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1. Introduction 

Potassium (ion) batteries (KIBs) are of 

great interest due to the abundant potas- 

sium resources, low cost, and good sus- 

tainability, which are promising to be 

alternatives of lithium-ion batteries (LIBs) 

as the next-generation energy storage 

systems.[1]     This   is   more   attractive  as 

considering  the  potential  of  K/K  redox 

couple. This value is exceptionally nega- 

tive (i.e., 2.936 V vs standard hydrogen 

electrode [SHE]) and even  comparable  to 

3.040 V of Li/Li,[2] enabling the KIBs 

easier to pursue the higher energy density 

than that of current sodium-ion battery 

(2.714 V of Na/Na, vs SHE).[3] Thus, 

many kinds of cathodes (e.g., metal lay- 

ered oxide,[4] polyanionic compound,[5] 

Prussian blue analogs,[6] organic mate- 

rials,[7] and metal-organic frameworks[8]) 

are being synthesized intensively  based  on 

the similar strategies of synthesizing 

lithium or sodium interacted compounds 

as reported before.[9] As the counterpart, 

the anodes, including the carbon-based 

materials,[10] alloys,[11] metal oxides,[12] and 

transition metal chalcogenides,[13]  are also 

being widely developed. Among these anode materials, the 

graphite is still the most promising anode due to the features of 

low voltage platform, abundant resources, and environment- 

friendly.[10a] Particularly, the storing mechanism through the 

metal ions (de-)intercalation (e.g., Li, K) within the graphite 

can guarantee the safety of KIBs.[14] The safety issue of KIBs is 

more important because the potassium has much higher activi- 

ties and more dangerous than that of lithium. [15] Thus, storing 

the K within the graphite reversibly is a precondition for the 

commercialization of the KIBs. 
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However, the incompatibility of electrolyte and graphite 

always leads to failure in storing K, which has become a great 

challenge in KIBs.[16] This is because the electrolyte decompo- 

sition and/or graphite exfoliation (i.e., K-solvent co-insertion) 

always exist in KIBs, while these problems are hard to over- 

come. Recently, the strategy of super-high concentrated electro- 

lyte is being proposed to address the incompatibility issue, [17] 

but the raised-cost and high viscosity need to be addressed in 

practical applications. Herein, we introduce a new concept of 

using additives to engineer electrolytes, which can make the 

Potassium ion batteries (KIBs) are attracting great attention as an alternative 

to lithium-ion batteries due to lower cost and better global sustainability of 

potassium. However, designing electrolytes compatible with the graphite 

anode and addressing the safety issue of highly active potassium remains 

challenging. Herein, a new concept of using additives to engineer non- 

flammable electrolytes for safer KIBs is introduced. It is discovered that the 

additives, such as the ethylene sulfate (i.e., DTD), can make the electrolyte of 

1.0 M potassium bis(fluorosulfonyl) imide in trimethyl phosphate compat- ible 

with graphite anode for the first time, without the need of concentrated 

electrolyte strategies. A new coordination mechanism of additives in the 

electrolyte is presented. It is shown that the additive can change the K  sol- 

vation structure and then determine the interfacial behaviors of K-solvent on 

electrode interface, which are critical to affect the graphite performance (i.e., 

K-solvent co-insertion, or K  (de-)intercalation). Then, an extremely high 

potassium storage capability is obtained in graphite electrode for potassium 

(ion) batteries, particularly the presented high-performance graphiteK0.69CrO2 

full battery fully demonstrates the practical application of this newly designed 

electrolyte. This additive-based strategy can offer more opportunities to tune 

the electrolyte properties and then serve for the more mobile ion battery 

system. 
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Figure 1. Schematic illustration of strategies used for making electrolyte 
compatible with graphite in potassium (ion) batteries. Concentrated elec- 
trolyte strategy (i.e., low solvent/K molar ratio around 2–4) versus our pre- 
sented concept of additive engineered electrolyte (i.e., high solvent/K molar 
ratio around 8–9). The green ball represents the K cations in the electrolyte. 

