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a b s t r a c t

Conversion-type cathodes have a higher theoretical capacity compared to intercalation-type cathodes
due to the use of more transition metal cations. However, their sluggish kinetics and low operation
voltage hinder their practical application in the industry, resulting in low specific capacity. To address
these issues, we prepare an amorphous carbon-coated Cu(PO3)2 nanocomposite, and evaluate its elec-
trochemical performance under rechargeable Na-ion battery system. At a current density of 24 mA/g, it
achieves a large specific capacity of ~232 mAh/g with an average operation voltage of ~2.0 V (vs. Naþ/Na).
Furthermore, the amorphous carbon-coated Cu(PO3)2 nanocomposite exhibits a cycle retention of ~90%
compared to the initial capacity after 100 cycles. In contrast, bare Cu(PO3)2 shows poor electrochemical
performance under the same conditions. Various experimental measurements have demonstrated that
the amorphous carbon-coated Cu(PO3)2 nanocomposite exhibits a reversible and smooth conversion
reaction of Cu(PO3)2 phase in the rechargeable Na-ion battery system.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

By environmental pollution by usage of fossil fuels, it is impor-
tant to develop the eco-friendly energy resources and efficient
energy storage systems (ESSs) in the world [1,2]. Li-ion batteries
have been widely used and their application gets larger from the
small electronic devices to large-scale application such as electric
vehicles (EVs) [3,4]. By limited Li resources, however, it is difficult to
satisfy the LIB demands growing explosively, which leads to high
production cost of LIBs. Thus, many researchers have studied
development of low-cost and efficient rechargeable batteries for
grid-scale energy storage [5,6]. Recently, rechargeable sodium-ion
batteries (RSBs) have great attention, due to their low production
cost by unlimited Na resources and monovalent-ion-based reaction
mechanism like LIBs [7,8]. In terms of cathode materials for RSBs,
the intercalated-based compounds, such as layered-type transition
on), jongsoonkim@skku.edu
metal (TM) oxides [9], polyanion [10], etc. have been widely stud-
ied, owing to their high redox potential. However, intercalation-
based cathode materials for RSBs can just store 1 mol Naþ per
1 mol TM ions [11,12]. For longer usage of rechargeable batteries
after one charging process, it should be required to increase the
available amounts of Naþ per 1 mol TM ions in the cathode mate-
rials during charge/discharge [13].

To increase the Naþ storage amounts per 1 mol TM ions in the
material, the conversion-type compounds can be regard as one of
the best choices. Unlike intercalation-type compounds that only
use less than 1 mol Naþ per 1 mol TM ions, conversion-type com-
pounds can store at least 2 mol Naþ per 1 mol TM ions during
charge/discharge, which enables larger available capacities of
conversion-type compounds than those of intercalation-type
compounds [14,15]. However, several significant issues should be
solved for conversion-type compounds to be applied as the cathode
for RSBs. The first issue is their low operation voltage of below 1 V,
which is the reason why the conversion-type compounds have
been mainly used for anodes rather than cathodes [16,17]. The
second issue is their poor ionic/electronic conductivities related to
long ion diffusion length hindering the smooth kinetics in
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electrochemical reactions [18,19]. The third issue is the large vol-
ume change and structural degradation during charge/discharge,
which leads to the poor cycle performance [20,21]. Without over-
coming these problems of the conversion-type materials, their
practical utilization as the cathode in RSBs is difficult to achieve.

Our strategy to increase the operation voltage of conversion-
type compounds is application of polyanion-based compounds. It
was known Fe2þ/Fe3þ redox reaction in olivine LiFePO4 can be
occurred at higher operation voltage of ~3.4 V (vs. Liþ/Li) than that
in the layered-type TM oxide, owing to the inductive effect by
phosphorus ions with high electronegativity [22,23]. Thus, we
thought polyanion compounds containing phosphoruswith oxygen
in the structure can also deliver the high redox potential during the
conversion reaction. Moreover, it was reported Cu has lower
negative standard enthalpies of formation compared to other
transition metals, indicating that Cu-based compounds can exhibit
higher redox potential than other TM-based compounds [14].
Furthermore, optimizing the particle architecture is an effective
way to reduce the barrier to achieving the best performance.
Amorphous materials with randomly linked clusters have been
reported as promising electrodes, highlighting their intrinsic merits
[24]. Compared to crystallite materials, amorphous materials have
attractive advantages when used as cathodes for RSBs, including (1)
facilitating Naþ diffusion [25,26], (2) increasing Naþ storage sites
and diffusion channels [27,28], and (3) improving reaction activity
[29,30]. Additionally, when conductive carbon is added during the
high energy ball-milling process to obtain an amorphous phase, it
forms a homogeneous carbon coating on the particle surface, which
can be expected to improve electrical conductivity and suppress
volume expansion [31,32].

