
In Situ Visualizing the Interplay Between the Separator and Potassium Dendrite

Growth by Synchrotron X-ray Tomography

Ling Ni†, Markus Osenberg§, Haijun Liu†, André Hilger§, Libao Chen, Dong Zhou, Kang Dong§,

Tobias Arlt§,  Xiayin Yao,  Xiaogang Wang†,*, Yanan Chen#,  Yutao Li&,  Kangning Zhao,  Chao

Yang§,*, Ingo Manke§, Fu Sun†,*, and Renjie Chen‡

†Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao

266101, China
§Helmholtz Centre Berlin for Materials and Energy, Hahn-Meitner-Platz 1, Berlin 14109, Germany
State Key Laboratory for Powder Metallurgy, Central South University, Changsha 410083, China
Ningbo  Institute  of  Materials  Technology & Engineering,  Chinese  Academy of  Sciences,  Ningbo

315201, China
#School of Materials Science and Engineering, Tianjin University, Tianjin 300350, China
&Materials Science and Engineering Program and Texas Materials Institute, the University of Texas at

Austin, Texas 78712, United States
Laboratory of Advanced Separations (LAS) École Polytechnique Fédérale de Lausanne (EPFL), Sion

CH-1950, Switzerland
‡School of Materials Science & Engineering, Beijing Institute of Technology, Beijing, 100081, China

Corresponding Author

*E-mail:  wangxg@qibebt.ac.cn  (X.  Wang),  chao.yang@helmholtz-berlin.de  (C.  Yang),

sunfu@qibebt.ac.cn (F. Sun)

TOC figure

Keywords

Potassium metal anode, Synchrotron X-ray Tomography, High mechanical separator,

Bulky potassium deposition

1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

1
2



ABSTRACT

Rechargeable  potassium  (K)  batteries  are  a  promising  next-generation

technology  for  low-cost  grid  scale  energy  storage  applications.  Nevertheless,  the

undesirable  interfacial  instabilities  originating  from  the  interplay  between  the

employed separators and electrodes largely compromise the battery’s performance,

and  the  underlying  mechanism  of  which  remains  elusive.  Herein,  the  interfacial

stability between three types of commercial separators (Celgard 2325, Celgard 2400

and GF/D) and the K electrodeposits is investigated in K|K symmetric cells via in-situ

Synchrotron X-ray tomography technique. It is demonstrated that the cell built with a

Celgard  2400 separator  can  achieve  a  stable  cycling  performance due  to  its  high

mechanical strength and integrity along the thickness direction, thus alleviating the K

dendrites growth. In contrast,  a GF/D membrane of low mechanical cohesion and

excessive porosity is found to be easily deformed and filled with deciduous potassium

dendritic  aggregates  during  battery  cycling.  Similarly,  the  tri-layer  Celgard  2325

separators, which are weakly bonded by interlaminar forces, are found to be severely

delaminated by the overgrowth of K dendrites. Furthermore, it is revealed that  the

delamination failure behaviors of Celgard 2325 is driven by the local stress induced

by the spatially and heterogeneously formed "dead" K dendrites. Our work provides

direct  visualization  of  morphological  evolvement  of  the  separators  in  presence  of

potassium  dendrites  in  K|K  symmetric  cells  and  highlights  the  significance  of

mechanical cohesion, porosity distribution and mechanical integrity of separators in

dictating the battery’s performance under realistic battery operation conditions. As a

2

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

3
4



result, these discoveries provide an in-depth understanding that is needed to design

next-generation high performance separators to mitigate the formation of potassium

dendrite in KMBs. 

Introduction

With  the  soaring  energy storage  requirement  for  intermittent  solar  and  wind

energy, developing high energy-density lithium-ion batteries (LIBs) is a vital choice.1

However, LIBs cannot meet the demand for low-cost and large-scale energy storage

because of the lithium rarity (0.0017 wt%) and uneven distribution.2 Potassium-based

rechargeable batteries are gaining rapid scientific attention as promising alternative

for  the  upcoming  stationary  and  electrical  grid  applications,  due  to  the  abundant

resources  and  low  potential  of  K.3,4 In  addition,  K+ also  possesses  a  higher

transference number and ionic conductivity than that of Na+ and Li+ due to its low

desolvation  energy  and  weak  Lewis  acidity,  which  is  beneficial  to  facilitate  fast

diffusion  kinetics  during  battery  operation.  Among  the  anode  candidates  of

potassium-based batteries,  K metal  has attracted  special  attention  due to  its  lower

potential (-2.93 V  versus standard hydrogen electrode) and higher specific capacity