 
electrolyte  compatible  with  the  graphite,  without  the  need  of 

using  the  concentrated  electrolyte.  We  discover  that  the  basic 

unit of electrolyte (i.e., K  solvation structure) can be tuned by 

the  additives  (e.g.,  ethylene  sulfate,  DTD),  then  the  graphite 

performance  (i.e.,  K   (de-)intercalation  or  K-solvent  co-inser- 

tion) can be finely controlled. In this way, a new nonflammable 

electrolyte  of  1.0  M  potassium  bis(fluorosulfonyl)  imide  (KFSI) 

in  trimethyl  phosphate  (TMP)  compatible  with  graphite  was 

designed, in which a high potassium storage capability can be 

achieved. Besides, a safer and high-performance KIBs composed 

of  graphiteK0.69CrO2  was  configured  for  practical  applications 

based  on  the  newly  designed  electrolyte.  This  work  discovers 

the  important  role  of  additives,  which  can  open  a  new  avenue 

to make electrolyte compatible with graphite to store the K  in 

KIBs.  We  hope  this  strategy  could  served  for  the  more  mobile 

ion battery system. 

 

 

2. Results and Discussion 

2.1. Features of Additive Modified Electrolyte 

 
We present a new strategy of using an additive to engineer  

electrolyte and then make the electrolyte compatible with the 

graphite, which might be an alternative strategy for that using 

concentrated electrolytes (Figure 1). Note that the molar ratio of 

solvent/M (i.e., M  Li, Na, K, etc.) that calculated by elec- 

trolyte concentration is always as low as 1–5 in the concentrated 

electrolytes (Tables S1,S2, Supporting Information). In contrast, 

the additive modified electrolyte can maintain a high solvent/M 

value  around  8–13  in  the  most  normal  electrolyte  (e.g.,  1.0  M 

metal-salt based electrolyte, for example, the value is about 13 for 

the commercial electrolyte of 1.0 M LiPF6 in EC/EMC [v/v, 3/7]), 

which could also achieve comparable or even better performance. 

This strategy can reduce the used amount of metal salt and then 

reduce the cost significantly, and also the viscosity of electrolyte 

can be decreased for better manipulation of battery productions. 

In  this  study,  the  trimethyl  phosphate  (TMP)  was  used  as  the 

solvent  due  to  the  non-flammable  properties,[18]   while  the  eth- 

ylene sulfate (DTD, C2H4O4S) was used as the additive because 

of its capability to form robust solid electrolyte interphase (SEI) 

and  strong  coordination  capability  (i.e.,  S O)  in  electrolyte 

(Figure  2a).[19]   The  great  feature  of  TMP-based  electrolyte  is 

the  nonflammability,  which  is  hard  to  be  ignited  (Figure  2b). 

In  contrast,  the  traditional  EC/DEC-based  electrolyte  is  easy 

to  be  ignited  (Figure  2c).  Besides  the  non-flammable  proper- 

ties, another series advantages of TMP, such as high dielectric 

constant (  21.6 vs 5.0 of alkyl linear carbonate solvent), [20] 

low viscosity (1.3 vs 2.5 mPa s of propylene carbonate),[21] wide 

operating temperature range (46–197 C), high flash point 

(148 C),[22] reliable electrochemical stability, and good solubility, 

guarantee the prospect of the newly designed electrolyte. Thus, 

the TMP solvent is an ideal nonflammable solvent used in the 

battery system to address safety concerns. 

 
 

2.2. Electrochemical Performance 

 
The  positive  effect  of  DTD  additives  can  be  confirmed  in  the 

first  (dis-)charge  curves  when  the  graphite  electrode  was  tested 

in  a  potassium  half  battery  (i.e.,  graphiteK).  A  standard  (dis-) 

charge  curve  with  the  delivered  capacity  of  298  mAh  g1   and 

a  much  higher  initial  Coulombic  efficiency  (i.e.,  CE)  of  86.6% 

(vs 67.6% in blank electrolyte) can be obtained in the electrolyte 

of 1.0 M KFSI in TMP when 6 wt% DTD was used (Figure 2d). 

