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large energy cathode with the K–
SO4–Cu conversion reaction for potassium
rechargeable batteries†
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Jungmin Kang,ab Jae Hyeon Jo,d Gabin Yoon,e Hyeon-Gyun Im, f Hitoshi Yashiro,g

Seung-Taek Myung a and Jongsoon Kim *ab

Although layered-type cathode materials for lithium-ion batteries (LIBs) have received great attention due

to their large gravimetric energy density, those for potassium rechargeable batteries (PRBs) just deliver small

and limited energy density due to the large structural change and phase transition during de/intercalation of

K+ ions with a large ionic size. Thus, a new approach is required for achieving high energy densities. A

cathode material that results in ultrahigh energy density for potassium rechargeable batteries (PRBs)

based on the conversion reaction of K–SO4–Cu in the system was developed. To maximize the

electrochemical performance, a copper-sulfate/carbon nanocomposite (hereafter denoted as N-CSO/C)

was prepared using a simple high-energy ball-milling process. At a current density of 12 mA g�1, the

conversion reaction of K–SO4–Cu in the PRB system resulted in a specific capacity of �240 mA h g�1

with an average operating voltage of �2.8 V (vs. K+/K). This capacity and the resulting energy density are

larger than those of other cathode materials for PRBs reported to date. After 200 cycles at 360 mA g�1,

N-CSO/C retained �70% of the initial capacity. The overall reversible reaction mechanism of K–SO4–Cu

in N-CSO/C in the PRB system was investigated through combined studies using first-principles

calculation and various experimental techniques.
1. Introduction

Environmental problems such as air pollution or ne dust from
the abuse of fossil fuels have been considered some of the most
serious issues in the world.1,2 Thus, developing energy storage
systems (ESSs) has received great attention for efficient usage of
eco-friendly and sustainable energy. Among the various ESSs,
Li-ion batteries (LIBs) are considered promising because of
their outstanding electrochemical properties with high energy
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density and stable cycle performance.3,4 Thus, the application
range of LIBs has been enlarged from small electronic devices to
grid-scale ESSs.5,6 However, the ongoing depletion of the limited
Li resources on earth and the resulting increase of the LIB
production cost may not satisfy the explosive growth in the
global demand of LIBs, which may restrict further application
of LIBs in industries.7–11 Thus, despite the undeniable merits of
LIBs, it is necessary to develop alternative ESSs that use
elements that are more abundant on earth.

Recently, potassium rechargeable batteries (PRBs) have
received great attention as promising alternatives to lithium-ion
batteries (LIBs) for large-scale applications owing to not only the
abundant potassium resources in the earth but also the lower
redox potential of potassium metal relative to that of other
alkali(-earth) metals (K+/K: �2.93 V vs. the standard hydrogen
redox potential (SHE); Na+/Na: �2.71 V vs. SHE, and Mg2+/Mg:
�2.27 V vs. SHE).12,13 Moreover, it was reported that K+ ions as
well as Li+ ions are reversibly de/intercalated in graphite-type
materials which are considered some of the most suitable
anode electrodes for commercialized LIBs,14 which indicates
that graphite-type materials can be used as promising anodes
for PRBs. Thus, the established industrial facilities for
producing graphite-type materials as LIB anodes can be more
smoothly applied for the PRB system than for other recharge-
able batteries.15 Thus, it is expected that established systems for
J. Mater. Chem. A, 2021, 9, 5475–5484 | 5475
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LIBs can be more easily applied for PRBs than for other
rechargeable battery systems. Studies on PRBs have focused on
intercalation-based cathode materials with outstanding elec-
trochemical performance. Layered-type materials in particular
have attracted attention as promising cathode materials for
PRBs owing to their large theoretical gravimetric energy
density.16–18 Unlike the layered-type cathode materials for LIBs,
however, most of the layered-type cathode materials for PRBs
such as O3-, P2-, and P3-type KxMO2 (M: transition metal)
exhibit specic capacities less than 130 mA h g�1 even at low
current densities in the available voltage range.19–21 Thus, we
speculate that rather than an intercalation-based reaction,
another reaction mechanism will be required for the develop-
ment of novel cathode materials for PRBs with large specic
capacities of more than 200 mA h g�1.21 Conversion-based
electrode materials are generally applied as the anode for
rechargeable batteries because of the low average operating
voltages of less than 0.5 V despite their large specic capacities
compared with those of intercalation-based cathode mate-
rials.22–25 We speculated that the limited energy densities of
intercalation-based cathode materials for PRBs could be over-
come by focusing on the development of novel conversion-
based cathode materials with high operating voltage. Our
strategy to increase the operating voltage for the conversion
reaction is to maximize the inductive effect arising from poly-
anion groups in the structure.26–28