(≈687 mAh g−1) compared to other anode materials including alloying, carbonaceous,

and intercalation compounds. Moreover, K metal anodes can enable the application of

potassium-free cathodes for high-energy density battery systems,  such as potassium

metal batteries (KMBs), potassium superoxide (K-O2) and potassium-sulfur batteries

(K-S).5,6 Wu et al. demonstrated that the K-O2 battery based on thermodynamically

and kinetically stable KO2 can offer a high theoretical specific energy density of 935
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Wh  kg-1 under  long-term  cycling  conditions.7 Chen  et  al.  demonstrated  that  the

theoretical capacity of the potassium-sulfur battery could reach 1023 Wh kg-1.8 The K

metal batteries coupled with the conversion chemistry electrodes (sulfur or oxygen

cathodes)  could deliver  much higher  energy densities  than that  of  LIBs,  which is

practically attractive for grid-scale energy storage applications.9

Although these studies have showcased the potential capabilities of KMBs, their

further development has been greatly hindered by many challenges,  especially the

uncontrollable growth of K dendrites.10 Tremendous efforts have been proposed to

tackle the uncontrolled K dendrites by altering the solvents, designing artificial solid

electrolyte  interphases  (SEIs),  using  solid-state  electrolytes,  adding  electrolyte

additives and constructing three dimensional (3D) host materials.11-14 These endeavors

have contributed  to  the  development  of  KMBs by alleviating  the  formation  of  K

dendrites to some extent during battery cycling. For example, it has been reported that

the  K  immersion  into  the  fluoroethylene  carbonate  (FEC)  for  two  minutes  is

beneficial to stabilize the K metal anode with a uniform and compact solid electrolyte

interphase  film11.  In  addition,  puffed  millet/NiO  scaffolds  and  MXene/carbon

nanotube scaffolds have been demonstrated to effectively reduce the local electron

and ion densities to suppress K dendrites growth. It was found that the deposited K

metal  was  well-confined  in  the  scaffolds  with  a  smooth  morphology  and  minor

thickness  variation.13,15 Nevertheless,  reports  of  KMBs  possessing  long-term

cyclability  under  practical  cycling  conditions  remain  scarce.  Aiming  to  further

improve  their  performance,  an  in-depth  understanding  of  the  working/decaying
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mechanisms of KMBs are highly desirable. 

From the battery’s components point of view, separators play a pivotal role in

determining the cell  performances  during battery operation. In KMBs,  the  porous

separator together with its interaction with electrode materials and liquid electrolytes

(LEs), significantly affect the ion transport process and electrodeposition behavior of

K. The extensively used separators in rechargeable K batteries are the commercial

polyolefin  separators  and/or  glass  fiber  (GF)  membranes.16 These  separators  have

been  widely  used  in  LIBs  and  various  strategies  have  been  developed  to  further

improve  their  performance,  among  which includes  the  mechanical  and  physical

enhancement,  together with the modification and functionality. These are the most

practical  and  facile  methods  to  improve  the  mechanical/thermal  properties  of  the

commercial  separators.17-19 While  the  crucial  role  of  separators  in  LIBs  has  been

considerably studied, the failure mechanisms of separators in KMBs remain unknown.

Additionally,  different  properties  of  battery  components  in  KMBs,  including  the

mechanical properties of K dendrites, the volume change behavior of K electrodes,

the  solubility  of  decomposition  products  and  SEI  layers  may  exert  dissimilar

influence on separators as that in LMBs.5,20,21 In fact, the interaction/interplay between

K dendrites  growth and separators  under  realistic  electrochemical  conditions  have

been insufficiently studied. 

