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a b s t r a c t 

We report rhombohedral-Fe 2 (SO 4 ) 3 as a promising cathode material for potassium-ion batteries. Detailed struc- 
ture information for rhombohedral-Fe 2 (SO 4 ) 3 was obtained using X-ray diffraction with Rietveld refinement. 
Based on the structural information, possible atomic sites for K ions and ion diffusion pathway in the structure 
were determined using bond-valence energy landscape analyses. At C/20 (1C = 112 mA g − 1 ), rhombohedral- 
K x Fe 2 (SO 4 ) 3 delivered a specific capacity of ~100 mAh g − 1 an average operation voltage of ~3.3 V ( vs. K + /K), cor- 
responding to reversible de/intercalation of ~1.78 mol K + ions. Moreover, even at 5C, rhombohedral-K x Fe 2 (SO 4 ) 3 
exhibited capacity retention of ~80% of the capacity measured at C/20, indicating the outstanding power- 
capability. After 300 cycles at 2C, rhombohedral-K x Fe 2 (SO 4 ) 3 maintained ~83% of its initial specific capac- 
ity with high Coulombic efficiency of more than 99%. Operando XRD analyses revealed that the XRD peaks of 
rhombohedral K x Fe 2 (SO 4 ) 3 monotonously shifted during K + de/intercalation, indicating a single phase reaction. 
First-principles calculation confirmed the good agreement between the theoretical properties of rhombohedral- 
K x Fe 2 (SO 4 ) 3 and the experimental results, including the average operation voltage, power-capability, and phase 
reaction. 
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. Introduction 

With increasing environmental concerns over air-pollution and the
ccumulation of fine dust particles, clean and sustainable energy sources
ave attracted great attention, and the development of efficient energy
torage systems (ESSs) is considered one of the most important issues
n the world [1–3] . Currently, Li ion batteries (LIBs) are widely used
s ESSs for not only small electronic devices but also grid-scale appli-
ations because of their high energy densities [4–6] . However, the ex-
losive growth of demands for ESSs as well as the limited Li resources
n the earth may result in increasing production costs of LIBs, which
s considered a major drawback of LIBs, preventing their further grid-
cale application [7–9] . Many researchers have thus focused on devel-
ping new ESSs with low production costs that rely on earth-abundant
lements [10] . 

K-ion batteries (KIBs) have recently received attention as one of the
ost promising alternative to LIBs owing to their alkali-ion-based reac-

ion mechanism, which is similar to that of LIBs, and the use of K, one of
he most earth-abundant resources [11–13] . In addition, the redox po-
ential of K 

+ /K is -2.93 V ( vs. the standard hydrogen electrode ( SHE )),
hich is higher than those of Na + /Na (-2.71 V vs. SHE ) and Mg 2 + /Mg (-
.27 V vs. SHE ), suggesting that KIBs may exhibit larger energy densities
∗ Corresponding author. 
E-mail address: jongsoonkim@sejong.ac.kr (J. Kim). 

ttps://doi.org/10.1016/j.ensm.2020.08.024 
eceived 29 May 2020; Received in revised form 4 August 2020; Accepted 4 August 
vailable online 30 August 2020 
405-8297/© 2020 Elsevier B.V. All rights reserved. 
han Na-ion and Mg-ion batteries, which are also considered alternatives
o LIBs for grid-scale application [14,15] . The development of novel
athode materials is considered one of the most important issues for
IBs. Layered-type cathode materials in particular have received great
ttention as promising cathode for KIBs owing to their large gravimetric
apacities [16] . However, most layered-type cathode materials for KIBs
ave low average operation voltages of less than 3.0 V ( vs. K 

+ /K), unlike
hose for LIBs [17] . Moreover, it has been reported that a deep discharge
rocess to 1.5 V ( vs. K 

+ /K) is required to achieve large specific capaci-
ies for layered-type cathode materials for KIBs, which may result in low
nergy densities of the full-cell system [18] . To develop novel cathode
aterials with high operation voltage and reasonable specific capacity

or KIBs, we have focused on polyanion-type materials [19–21] . The in-
uctive effect derived from the high electronegativity of polyanions has
een reported to result in an increase of the redox potential of electrode
aterials [22,23] . Furthermore, the strong covalent bonds in polyanions

esult in high structural stability, which prevents the severe structural
egradation of electrode materials by repeated de/intercalation of the
arge K 

