charging for 4.5 h. Then the voltage 
dynamically maintained stable, but not kept rising or dropping 
off. Figure 2f displayed the real-time evolution of the  Trt/Tr0 at 
Region I. The colors present the Li transmission change: color 
more toward blue means Li depletion  (Trt/Tr0 > 1); color more 
toward red represents Li enrichment  (Trt/Tr0 < 1); green color 
depicts no Li change  (Trt/Tr0 = 1). The Li evolution in cathode, 
anode, and interface were well displayed. Before the “soft 
short,” the cathode layer (marked as P1) displayed a Li deple-
tion, and the anode|SE interface (P2) showed Li enrichment, 
attributed to the delithiation of the  LiNi0.8Mn0.1Co0.1O2 and Li 

a

b

Figure 1.  (a) Mechanisms for x-rays and neutrons interacting with the outer electron shells 
of the atoms.46 (b) Sketch of the relative x-ray and neutron total cross sections of several 
atoms.47



IN OPERANDO NEUTRON IMAGING CHARACTERIZATIONS OF ALL‑SOLID‑STATE BATTERIES

6        MRS BULLETIN • VOLUME 48 • DECEMBER 2023 • mrs.org/bulletin

a b c

d

e

h

i

j

f g

Figure 2.  Operando neutron imaging investigating the “soft short” and Li deformation in all-solid-state Li metal batteries (ASLMBs).26 
(a) Two-dimensional neutron radiograph of the ASLMB before test, and (b) the neutron transmission profile along the arrow direction in 
the marked box. (c) The logic for transmission data treatment. (d) Radiograph of the ASLMB as prepared. Two boxes demonstrate two 
regions of interest. (e) Galvanostatic charge profile of the ASLMB to show the “soft short.” The intensity mapping of the real-time  
transmission changes at the regions with (f) green box and (g) orange box. (h) Three-dimensional tomography images of the ASLMB 
before the battery test and (i) the attenuation increment. (j) Zoom-in tomography images to show the morphology evolution before (left) 
and after (right) at slice 1 and slice 2 marked in (h). The outlines of Li are highlighted with yellow and blue dashed lines. SE, solid electro-
lyte; SS, stainless steel.
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plating, respectively. After the “soft short,” the Li concentra-
tion in the cathode and anode fluctuated, consistent with the 
battery voltage. An x-ray computed tomography scan was con-
ducted to record the SE morphology after the “soft short.” The 
Li metal within cracks partially penetrates the SE. Therefore, 
fluctuations of the voltage, as well as the Li concentration in 
the cathode, were mainly attributed to the dynamic connection 
and disconnection between the cathode and the anode.

Note that there was a Li depletion layer at the anode|SS 
interface (P3) and a Li enhancement at the SS (P4), which 
were attributed to the deformation of Li. There was no distrac-
tion from the SS at Region II, therefore the Li enrichment at 
the P4 position was more prominent (Figure 2g).

Notably, when the ASLMB was in “soft short,” the Li con-
centration at the cathode side fluctuated while the one at the 
anode side, especially at P4, continued to accumulate, strongly 
confirming that faradic reactions still occurred.

Besides the operando 2D neutron imaging, the ex situ 3D 
CT of the ASLMB before and after the electrochemical test 
was conducted to record the spatial evolution. Figure 2h shows 
the reconstructed 3D structure of the ASLMB before the test. 
The 3D structure of the ASLMB was well displayed. After 
the reaction, the 3D structure of the ASLMB was also built, 
and the Li concentration enhancement can be extracted with a 
subtraction treatment (Figure 2i). A Li enrichment at the anode 
side was observed. For more details, the two slices (Figure 2h) 
were employed to extract the cross-section morphology of the 
Li, and the outlines of the Li were highlighted with dashed 
lines, as shown in Figure 2j. There was Li expansion in the 
top and bottom, while a shrink in the middle region, consist-
ing of the Li accumulation and depletion layers at P2 and P3, 
respectively. The Li expansion to the top region contributed 
to the Li deformation.

In summary, in a nondestructive manner, neutron imaging 
can not only operando monitor the Li concentration evolu-
tions through 2D radiography, but also track the spatial change 
through the ex situ 3D CT. Different from the “hard short,” the 
ASLMB in “soft short” showed evidence for the faradic reac-
tions. Meanwhile, there was Li deformation observed. This 
study elucidates the crucial role of external pressure in mitigat-
ing the growth of dendrites, which can subsequently result in 
dendrite fractures. This provides key insights into the genesis 
of both “soft” and “hard” shorts in Li metal batteries.