Herein,  the  exploration  of  the  interaction  between  K  electrodeposits  and

separators  is  elaborately  investigated  based  on  the  in-situ  synchrotron X-ray

tomography technique (SX-CT) in  K|K symmetric cells built with three commercial
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separators (Celgard 2325, 2400, and GF/D). The high-resolution X-ray imaging could

reveal  the  underlying  correlation  between  the  electrochemical  performance  of  the

battery and the battery components’ change in a nondestructive way.22-25 The current

work not only provides direct visualization of the K dendrites growth and propagation

processes,  but  also  correlates  the  electrochemical  behavior  of  batteries  to  the

penetration of  K  dendrites.  In  addition,  3D  SX-CT  data  clearly  reveal  the

accompanying break-down of the widely used commercial separators in presence of

the generated K electrodeposits. Specifically, it has been found that the large pore size

(micron scale) across the glass fiber separators can be easily filled with dendritic K

electrodeposits. It is also revealed that the multilayered Celgard 2325 separators can

be delaminated  into  three layers  by deciduous K dendrites  due to  the  mechanical

stresses  generated  from  the  inhomogeneous  formation  of  K  deposition during  K

plating/striping, as confirmed by finite element method (FEM) analysis. Compared to

Celgard 2325 and GF/D separators, Celgard  2400 separators,  which feature strong

mechanical  properties  and  suitable  thickness,  are  found  to  maintain  high

structural integrity and suppress  the growth of  K dendrites.  This  work affords  the

fundamental understanding of the interaction between K electrodeposits and the used

separators  and  sheds  new  lights  on  developing  rational  strategies  for  high-

performance separators for KMBs.

Results and Discussion

The composition and structure of the employed separators (Celgard 2325, 2400,

and GF/D)  are analyzed and the results are shown in Fig.1. The Scanning Electron
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Microscope (SEM) characterizations of the Celgard separators, as shown in Fig. 1a,b,

obviously show the highly oriented "slit-like" pore structures parallel to the stretching

direction  (uniaxial  stretching  direction).26 Notably,  the  pore  size  of  Celgard  2400

separators are much larger than those of Celgard 2325 separators, as confirmed by

Barrett–Joyner–Halenda (BJH) (Fig.  1c).  Cross-sectional  SEM images  of  both the

membranes (Fig. 1d, e) clearly show that the Celgard 2325 separator is a membrane

composed  of  tri-layers  (polypropylene-polyethylene-polypropylene  (PP|PE|PP)),

while  Celgard  2400  separator  is  assembled  by  bilayer  PP  membranes.27,28 The

amplified  images  (insets  of  Fig.  1d,  e)  not  only  demonstrate  the  existence  of  an

interlayer spacing among the composing layers but also confirm that the thickness of

each layer of Celgard 2325 (~8 µm) was less than that of Celgard 2400 (~12 μm). The

X-ray diffraction (XRD) measurement in Fig. S1 further corroborates the composition

of these multilayer separators.26 Fig.1f presents the SEM result of the GF/D separator,

which is formed by the typical nonwoven glass fibers under low mechanical cohesion

state.29 

7

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

13
14



Fig. 1. (a)-(e) The surface SEM images, BJH desorption pore-size distribution and cross-sections

of Celgard 2325 and Celgard 2400 separators, respectively. The insets of (d), (e) are the enlarged

interface spacing between composing layers. (f) The surface SEM image of GF/D separator. (g)

3D rendered volume of a pristine Celgard 2325 and GF/D immersed into electrolyte 1 M KTFSI

within a K|K symmetric cell. (h) 3D rendered volume of the Celgard 2325 and GF/D within a K|K

symmetric cell after discharging at 0.5 mA cm-2.

The evolution of the interphase between the separator and K electrodes as well as

the morphological  evolution of the electrodeposited K in symmetric  K|K cells  are

visualized  by  in-situ Synchrotron  X-ray  computed  tomography  (SX-CT).  A total

number of 7 cells built with different electrolytes (1M KTFSI (EC/DEC (v/v) =1:1),

0.8 M KPF6 (EC/DEC (v/v) =1:1 and 1M KFSI (EC/DEC (v/v) =1:1)) and cycled

under different conditions are studied. The detailed information of these studied cells

is concisely shown in Table 1. Fig. S2 shows the schematic in-situ measurement setup
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and the corresponding measuring protocols, in which, the customized tomography cell

(tomo-cell) is rotated 180° while 2400 projections of 25 milliseconds exposure time

are collected. The spatial resolution of 1.2 μm is achieved by using the 10X objective

system and a 2 by 2 binning process. The specific battery assembly procedures, SX-

CT measurement parameters,  and tomography data analysis  could be found in the

Methods Section in Supporting Information (SI). The 3D rendering of the uncycled

cell No.1 is shown in Fig.1g, from which the Celgard 2325 separator (green) and the

GF/D  separator  (black)  are  found  to  maintain  their  original  compact  structure.