+ ions [24] . 
Herein, it is demonstrated that the rhombohedral-Fe 2 (SO 4 ) 3 (R-

e 2 (SO 4 ) 3 ) exhibits the outstanding electrochemical performances as
ne of the promising cathode materials for KIBs. The electrochemical
2020 
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Fig. 1. (a) Refined XRD pattern of R-Fe 2 (SO 4 ) 3 . (b) TEM image of R-Fe 2 (SO 4 ) 3 
and corresponding EDS-mappings on Fe, S and O elements. (c) XANES spec- 
troscopy on Fe K-edge of R-Fe 2 (SO 4 ) 3 with those of Fe (3 + ) 2 O 3 and Fe (2 + ) O. 
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roperties and reaction mechanism of R-K x Fe 2 (SO 4 ) 3 in a KIB system are
onfirmed through combined studies using First-principles calculation
nd various experiments. At C/20 (1C = 113 mA g − 1 ), R-K x Fe 2 (SO 4 ) 3 
xhibited a specific capacity of ~100 mAh g − 1 with an average work-
ng voltage of ~3.3 V ( vs . K 

+ /K), which corresponds to ~1.78 mol K 

+ 

e/intercalation in the R-K x Fe 2 (SO 4 ) 3 structure. Moreover, the specific
apacity of R-K x Fe 2 (SO 4 ) 3 measured at 5C was reached up to ~80% of
he capacity at C/20. After 300 cycles at 2C, the capacity retention of
-K x Fe 2 (SO 4 ) 3 was ~83% of the initial capacity, with a Coulombic effi-
iency of more than 99%. These results indicate the outstanding power-
apability and cycle performance of R-K x Fe 2 (SO 4 ) 3 as a promising cath-
de material for KIBs. Furthermore, Operando XRD analyses confirmed
hat the outstanding cycle performance of R-K x Fe 2 (SO 4 ) 3 originated
rom small volume change (~1.54%) during full charge/discharge. 

. Experimental 

.1. Synthesis of R-Fe 2 (SO 4 ) 3 and carbon-mixing process 

Fe 2 (SO 4 ) 3 ∙n H 2 O (60.0–80.0%, KANTO CHEMICAL) was sintered at
00 °C for 6 h to remove H 2 O. The white R-Fe 2 (SO 4 ) 3 , Super P carbon
lack and multiwalled carbon nanotube were homogenously mixed in
 molar ratio of 85:14:1, using high-energy ball milling at 200 rpm for
2 h. The ball-milling jar was filled with Ar to prevent water contamina-
ion. This sample includes approximately 15 wt% carbon, as confirmed
y thermogravimetric analysis (TGA) (Supporting Fig. S1). 

.2. Materials characterization 

The R-K x Fe 2 (SO 4 ) 3 was analyzed using XRD (PANalytical,
mpyrean) with Cu K 𝛼 radiation ( 𝜆 = 1.54178 Å) in the 2 𝜃 range
f 10° to 80° with a step size of 0.13° Rietveld refinement of the
RD data was performed using FullProf software. TGA was performed
nder an argon atmosphere at a heating rate of 10 °C min − 1 using a
hermo gravimetric analyzer (Discovery TGA, USA) from 100 °C to
00 °C. The valence state of Fe in the structure of R-K x Fe 2 (SO 4 ) 3 was
etermined from XANES analysis performed on beamline 10C at the
ohang Accelerator Laboratory (PAL), South Korea. Fe K-edge spectra
ere collected in transmission mode with an electron energy of 2.5 GeV
nd a current of 200 mA, and Fe reference spectra were simultaneously
btained from Fe metal foil. Particle size and distribution measurements
ere performed using SEM (Hitachi S-4700) and high-resolution TEM.
he operando XRD patterns of R-K x Fe 2 (SO 4 ) 3 were obtained using an
-ray diffractometer (PANalytical, Empyrean) with Cu K 𝛼 radiation
 𝜆 = 1.54178 Å) in the 2 𝜃 range of 19° to 35° with a step size of 0.026°
n Operando XRD battery cell (ISBC) made by PANalytical with PDC
ECH was used for Operando XRD experiments. To protect the cell
ystem from water, beryllium (Be) window was applied. 