Li dynamics in mixed ion–electron conducting 
interlayer
Introducing an ion-conducting interlayer to separate the Li 
metal and the SE is regarded as an effective way to suppress 
the dendrite growth. An ideal interlayer is demanded with high 
ionic conductivity, electron insulation, stability against  Li0 and 
SE, high mechanical strength, and less porosity. LiPON is a 
promising candidate,49 but needs complex sputtering depo-
sition, limiting its applications. Other reported interlayers, 
such as polymer electrolytes,50  Li3N-LiF,51 carbon-Ag,52 and 
graphite,53 cannot meet all requirements. In particular, the 

carbon-Ag and graphite interlayers are excellent electron con-
ductors, and the reported batteries delivered record-breaking 
performances. It seems that electron insulation is not neces-
sary for the interlayer when using these mixed ionic-electronic 
conductors (MIECs).

Our group developed operando neutron imaging to 
reveal the Li dynamics inside the ASLMBs, especially at 
the graphite-made MIEC interlayer.27 Figure 3a illustrated 
the mechanochemistry and mechano-electrochemistry pro-
cesses in the battery assembly and electrochemical meas-
urement. This ASLMB was designed as a full cell coupling 
 LiNi0.8Mn0.1Co0.1O2-based cathode, an argyrodite-type sulfide 
SE, Li metal anode, and a thin graphite interlayer between the 
SE and Li metal. During the densifying process, graphite spon-
taneously reacts with the Li metal under mechanical pressure, 
resulting in forming of the Li-graphite interlayer. Raman and 
x-ray diffraction revealed that the Li-graphite was composed 
of  LiC6, diluted graphite intercalated compound, and Li metal. 
Then as the ASLMB was charged, Li migrated from cathode 
to anode and mainly plated at the interface between SE and 
Li-graphite, resulting in the dendrite growth followed by the 
short circuit. The result was contradictory to the expectation. 
Advanced characterization was desired to reveal the Li behav-
ior, and thus operando neutron imaging was employed.

Figure 3b displayed the 2D neutron radiograph image of 
the ASLMB, which showed a layered structure. Similarly, 
the neutron transmission distribution along the axial direc-
tion can be used to identify the interfaces between adjacent 
layers (Figure 3c). Then the transmission change ratio  Trt/Tr0 
was utilized to evaluate the Li concentration evolution. This 
ASLMB failed after being charged for 180 min, and then the 
voltage dropped to a low value quickly, demonstrating a “hard 
short.” Figure 3c lists the time-stamped images after the trans-
mission data treatment mentioned in Figure 3b. The fluctuation 
of the transmission change ratio and corresponding colors can 
well display the Li concentration evolution: if  Trt/Tr0 > 1, the 
Li concentration is reduced, and the region was marked with 
bright color; if  Trt/Tr0 < 1, the trend was reversed; if  Trt/Tr0 = 1, 
it showed gray color representing no Li concentration change. 
Before the short circuit, there was a pair of Li accumulation 
and depletion layers observed, and the intensities were gradu-
ally enhanced. When the battery was charged to 180 min, the 
dark and bright spots gradually disappeared simultaneously.

Because the contrast in the image was not high enough, 
the transmission intensity mapping was used to give more 
information (Figure 3d). The colors present the Li transmis-
sion change: color more toward blue means Li depletion  (Trt/
Tr0 > 1); color more toward red represents Li enrichment  (Trt/
Tr0 < 1); green color depicts no Li change  (Trt/Tr0 = 1). Overall, 
the cathode layer showed Li depletion and the anode layer 
was enriched with Li. More specifically, there were three 
stages during the charging process. At Stage I (0–90 min), 
Li migrated from the cathode and mainly deposited at the 
interface between the Li-graphite and the SE, and no signal 
for Li was deposited inside or beneath the Li-graphite. This 
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demonstrated that Li preferred to deposit onto graphite, but 
not transport across the Li-graphite layer. Then at Stage II 
(90–180 min), the Li concentration continued to increase at 
the Li-graphite|SE interface, as well as started to accumulate 
inside the Li-graphite and initial Li metal regions, demonstrat-
ing the Li-ion can transport across the Li-graphite interlayer 
after the saturation in the interlayer in Stage II. In the final 
Stage III, the ASLMB experienced an internal short circuit, as 
indicated by the Li concentration shifting from the anode side 
to the cathode region. The reason is the Li dendrite penetrated 
the SE causing a direct connection between Li metal and the 
cathode. All of these evidences proved that operando neutron 