However, the pristine K foils  soaking in the electrolytes  after  4h show granularly

rough surface with pits and heaves, demonstrating that the SEI on K metal surface is

relatively  unstable  in  carbonate  ester  solvents  due  to  the  intrinsic  high

chemical/electrochemical activity of K metal (Fig. S3).  A SX-CT scan of cell  No.2

after discharging for 67 h (Fig. S4) is conducted to investigate the change of Celgard

2325 and the results are shown in Fig. 1h. It vividly demonstrates that the originally

integrated Celgard 2325 is delaminated into three layers and the pore spaces of GF/D

is filled with a large amount of K dendrites (red dot line). The increase of voltage

polarization  of  the  No.2  cell  (Fig.  S4)  is  in  accordance  with  the  accumulated  K

electrodeposits in which insulating SEI layers would be continuously generated due to

the formation of new surfaces during the electrodeposition process.30

Table 1 The details of the studied cells in the current experiment 

Cell

No.

Electrolyte Current

density

(mA cm-2)

Duration

time (h)

Separator Measurement

protocle

Cell

structure
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1 1 M KTFSI

(EC/DEC (v/v)

=1:1)

0 Celgard

2325+GF/D+

Celgard 2325

Standing Tomo-

cell

2 1 M KTFSI

(EC/DEC (v/v)

=1:1)

0.5 67 Celgard

2325+GF/D+

Celgard 2325

Discharge Tomo-

cell

3 0.8 M KPF6

(EC/DEC (v/v)

=1:1)

0.5 46 Celgard

2325+GF/D+

Celgard 2325

Discharge Tomo-

cell

4 0.8 M KPF6

(EC/DEC (v/v)

=1:1)

0.5 10 Celgard

2325+GF/D+

Celgard 2325

Discharge coin cell

5 1 M KFSI

(EC/DEC (v/v)

=1:1)

0.5/1h 116 Celgard

2325+GF/D+

Celgard 2325

Cycle Tomo-

cell

6 1 M KFSI

(EC/DEC (v/v)

=1:1)

2/0.5h 118 Celgard

2325+GF/D+

Celgard 2325

Cycle Tomo-

cell

7 1 M KFSI

(EC/DEC (v/v)

=1:1)

0.5/1h 160 Celgard

2400+GF/D+

Celgard 2400

Cycle Tomo-

cell

Dendrite growth phenomena have been frequently observed during alkali metal

anodes  electrodeposition  while  their  specific  morphologies  vary  with  electrolyte

components,  the  depth  of  discharge,  current  densities,  cycling  conditions  and

separator.31 Using Celgard 2325 and GF/D separators, different types of electrolytes

and varied depth of cycling conditions are studied in terms of their abilities to "stop"

the  growth  of  K  dendrites  towards  the  separators.  Using  1  M  KPF6-EC/DEC

electrolytes, the cell  No.3 tested in Fig. 2a was short-circuited after 45 h. The short-

circuited  failure  mechanism  may  result  from  the  continuously  accumulated  K

dendrites easily propagating through the membrane. From the in-situ SX-CT images

(Fig.  2e),  K dendrites  are found to approach toward the counter electrode (yellow
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solid line in Fig. 2e), which is consistent with the cell’s electrochemical performance.

Moreover, one can observe that the Celgard 2325 contacting K cathode (defined as

cathode  because  it  experiences  electrodeposition)  is  delaminated  into  three  layers

(between yellow dash lines) by K dendrites and the pores space of GF/D (between

yellow dash line and solid line) are filled with deciduous K electrodeposit aggregates.

