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Electrolytes  are  critical  for  achieving  high  performance  potassium
ion batteries (PIBs) because of their ability to modulate the solid elec-
trolyte interphase (SEI). However, the compositions of SEI in conven-
tional  electrolytes  are  either  anion-derived  inorganic-rich  com-
pounds  or  solvent  molecule-derived  short-chain  organic-rich  com-
pounds.  These  SEI  are  generally  inelastic  and  cannot  effectively  re-
lieve  the  stress  changes  caused  by  volume  changes  during  the
charge/discharge processes. Here, we constructed long-chain organ-
ic-rich SEI (LO-SEI) with high elasticity by introducing a green and harmless long-chain solvent of dicaprylyl carbonate
(DCC), thus greatly improving the performance of PIBs. As a result, a long stability of more than 1500 cycles (86.7% capa-
city retention) for graphite half-cells and more than 3700 hours for K||K symmetric cells are achieved. In addition, the
elastomeric LO-SEI-based full cell is capable of stable operating for more than 130 cycles (84.3% capacity retention). This
work may open new ideas for constructing long-chain elastic interphases to achieve high-performance batteries.

 
 

P otassium-ion  batteries  (PIBs)  are  one  of  the  most
promising  energy  storage  devices,  taking  advant-
age  of  the  abundant  potassium  resources  and  the

low standard reduction potential of potassium[1–4]. As known,
the graphite anode possesses the advantages of low cost and
high  energy  density,  and  is  used  as  the  most  common  elec-
trode material in the field of secondary batteries[5].  However,
the  cycling  stability  of  graphite  anodes  is  limited  in  conven-
tional  electrolytes.  Therefore,  the  development  of  new  elec-
trolytes  capable  of  stabilizing graphite  anodes is  essential  to
facilitate the industrialization of PIBs.

The electrolyte engineering, including the development of
new  salts[6,7] or  new  solvents[8] or  changes  in  salt  concentra-
tion[9],  have  significant  impact  on  the  electrochemical  per-
formance  of  battery.  Particularly,  the  decomposition  of  elec-
trolyte  could  construct  solid  electrolyte  interphase  (SEI)  on
the  graphite  anode,  which  is  a  promising  pathway  for  regu-
late  battery  performance[10–16].  Broadly  speaking,  the  cur-
rently  conventional  electrolyte-generated  SEI  is  mainly  di-

vided  into  anion-derived  inorganic-rich  SEI  (I-SEI)[17,18] or
solvent  molecule-derived  short-chain  organic-rich  SEI[19,20]

(SO-SEI).  Fervent  researches  had  proved  the  I-SEI  can  effect-
ively  facilitate  ion  transport[21–28],  while  it  is  also  fragile.  The
imperfection  of  I-SEI  come  up  with  repeatedly  fracture  and
growth  due  to  the  volume  change  during  the  cycling[29–32],
subsequently  with  electrolyte  sacrifice[33].  Moreover,  the  an-
ion-dominated  behavior  of  I-SEI  generally  requires  a  relat-
ively high salt concentration (> 3 M), while the high cost and
viscosity  have  hindered  their  practical  application  [in  this
work, “M” stands for molar concentration, i.e., mole of salt dis-
solved in a liter of solvent (not the electrolyte solution)][34–37].
Current  solvent  molecule-derived  SO-SEI  possesses  the  mer-
its  of  low  Young's  modulus,  better  flexibility  and  non-
fragility[29,38–40]. However, SO-SEI has a very short life span and
cannot  be  popularized  on  a  large  scale[38,41,42].  In  addition,
many electrolyte solvents are toxic and may cause damage to
the  human  body  when  the  leakage  of  electrolyte  was
happened.  Therefore,  exploring  green  solvents  with  im-
proved elasticity  of  SEI  to  relieve the volume changes  might
be more feasible to stabilize PIBs.