imaging was an ideal tool for nondestructively visualizing the 
reaction inside the ASLMBs. As previously mentioned, neu-
tron-based techniques are incapable of differentiating between 
Li metal and Li ions. Given that graphite can also intercalate 
with Li ions, it is not straightforward to attribute the accu-
mulation of Li within the Li-graphite interlayer at Stage II to 
Li metal deposition alone. Therefore, we integrated operando 
Raman spectroscopy to analyze the Li behaviors within the 
Li-graphite interlayer. This is because the graphite’s interca-
lation and the deposition of Li metal onto the graphite can 
be distinctly identified via Raman spectroscopy. The results 
demonstrated a preference for Li to deposit onto, rather than 

a
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d

Figure 3.  Operando neutron imaging investigating the Li dynamics in all-solid-state Li metal batteries (ASLMBs) with a mixed ionic-elec-
tronic conductor interlayer.27 (a) Schematic of the mechanochemistry and mechano-electrochemistry in the ASLMB. (b) Normalized  
neutron radiography image of the ASLMB to identify each component based on the neutron attenuation differentiation. The inset sche-
matic displays the cell configuration. (c) Quantified neutron transmission in the labeled region along the cross section of the ASLMB. 
The inset schematic assigns the neutron transmission to different components. (d) Dynamic transmission evolution during charging. SS, 
stainless steel; SE, solid elecrolyte.
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intercalate into, the graphite. This deposition preference is 
triggered by the saturated edges and the enhanced disorder 
occurring during the mechanochemical process.

In summary, neutron imaging is powerful to nondestruc-
tively monitor the Li concentration evolution in the ASLMB 
benefiting the reaction mechanism investigation. To compre-
hensively analyze the behavior of Li, including Li metal and 
Li ions, incorporating other advanced techniques is highly rec-
ommended. This work proved that a promising MIEC inter-
layer needs to have the lowest nucleation barrier at the  Li0 side 
to drive the  Li+ to transport across MIEC and preferentially 
deposit onto the  Li0.

The application of neutron imaging in all‑solid‑state Li 
sulfur batteries 
Bradbury and  colleagues24 utilized neutron imaging to explore 
the rate-limiting step in all-solid-state Li sulfur (Li–S) batter-
ies. They designed a specific cell encased in aluminum with a 
polyimide sleeve, depicted in Figure 4a. The materials used 
for the cathode, solid electrolyte, and anode were S/C/Li6P-
S5Cl,  Li6PS5Cl, and In-Li, respectively. Given the varying neu-
tron absorption coefficients of different materials, the neutron 
beam’s attenuation differed as it passed through the cell. These 
signals were detected and used to form a neutron image. In 
the context of all-solid-state Li-ion batteries, Li—possessing 
the highest neutron absorption coefficient—is the only sig-
nificantly mobile element during the electrochemical cycling 
process. Hence, the change in the neutron beam’s attenuation 
is closely tied to Li’s movement, enabling the tracking of Li 
behavior in ASLSBs.

Figure 4b presents operando neutron images of the 
ASLSBs at different depths of discharge (DoD). To emphasize 
the dynamics of Li transport through the cathode compos-
ite, the rate of change in neutron attenuation was calculated 
and represented in the neutron images. It’s evident that the 
“reaction front,” exhibiting the maximum rate of attenuation, 
advances from the separator (solid electrolyte) side toward 
the current collector during discharge. Neutron tomography 
can be employed to create a 3D representation of the cell and 
highlight Li’s spatial distribution, as illustrated in Figure 4c. 
By subtracting the pristine state from the fully discharged 
and charged states, the Li distribution alteration through-
out the cell can be visualized. The anode shows a negative 
attenuation change due to Li loss, and the separator displays 
zero net change given the stable Li concentration in the solid 
electrolyte. At the fully discharged state, the augmented Li 
concentration in the composite sulfur cathode indicates  Li2S 
formation. At the recharged state, the cathode area’s Li con-
centration remains higher than the pristine state, implying 
that  Li2S isn’t entirely reverted to S—a phenomenon linked 
to capacity loss. More specifically, Li distribution within the 
cathode is heterogeneous, as portrayed in the right plot of 
Figure 4c.