.3. Electrochemical characterization 

The R-K x Fe 2 (SO 4 ) 3 electrode was fabricated with the following com-
osition: 87.5 wt% carbon-mixed R-K x Fe 2 (SO 4 ), 2.5 wt% Super P carbon
lack, and 10 wt% polyvinylidene (PVDF) in N -methyl-2-pyrrolidone
NMP). The total weight percent of R-K x Fe 2 (SO 4 ) 3 in the electrode was
0 wt%. The slurry was applied on Al foil using a doctor blade. The
lectrode was dried at 100 for 12 h under vacuum oven. Also, the mass
oading of the electrode was ~ 2 mg cm 

− 2 . CR2032 cells were assem-
led using a R-K x Fe 2 (SO 4 ) 3 electrode, K metal as the counter electrode,
 separator (Whatman GF/F glass fiber), and an electrolyte (0.5 M KPF 6 
n an ethylene carbonate (EC) and diethyl carbonate (DEC) in a volume
atio of 50:50). The electrolyte content used for one CR2032 coin-cell
s 0.2 ml. The application of the 0.5 M KPF 6 based electrolyte was re-
orted at various research papers on electrode materials for KIBs [25–
7] . The coin cells were assembled in an Ar-filled glove box. Galvano-
tatic charge/discharge tests were performed at various C-rates (C/20,
277 
/10, C/5, C/2, 2C and 5C in the range of 2.2–4.1 V, where 2C corre-
ponds to ~79 mA hg − 1 ) using an automatic battery charge/discharge
est system (WBCS 3000, WonATech). 

.4. Computational details 

All the density functional theory (DFT) calculations were per-
ormed using the Vienna AB initio Simulation Package (VASP) [28] .
he projector-augmented wave pseudopotentials was used with a
lane-wave basis set as implemented in VASP [29] . Perdew-Burke-
rnzerhof parametrization of the generalized gradient approximation
GGA) [30] was used for the exchange-correlation functional. The
GA + U method [31] was adopted to address the localization of the
-orbital in Fe ions, using a U value of 4.2 eV from previous studies
32] . An appropriate number of k-points and a kinetic energy cutoff of
00 eV are used in all calculations. All the structures are optimized un-
il the force in the unit cell converges within 0.05 eV Å− 1 . For the DFT
alculations, a 4 × 4 × 1 k-point grid was used to calculate a 1 × 1 × 1
upercell structure of R-K x Fe 2 (SO 4 ) 3 . Using the cluster-assisted statisti-
al mechanics (CASM) software [33] , various K/vacancy configurations
f each R-K x Fe 2 (SO 4 ) 3 composition were prepared. Of these numerous
/vacancy configurations for each composition, the 20 lowest electro-
tatic energy configurations for each composition were confirmed us-
ng the Ewald summation calculations [34] . NEB calculations [35] were
erformed to determine the activation barrier for Na diffusion in the
-K x Fe 2 (SO 4 ) 3 structure. To perform the calculations, five intermediate

mages are generated between each K site. These structures were then
alculated using NEB algorithm with the fixed lattice parameters and
ree internal atomic positions. 

. Results and discussion 

To verify the successful preparation of R-Fe 2 (SO 4 ) 3 , XRD analy-
es with Rietveld refinement were performed. As shown in Fig. 1 a,
-Fe 2 (SO 4 ) 3 was confirmed to exhibit a rhombohedral structure with
pace group R ̄3 c without any impurities or second phases. The lat-
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Fig. 2. (a) Crystal structure of R-Fe 2 (SO 4 ) 3 and (b) possible vacant sites and 
three-dimensional diffusion pathways for K + ions in R-Fe 2 (SO 4 ) 3 structure pre- 
dicted through BVEL analyses. (c) Convex-hull plot for various R-K x Fe 2 (SO 4 ) 3 
configurations (0 ≤ x ≤ 2) with theoretical redox potential. (d) Comparison of 
predicted redox potential of R-K x Fe 2 (SO 4 ) 3 and its experimentally measured 
charge/discharge curves for the cycle. 
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ice parameters of R-Fe 2 (SO 4 ) 3 were verified to be a = 8.23130(16) Å,
 = 8.23130(16) Å and c = 22.1524(7) Å; the detailed structural infor-
ation, such as atomic position, B iso and occupancies, is presented in