The typical cyclic voltammetry (CV) curves of graphite in 1.0 M 

KFSI, 6 wt% DTD in TMP electrolyte is presented in Figure 2e, 

in which the good stability  and  high  reversibility  in  storing  K 

can be judged by the overlapped curves since the second cycle. 

The comparative  cycling  performance  further  con- firms the 

positive effect of DTD. We find that the graphite can deliver an 

average capacity of 272 mAh g1 and cycle more than 100 cycles 

with a high capacity retention of 100.2% (vs the second cycle) 

when 6 wt% DTD was used. In contrast, a severe capacity fading 

can be observed in the blank electrolyte without using DTD, 

where the capacity can decay fast from 367 to 5 mAh g1 within 

20 cycles (Figure 2f). A thick SEI covered on the graphite 

electrode and higher resistance was observed when there is no 

DTD added in the electrolyte (Figure S1, Supporting Informa- 

tion). The X-ray powder diffraction (XRD) pattern confirms that 

the fast capacity decay might mainly result from the graphite exfo- 

liation (i.e., caused by the K-solvent co-insertion). This is because 

the graphite (002) peak of the graphite electrode was disappeared 

completely after the 20 cycles (Figure S2, Supporting Informa- 

tion). The graphite demonstrates a high rate capability in such a 

newly designed electrolyte with 6 wt% DTD. A high rate capacity 

of 277, 266, 254, 248, 241, 235, and 228 mAh g1 can be delivered 

at the rate of 0.2C, 0.4C, 0.8C, 1.2C, 1.6C, 2C, and 2.4C  (where 
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Figure 2.  Features of electrolyte and electrochemical performance. a) Molecular structure of TMP and DTD. b,c) Flammability test for TMP and EC-DEC 
based electrolyte. d) Comparative (dis-)charge curve of graphite electrode in the first cycle in the electrolyte of 1.0 M KFSI in TMP with and without DTD. 
e) Typical CV of graphite electrode. f) Comparative cycling performance of graphite electrode in the electrolyte of 1.0 M KFSI in TMP with and without 
DTD. g) Rate capability of graphite electrode in the electrolyte with 6 wt% DTD. 

 

define 1C  280 mA g1), respectively (Figure 2g). All these results 

demonstrate the capability of DTD additive which can modify the 

electrolyte from incompatible to compatible with graphite. 

 
 

2.3. Reversible K (De-)Intercalation Characterizations 

The reversible (de-)intercalation of K within graphite was fur- 

ther confirmed by the in situ Raman spectrum. We find that 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Reversible K (de-)intercalation characterizations within graphite. 
a) Galvanostatic (dis-)charge curve in the first cycle. b) In situ Raman 
spectra of graphite electrode at the different (dis-)charge/charged states, 
in which the curve with colored circles corresponding the state      in the 
(dis-)charge/charged curves. c) Operando XRD patterns of the graphite 
electrode at the different (dis-)charged state. 

the G peak centered at 1582 cm1 was split and a new peak (G) 

around at 1600 cm1 appeared during the charging pro- cess. 

This demonstrates that the graphitic layered structure  was 

expanded by the K intercalation, giving rise to adjacent 

structure similar to that of single-layered graphene.[23] Besides, 

the intensity of the new peak (G) increased gradually and 

become dominant at the end of discharge due to the formation 

of the K-graphite intercalation compound.[23] In the following 

charging process, the new peak (G) decreased gradually and the 

G peak recovered when the K was de-intercalated. The 

reversible shape variation in the Raman spectrum fully dem- 

onstrates the reversible K (de-)intercalation, in which the phase 

variation from C6 (graphite), KC72, KC60, KC36, KC24, to KC8, 

as well as the reversible phase transition in the following charge 

process, can be observed clearly (Figure 3b).[24] These results 

are consistent well with the characterizations reported 

previously.[25]
 