For these reasons, we prepared an amorphous Cu(PO3)2 with
conductive carbon nanocomposite (a-c-CPO), and it exhibited
outstanding electrochemical performances as the novel
conversion-type cathode for RSBs. Through combined studies using
first-principles calculation and various experiments, it was
revealed a-c-CPO exhibited the average operation voltage of ~2 V
(vs. Naþ/Na) through the following conversion reaction of Cu(PO3)2
phase in the nanocomposite under the RSB system;
Cu(PO3)2 þ 2Naþ þ e� 4 Cu þ 2NaPO3. At a current density of
24 mA/g, the a-c-CPO electrode delivered the large available ca-
pacity of ~232 mAh/g corresponding to 2 mol Naþ storage. Even at
960 mA/g, its capacity was maintained up to ~61% of the capacity
measured at 24 mA/g. Moreover, a-c-CPO showed the capacity
retention of ~90% compared to the initial capacity after 100 cycles.
These results indicates outstanding power-capability and cyclabil-
ity of a-c-CPO as the novel conversion-type cathode for RSBs. In
addition, the conversion reaction mechanism of Cu(PO3)2 phase
under the RSB system was clearly demonstrated through the
various ex-situ analyses using X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM), X-ray
photon spectroscopy (XPS) and synchrotron-based X-ray absorp-
tion spectroscopy (XAS).

2. Experimental

2.1. Preparation of a-c-CPO

The bare Cu(PO3)2 was prepared by mixing raw materials such
as CuO (Sigma Aldrich, 99%) and (NH4)2HPO4 (Sigma Aldrich, 98%)
in a molar ratio of 1:2. A total weight of 10 g of precursors, 100ml of
acetone and 12 Zr balls were collected in Nalgene bottle and uni-
formly mixed by wet ball-milling at 250 rpm for 12 h. After mixing,
the resulting mixture was stirred on a hot plate at 60 �C for 12 h.
Then, pellets from dried powder were heated at 850 �C for 12 h in
air to obtain bare Cu(PO3)2. To synthesize the a-c-CPO composite,
2

the bare Cu(PO3)2 and conductive carbon were placed in a silicon
nitride planetary bowl with 30 nitride balls of a diameter of 10 p
and ball-milled at 500 rpm for 12 h. After the first ball-milling, a
second ball-milling was performed at 500 rpm for 12 h using the
collected composite material and 10 nitride balls of a diameter of 3
p. The completed a-c-CPO composite was composed of 80 wt% of
Cu(PO3)2, 19 wt% of Super P carbon black, and 1 wt% of carbon
nanotubes (CNTs).

2.2. Materials characterization

The bare Cu(PO3)2 and a-c-CPO composites were characterized
using XRD (PANalytical) with Cu Ka radiation
(wavelength ¼ 1.54178 Å). The 2q range was 10�e60� with a time
per step of 0.13. The morphology of the materials and EDS
elemental mapping were examined using SEM (SU-8010). HR-TEM
particle images and SAED patterns measured using high-resolution
transmission electron microscopy (HR-TEM; JEM-3010) at the Na-
tional Center for Inter-university Research Facilities (NCIRF) at
Seoul National University. The Cu(PO3)2 powder was analyzed us-
ing the inductively coupled plasma (ICP)-atomic emission spec-
trometer. The ac perturbation signal was ±5 mV and the frequency
rangewere from 10-2 Hze106 Hz. X-ray photon spectroscopy (XPS)
characterization was performed using a K-alpha (Thermo Scientific
Inc., U.K) model with Al Ka radiation (hv ¼ 1486.6 eV). All the XPS
spectra were referenced to the C1s at the binding energy (BE) of
284.8 eV. The overall conversion reaction was revealed using
XANES and EXASF spectroscopy that performed at beamline 8C at
the 3.0-GeV Pohang Light Source. The impedance of each sample
was analyzed from 5 MHz to 500 mHz using a multichannel
impedance analyzer system (VSP-300, Bio-Logic, Grenoble, France).