Notably, the charged cathode’s attenuation change peak is 
closer to the current collector (higher “d”) than the discharged 

cathode. This difference (green plot) signifies the mobile Li 
transported back to the anode during charging, predominantly 
lost from the cathode’s solid electrolyte separator side. Fig-
ure 4d presents the attenuation change in neutron tomography 
slices from d0 to dmax at the fully discharged and recharged 
states.

Using the data obtained from neutron imaging and extend-
ing the conventional “1D porous electrode theory,” also known 
as the Newman model, to solid-state sulfur cathodes, Bradbury 
and colleagues delved deeper into the reaction fronts’ phe-
nomenon and transport limitations in the ASLSB. They found 
that when a cathode composite’s effective ionic and electronic 
conductivities are inadequate, the reaction current becomes 
nonuniform. If the effective electronic conductivity surpasses 
ion conductivity, the reaction front migrates from the separator 
side to the current collector side, in line with the experimental 
findings. Conversely, an electron-transport limited reaction 
front will transition from the current collector side to the solid 
electrolyte side when the ionic conductivity is considerably 
higher than electronic conductivity. A capacity loss mechanism 
was revealed from the reaction front propagation phenomenon. 
As the reaction front shifts from the separator side to the cur-
rent collector side, the composite’s effective ionic conductivity 
diminishes, thus impeding further delithiation from the current 
collector side.

Summary and outlook
This article focused on the application of neutron imaging, 
a nondestructive tool, for operando visualization of ASLBs. 
The advantages and limitations of various operando visualiza-
tion techniques are discussed, including ultrasonic imaging, 
magnetic resonance imaging (MRI), x-ray imaging, electron 
microscopy, and optical microscopy. Among these techniques, 
neutron imaging stands out as a promising tool due to its high 
sensitivity to light elements such as lithium.

The article presented the progress of neutron imag-
ing in operando investigations of ASLMBs and ASLSBs. 
In ASLMBs, neutron imaging has been used to study the 
“soft short” phenomenon and the deformation of Li metal. 
It allows for the real-time visualization of Li concentration 
evolution and provides insights into the failure mechanisms. 
In ASLSBs, neutron imaging has been employed to analyze 
the rate-limiting step and Li dynamics during discharge and 
charge processes. The visualization of reaction fronts and Li 
distribution helps to understand the transport limitations and 
capacity loss in ASLSBs. Neutron imaging has emerged as a 
powerful nondestructive tool for operando visualization of 
ASLBs. Its unique sensitivity to light elements, such as Li, 
allows for the real-time monitoring of Li concentration evo-
lution and provides valuable insights into the reaction mech-
anisms and failure modes of ASLBs. However, the applica-
tion of neutron imaging in ASLBs is still in the early stages, 
mainly due to limited access to neutron-related techniques.

In the future, it is expected that neutron imaging will play 
a more significant role in the characterization of ASLBs. 
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Figure 4.  Application of operando neutron imaging in all-solid-state Li–S batteries.24 (a) Schematic of the experimental setup 
and cell design for operando neutron imaging. (b) Lithium distribution visualized by operando neutron radiography at different 
degrees of discharge (DoD). (c) Reconstructed 3D representation trough in situ neutron tomography images of the all-solid-
state Li–S battery at discharged and charged state and corresponding the total neutron attenuation change along the d 
direction. (d) Slices of neutron tomography images in the cathode area. SE, solid electrolyte.
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Advances in neutron imaging technology, such as improved 
spatial resolution and faster acquisition times, will enable more 
detailed and comprehensive investigations of ASLBs. Further-
more, efforts should be made to expand the application of neu-
tron imaging to other types of ASLBs, beyond ASLMBs and 
ASLSBs, to gain a broader understanding of the challenges and 
opportunities in the field. Overall, neutron imaging holds great 
promise as a valuable tool for the development and optimization 
of ASLBs. By providing nondestructive, real-time visualization 
of ASLBs, neutron imaging can contribute to the advancement 
of battery technologies, leading to safer and higher-perform-
ing energy-storage systems for electric vehicles and other 
applications.
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