Due to the failure of SO-SEI, we started to consider the use
of  long-chain  solvents  to  modulate  the  organic  interphase.
Herein,  we  expanded  the  short  molecular  chain  of  the  com-
mercial  electrolyte  dimethyl  carbonate  (DMC)  to  obtain  the
green  and  harmless  long-chain  solvent,  dicaprylyl  carbonate
(DCC)  (Figure 1a).  We  applied  dcc  solvent  to  our  hands  to
confirm its biosafety. DCC is a biosafety solvent and has been
commonly used as an additive in skin care products because
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of its  extremely dry skin feel  and good spreading properties,
comparable  to  volatile  silicone oil.  1  M potassium bis(fluoro-
sulfonyl)imide (KFSI)  salt  was dissolved in a  mixture of  ethyl-
ene carbonate (EC) and DCC solvents to modulate the solva-
tion  properties  and  organic  interphase  with  long-chain  mo-
lecules. Consequently, the graphite anode delivers more than
1500 cycles at a current density of 100 mA g−1 (capacity reten-
tion  of  86.7%)  with  an  average  Coulombic  efficiency  of  over
99%. Moreover, the cycle time of K||K symmetric cell exceeds
3700 hours.  Compared  with  conventional  electrolyte  of  1  M
KFSI in EC/diethyl carbonate (DEC), the long-chain electrolyte
of 1 M KFSI-EC/DCC demonstrates superior performance.

 Materials and Methods

 Materials and Chemicals
KFSI (98%), DEC (99%), DCC (98%), EC (99%), polyvinylidene

fluoride  (PVDF),  lithium  bis(fluorosulfonyl)imide  (LiFSI,  98%),
Ketjen black, 3,4,9,10-perylenetetracarboxylic diimide (PTCDI,
95%)  were  purchased  from  Shanghai  Macklin  (China)  Bio-
chemical Co., Ltd. Aluminum foil, copper foil and commercial
graphite were purchased from Kejing (China) Materials Tech-
nology Co., Ltd. All materials were used as received.

 Electrolyte and Electrode Preparation
The graphite anode was prepared by mixing the active ma-

terial  with  Ketjen  black  and  PVDF  in  the  mass  ratio  of  8:1:1.
Then the slurry was evenly applied to the copper foil and put
into a vacuum drying oven at 80 °C for 12 hours. The loading
mass of the graphite anode was approximately 0.8 mg cm−2.
PTCDI cathodes were prepared by mixing PTCDI powder with
Ketjen black and PVDF in the mass ratio of 7:2:1. The slurry is
evenly applied to the copper foil and vacuum drying at 80 °C
for 24 h. The loading area of the PTCDI cathode was approx-
imately 1 mg cm−2. The electrolytes were prepared by adding
different  amounts  of  KFSI  powders  to  the  corresponding
EC/DCC (1:1 in vol.) or EC/DEC (1:1 in vol.) solvent mixture, re-
spectively,  in an argon-filled glove box with oxygen and wa-
ter content of < 0.1 ppm.

 Electrochemical Measurements
For  half-cells,  graphite  anodes  were  used as  working elec-

trodes and potassium foils as reference electrodes to prepare
2032-type coin cells with electrolytes. Glass fibers (Whatman)
were adopted as the separators. The amount of electrolyte for
each  coin  cell  was  approximately  80 µl.  The  electrochemical
properties were tested using a Neware BTS-53 instrument. For
full  cells,  graphite  anodes  are  pre-cycled  5  times  in  EC/DCC
and PTCDI  cathodes are  pre-cycled 10 times in  EC/DCC elec-
trolyte. The capacity of the anode was higher than that of the
cathode (with a ratio of 1.05/1).

 Material Characterizations
To  characterize  the  X-ray  photoelectron  spectrometer

(XPS),  atomic  force microscope (AFM) and transmission elec-
tron microscopy (TEM) properties of the circulating electrode,
the PIBs were disassembled in a  glove box and washed with
EC/DCC solvents to remove the potassium salt. TEM imagines
were  collected  using  the  Tecnai  F20.  The  stress  curve  of  SEI
was measured by AFM (Bruker Dimension Icon). XPS measure-
ments  were  performed  using  Thermo  Scientific  KAlpha.  The

electrochemical workstation tests the electrochemical imped-
ance  spectroscopy  of  K||graphite  half-cells  in  the  frequency
range  of  10−2-105 with  a  voltage  amplitude  of  10  mV.  The
thermal  weight  tests  were  carried  out  in  the  thermal  gravi-
metric analyzer (TGA, METTLER TOLEDO TGASDTA851e).

 Calculation Method
The  first-principles  calculations  were  performed  in  the

Gaussian  (G09)  procedure,  and  the  parameter  mixing  meth-
od uses the Lee-Yang-Parr correlation generalization function
(B3LYP)  The  basis  was  set  to  6-311G++G(d,  p).  Solvation  ef-
fects  was  considered  with  an  integral  equation  formalism
variant  polarization continuum (IEFPCM) model.  The binding
energy  (Eb)  between  the  solvent  and  the  lithium  ion  was
defined as defined as following:

Eb = Etotal−EK −Esolvent (1)
Etotal, EK,  and Esolvent are  the  total  energy  of  the  K+–solvent

complex, K ion, and a solvent, respectively.