2.3. Electrochemical characterization

The a-c-CPO electrodes were fabricated from a slurry of 87.5 wt%
a-c-CPO composite, 2.5 wt% Super-P carbon, and 10 wt% poly-
vinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidone
(NMP), with a final ratio of 70 : 20: 10 ¼ Cu(PO3)2: conductive
carbon: PVDF binder, respectively. To ensure a fair comparison of
the electrochemical performance between the a-c-CPO and bare
Cu(PO3)2 electrodes, the same mass ratio of 70 wt% Cu(PO3)2, 20 wt
% conductive carbon, and 10 wt% PVDF binder was used on bare
Cu(PO3)2 electrode. The slurry was applied on Al foil with an areal
mass loading of ~2 mg cm�2 and dried in an oven at 110 �C for 12 h.
R2032 cells were assembled in an Ar-filled glove box using the a-c-
CPO or bare Cu(PO3)2 composite electrode, a Na counter electrode, a
separator (Whatman GF/F glass fiber), and an electrolyte (1.0 M
NaPF6 in diethylene glycol dimethyl ether (DEGDME)). The elec-
trochemical performance of each cell was evaluated by charging
and discharging in the voltage range of 1.0e4.0 V at 30 �C using an
automatic battery charge/discharge test system (WBCS 3000,
WonATech). In full-cell testing, the anode used was the sodiated
hard carbon electrode instead of Na metal. The electrode was
prepared using the same procedure and ratio as the a-c-CPO elec-
trode, except the usage of Cu foil. To minimize the irreversibility at
the initial cycle, the hard carbon anode electrode was discharged to
0.001 V (vs. Naþ/Na) during the preparation of the sodiated hard
carbon. Subsequently, the full-cell was fabricated using the a-c-CPO
electrode as the cathode and the sodiated hard carbon as the anode.
To minimize the irreversibility of the hard carbon, the electrode
was pre-cycled by direct contact with Na metal in 1.0 M NaPF6 in
diethylene glycol dimethyl ether (DEGDME) electrolyte. Finally,
R2032 coin-type full-cells were assembled in an Ar-filled glove box
using the a-c-CPO cathode and pre-cycled hard carbon anode, with
a capacity ratio of negative and positive electrodes of ~1.2.
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2.4. Computational details

DFT calculations [33] were performed using the Vienna Ab Initio
Simulation Package (VASP). We used projector-augmented wave
(PAW) pseudopotentials were used [34] with a plane-wave basis
set, as implemented in VASP. Perdew�Burke�Ernzerhof (PBE)
parametrization of the generalized gradient approximation (GGA)
[35,36] was used for the exchange-correlation functional. All the
calculations were performed with an energy cutoff of 520 eV until
the remaining force in the system converged to less than
0.02 eV Å�1 per unit cell. The parameters reported in the Materials
Project database [37] such as the U values and energy cutoff values,
were used for the DFT calculation.

3. Results and discussion

Fig. 1 presents a schematic image of the preparation process for
a-c-CPO from bare Cu(PO3)2, along with the merits of amorphous
materials. To achieve amorpholization and carbon coating simul-
taneously, bare Cu(PO3)2 was pulverized and mixed with conduc-
tive carbon through high energy ball-milling. Unlike crystalline
materials with an ordered structure, the amorphous phase with
mainly a disordered structure has inherent advantages, including
the fast Naþ diffusion with more diffusion channels and the
improved reaction activity. Additionally, the nano-scaling process,
which naturally accompanies the process of achieving amorpholi-
zation, provides shorter diffusion pathways for smooth Naþ diffu-
sion and an enlarged surface area where the electrolyte and active
material can contact each other. Consequently, it is expected that
these characteristics of an amorphous structure can deliver
improved electrochemical performances compared to the
Fig. 1. Schematic image of the preparation process for a-c-CPO from
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crystalline structure. Furthermore, the carbon layers on particle
surfaces enhance electrical conductivity, improve the surface
chemistry of active material, and act as a barrier to direct contact
with the electrolyte. The carbon contents were confirmed through
thermogravimetric analysis (TGA) as ~20 wt% in a-c-CPO, indicating
that a-c-CPO is composed of ~80 wt% of Cu(PO3)2 and ~20 wt% of
conductive carbons (Fig. S1). It is expected that a-c-CPO, which is
completely prepared with these changes, can exhibit outstanding
electrochemical performance, overcoming the drawbacks of the
conversion-type compounds under the RSB system.