upporting Table S1. The low reliable factor (R P = 1.16%, R I = 1.47%,
 F = 3.87%, and 𝜒2 = 0.809%) indicate the high accuracy of the Ri-
tveld refinement on R-Fe 2 (SO 4 ) 3 . The morphology of R-Fe 2 (SO 4 ) 3 was
lso investigated using transmission electron microscopy (TEM) analy-
es combined with energy ‐dispersive X ‐ray spectroscopy (EDX) elemen-
al mapping. As shown in Fig. 1 b, Fe, S, and O elements were homo-
eneously distributed in the R-Fe 2 (SO 4 ) 3 particle with an average size
f ~400 nm, and the morphology of R-Fe 2 (SO 4 ) 3 was confirmed by
canning electron microscopy (SEM) analysis (Supporting Fig. S2). The
lemental ratio of Fe:S in the R-Fe 2 (SO 4 ) 3 particle was ~2: 3, which
grees well with the inductively coupled plasma atomic emission spec-
roscopy (ICP-AES) analysis (Supporting Table S2). In addition, to verify
he oxidation state of Fe ions in R-Fe 2 (SO 4 ) 3 , the XANES analyses were
erformed. As shown in Fig. 1 c, the energy level of Fe K-edge on R-
e 2 (SO 4 ) 3 is similar with that on Fe (3 + ) 2 O 3 rather than that on Fe (2 + ) O,
hich indicates that the oxidation state of Fe ions in R-Fe 2 (SO 4 ) 3 is + 3.

To predict the vacant site into which K 

+ ions can be intercalated and
he possible K 

+ ion diffusion paths, we performed bond-valence energy
andscape (BVEL) analyses using the Bond_str program in the Fullprof
ackage [36,37] . Fig. 2 a and b shows the three-dimensional pathways
278 
or K 

+ diffusion in the R-K 2 Fe 2 (SO 4 ) 3 structure, which implies the facile
 

+ diffusion in the structure and the outstanding power-capability of R-
e 2 (SO 4 ) 3 in the K-cell system. Moreover, it was predicted the Wyckoff
osition and atomic coordinates (x, y, z) of possible vacant sites for K 

+ 

ons in the structure, such as (0, 0, 0.5), (0.337, 0.318, 0.318), etc. ,
hich indicates that there are numerous vacant sites for K 

+ ions in R-
e 2 (SO 4 ) 3 structure. 

To predict the theoretical properties and possible reaction mecha-
ism of R-K x Fe 2 (SO 4 ) 3 during K 

+ de/intercalation, we performed First-
rinciples calculation based on the structural information obtained from
he XRD and the BVEL analyses. The theoretical redox potentials of R-
 x Fe 2 (SO 4 ) 3 under the K-cell system were calculated using the following
quation: 

 = − 

𝐸 

[
𝐾 𝑥 2 𝐹 𝑒 2 ( 𝑆 𝑂 4 ) 3 

]
− 𝐸 

[
𝐾 𝑥 1 𝐹 𝑒 2 ( 𝑆 𝑂 4 ) 3 

]
− ( 𝑥 2 − 𝑥 1 ) 𝐸( 𝐾) 

( 𝑥 2 − 𝑥 1 ) 𝐹 
(1)

here V is the average redox potential between each K x Fe 2 (SO 4 ) 3 ,
[K x Fe 2 (SO 4 ) 3 ] is the formation energy of the most stable configu-
ation K x Fe 2 (SO 4 ) 3 calculated by First-principles calculation. For ac-
urate prediction of theoretical properties of R-K x Fe 2 (SO 4 ) 3 , various
 

+ /vacancy configurations for R-K x Fe 2 (SO 4 ) 3 (0 ≤ x ≤ 2) were pre-
ared using the cluster-assisted statistical mechanics (CASM) software
33] . Fig. 2 c presents a convex-hull plot of the formation energies of
-K x Fe 2 (SO 4 ) 3 as function of K contents in the structure. The results

ndicate that ~1.78 mol K 

+ ion can be reversibly de/intercalated at R-
 x Fe 2 (SO 4 ) 3 in the available voltage range between 2.2 and 4.1 V ( vs .
 