In this work, we prepared a copper-sulfate/carbon nano-
composite (hereaer denoted as N-CSO/C) as a novel
conversion-based cathode material for PRBs. The conversion
reaction of K–SO4–Cu in the PRB system resulted in a large
specic capacity of �240 mA h g�1 and an average operating
voltage of �2.8 V (vs. K+/K) at 12 mA g�1; the resulting energy
density is the largest among those of cathode materials for PRBs
reported to date. Even at a current density of 1080 mA g�1, N-
CSO/C maintained a specic capacity of �170 mA h g�1,
which corresponds to �70% of the capacity at 12 mA g�1.
Furthermore, aer 200 cycles at a current density of 360 mA g�1,
N-CSO/C retained �70% of the initial capacity. Through
combined studies using rst-principles calculation and various
operando/ex situ techniques, including X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM),
time-of-ight secondary-ion mass spectroscopy (ToF-SIMS), X-
ray absorption near edge structure (XANES) spectroscopy, and
extended X-ray absorption ne structure (EXAFS) spectroscopy,
we conrmed the following reversible conversion reaction
mechanism in N-CSO/C during charge/discharge: CuSO4 + 2K

+ +
2e� 4 Cu + K2SO4.

2. Experimental
2.1 Preparation of N-CSO/C

To prepare pure CuSO4 powder, copper(II) sulfate$5H2O (Sigma
Aldrich, 98%) was heated at 500 �C for 5 h in air. The CuSO4

became whitish-gray aer dehydration and was thenmixed with
conductive carbon by high-energy ball milling 80 wt% CuSO4,
19 wt% Super P carbon black and 1 wt% carbon nanotubes
(CNTs). The powders were placed in a nitride jar with 30 balls
5476 | J. Mater. Chem. A, 2021, 9, 5475–5484
and ball milled at 500 rpm for 12 h, in order to prepare the N-
CSO/C nanocomposite.

2.2 Materials characterization

The N-CSO/C powders were characterized using XRD (PAN-
alytical) with Cu Ka radiation (wavelength ¼ 1.54178 Å). The 2q
range was 10–60� with a time per step of 0.13 s. The FullProf
Rietveld program was used to analyze the XRD data. The
morphology of the materials was examined using SEM (SU-
8010). The overall conversion reaction was evaluated using
HR-TEM (JEM-3010) at the National Center for Inter-university
Research Facilities (NCIRF) at Seoul National University.
XANES spectroscopy was performed at beamline 10C at the 3.0
GeV Pohang Light Source. The electrodes were tested using
a time-of-ight secondary ion mass spectroscopy (ULVAC-PHI,
ToF-SIMS PHITRIFT V nanoTOF) surface analyser to identify
the byproducts on the surface of the active materials. The
analyser operated at 10�9 Torr, and the liquid Ga+ ion source
and pulse electron ooding were equipped. For the ToF-SIMS
measurements, a Liquid Metal Ion Gun (LMIG) was used as
the primary ion source and there are three types of ion sources
for the LMIG; Ga, Au and Bi. Au and Bi ion beams contain a lot
of polymer ions, which is appropriate for high-mass molecules;
therefore, the two element beams are usually used to measure
molecules. Meanwhile, the Ga ion beam consists of monomers,
which is appropriate for low-mass areas, mainly elements. The
active material targets were bombarded by 10 keV Ga+ beams
from 0.3 to 0.5 pA of a pulsed primary ion current during the
analysis. Operando XRD patterns of N-CSO/C were obtained
using an XRD diffractometer (PANalytical, Empyrean) with Cu
Ka radiation (l ¼ 1.54178 Å) in the 2q range of 27–45� using
a step size of 0.026�. During the operando XRD experiments, we
used an operando battery cell (ISBC) for XRD made by PAN-
alytical with PDC TECH. The cell was measured at 12 mA g�1 in
the voltage range of 1.5–4.1 V with a K counter electrode,
a separator (Celgard 2400), and 0.5 M KPF6 in EC : DEC ¼ 1 : 1
(v/v) as the electrolyte. A beryllium (Be) window was used to
protect the cell system from water.