 Result and Discussion

Because  of  the  cost  is  a  main  factor  that  must  be  con-
sidered before doing experiments. We firstly investigated the
price  from  the  products  of  DMC  carbon  chain  lengthening,
and found that dipropyl carbonate (DPPC), dibutyl carbonate
(DBC), dipentyl carbonate (DPC), and dihexyl carbonate (DHC)
are too expensive, while DCC is very suitable (Supplementary
Figure 1).  In addition, the SO-SEI formed by the conventional
solvation  structure  of  the  electrode  solution  is  always  in-
homogeneous,  which can lead to  an inferior  cycle  life  of  the
battery.  This  work  uses  DCC  solvent  to  modulate  the  solva-
tion structure and the organic-rich interphase, aiming to form
a  uniform  and  elastic  long-chain  organic-rich  SEI  (LO-SEI),
which expected to stabilize the battery cycle and extend the
operating life of the battery (Figure 1b, c). Before starting the
formal  experiments,  we  have  investigated  the  highest  occu-
pied  molecular  orbital  (HOMO)  and  lowest  unoccupied  mo-
lecular  orbital  (LUMO)  energy  levels  as  well  as  the  physical
and  chemical  properties  of  several  solvents  (Supplementary
Tables 1, 2). DCC exhibits lower LUMO levels compared to EC
and DEC, so it is preferentially reduced to form SEI on graph-
ite anodes[43], which facilitates the acquisition of DCC-derived
LO-SEI.  As  shown  in Figure 1d,  the  high  degree  of  overlap
between  the  approach  and  retract  curves  obtained  with  the
AFM probe force curve represents the good elasticity of SEI in
the  presence  of  LO-SEI  (see  detailed  discussion  later),  espe-
cially the point 1 and 2 overlap is particularly important.

The evolution of the K metal is shown in Figure 2a. We pre-
pared 1 M, 3 M KFSI in EC/DEC conventional electrolytes and 1
M, 2 M,  3 M KFSI  in EC/DCC novel  electrolytes.  The K||K sym-
metric cells can operate for 580 hours with 1 M KFSI in EC/DEC
electrolyte,  which  is  much  lower  than  that  with  1  M  KFSI  in
EC/DCC  electrolyte  (3700 hours).  Moreover,  the  polarization
voltage  of  K||K  cells  with  1  M  KFSI  in  EC/DCC  electrolyte  is
much  lower  than  that  with  1  M  KFSI  in  EC/DEC  electrolyte
(Figure 2b),  which  indicates  the  outstanding  performance  of
LO-SEI on stabilizing potassium-metal symmetric cells.

With 1 M KFSI in EC/DCC as electrolyte, the graphite||K cell
delivers  a  stable  cycling  performance  for  more  than 1500
cycles,  maintains a reversible capacity of  about 260 mAh g−1
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with an average Coulombic efficiency over 99%, which could
be further verified by the highly consistent charge-discharge
curve after  300 cycles  (Figure 2c).  In  contrast,  the graphite||K
cells  using  conventional  low-concentration  carbonate  elec-
trolytes  show  rapid  capacity  decay,  and  merely  remain  a  re-
versible  capacity  of  110  mAh  g−1 after  30  cycles  (Figure 2d).
Even using a high concentrated conventional electrolyte, the
graphite half-cell  still  suffered from capacity decay,  leaving a
reversible capacity of only 180 mAh g−1 after 280 cycles.

Cycling  performance,  capacity  retention  and  electrolyte
concentration are the key electrochemical  parameters  of  the
cell. Figure 2e, f show some of the electrochemical properties
of  the  commonly  used  electrolytes[2].  We  verified  the  per-
formance  of  the  conventional  concentration  new  long-chain
electrolyte  in  graphite  half-cells  (Figure 2f),  and  the  typical
charge-discharge curves are shown in Supplementary Figure
2. It can be seen that the cycling performance of I-SEI formed
with DCC electrolyte is also very good for high concentration,
with 3M KFSI in EC/DCC cycling over 600 cycles (94.9% capa-
city  retention).  However,  the  LO-SEI  with  1M  KFSI  in  EC/DCC
has  a  definite  advantage,  which  is  a  great  improvement  for
the  PIBs.  The  cell  has  been cycled  for  more  than 12  months,
and  such  excellent  cycling  performance  is  a  direct  proof  of
the advantages of LO-SEI.