+ /K). Moreover, the existence of several stable intermittent phases be-
ween R-K 2 Fe 2 (SO 4 ) 3 and R-K 0 Fe 2 (SO 4 ) 3 was predicted, which implies
 single-phase reaction of R-K x Fe 2 (SO 4 ) 3 during K 

+ de/intercalation. In
ig. 2 d, the theoretical redox potentials of R-K x Fe 2 (SO 4 ) 3 are compared
ith the charge/discharge profile of R-K 2 Fe 2 (SO 4 ) 3 measured at C/20

1 C = 112 mA hg − 1 ). It was confirmed that ~1.78 mol K 

+ ions are
e/intercalated in the R-K x Fe 2 (SO 4 ) 3 structure with an average opera-
ion voltage of ~3.3 V ( vs . K 

+ /K). In addition, we tested the electrochem-
cal performances of Fe 2 (SO 4 ) 3 ∙n H 2 O to verify effects of crystal water in
-K x Fe 2 (SO 4 ) 3 structure. The XRD pattern of R-Fe 2 (SO 4 ) 3 ∙n H 2 O pow-
er, which is clearly different from that of R-Fe 2 (SO 4 ) 3 powder after
eat-treatment (Supporting Fig. S3). The R-Fe 2 (SO 4 ) 3 ∙n H 2 O electrode
as prepared through the same conditions used for the crystal-water-

emoved R-Fe 2 (SO 4 ) 3 electrode. As presented in Supporting Fig. S4, it
as verified that R-Fe 2 (SO 4 ) 3 ∙n H 2 O exhibit poor electrochemical per-

ormances compared to Fe 2 (SO 4 ) 3 after heat-treatment, which implies
hat existence of crystal water in the structure results in the negative ef-
ect for electrochemical performances of R-Fe 2 (SO 4 ) 3 , such as decrease
f the theoretical gravimetric capacity resulting from increased molar
ass of the active material. In particular, the average operation volt-

ge of R-K x Fe 2 (SO 4 ) 3 is higher than that of other Fe-based cathode
aterials for KIBs, which is related to previous research on the in-

reased redox potential arising from the ‘inductive effect’ by polyanions
uch as (PO 4 ) 3 − and (SO 4 ) 2 − . Moreover, R-K x Fe 2 (SO 4 ) 3 exhibits sloppy
harge/discharge curves corresponding to a single-phase reaction. Thus,
he predictions based on First-principles calculation agrees well with the
xperimentally verified data. 

Electrochemical tests on R-K x Fe 2 (SO 4 ) 3 were performed using CR-
032-type coin cells using the K metal as the counter electrode. Sup-
orting Fig. S5 present the initial charge/discharge capacities of R-
 x Fe 2 (SO 4 ) 3 measured at the current rate of C/20 (1 C = 112 mA
g − 1 ) in the voltage range between 2.2 and 4.1 V ( vs. K 

+ /K). It was
erified that R-K x Fe 2 (SO 4 ) 3 delivered a specific capacity measured at
100 mAh g − 1 at C/20, which indicates ~1.78 mol K 

+ intercalation in
-K x Fe 2 (SO 4 ) 3 structure by electrochemical charge/discharge process.
oreover, up to ~80% of the capacity measured at C/20 was retained

ven at 5C ( Fig. 3 a–b), indicating the outstanding power-capability of
-K x Fe 2 (SO 4 ) 3 as a cathode for KIBs. This experimental result was also
onfirmed by First-principles calculation based on the nudged elastic
and (NEB) method. As shown in Fig. 3 c–d, the K 

+ diffusion motion
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Fig. 3. (a) Charge/discharge profiles of R-K x Fe 2 (SO 4 ) 3 in the range of 2.2–4.1 V at various current rates. (b) Power-capability of R-K x Fe 2 (SO 4 ) 3 with several cycles 
at various current rates. (c) Predicted K + diffusion motion in R-K x Fe 2 (SO 4 ) 3 and (d) predicted activation barrier energy for K + diffusion in R-K x Fe 2 (SO 4 ) 3 . (e) Cycle 
performance of R-K x Fe 2 (SO 4 ) 3 at 2C over 300 cycles in the voltage range of 2.2–4.1 V ( vs. K + /K). 
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n R-K x Fe 2 (SO 4 ) 3 structure during K 