These  observations  are in  a stark contrast with  that  of  the  Celgard  2325 separator

nearby K anode (solid yellow line). The segmented tomography data (Fig. 2c) of the

spatial  distribution  of  K  dendrites,  together  with  the  corresponding  integral  3D

rendering  (Fig.  2d),  demonstrate  that  a  large  number  of  K  electrodeposits  have

permeated through the Celgard 2325 separator and then accumulated inside the loose

compartments of the GF/D separator. In addition, the finite element analysis (FEA) is

undertaken to simulate the distribution of equivalent (Von-Mises) stress generated due

to the dynamic volume expansion of K electrodeposits as well as the stress evolution

exerted  on  the  neighbouring  Celgard  2325.32 From this  simulation  (Fig.  2f),  it  is

hypothesized  that  the  delamination  of  Celgard  2325  is  driven  by  the  locally

inhomogeneous pressure generated from K electrodeposits, e.g., the K dendrites. This

agrees well with the observation that K dendrites tend to penetrate through the pores

and stratify the multilayer separators, followed by continuous propagation/migration

towards the GF/D separator. To further understand the dynamic propagation/migration

process  of  the  K  electrodeposits  inside  the  Celgard  2325  separator,  short-time

discharge test (cell No.4) was conducted (Fig. 2b). Because cell No.4 was discharged

for  5 h,  one would expect  that  the amount  of  K electrodeposits  is  less  and some
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electrodeposits  may  grow  through  the  pores  of  the  separator.  This  scenario  is

confirmed by SEM measurement and the results are vividly shown in Fig. 2g, h, and i,

from which  the penetration/trespass  of  K electrodeposits  through the  pores  of  the

separator is unambiguously notable (Fig. 2g). A closer examination further suggests

that the pores’ size become smaller due to K dendrites blocking (Fig. 2h). In certain

areas (blue dash box), it is found that some of the K dendrites are agglomerated on the

surface of separators (Fig.  2i)  after  they have “grow” through them. To conclude,

these results suggest that K electrodeposits can penetrate easily through the pores of

Celgard 2325 separator and continue to grow through the glass fiber membrane.33

Fig. 2. The electrochemical performance and morphological evolution of Celgard 2325 within K|

K symmetric cells (using 0.8 M KPF6 in EC/DEC (v/v) =1:1 electrolyte). (a), (b) The discharge

curves of cell No. 3 and 4, respectively. (c) The volume fraction of K deposition in d) along the
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through-plane direction from cathode K to the anode K. (d) 3D reconstructed volumes of cell No.

3. (e) Cross-sectional view of slice from cell No. 3. (f) Simulation of compression stress of regions

where K deposition contacted with the Celgard 2325.32 (h)  The  SEM image of  Celgard 2325

separator harvested from cell  No. 4. (g), (i) The enlargement of SEM images in green and blue

dash box of Fig. h.

The experiment and simulation shown above provide important insights into how

the Celgard 2325 can be delaminated into three layers by the continuously growing K

electrodeposits,  e.g., dendrites, whiskers and/or filaments, during discharge process.

Practically speaking, understanding the interactions between the separator and the K

electrodeposits under extended cycling condition is highly desirable. For this reason,

two  more  cells  (No. 5,  and  6)  are  electrochemically  cycled  before  the  SX-CT

measurement and their voltage profiles are shown in Fig. 3a, b. The increased voltage

overpotential of these two cells suggest that their failure is caused by a steady increase

of cell impedance, which agrees well with their electrochemical impedance spectrum

(EIS) results (Fig. S5a, b). 34,35 As shown in Fig. S5a,b, the charge-transfer resistance

can be estimated from the diameter of the semicircle, which is inversely proportional

to the surface area. The larger semicircle diameter of the Nyquist plot obtained from

the cycled cells indicates significantly increased charge-transfer resistance, compared

to that of the fresh cells. The increase is attributable to the formation of excessive SEI

and the deposited porous K. The SX-CT results of these two cells are shown in Fig.

3c-k. As shown in the cross-sectional slice of cell No.5 (Fig. 3c), one can observe that

a highly porous and loose K electrodeposits structure, with parts of them disconnected

from  the  current  collector  and  forming  "dead"  K  (Fig.  3c),  is  generated  after
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electrochemical  cycling.  The  enlarged  images  (Fig.  3d,  e)  provide  direct  visual

evidence of the penetration of K electrodeposits through the Celgard 2325 separator,

as  well  as  an  inhomogeneous  distribution  of  K  electrodeposits  during  battery

operation.  In  addition,  one  can  clearly  note  that  the  Celgard  2325  separator  is

stratified into three layers within local regions (Fig. 3d, e, purple dash lines). Fig.3f

shows  an  orthorhombic slice  view  of  the  internal  state  of  cell  No.6  and  the

corresponding slices (along x, y, and z-direction) are individually shown in Fig.3g, h,

and i.  It  can be observed from Fig.  3g that the K electrode becomes porous after

electrochemical  cycling  and  some  of  the  K-metal  domains  are  electrically

disconnected from the current collector, resulting in severe migration of "dead" K