Operando XRD corroborates the reversible K (de-)intercala- 

tion further. We find that the graphitic peak (002) disappeared 

when the graphite was discharged to the voltage of 0.3–0.2 V    as 

the K intercalation, where the new peaks at 22.0 and 29.4 

confirms the formation of KC36 (i.e., the stage-three K-graphite 

intercalation compound [GIC]) appeared.[26] This result shows that 

one intercalant layer of potassium was contained in every 

third gallery. Then, the KC36 transforms to KC24 (i.e., the stage- 

two K-GIC) upon further discharge (i.e., K intercalation), 

where the new peaks at 20.2 and 30.6 are observed. Finally, 
the phase-pure KC8 (i.e., the stage-one K-GIC) was formed 
when the graphite was discharged to 0.01 V, as confirmed by the 

characteristic XRD peaks at 16.4 and 33.4.[10a] Then, the K 

could be de-intercalated step-by-step in the following charge 

process, fully demonstrating the reversible K (de-)intercalation 
within graphite (Figure 3c). 
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Figure 4. Analysis of the SEI role in the stabilization of the graphite electrode. a) Reversible K (de-)intercalation within graphite electrode in the electrolyte 
with 6 wt% DTD additive; meanwhile the graphite@SEI was formed. b) K-TMP co-insertion (i.e., graphite exfoliation) was observed when  the 
graphite@SEI formed in (a) was reassembled in a new battery using the electrolyte without DTD additives. c) K-TMP co-insertion (i.e., graphite exfoliation) 
within the graphite electrode in the electrolyte without using the DTD additives, where the exfoliated-graphite@SEI can be also formed. 
d) Reversible K  (de-)intercalation was observed when the exfoliated-graphite@SEI formed in (c) was reassembled in a new battery using the electrolyte 
with 6 wt% DTD additives. Inset is a schematic illustration of the discharge process in different kinds of electrolytes. 

 

2.4. Analysis of the SEI Role 
 

We considered the positive effect of DTD that might result from 

the formed solid electrolyte interphase (i.e., SEI), which may be 

more robust to suppress the K-solvent co-insertion when the 

6 wt% DTD was added in the electrolyte (Figure 4a). How- ever, 

an interesting and unexpected phenomenon we observed in an 

exchange experiment. For example, we find that the SEI- coated 

graphite (i.e., graphite@SEI, the fresh graphite cycled in the 

electrolyte with 6 wt% DTD in Figure 4a) cannot sustain the 

cycling performance when the graphite@SEI was reas- sembled 

in a new battery using the blank electrolyte without the DTD 

additive (Figure 4b). Note that the initial CE values of 

graphite@SEI are as high as 95% at the beginning cycles, which 

demonstrates that the SEI was indeed formed and exists on the 

graphite when the graphite electrode was cycled in the electro- 

lyte with 6 wt% DTD. However, the capacity of the as-formed 

graphite@SEI electrode decays fast from 140 to 2.5 mAh g1
 

after 20 cycles in the electrolyte without 6 wt% DTD (Figure S3, 

Supporting Information). This result demonstrates that the 

formed SEI cannot mitigate the K-solvent (i.e., K-TMP) 

decomposition or K-solvent co-insertion when the DTD was 

removed from the electrolyte. This means the compatibility of 

electrolyte may be dominant to affect the graphite performance 

compared to the role of SEI. This viewpoint is consistent with 

our results reported in lithium-ion batteries.[27]
 

A designed converse experiment further confirms our dis- 

covery. First, the SEI-coated exfoliated graphite was formed 

when the graphite electrode was cycled in the blank electrolyte 

without DTD additives (i.e., exfoliated-graphite@SEI) (Figure 4c). 