+ de/intercalation was predicted in
etail, and the activation barrier energy for K 

+ diffusion along the K 1–1 -
 2–1 pathway was determined to be ~408 meV. This low activation
arrier energy enables the facile K 

+ diffusion in the structure, resulting
n the outstanding power-capability of R-K x Fe 2 (SO 4 ) 3 . In addition, we
ested two kinds of the electrolyte with different molar ratio of KPF 6 
ontents such as 0.5 M and 1 M. As presented in Supporting Fig. S6,
t was verified that the electrochemical performances based on 0.5 M
PF 6 -electrolyte are better than those based on 1 M KPF 6 -electrolyte.

n particular, in case of the electrochemical performances based on 1 M
PF 6 -electrolyte, the charge capacities are larger than the discharge ca-
acities, indicating the poor Coulombic efficiency under the KIB sys-
em using 1 M KPF 6 -electrolyte by the side reaction at the high volt-
ge. This result is well matched with the previously reported research
ata showing the comparison of electrochemical performances in the
lectrolyte with various molar ratio of KPF 6 [38] . In addition, the elec-
rochemical performances of R-K x Fe 2 (SO 4 ) 3 were compared with those
f other cathode materials for KIBs (Supporting Fig. S7), which indi-
ates that R-K x Fe 2 (SO 4 ) 3 delivers the outstanding energy density and
279 
ower capability as one of the promising cathode materials for KIBs [39–
6] . Furthermore, R-K x Fe 2 (SO 4 ) 3 delivered capacity retention of ~83%
fter 300 cycles at 2C with Coulombic efficiency of more than 99%
 Fig. 3 e). Moreover, we performed the full-cell tests using R-Fe 2 (SO 4 ) 3 
s a cathode and potassiated hard-carbon as an anode in the voltage
ange between 2.1 and 4.0 V (Supporting Fig. S8). The capacity ratio
f negative and positive electrode is approximately ~1.2. To prepare
he potassiated hard-carbon anode, the hard-carbon electrode was dis-
harged to 0.001 V ( vs. K 

+ /K) under the half-cell system with K-metal
node. At the current density of 6 mA g − 1 , R-Fe 2 (SO 4 ) 3 //Potassiated
ard-carbon full cell delivered an initial capacity of ~100 mAh g − 1 .
oreover, the full-cell exhibits the capacity retention of ~88% com-

ared to the initial capacity for 200 cycles at the current density of
24 mA g − 1 , which indicates the outstanding cycle-performance of the
-Fe 2 (SO 4 ) 3 //Potassiated hard-carbon full cell under the KIB system.

t is speculate that the great cyclability of R-K x Fe 2 (SO 4 ) 3 results from
he small and simple structural change of R-K x Fe 2 (SO 4 ) 3 during K 

+ 

e/intercalation. In addition, to verify the solubility of Fe 2 (SO 4 ) 3 in
he electrolyte, Fe 2 (SO 4 ) 3 powder (3 g) was stirred in the electrolyte
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Fig. 4. (a) Operando XRD patterns of R-K 2 Fe 2 (SO 4 ) 3 measured at a current rate of C/10 in the voltage range of 2.2–4.1 V ( vs. K + /K). (b) Extended ex-situ XRD patterns 
of as-prepared R-K 0 Fe 2 (SO 4 ) 3 , fully-discharged R-K 1.78 Fe 2 (SO 4 ) 3 (to 2.2 V) and fully-charged of R-K 0 Fe 2 (SO 4 ) 3 (to 4.1 V). (c-e) Change in lattice parameters a, b, c 