The material identification and morphological analyses of a-c-
CPO were performed using X-ray diffraction (XRD) patterns of bare
Cu(PO3)2 (shown in Fig. 2a), which exhibited a clear crystalline
structure with sharp and high intensity of XRD peaks indicating the
C 2/c space group. Owing to the high energy ball milling process, a-
c-CPO showed the broad and unobvious diffraction peaks, indi-
cating the formation of an amorphous phase across the overall
regions. In addition, the intensity of XRD patterns, which reflects
the crystallinity of the material, decreases as the level of disorder
increases from bare Cu(PO3)2 to a-c-CPO. The total intensity of a-c-
CPOwas reduced by about 94% compared to that of bare Cu(PO3)2 at
the same XRDmeasurement conditions, indicating a higher level of
disordering in the a-c-CPO sample. Transmission electron micro-
scopy (TEM) analyses (Fig. 2bec) indicate selected area diffraction
(SAED) patterns of bare Cu(PO3)2 phase showing clear reflection
spots such as (022) or (422) planes representing a crystalline phase,
which supports the XRD results. In contrast, there were no spots of
a crystalline phase in the SAED pattern of a-c-CPO and just one
ring-pattern related to (022) plane was detected, implying the
completion of amorphous phase through high energy ball-milling.
In contrast, there were no spots of a crystalline phase in the SAED
bare Cu(PO3)2, along with the merits of amorphous materials.



Fig. 2. (a) The XRD patterns of a-c-CPO and bare Cu(PO3)2 with maximum intensities. SEM images of (b) a-c-CPO, (c) bare Cu(PO3)2. EDS elemental mappings (Cu: blue, P: green, O:
red) of (d) a-c-CPO, (e) bare Cu(PO3)2. TEM-SAED patterns of (f) a-c-CPO, (g) bare Cu(PO3)2. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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pattern of a-c-CPO and just one ring-pattern related to (022) plane
was detected, implying the completion of amorphous phase
through high energy ball-milling. At Fig. S2, XRD patterns of bare
Cu(PO3)2 electrode showed clear diffraction peaks indicating its
crystallinity despite a decrease in overall intensity after electrode
fabricationwith carbonmixing. In addition, the TEM image of the a-
Fig. 3. XPS spectra of a-c-CPO: (a) XPS full spectrum, (b)

4

c-CPO electrode coated with carbon using high energy ball-milling
displayed a carbon layer on the particle surface, whereas the bare
Cu(PO3)2 electrode simply mixed with carbon during electrode
fabrication showed distributed carbon around the particle, indi-
cating the significance of the ball-milling process. The morphol-
ogies of bare Cu(PO3)2 and a-c-CPO were identified using scanning
Cu 2p spectra, (c) O 1s spectra, and (d) P 2p spectra.
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electron microscopy (SEM) analyses (Fig. 2dee). Whereas the
average particle size of bare Cu(PO3)2 was just the micro-scale, the
particle size of a-c-CPO decreased to the nano-scale as a result of
the ball milling process. SEM-based Energy-dispersive X-ray spec-
troscopy (EDS) mapping analyses exhibited that both bare Cu(PO3)2
and a-c-CPO were composed of homogenously distributed Cu, P,
and O elements regardless of amorpholization (Fig. 2feg). These
results were supported by the inductively coupled plasma atomic
emission spectroscopy (ICP-OES) results, which identified the
atomic ratio of Cu(PO3)2 as Cu:P:O ¼ 1.01:1.99:6.02 (Table S1).