To verify our conjecture of LO-SEI, we performed character-
ization of the graphite surface after 5 cycles under several dif-
ferent electrolytes (Figure 3a-d). The XPS characterization res-

ults  showed  that  all  the  graphite  after  cycling  had  7  peaks
corresponding to F 1s, O 1s, N 1s, K 2p, C 1s, S 2s, and S 2p, and
it  is  noteworthy that the new long-chain solvent as the elec-
trolyte  in  the  graphite  electrode  sheet,  a  chain  carbon  peak
can be observed around 288.9 eV[44] (Figure 3b), this could be
a  credential  for  the  involvement  of  DCC  molecules  in  SEI.  In
addition,  they  all  have  peaks  such  as  K  2p,  C-O  (285.6  eV),
C=C/C-C (284.8 eV), and several peaks have approximately the
same content[45–47]. On the characteristic peaks of S 2p sever-
al electrolytes existed peaks of KHSO4 (169.6 eV), K2SO4 (168.5
eV),  K2SO3 (166.2  eV)  (Figure 3c),  these  compounds  were
formed due to the decomposition of KFSI[5,48].  The difference
is  that  the  characteristic  peak  of  K2S2O3 (161.8  eV)  is  also
present in both high concentration electrolytes, and the relat-
ive  content  of  each  element  can  be  obtained  by  combining
the results of the N 1s and F 1s tests (Supplementary Figure 3).
Moreover, the results show that the organic content (ratio of
C 1s and O 1s) of the 1 M EC/DCC electrolyte (64.3%) is much
higher  than that  of  the 3  M EC/DCC (58.1%)  and 3M EC/DEC
(49.6%) (Supplementary Figure 4), suggesting that an organic
dominated SEI was formed.

In addition, we performed AFM stress tests on graphite SEI
after 10 cycles with 3 M KFSI  in EC/DCC, 1 M KFSI  in EC/DEC,
and  1  M  KFSI  in  EC/DCC  electrolytes  (Figure 3e-g).  Approach
and retract curves represent stress curves of the probe on ap-
proach  and  retract.  From  point  1  to  point  2,  the  AFM  probe
approaches the sample surface driven by the extension of the
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Fig.  1    a Molecular  design to grow a  range of  products  with terminal  substituents  and to regulate  the solvation properties  of  solvent  mo-
lecules. The small picture shows the comparison before and after applying the hand with DCC solvent. SEI morphology on graphite anode and
solvation structure of b conventional and c long-chain electrolytes. d Schematic diagram of the effect of long-chain organic molecules on the
elasticity of SEI.
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piezoelectric body. The negative peak force between point 1
and point 2 is due to the attractive force (Van der Waals force)
between  the  sample  surface  and  the  AFM  probe[49].  The
sample  starts  to  deform  at  point  2  and  continues  to  deform
under  the  downward  force  exerted  by  the  bending  stress
(point 2 to point 3). Point 3 to point 4 and then to point 1 rep-
resent  the  curve  of  probe  retraction.  For  anaphylactic  mo-
lecules, the SEI breaks just as the probe begins to deform and
the  subsequent  curve  is  the  stress  on  the  graphite  surface
(Figure 3e). For organic small molecules, the approach and re-
tract  curves  barely  overlap  indicating  poor  elasticity  (Figure
3f).  In contrast,  LO-SEI has a high degree of overlap between
point 2 to point 3 and point 3 to point 4 (Figure 3g), proving
its good elasticity. Its poor overlap in one section may be due
to the fact that in indentation tests, perturbations such as sur-
face roughness, surface contaminants, small particle agglom-
eration  or  sliding  are  usually  manifested  as  irreversible  pro-
cesses,  which  are  reflected  as  irregular  perturbations  in  the
mechanical curves.

To  observe  the  morphology  of  SEI  more  visually,  we  per-
formed  TEM  characterization  of  graphite  electrode  after  10
cycles with four different electrolytes (Figure 3h, i and Supple-
mentary Figure 5).  The results  show that  the SEI  on graphite

surface is uniform and thin with the 1 M KFSI in EC/DCC elec-
trolyte.  Moreover,  it  can  be  seen  that  the  thickness  and  uni-
formity of LO-SEI are well maintained after 50 cycles (Supple-
mentary  Figure  6),  which  is  the  direct  reason  why  the  new
long-chain electrolyte can stabilize the graphite cycle.