2.3 Electrochemical characterization

The electrodes were fabricated from a slurry of 87.5 wt% N-CSO/
C composite, 2.5 wt% Super-P carbon, and 10 wt% poly-
vinylidene uoride (PVDF) binder in N-methyl-2-pyrrolidone
(NMP). Thus, the N-CSO/C electrode consisted of 70 wt%
CuSO4 as the active material, 20 wt% conductive carbon, and
10 wt% PVDF binder. For a fair comparison of the electro-
chemical performance of the N-CSO/C and pristine CuSO4

electrodes, we applied the same mass ratio of 70 wt% CuSO4,
20 wt% conductive carbon, and 10 wt% PVDF binder for the
preparation of both electrodes. The slurry was applied on Al foil
using a doctor blade and dried in an oven at 110 �C for 12 h.
R2032 cells were assembled in an Ar-lled glove box using the
CuSO4 composite electrode, a K counter electrode, a separator
(Celgard 2400), and 0.5 M KPF6 in EC : DEC ¼ 1 : 1 (v/v) as the
electrolyte. The electrochemical performance of each cell was
evaluated by charging and discharging in the voltage range of
This journal is © The Royal Society of Chemistry 2021
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1.5–4.1 V at 30 �C using an automatic battery charge/discharge
test system (WBCS 3000, WonATech). The impedance of each
sample was analyzed from 1 MHz to 500 mHz with a 10 mV
amplitude using a multichannel impedance analyzer (VSP-300,
Bio-Logic, Grenoble, France).

3. Results and discussion
3.1 Conversion-based cathode material with high operating
voltage via the inductive effect

Fig. 1a shows the overall conversion reaction mechanism of K–
SO4–Cu in the PRB system. During discharge, the CuSO4 phase
disappears and then K2SO4 and metallic Cu0 phases are newly
formed at the same time. Then, the CuSO4 phase is recovered by
conversion reaction between K2SO4 and metallic Cu0 phases
during the charge process. In this conversion reaction of CuSO4

in the PRB system, we expect that the presence of (SO4)
2� pol-

yanions in the structure would maximize the inductive effect
among Cu–O–S bonds, implying that CuSO4 could deliver a high
redox potential as a cathode for PRBs despite the conversion-
based reaction, unlike other metal-oxide compounds (Fig. 1b).
Polyanion-based materials are composed of not only M and O
ions but also additional anions with high electronegativity. O
ions in polyanion-based materials are shared by not only M ions
but also the anions, which results in weakened bonding
between O and M ions in the polyanion-based materials
compared to the general metal-oxide materials. Thus, the gap
between bonding and anti-bonding orbitals is reduced due to
the existence of additional anions with high electronega-
tivity.29,30 As a result, the redox reaction of M ions in polyanion-
Fig. 1 (a) Scheme of the overall conversion reactionmechanism of CuSO
than of CuO arising from the inductive effect due to sulfur with high ele

This journal is © The Royal Society of Chemistry 2021
based materials can occur at a higher operating voltage than
that in the general metal-oxide materials. Moreover, it was re-
ported that the (SO4)

2�-based materials can be capable of
largely upshiing the redox potential through the inductive
effect of sulfur with high electronegativity.31 For these reasons,
we expected that the operating voltage of the conversion-based
electrode materials can be increased by maximizing the
induction effect of polyanions. We predicted the theoretical
redox potentials for the polyanion CuSO4 and the metal-oxide
CuO in the PRB system using rst-principles calculation
(Table S1a (ESI†)). The expected conversion reactions of (1)
CuSO4 and (2) CuO in the PRB system are as follows: (1) CuSO4 +
2K+ + 2e� 4 Cu + K2SO4 and (2) CuO + 2K+ + 2e� 4 Cu + K2O.
Table S1b (ESI†) presents the formation energies for the species
used to calculate the theoretical redox potentials of CuSO4 and
CuO in the PRB system. According to the calculation, CuSO4

exhibits an average operating voltage of �3.2 V (vs. K+/K), which
is higher than that of other conversion-based cathodes for
PRBs. It was predicted that CuO delivers an average redox
potential of �1.7 V (vs. K+/K). Through these analyses using
rst-principles calculations, we conrmed that the presence of
polyanions with high electronegativity, such as (SO4)

2�, results
in a high operating voltage despite the conversion reaction.
Furthermore, the theoretical capacity of CuSO4 based on the
conversion reaction mentioned above is �360 mA h g�1. These
results based on rst-principles calculations imply that CuSO4

can deliver larger energy densities than other intercalation-
based cathode materials for PRBs. In addition, we conrmed
that CuSO4 exhibits higher theoretical redox potential in the
4 in the PRB system. (b) Scheme of the higher redox potential of CuSO4

ctronegativity.