and volume of R-K x Fe 2 (SO 4 ) 3 during K + de/intercalation in the structure. 
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10 ml) for 1 week. It was observed that Fe 2 (SO 4 ) 3 powder was not dis-
olved in the EC and DEC based electrolyte. In addition, we performed
he Fourier-transform infrared spectroscopy (FTIR) analyses, in order to
dentify the solubility of Fe 2 (SO 4 ) 3 in the electrolyte through detection
f S-O bonding. As shown in Supporting Fig. S9, it was verified that the
TIR result of the pristine electrolyte is highly similar with that of the
lectrolyte in which Fe 2 (SO 4 ) 3 powder was stirred for 1 week, and their
ata are clearly different from the FTIR result of Fe 2 (SO 4 ) 3 powder.
oreover, we performed Inductively Coupled Plasma-Atomic Emission

pectrometer (ICP-AES) analysis. As presented in Supporting Table S3
elow, it was confirmed that Fe element is not detected in the electrolyte
fter charge/discharge processes of R-Fe 2 (SO 4 ) 3 under the KIB system.
hus, we confirmed that it is difficult to dissolve Fe 2 (SO 4 ) 3 powder in
he EC: DEC based electrolyte. 

Fig. 4 a presents Operando XRD patterns of R-K x Fe 2 (SO 4 ) 3 during
harge/discharge at C/10 (1 C = 112 mA hg − 1 ) in the voltage range
etween 2.2 and 4.1 V ( vs . K 

+ /K). The changes of the main peaks indi-
ate that R-K x Fe 2 (SO 4 ) 3 underwent a single-phase reaction during K 

+ 

e/intercalation. The peak intensities in the Operando XRD patterns are
lso reversibly changed during charge/discharge, which indicates the
eversible structural change of R-K x Fe 2 (SO 4 ) 3 by K 

+ de/intercalation.
n particular, the XRD peaks corresponding to (113), (024) and ( 2 ̄1 6 )
lanes of R-K x Fe 2 (SO 4 ) 3 crystal structure underwent small monotonous
hifts during charge/discharge, as confirmed by ex-situ XRD analyses of
-K x Fe 2 (SO 4 ) 3 ( Fig. 4 b and Supporting Fig. S10). It was confirmed that

he lattice parameters and volume of R-K x Fe 2 (SO 4 ) 3 is decreased (or
ncreased) during K 

+ intercalation (or deintercalation), corresponding
o shift of the XRD peaks toward higher (or smaller) 2 𝜃 angles during
ischarge (or charge) ( Fig. 4 c-e). It was verified that the total volume
hanges of R-K x Fe 2 (SO 4 ) 3 during charge/discharge was just ~1.54%.
hus, it is speculated that the small structural change of R-K Fe (SO ) 
x 2 4 3 
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uring K 

+ de/intercalation results in the outstanding cycling perfor-
ance of R-K x Fe 2 (SO 4 ) 3 as a promising cathode for KIBs. In addition,

hrough the SEM, TEM and XRD analyses, it was confirmed that the
verall morphology and crystal structure of R-K x Fe 2 (SO 4 ) 3 were well
etained even after 300 cycles (Supporting Fig. S11), which also con-
ributes to the excellent cycle performance of R-K x Fe 2 (SO 4 ) 3 in the KIB
ystem. In addition, the Rietveld refinement on the full discharged R-
 x Fe 2 (SO 4 ) 3 was performed to confirm the atomic position of interca-

ated K 

+ ions in the structure (Supporting Fig. S12 and Supporting Ta-
le S4). The Wyckoff position and atomic positions for the intercalated
 

+ ions are as follow; 3b (0, 0, 0.5) for K1 site and 18f (0.337, 0.318,
.3185) for K2 site, which is well matched with the structural informa-
ion of the site for K 

+ ions predicted through BVEL analyses. Moreover,
he Rietveld refinement result indicates that the molar ratio on K, Fe,
 and O atoms in the full discharged R-K x Fe 2 (SO 4 ) 3 is ~1.78: 2: 3: 12,
hich is well matched with the ICP-AES analysis results on the full dis-

harged R-K x Fe 2 (SO 4 ) 3 . 
To investigate the reaction mechanism of R-K x Fe 2 (SO 4 ) 3 during

harge/discharge, such as the change of the oxidation state of Fe ions,
e performed the ex-situ XANES analyses. As shown in Fig. 5 a, the Fe
-edge was shifted to lower energy level during discharge to 2.2 V
 vs . K 