Then, we find that the exfoliated-graphite@SEI can store the K 

reversibly without the K-solvent co-insertion when the exfoli- ated-

graphite@SEI was reassembled in a new battery using the electrolyte 

with 6 wt%  DTD  (Figure  4d).  Besides,  the  capacity of exfoliated-

graphite@SEI  electrode  can  be  maintained  at   225 mAh g1, 

where the low CE value caused by the exfoliated graphite can be 

increased from 81% to 98% in the electrolyte with 6 wt% DTD 

(Figure S3, Supporting Information). This result demonstrates that 

the exfoliated graphite can store the K revers- ibly when the 

compatible electrolyte was used. All these results demonstrate that 

the SEI can mitigate the electrolyte decompo- sition if the electrolyte 

is compatible, but it cannot suppress the K-solvent co-insertion (i.e., 

graphite exfoliation). In contrast, the electrolyte composition (i.e., K 

solvation structure) is critical to affecting the graphite performance 

(i.e., K (de-)intercalation or K- solvent co-insertion). Thus, the 

reason for DTD additive making   the electrolyte become compatible 

needs to be explored further. 

 
 

2.5. Effect Mechanism of Additives 

 
The effect of additive on changing the electrolyte properties (i.e., 

K solvation structure) was studied further. We used the formula 

of  K   solvation  structure  (i.e.,  K[solvent]x[additive]y[anion])  to 

describe  electrolyte  composition  according  to  the  molar  con- 

centration.[28]  This  is  because  the  K  solvation  structure  is  the 

basic  unit  of  electrolyte  components,  which  can  reflect  the 
electrolyte  properties  in  detail.  The  electrolyte  of  1.0  M  KFSI 
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Figure 5.  Effect mechanism of additives. a,b) Schematic illustration of molecular interaction between the solvent (TMP), the solute of KFSI, and DTD 
additives. c) Radial distribution function (RDF) of K to the oxygen in TMP without and with DTD additives. The inset shows the schematic interactions 
of K  with oxygen in TMP in and near the first solvation shell (light blue area). Raman spectrum analysis of d) TMP solvent and e) FSI  anions in the 
electrolyte with and without DTD additives. Snapshot of the first solvation shell of K f) without and g) with DTD additives, where the DTD can replace 
the TMP solvent in the first solvation shell. Different interfacial model and electrochemical behaviors of graphite using different electrolytes of 1.0 M 
KFSI in TMP h) with and i) without DTD additives. 

 
in TMP with and without 6 wt% DTD can be described as 

K[TMP]8.7[DTD]0.58[FSI] and K[TMP]8.7[FSI], respectively. Note 

that the coordination number of solvent molecules around the  K 

should be 4–6, herein we use the number of 4 as a simplified case 

to show the difference in K solvation structure with and without 

DTD additives in the electrolyte. Then, a schematic illus- tration 

of the K solvation structure was presented in Figure 5a,b. The 

simulation results show that the frequency of TMP appeared 

around the K was reduced when 6 wt% DTD was added into the 

electrolyte (Figure  5c). This is rational because the DTD has  a 

stronger coordination capability compared to that of TMP sol- 

vent. Thus, the DTD can replace one proportion of TMP solvent 

and participate in constructing the first solvation shell of central 

K ions, thereby changing the K solvation structure. 

The  variation  of  K  solvation  structure  after  adding  6 wt% 

DTD was further demonstrated by the Raman analysis. The 

different molecular behaviors of TMP solvent and KFSI salt can 

be obtained in detail with and without 6 wt% DTD in the 

electrolyte. The first, the peaks located at 731 and 746 cm1  are 

ascribed to the stretching vibration of the P O C group in 

TMP, where the area proportion of peak at the 731 cm1 

decreased from 81% to 78% when the KFSI salt was dissolved 

in TMP. This demonstrates that the TMP coordinates with the 

K to form the K solvation structure (Figure 5d). Then, a blue 

shift can be observed in the Raman spectrum due to the polari- 

zation of TMP solvent molecules induced by K. While the area 

proportion of peak located at the 731 cm1 increases from 78% 

to 79% when 6 wt% DTD was added into the electrolyte. This 

means the polarization within TMP molecules induced by K 

was reduced. In other words, this result  demonstrates that one 

proportion of TMP solvents were expelled out from the K 

solvation structure. This conclusion is consistent with the sche- 

matic illustration and simulation results (Figure 5a–c). 