J. Mater. Chem. A, 2021, 9, 5475–5484 | 5477
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PRB system than those of the Na-ion battery (NIB) and Mg-ion
battery (MIB) systems (Table S2 (ESI†)), which indicates the
better suitability of CuSO4 as the cathode for PRBs rather than
NIBs or MIBs. To realize the theoretical electrochemical prop-
erties of CuSO4 in the PRB system, we fabricated nano-sized
CuSO4 particles that were homogeneously mixed with conduc-
tive carbon using a simple high-energy ball-milling process
(Fig. S1 (ESI†)). It has been reported that the long ion-diffusion
length in conversion-based electrodematerials leads to the poor
electrochemical performance; thus, shortening the ion path is
essential for these materials.32,33 Furthermore, the application
of a homogeneous conductive carbon coating on the surface of
particles can enhance the electrical conductivity and act as
a buffer that prevents the destruction of the crystal structure
during charge/discharge.34 We thus speculated that the high-
energy ball-milling process would allow us to successfully ach-
ieve these two goals simultaneously.

3.2 Morphology and crystal structure of N-CSO/C

Scanning electron microscopy (SEM) was used to compare the
particle sizes of the as-prepared CuSO4 and N-CSO/C (Fig. 2a
and b). The overall particle size of CuSO4 was greatly decreased
by pulverization through high-energy ball milling. Moreover,
the intensities and full width at half maximum (FWHM) of the
XRD peaks for the CuSO4 phase substantially changed aer
high-energy ball milling (Fig. 2c), indicating a difference in the
crystallite size between the as-prepared CuSO4 and N-CSO/C.
Using the Scherrer equation, we calculated the crystallite sizes
of the as-prepared CuSO4 and N-CSO/C from their XRD patterns
Fig. 2 SEM image of (a) pristine CuSO4 and (b) N-CSO/C. (c) Intensities an
Crystallite size of (d) pristine CuSO4 and (e) the N-CSO/C composite det
XRD patterns.

5478 | J. Mater. Chem. A, 2021, 9, 5475–5484
(Fig. 2d and e). The average crystallite size of N-CSO/C was only
�9.86 nm, which was smaller than that of the as-prepared
CuSO4 (�33.37 nm). In addition, Rietveld renement analyses
on N-CSO/C based on the XRD data revealed that N-CSO/C
possessed a pure orthorhombic crystal structure with the
Pnma space group without any impurities such as copper
carbide or second phases, despite the high-energy ball-milling
with conductive carbon (Fig. 3a). The calculated lattice param-
eters of N-CSO/C were determined to be a ¼ 8.4090(6) Å, b ¼
6.7005(3) Å, c¼ 4.8176(3) Å, and b¼ 90�, which agreed well with
previously reported values in the literature (Table S3 (ESI†)).35

Moreover, homogeneous carbon mixing with CuSO4 particles in
N-CSO/C was conrmed through transmission electron
microscopy (TEM) analyses and energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping (Fig. 3b). The total carbon
content in N-CSO/C was determined to be �20 wt% by ther-
mogravimetric analysis (TGA) (Fig. S2, (ESI†)).