+ /K), indicating that the Fe 2 + /Fe 3 + redox reaction occurs with
.78 mol K 

+ intercalation in R-K x Fe 2 (SO 4 ) 3 . The Fe 2 + /Fe 3 + redox reac-
ion in R-K x Fe 2 (SO 4 ) 3 was also confirmed through First-principles cal-
ulation. Fig. 5 b presents the integrated spin moments of Fe ions on R-
 0 Fe 2 (SO 4 ) 3 and R-K 1.5 Fe 2 (SO 4 ) 3 . During K 

+ intercalation between R-
 0 Fe 2 (SO 4 ) 3 , the total electron spin counts of Fe ions changed from + 5

o + 4 of R-K x Fe 2 (SO 4 ) 3 , implying that Fe + 3 ions in R-K 0 Fe 2 (SO 4 ) 3 are
ransformed into Fe 2 + ions with K 

+ intercalation in the structure. Fourier
ransform (FT) analyses on the ex-situ EXAFS data of R-K x Fe 2 (SO 4 ) 3 re-
ealed that Fe-O bonding distance in R-K Fe (SO ) structure is contin-
x 2 4 3 
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Fig. 5. (a) Ex-situ Fe K-edge XANES analyses 
of R-K x Fe 2 (SO 4 ) 3 (0 ≤ x ≤ 1.78). (b) Com- 
parison of integrated spin moments on Fe ion 
between R-K 0 Fe 2 (SO 4 ) 3 and R-K 1.5 Fe 2 (SO 4 ) 3 . 
(c) Ex-situ EXAFS analyses of R-K x Fe 2 (SO 4 ) 3 
(0 ≤ x ≤ 1.78) with the Fe-O bonding dis- 
tance. (d) Comparison of predicted Fe-O bond 
distances of the FeO 6 octahedra between R- 
K 0 Fe 2 (SO 4 ) 3 and R-K 1.5 Fe 2 (SO 4 ) 3 through first- 
principles calculation. 
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ously and slightly increased and decreased during K 

+ de/intercalation
y change of oxidation state between Fe 3 + and Fe 2 + ( Fig. 5 c), which
s also confirmed through First-principles calculation results predicting
hange of the Fe-O bonding environment in the FeO 6 octahedra between
-K 0 Fe 2 (SO 4 ) 3 and R-K 1.5 Fe 2 (SO 4 ) 3 predicted by First-principles calcu-

ation ( Fig. 5 d). In addition, to increase the specific capacity of cathode
aterials for KIBs, it is required that the K 

+ storage per the molar unit of
athode materials becomes larger, which implies that the more electrons
sed for K 

+ de/intercalation should be provided from the cathode mate-
ials. Thus, we guess that increasing the specific capacity of cathode ma-
erials for KIBs can be enabled through application of cationic-redox re-
ction based multi-electron reaction by transition metal or anion-redox
eaction by oxygen. 

. Conclusion 

We demonstrated that R-K x Fe 2 (SO 4 ) 3 exhibits the outstanding elec-
rochemical performances as a promising cathode for KIBs. Through
ombined studies using First-principles calculation and various exper-
ments, the theoretical properties of R-K x Fe 2 (SO 4 ) 3 in the KIB system
re confirmed, including the possible atomic sites for K 

+ ions, the redox
otentials, and the activation barrier energies for K 

+ diffusion and the
e 2 + /Fe 3 + redox reaction. At C/20 (1 C = 112 mA h g − 1 ), R-K x Fe 2 (SO 4 ) 3 
elivered a specific capacity of ~100 mA hg − 1 , corresponding to the in-
ercalation of 1.78 mol K 

+ with an average operation voltage ~3.3 V
 vs. K 

+ /K). Even at 5C, up to ~80% of the specific capacity measured
t C/20 was retained, demonstrating the outstanding power-capability
f R-K x Fe 2 (SO 4 ) 3 under the KIB system. Furthermore, over 300 cycles
t 2C, R-K x Fe 2 (SO 4 ) 3 exhibited capacity retention of ~83% with high
oulombic efficiency of more than 99%, resulting from the small volume
hange (~1.54%) during de/intercalation of K 

+ ions, as confirmed by
perando XRD analyses. We believe that our findings provide great in-

ight into the applicability of various materials as promising electrodes
or not only KIBs but also other rechargeable batteries. 
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