In order to compare the thermal  volatility  of  the two elec-
trolytes,  thermo-gravimetric  tests  were  performed.  The  res-
ults  of  the thermo-gravimetric  analysis (TGA)  show  that  the
weight  of  the  EC/DEC  electrolyte  decreases  started  from  50
°C,  and  more  than  78%  of  the  weight  decreases  due  to
solvent  volatilization after  heating to 250 °C (Supplementary
Figure 7).  In  contrast,  EC/DCC electrolyte are less  volatile  be-
low 250 °C,  whose weight decrease of 38.34%. This indicates
that EC/DCC electrolyte have a higher thermal tolerance and
exhibit better thermal volatility compared to EC/DEC.

In  addition,  the  electrochemical  behaviors  of  DCC-based
electrolytes  in  Li-ion  batteries  (LIBs)  are  further  investigated,
as  shown  in  Supplementary  Figure  8.  The  cycling  perform-
ance of Li||graphite half-cell with 1 M LiFSI in EC/DCC electro-
lyte is evaluated at a current density of 100 mA g−1. It can be
seen that the charge-discharge curves remain highly consist-
ent within 80 cycles (Supplementary Figure 8a), and the Cou-
lombic efficiency is close to 100% (Supplementary Figure 8b).
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The  LO-SEI  generated  from  DCC  solvents  was  demonstrated
to have excellent performance in the field of LIBs as well.

The  binding  energy  has  an  important  effect  on  the  SEI
composition[50,51].  We  calculated  the  binding  energy  of  the
selected solvents with K ions using the first-principle calcula-
tions.  The  results  in  Supplementary  Figure  9  show  that  DCC
has  the  smallest  interaction  with  K  ions  with  a  binding  en-
ergy of -0.30 eV, which favors the desolvation process and the
formation of LO-SEI on anode by selective decomposition[50].
We  infer  from  the  characterization  (Figure 3a-g)  and  compu-
tational simulation results (Supplementary Figure 9) that DCC
is preferentially involved in the formation of SEI.

To  further  verify  the  practicality  of  the  long-chain  solvent,
we  constructed  a  full  cell  with  graphite  as  the  anode  and
PTCDI as the cathode. We first investigated the PTCDI||K half-
cell  (Figure 4a, b),  and  found  that  the  DCC-based  electrolyte
was  able  to  increase  the  cycle  life  of  PTCDI  organic  cathode
up to 1000 cycles. Figure 4c shows the normalized charge/dis-
charge  curves  of  PTCDI||graphite  full-cell  and  the  PTCDI||K
cathodes  and  graphite||K  half  cells.  The  N/P  of  graphite  and
PTCDI  is  about  1.1:1. Figure 4d shows  the  charge/discharge
curves of the full-cell from 5 to 90 cycles, the good overlap of
charge/discharge  curves  further  indicating  the  good  cycling
stability  of  the  full-cell.  It  can  be  seen  that  the  full-  cell

provides  a  reversible  capacity  of  94.3  mAh  g−1 after  130
cycles,  corresponding  to  a  capacity  retention  of  84.3%  (Fig-
ure 4e). Figure 4f shows a comparison of the performance of 1
M KFSI in EC/DCC and conventional 1 M KFSI in EC/DEC elec-
trolytes.  By  introducing  DCC  solvent  to  construct  long-chain
SEI, the 1 M KFSI in EC/DCC electrolyte can overcome the dis-
advantages  of  conventional  1  M  KFSI  in  EC/DEC  electrolyte,
thus  leading  to  an  enhancement  on  cycling  stability  and
thermal volatility.

 Conclusion

In this work, a new green and harmless long-chain solvent
of DCC is proposed to achieve stable operation of PIBs at low
electrolyte  concentrations.  The  DCC  solvent  could  regulate
the  solvation  sheath  of  electrolyte,  leading  to  DCC-derived
LO-SEI. The formed LO-SEI is homogeneous and highly elastic,
and could further inhibit the solvent decomposition, improve
the electrochemical performance of K metal and graphite an-
ode as  well  as  full-cells.  Furthermore,  this  is  the first  applica-
tion of  DCC in  systems involving battery  electrolytes,  and its
excellent  electrochemical  performance  is  expected  to  be  ex-
tended to various battery systems (Supplementary Figure 7),
especially  those  with  commercially  available  positive  and
negative electrodes (e.g., LIBs and Na-ion batteries).
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