3.3 Electrochemical properties of N-CSO/C in the KIB system

Fig. 4a and b present the charge/discharge capacities of the N-
CSO/C nanocomposite at various current densities in the
voltage range of 1.5–4.1 V (vs. K+/K). For the full conversion
reaction, the nanocomposite was initially discharged to 1.1 V
(vs. K+/K). Fig. S3 (ESI†) shows the initial charge/discharge curve
dQ/dV prole of the N-CSO/C nanocomposite. It was veried
that the plateau region is partially found at the initial the
charge/discharge and dQ/dV proles. Interestingly, N-CSO/C
delivered a specic capacity of �240 mA h g�1 with an
average operating voltage of �2.8 V (vs. K+/K) at 12 mA g�1; this
d FWHMof XRD peaks of the N-CSO/C composite and pristine CuSO4.
ermined using the Scherrer equation for selected hkl reflections of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Rietveld refinement of the XRD pattern of N-CSO/C (RP ¼ 3.64%, RI ¼ 1.98%, and RF ¼ 2.12%) and the crystal structure of the N-CSO/C
composite. (b) EDS elemental mapping of the N-CSO/C composite (Cu: red, S: green, O: blue, and C: yellow).
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capacity and the resulting energy density are larger than those
of other cathode materials for PRBs. Even at 1080 mA g�1, N-
CSO/C delivered a specic capacity of �170 mA h g�1, corre-
sponding to �70% of the capacity measured at 12 mA g�1. In
Fig. 4 (a) Charge/discharge curves of N-CSO/C at various current rates i
of the N-CSO/C composite from 12 to 1800 mA g�1. (c) Cycling perf
360 mA g�1 after 1 cycle at 120 mA g�1.

This journal is © The Royal Society of Chemistry 2021
addition, it was supposed that the slope of the discharge curve
at a high current density of 1800 mA g�1 is decreased compared
to those at other low current densities because of the increased
overpotential of the conversion reaction. Aer 200 cycles at
n the voltage range of 1.5–4.1 V (vs. K+/K). (b) Rate cycling performance
ormance and coulombic efficiency of N-CSO/C over 200 cycles at

J. Mater. Chem. A, 2021, 9, 5475–5484 | 5479
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Fig. 5 Ragone plot of N-CSO/C and other cathode materials for PRBs
(vs. K+/K).
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360 mA g�1, N-CSO/C retained �70% of its initial capacity
(Fig. 4c), which is related to the well-retained crystal structure
and morphology of N-CSO/C aer 200 cycles (Fig. S4 (ESI†)).
Moreover, Fig. S5 (ESI†) presents the cyclic voltammetry (CV)
proles of N-CSO/C at 1 mV s�1. In addition, Fig. 5 shows that
the outstanding electrochemical performance of N-CSO/C in the
PRB system is clearly revealed through comparison with that of
other cathodes for PRBs. It was reported that like the N-CSO/C
nanocomposite, numerous cathode materials for PRBs are dis-
charged to 1.5 V (vs. K+/K) in the half-cell system with K metal
for realization of their optimal electrochemical properties.16,36–40

These results imply the strong possibility of the application of
N-CSO/C as a promising cathode for practical PRBs.
Fig. 6 (a) Charge/discharge profiles of the N-CSO/C|Hard-carbon
full-cell at the 1st, 5th, 10th, 50th, 100th, 150th, 200th, 250th and 300th

cycles. (b) Cycling performance and coulombic efficiency of the N-
CSO/C full cell over 300 cycles at 360 mA g�1.

5480 | J. Mater. Chem. A, 2021, 9, 5475–5484
Fig. 6 and Table S4 (ESI†) show that the N-CSO/C|Hard
carbon full-cell delivered a large initial capacity of
�202 mA h g�1 at a current density of 360 mA g�1 and a highly
stable cycle performance with �85% capacity retention
compared with the initial capacity over 300 cycles, indicating
the high possibility of the application of N-CSO/C as a cathode
for practical PRBs.16,36,37,41–44 In addition, the electrochemical
properties of the full cell were analyzed in the voltage range of
1.0–4.0 V. It was reported that a number of full-cells for PRBs
were tested at a discharge cut-off voltage of less than
1 V,15,36,37,40,41 which indicates that the full-cell performances of
the N-CSO/C composite tested in the voltage range between 1.0
and 4.0 V are competitive with those of other cathode materials
for PRBs. Furthermore, we performed a full-cell test on N-CSO/C
using pre-potassiated hard carbon as the anode. It is known that
the anode materials for not only PRBs but also lithium/sodium-
ion batteries should pre-cycled over several cycles to remove
irreversible capacity in the rst cycle by stabilization of SEI-layer
formation,45,46 which implies that it may not be a critical
problem to apply the pre-potassiated hard-carbon as an anode
for full-cell tests of the N-CSO/C composite compared to those
of other cathode materials for PRBs using the pre-cycled
anodes. As shown in Fig. S6,† the hard carbon electrode was
pre-cycled in the voltage range of 0.01–2.0 V (vs. K+/K) for two
cycles to remove the irreversible capacity of the initial cycle.
Moreover, to conrm the pre-cycling effect on the electro-
chemical performances of hard carbon as the PRB anode, we
tested the full-cell performances of the N-CSO/C electrode using
one-time and two-time pre-cycled hard carbon electrodes.
Fig. S7† shows that the full-cell performance using two-time
pre-cycled hard carbon is more outstanding than that using
one-time pre-cycled hard carbon. In addition, for the as-
prepared CuSO4 powder, its specic capacity at 12 mA g�1 was
only �6 mA h g�1 (Fig. S8 (ESI†)). Electrochemical impedance
spectroscopy (EIS) analyses conrmed that the charge-transfer
resistance of the as-prepared CuSO4 was much larger than
that of N-CSO/C (Fig. S9 (ESI†)). In addition, it is known that K+