(purple  area)  and  void  space.33 The  delamination  behavior  of  the  Celgard  2325

separator is also obvious in cell No. 6 (Fig.3 g, h, yellow dot lines). The K dendrites

migration/propagation becomes more severe with increased areal current density, as

confirmed from the 3D renderings of cell  No.5 and  No.6 (Fig. 3j, k). The vigorous

propagation/migration  behavior  of  K  electrodeposits  may  be  related  to  their

penetrability of different composing components, such as moss-like, tree-like and/or

needle-like  features.36 These  observations  directly  demonstrate  that  the  physical

deformation behavior of separators can be significantly influenced by the test mode,

e.g., the current density and the electrodeposits morphologies.

14

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

27
28



Fig. 3. Electrochemical data and mechanical degradation of Celgard 2325 and GF/D in cell No.5

and cell  No.6. (a), (b) Galvanostatic cycling curves of cell  No.5 and No.6. (c) 2D SX-CT cross-

sectional slice of cell No.5. (d), (e) the enlarged images of the delaminated separator and blocked

GF by the accumulated "dead" K in black and green boxes in (c). (f), (g), (h), and (i) represent

orthogonal slices and the cross-sectional slices with xz, xy, yz face of the cell  No.6. (j), (k) 3D

reconstructed volumes of cell No.5 and No.6, respectively.

It is worthy to note that the delamination failure behavior of Celgard 2325 in

KMBs is inherently different from the fracture and melting behavior in lithium metal

battery (LMB).37 One may attribute the difference to the high Young’s modulus of Li

whiskers,  up  to  130  MPa,  that  greatly  exceeds  the  Young’s  modulus  of  the
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separator.38,39 In addition,  the shear  modulus  of potassium metal  (1.3 GPa) is  also

lower  than  that  of  lithium  metal  (4.1  GPa),  which  is  potentially  another

explanation.5,,40 The lamination  of  Celgard  2325 separator  indicates  that  the  weak

interaction force among the PP/PE/PP layers could not sustain the dramatic volume

change of K-nearly 4 times larger than that of Li-during potassium plating/stripping

process. Nevertheless, it has to be noted that the mechanical integrity of the separators

is mainly related to the manufacturing process using winding machines to laminate

the three independent layers into one single separator by mechanical compression.37

Based on the previous knowledge, the growth of K dendritic structures may be more

easily alleviated by employing separators of higher mechanical stability.41-43 
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Fig.  4. The  electrochemical  data  and  morphology  of  K electrodeposits  in  cell  No.7.  (a),  (b)

Galvanostatic cycling curve and electrochemical impedance spectrum of cell No.7 after discharge

for 160 h. (c) Comparison of average CE values of K|Cu cells built using different separators in

three electrolytes of 0.8 M KPF6, 1 M KTFSI, and 1M KFSI in EC/DEC (v/v) =1. (d) 2D cross-

sectional slice of cell  No.7. (e) The enlarged image of the green dash box in Fig.  4c. (f),  (g)

Horizontal slices corresponding to the pink and red dash line in Fig. 4c. (h) Horizontal slice of

deposited K close to the Celgard 2400 separator. (i), (j) The enlarged images of deposited K in the

pink (7) and red (8) dash box of Fig. 4g. (k) 3D rendering of cell No.7, the yellow and brick-red

regions represent bulky K depositions, and porous structure, respectively. 