Besides,  the  variation  of  KFSI  salt  in  the  electrolyte  can  be 

characterized  by  Raman  further.  An  obvious  redshift  can  be 

observed  for  the  peaks  located  about  1210  cm1,  which  was 

ascribed  to  the  decreased  stretching  vibration  of  S O  within 

FSI   (i.e.,  (FSO2)2N)  anions  (Figure  5e).  The  area  propor- 

tion  of  peaks  those  located  at  the  lower  positions  of  1205  and 

1208 cm1  (vs 1214 cm1) increased from 17% (i.e., KFSI), 19% 

(i.e.,  1.0  M  KFSI  in  TMP)  to  43%  when  6  wt%  DTD  additive 

was added into the electrolyte. This means that the interaction 

between FSI  and K  also become weak when the 6 wt% DTD 

was  added,  further  demonstrating  the  stronger  coordination 
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Figure 6.  Electrochemical performance of potassium ion full battery. a) Schematic configuration of the KIBs composed of K0.69CrO2 cathode and   graphite 
anode. b) Typical voltage versus capacity profiles in the cycling test, c) cycling performance, and d) typical voltage versus capacity profiles in  the rate test 
under a different current density of the KIBs. 

 

capability of DTD in the K solvation structure. Finally, the 

snapshot in Figure 5f–g shows the simulated K solvation struc- 

ture with and without DTD in the electrolyte, in which DTD 

can be observed in the first solvation shell. In other words, this 

means the K-solvent (i.e., K-TMP) and K-FSI interaction can 

be reduced by the DTD. 

Then, we can move our insight from the bulk electrolyte to 

the electrode interface according to the varied K solvation struc- 

ture. The DTD can isolate K and TMP solvent when the K 

solvation structure was de-solvated step-by-step on the graphite 

electrode interface. This is because the TMP solvent is easier to 

be de-solvated due to the weaker coordination capability, where 

the DTD could be finally de-solvated from the K. The DTD 

can keep the TMP solvent slightly far from the K, thereby sup- 

pressing the K-TMP co-insertion into the graphite (Figure 5h). 

Here the DTD can isolate the K and TMP solvent, but the K- 

DTD cannot be co-inserted due to the low solvation capability 

of DTD (i.e., solid powers in the room temperature). Thus,  the 

DTD can change the K solvation structure, determine the 

interfacial model, and then affect the graphite behaviors (i.e., 

K-solvent co-insertion, or K (de-)intercalation). In contrast, 

the K-TMP can appear around the graphite interface if there is 

no sufficient DTD in the electrolyte, where the K-TMP is 

easier to be co-inserted (Figure 5i). This viewpoint was further 

confirmed when we reduce the amount of DTD additives (e.g., 

less than 6 wt%). For example, we find that the graphite perfor- 

mance cannot be stabilized using 2 wt% and 4 wt% DTD in the 

TMP-based electrolyte (Figure S4a,b, Supporting Information). 

This is because the amount of DTD is insufficient to compete 

with the TMP solvent in the K solvation structure and also on 

the graphite surface (Figure S4c,d, Supporting Information). 

Then, the K-TMP pairs could be co-inserted into the intercalated 

layer of graphite, leading to the graphite exfoliation and elec- 

trolyte decomposition. Besides, other kinds of additives, such as 

vinylene carbonate (VC) and vinyl ethylene carbonate (VEC), 

neither can stabilize the graphite performance due to the weaker 

coordination capability and stability of VC and VEC compared 

to that of DTD (Figure S5, Supporting Informa- 

tion). Thus, we conclude that changing K-solvent interaction 

is critical to tune the graphite performance in storing the K. 