ion diffusion is more difficult than Li+ ion diffusion owing to
the larger ionic size of K+ (�1.38 Å) than of Li+ (�0.76 Å).17 Thus,
because the conversion reaction between CuSO4 and K+ is
accompanied by the sluggish kinetics, it was supposed that the
N-CSO/C electrode delivers a relatively low specic capacity of
�240 mA h g�1 in the enlarged voltage range between 1.5 and
4.1 V (vs. K+/K) compared to its theoretical capacity. Moreover,
a specic capacity of �300 mA h g�1 in the voltage range
between 1.1 and 4.1 V (vs. K+/K) in the initial cycle supports the
sluggish kinetics of the CuSO4 phase in the PRB system.
3.4 Demonstrating the conversion mechanism of N-CSO/C
in the KIB system

The conversion reaction of K–SO4–Cu in the PRB system was
evaluated using operando and ex situ XRD analyses (Fig. 7a,
b and S10 (ESI†)). Although the entire phase of CuSO4 dis-
appeared during discharge to 1.1 V (vs. K+/K), the growth of new
XRD peaks at 29.8�(2q), 30.8�, and 43.4� was detected, corre-
sponding to the (013) and (211) planes of K2SO4 and the (111)
This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Operando XRD patterns of the N-CSO/C electrode during the first cycle. (b) Ex situ XRD patterns of N-CSO/C electrodes at various
voltages. (c) XANES spectra and (d) EXAFS spectra of N-CSO/C electrodes.
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plane of metallic Cu0, respectively. During charging to 4.1 V (vs.
K+/K), the intensities of the XRD peaks corresponding to the
K2SO4 and metallic Cu0 phases gradually declined, and the
CuSO4 phase with an amorphous or low-crystallinity structure
was reversibly re-formed. Fig. S11 (ESI†) shows the ex situ XRD
patterns of N-CSO/C electrodes with the expanded regions. In
addition, these operando/ex situ XRD results are related to the
well-dened slopes in the charge/discharge proles of the N-
CSO/C electrode without noticeable plateau regions aer the
initial cycle, which is consistent with the experimental results of
the other conversion-based electrode materials for rechargeable
batteries.47,48 These operando and ex situ XRD results indicate
that the CuSO4 phase in N-CSO/C undergoes a reversible
conversion reaction during charge/discharge, as expressed by
the following equation: CuSO4 + 2K

+ + 2e� 4 Cu + K2SO4. There
is no evidence of new compounds consisting of Cu+ ions; the
swi change of Cu2+ to metallic Cu0 occurred without Cu+

during the conversion reaction on CuSO4 in the K-cell system.
Moreover, it was veried that any impurities such as copper
carbide were not formed during the charge/discharge process.
In addition, to determine the change of the average oxidation
states and local structure during charge/discharge, we per-
formed XANES and EXAFS analyses on N-CSO/C from the as-
prepared electrode to the fully charged/discharged electrodes
(Fig. 7c and d).49,50 During discharge, the oxidation state of Cu
changed from Cu2+ to metallic Cu0, as observed in the ex situ
XANES spectra, and the peak intensity of the metallic Cu–Cu
bond gradually increased with a weakened Cu–O bond, as
This journal is © The Royal Society of Chemistry 2021
observed in the ex situ EXAFS spectra. For the fully charged N-
CSO/C electrode, the oxidation state of Cu and the local struc-
ture were similar to those of the as-prepared N-CSO/C electrode.
These results indicate the reversible conversion reaction from
CuSO4 to K2SO4 and metallic Cu0 in the PRB system.