Compared with Celgard  2325 separators,  Celgard  2400 separators,  which are

consisted  of  two thick-layers  membrane  of  polypropylene  (PP),  possess  relatively
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higher mechanical integrity.44,45 To probe the mechanical effect of Celgard 2400 on the

electrochemical  deposition/dissolution  behavior  of  K,  galvanostatic  cycling  of

symmetric cell (No.7) built with Celgard 2400 at 0.5 mA cm−2 is conducted and the

results  are  shown in  Fig.4.  As  shown in  Fig.  4a, the  cell  displays  stable  voltage

hysteresis without obvious fluctuations over the course of a 160 h experiment. The

smooth and flat voltage profile suggests that the Celgard 2400 separator can ensure a

homogeneous  K  deposition/dissolution.  The  EIS  (Fig.  4b)  result  reveals  a  much

smaller interfacial resistance of the symmetrical K|K cell built using the Celgard 2400

separator compared with that using Celgard 2325 (Fig. S5).  The average CE values

(Fig. 4c) also demonstrate that cells built with different separators possess varying

electrochemical performance. As shown in Fig. 4c, one can observe that the CE values

of the cells built with the Celgard 2400 separator in all studied electrolyte are the

highest compared with other cells. For example, the average CE of the cell built the

Celgard 2400 separator and KPF6  electrolyte is 73.9%, while the cells built with the

Celgard 2325 and GF/D separators were short circuited during cycling. The SX-CT

results shown in Fig.4d-k provide extra insights into the improved electrochemical

performance  of  cell  No.7,  together  with  the  experimental  evidence  that  the

morphology of K electrodeposits can be tuned by using separators of high mechanical

property.  As  shown  in  Fig.  4d  and  e,  it  can  be  observed  that  the  Celgard  2400

separator is slightly delaminated into two flat PP sheets by the insertion of a small

amount  of  electrodeposited  K  (yellow  dash  lines  1  and  2).  The  location  where

electrodeposited K could insert into the two PP layers may be an engineered artifact
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of binding two thick PP layers during the manufacturing process,46 which agrees well

with the SEM image of Fig.  1e.  The  morphological  changes  of Celgard 2400 are

further shown in area 2 of Fig. 4e and area 4 of Fig. 4g (in-plan image corresponding

to the red dash line in Fig.4d), from which one could observe that the dense PP layer

(region  3  of  Fig.  4g)  became  loosened.  The  in-plane  image  of  GF/D  (Fig.4f,

corresponding to  the  pink  dash line  in  Fig.4d)  nearby Celgard  2400 shows no K

dendrites aggregating. This indicates that the Celgard 2400 separator  is favorable to

prevent  the growth of dendritic  K electrodeposits  and penetration  due to  its  thick

nature and enhanced mechanical structure. In addition, as shown in Fig. 4g (area 5),

cycled K metal displays a flat and bulky morphology with a small amount of foam-

like K (area 6 of Fig. 4g). Observed from the top view (Fig. 4h, i), the compacted

aggregates of granular K of sizes in the range of a few microns further confirms the

same finding,  i.e.,  a relatively flat  and bulky K electrodeposits  are generated.  The

denser K deposition would lead to less exposure to the electrolyte, thus reducing the

detrimental decomposition reactions and improving battery cyclability. The foam-like

structures show distinct boundaries that are different from the previously scattered

dendrites. The currently observed foam-like structures may be formed due to repeated

stripping and plating of granular potassium (Fig. 4j). The corresponding 3D rendering

(Fig. 4k) provides a more direct and comprehensive picture of the distribution of the

compacted  K  deposition  (yellow  regions  in  Fig.  4k).  Furthermore,  the  GF/D

membrane  keeps  its  original  state,  and  few  "dead" K  dendrites  can  be  observed

within.  These  results  clearly  indicate  that  the  Celgard  2400  separator  possessing
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higher  mechanical  integrity  and  strength  could  relatively  suppress  the  growth  of

"dead" potassium dendrites and enable reversible K plating/stripping. The underlying

cause  may  be  explained  by  the  knowledge  obtained  during  the  study  of  Li

electrodeposition/electrodissolution.  For  Li  metal  anode,  the  discovery  of  the

existence  of  an  optimum pressure  that  facilitates  the  electrochemical  kinetics  and

mass  transport  processes  of  lithium  ions  is  previously  reported.47 Furthermore,

previous studies also showed that stiff compacting nanocomposite separator of high

Young's  Modulus  helped  to  alleviate  Li  dendrite  formation  and  provide  a  stable

interface  for  lithium  electrodeposition/stripping.48 Considering  the  much  lower

mechanical  modulus  of  K deposition  in  the  present  study, the  stiff  Celgard  2400

separator may provide sufficient and uniform uniaxial stack pressure during battery

operation. Thus, it can effectively improve K nucleation and growth process during

electrochemical deposition. The formation of bulky-type K electrodeposit is desirable

since it has been widely accepted that the morphology is one of the determinantal

factors that influence the cycle life of alkalis metal batteries.47-48 The large bulky-type