This viewpoint can be further confirmed by the model of 

concentrated electrolyte (Tables S1,S2, Supporting Informa- 

tion). First, the K solvation structure and the probable inter- 

facial model in concentrated electrolytes were proposed using 

our  theory  (Figure  S6,  Supporting  Information).  We  find  that 
the solvent amount is very limited in the concentrated electro- 

lyte due to the low molar ratio of solvent/K, such as the elec- 

trolyte  of  3.3  M  KFSI  in  TMP  (i.e.,  K[TMP]2.6[FSI])[17a]   and 

6.0 M KFSI in DME (i.e., K[DME]1.6[FSI]).[17b] Then, the solvent 

is hard to be co-inserted into the graphite. This is because the 

solvent has to be remained in the electrolyte for dissolving the 

potassium salt (i.e., KFSI). Otherwise, the potassium salt (i.e., 

KFSI)  could  be  precipitated  from  the  electrolyte  if  the  solvent 

was  co-inserted  into  the  graphite.  This  is  the  root  cause  of 

why the concentrated electrolyte could be compatible with the 

graphite. In other words, the increased KFSI concentration (i.e., 

increased molar of FSI) decreased the K-solvent interactions 

in the electrolyte, then the K could be de-solvated and interca- 

lated into graphite. In contrast, herein we use the DTD additive 

to decrease the K-solvent interactions alternatively, which is 

more efficient at a lower cost and is easier to manipulate due to 

the low viscosity. Thus, we confirmed again that the varied K- 

solvent interaction is the real reason for the reversible K (de-) 

intercalation within graphite. 
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2.6. Potassium Full Battery Applications 

 
The practical application of the newly designed nonflam- mable 

electrolyte was further verified in the KIB, in which the 

K0.69CrO [29] was used as the cathode to match the graphite anode 

(Figure 6a). The graphite was pre-cycled in potassium half bat- 

tery (i.e., graphiteK) to compensate for the irreversibility in the 

initial cycles. The configured KIB demonstrates a working 

voltage of 2.25 V, where the typical (dis-)charge curves at 0.5C 

(1C  100 mA g1) are presented in Figure 6b. We find that a 

reversible capacity of 80 mAh g1 can be delivered and good cycle 

performance can be maintained, where the Coulombic efficiency 

can achieve as high as 99.5% (Figure 6c). The energy density of 

this as-presented KIB can achieve 178 Wh kg1 (vs the mass of 

cathode) as judged by the (dis-)charge curves, thus the estimated 

practical value might achieve about 70 Wh kg1 (vs the mass of bat- 

tery package[30]) at least in applications. Besides, a robust rate capa- 

bility can be also observed in such KIBs, where the average 

capacity of 80, 64, 55, 44, and 32 mAh g1 can be delivered at the 

rate of 0.5C, 1C, 2C, 3C, and 4C (1C  100 mA g1), respectively 

(Figure 6d). Thus, the reversible K (de-)intercalation in the KIBs 

further confirms the feasibility of such newly designed electro- 

lytes for storing K, where the energy density can be further 

improved when the higher capacity cathode was developed.[30]
 

 
 

3. Conclusion 

A new concept of using additives to engineer electrolyte was 

introduced in potassium (ion) batteries, successfully addressing 

the great issue of electrolyte that incompatibility with graphite 

for storing K reversibly. A promising TMP-based nonflam- 

mable electrolyte in a normal concentration was designed, and a 

new coordination mechanism of additives in the electrolyte was 

presented. We discover that the additive can change the K 

solvation structure and then determine the interfacial behav- 

iors of K-solvent on electrode interface, which are critical to 

affect the graphite performance (i.e., K-solvent co-insertion, or 

K (de-)intercalation). Then, high potassium storage capability 

was obtained in graphite electrode for potassium (ion) bat- teries 

including the impressive graphiteK0.69CrO2 full KIBs. We 

believe this work could help us develop a more versatile elec- 

trolyte and then serve for the more mobile ion battery system. 
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