The conversion reaction of the CuSO4 phase in the PRB
system was also demonstrated through ex situ HRTEM and
selected area electron diffraction (SAED) analyses. For accurate
analyses, we used structural information obtained from the
Inorganic Crystal Structure Database (ICSD). As shown in
Fig. 8a–c, while the discharged sample exhibited (hkl) planes
and d-spacing corresponding to metallic Cu0 and K2SO4 phases,
the (hkl) planes and d-spacing of the CuSO4 phase were
observed for both the as-prepared and charged sample, which
agrees well with the operando/ex situ XRD data. To conrm the
species formed during the conversion reaction of the CuSO4

phase in N-CSO/C, we performed ToF-SIMS analyses (Fig. 8d–f).
Before the ToF-SIMS measurement, the surface was etched
using Ga+ for 10 s to eliminate the organic contaminants
composed of C–H–O bonds from the electrolyte or air. For the
as-prepared electrode, only the CuSO3

+ fragment indicating Cu–
S–O bonds (such as CuSO4) was strongly observed, whereas the
other peaks were negligible. Aer fully discharging to 1.1 V, the
CuSO3

+ fragment was diminished and hardly observed;
however, the fragments of KSO2

� (m ¼ 102.92) and Cu+ (m ¼
62.93) grew sharply, corresponding to K–S–O bonds (such as
K2SO4) and metallic Cu0, respectively. Although the Cu+ frag-
ment was observed for the as-prepared electrode owing to the
J. Mater. Chem. A, 2021, 9, 5475–5484 | 5481
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Fig. 8 HRTEM images and SAED patterns of the (a) fresh, (b) discharged, and (c) charged N-CSO/C composite. ToF-SIMS plots of (d) CuSO3
+, (e)

KSO3
� and (f) Cu+ after de/potassiation.
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presence of the Cu element in CuSO4, the evidence was faint at
that time; however, the fragment substantially grew at the end
of discharge. Thus, it is reasonable to conclude that metallic Cu
was formed at the N-CSO/C electrode as discharge proceeded.
Aer fully charging to 4.1 V, the fragments of K2SO4 and Cu+

disappeared and the CuSO3
+ fragment was recovered, implying

the restoration of the CuSO4 phase. These ex situ ToF-SIMS
results indicating the conversion reaction of the CuSO4 phase
in the PRB system are consistent with the operando/ex situ XRD
and HRTEM analyses. In addition, to identify the relationship
between Cu0 formation and K+ ion transmission, we performed
electrochemical impedance spectroscopy (EIS) analyses on fully
charged and fully discharged N-CSO/C electrodes in the PRB
system. As presented in Fig. S12 (ESI†), the charge-transfer
resistance of the fully charged sample was larger than that of
the fully discharged sample, which indicates that the existence
of the metallic Cu0 phase can affect the K+ ion transmission.
The effect of metallic Cu0 phases on alkali-ion transmission is
similar with that in previous research on the Cu-based
conversion-based electrode materials such as CuO and CuS.51,52
4 Conclusions

We proposed a method to develop novel conversion-based
cathode materials with ultrahigh energy densities for PRBs.
Through a simple high-energy ball-milling process, we
successfully prepared N-CSO/C, and the overall reaction mech-
anism of the CuSO4 phase in N-CSO/C in the PRB system was
5482 | J. Mater. Chem. A, 2021, 9, 5475–5484
conrmed through combined studies using rst-principles
calculation and various experimental techniques including
operando/ex situ XRD, HRTEM, ToF-SIMS, XANES spectroscopy,
and EXAFS spectroscopy. N-CSO/C delivered a capacity of
�240 mA h g�1 with an average operating voltage of �2.8 V (vs.
K+/K) at 12 mA g�1, resulting in a larger energy density than that
of other reported cathode materials for PRBs to date. This
exceptionally large energy density of N-CSO/C results from the
high operating voltage of the conversion reaction (CuSO4 + 2K+

+ 2e� 4 Cu + K2SO4) achieved via the inductive effect of sulfur-
based polyanions with high electronegativity. In particular, N-
CSO/C exhibited not only outstanding power-capability and
cyclability but also great full-cell performance when paired with
a potassiated hard-carbon anode, implying that it is reasonable
to apply N-CSO/C as a cathode in practical PRBs. We believe that
this research on N-CSO/C provides fundamental information on
conversion-reaction-based cathode materials for not only PRBs
but also other rechargeable batteries.
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