K electrodeposits with minimal tortuosity can ensure continuous electron conducting

pathway during stripping process, and reduce the amount of isolated K and facilitate

high CE.49      

The  mechanism  of  the  interaction  between  the  K  electrodeposits  and  the

separators  is  proposed in  Fig.  5.  During  K electrodeposition  (Fig.  5b), uneven K

depositions  caused by nonuniform thickness  and fragile  tips  can  accelerate  the  K

dendrite  growth,  which  could  immensely  disturb  the  distribution  of  the  generated
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pressure. In the meantime, the dendritic K electrodeposits with high activity would

lead  to  continuous  dissolution  and  regeneration  of  SEI.  During  the  extended

electrochemical cycling, these dendritic K electrodeposits could penetrate through the

pores of the Celgard 2325,  accumulate within the locations between the tri-layers,

stratify the separator and finally propagate into the  loose pores of GF/D membrane

(Fig.5b), resulting in severe battery polarization or short-circuit. Therefore, separators

with  loose  pore  structure  are  more  vulnerable  to  fail.  In  contrast,  Celgard  2400

separators of high mechanical integrity and bulk Young’s modulus are desirable to

facilitate  compact  K  deposition  to  some  extent  (Fig.5b).  It  is  assumed  that  the

dendrite-free potassium electrodeposits  and self-adaptable pressure originated from

separators could significantly improve the reversibility of K metal anodes. The self-

adaptable  pressure  generated  by  high  mechanical  separators  would  surpass  the

generation of dendritic K electrodeposits and facilitate the formation of bulky-type K

electrodeposition. These  results  suggest  that  the  intricate  interplay  between  K

electrodeposits and the separator critically affect the cyclability and safety of KMBs.
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Fig.  5.  Schematic  illustration  of  the  morphology  evolution  of  the  separator  during

electrodepositing,  (a)  A uniform  K  electrodeposition  under  a  separator  of  ideal  mechanical

integrity.  (b)  An  un-uniform  K  electrodeposition  under  separators  of  low/high  mechanical

integrity. 

3. Conclusion

In  summary,  we  have  investigated  the  underlying  interplay  between  the

potassium electrodeposits and used separators by using customized tomography cells

under  various parameters,  i.e., electrolyte,  depth  of  discharge,  and  cycling  current

density. Combining the in-situ visualizations of the customized tomography cells with

the  SEM  analyses  of  the  widely  studied  coin  cells  provides  a  reliable  and

comprehensive platform to assess the performance of the commercial separators. Our

work  highlights  the  importance  of  correlating  electrochemical  responses  to  the

morphological  changes  of  the  electrode/separators.  These  results  unambiguously

demonstrate  that  the  Celgard  2325  separator  can  be  easily  delaminated  by  the
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continuously  growing and unevenly distributed  K electrodeposits.  In  addition,  the

results also suggest that the loose space within the GF/D separator can function as a

suitable "accommodation" for the accumulated K dendrites.  In the last,  the results

imply that the Celgard 2400 separator which features relatively enhanced structural

integrity  and  mechanical  robustness  can  restrain  the  growth  of  K  dendrites  and

maintain  interfacial stability.  Considering  that  the  formation  of  dendrite-free  and

bulky-type  K  electrodeposits  improves  the  reversibility  of  K  anode,  such

unprecedented  enhancement  of  battery  electrochemical  behavior  by  using

mechanically improved separator represents a critical step towards new design rules

of  next-generation  separators.  Therefore,  the  self-compacting  nanocomposite

separator,  and  solid  electrolyte  with  high  mechanical  flexibility  and  self-healing

ability may enable practical K metal batteries. To conclude, the direct visualization of

the interplay of  the interface  chemistry and the K plating/stripping opens up new

opportunities  to  understand  the  mechanism  of  the  K  deposition  morphology.

Combining  such  visualization  technologies  with  other  complementary  techniques,

such as in-situ TEM, cryo-EM, and FIB-SEM would be critical to further reveal the

underlying mechanisms of nucleation and growth process of K electrodeposits. 

Appendix A. Supplementary information 

Supplementary  data  associated  with  this  paper  about  the  experiment  section  and

related

details can be found online .
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