X-ray photoelectron spectroscopy (XPS) analysis was performed
to support the material verification of a-c-CPO with ambiguous
XRD patterns (Fig. 3a). In the Cu 2p XPS spectra (Fig. 3b), Cu was
determined to be in the valence state of Cu2þ from a strong peak at
934.2 eV and the satellite peak at 943.6 eV, which was consistent
with the O 1s XPS spectra that exhibited CueO bonds at 531.1 eV
(Fig. 3c) [38,39]. Moreover, the O 1s XPS spectra showed another
peak at 532.9 eV indicating PeO bonds of (PO3

�), which was also
observed as a strong single peak involving P 2p3/2 (134.6 eV) and
2p1/2 (135.5 eV) orbitals in the P 2p XPS spectra (Fig. 3d) [40]. Based
on these XPS spectra results, we concluded that a-c-CPO was suc-
cessfully prepared as intended.

To enhance the redox potential of a material, we aim to maxi-
mize the inductive effect using polyanion groups [22,41]. These
Fig. 4. Charge/discharge curves and rate capability of (a, b) a-c-CPO and (c, d) bare Cu(PO3)2
cycling performance of a-c-CPO and bare Cu(PO3)2 over 100 cycles at 240 mA g�1.
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materials are characterized by the presence of an additional anion
with high electronegativity, leading to weakened bonding between
O and M ions due to shared O ions, which reduces the gap between
bonding and anti-bonding orbitals and increases the material's
redox potential. This effect is particularly suitable in Cu(PO3)2,
where polyanion groups share their oxygen with anions and TM
ions. By maximizing the inductive effect of polyanions, it is possible
to increase the average voltage in the Cu(PO3)2 phase and outper-
form other conversion-type cathode materials, such as simple TM
oxides. We compared the theoretical redox potentials of Cu(PO3)2
as a polyanion compound and CuO as a TM oxide compound in the
RSB system using first-principle calculation (Table S2). Cu(PO3)2
and CuO undergo the following conversion reactions during the
charge/discharge process, respectively:

Cu(PO3)2 (vs. Naþ/Na): Cu(PO3)2 þ 2Naþ þ 2e� 4 Cu þ 2NaPO3 (i)

CuO (vs. Naþ/Na): CuO þ 2Naþ þ 2e� 4 Cu þ Na2O (ii)

The theoretical formation energies for the Cu(PO3)2 and CuO
species calculated by first-principles calculation were represented
in Table S2. It was verified CuO just expresses an average operation
voltage of ~1.2 V (vs. Naþ/Na). On the other hand, Cu(PO3)2 achieved
an average operation voltage of ~3.2 V (vs. Naþ/Na), which is higher
in the voltage range of 1.0e4.0 V at various discharge current rates. (e) Comparison of
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than that of other conversion-type electrode materials for RSBs.
Higher theoretical average voltage of Cu(PO3)2 than that of CuO
successfully demonstrates our strategy for achieving a higher redox
potential through maximizing inductive effect with poly-anion
groups containing high electronegativity elements.

We evaluated the Na storage properties of a-c-CPO and bare
Cu(PO3)2 electrodes under the RSB system in the voltage range of
1.0e4.0 V (vs. Naþ/Na) after stabilizing with pre-cycle at 24 mA/g.
As presented at Fig. S3, there was difference in charge/discharge
curves of 1st and 2nd cycles. When the sodium-ions were initially
inserted into conversion-type electrode, the structure of material
was completely decomposed and rearranged to TM nano-particles
and sodium-based composites. Therefore, the structural changes
that conversion-type materials undergo during subsequent sodia-
tion/desodiation follow different pathways than those of the initial
reactions [42]. Fig. 4aed showed a comparison of charge/discharge
curves and rate performances of a-c-CPO and bare Cu(PO3)2 elec-
trodes at various current densities. It was verified a-c-CPO achieved
much better electrochemical performances than bare Cu(PO3)2. The
a-c-CPO delivered a specific capacity of ~232 mAh/g at 24 mA/g,
which corresponds to 2 mol Naþ storage per formula unit of
Cu(PO3)2. The average operation voltage of a-c-CPO under the RSB
Fig. 5. (a) Initial charge/discharge curves and cut-off voltage points of ex-situ samples. (b) E
SAED patterns of (c) as-prepared, (d) discharged, and (c) charged a-c-CPO composites.
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system was close to ~2.0 V, higher than other conversion-type
cathodes for RSBs [43,44]. Even at high current density of
960 mA/g, a-c-CPO still delivered a high specific capacity of
~143 mAh/g with respectable reaction kinetics, corresponding to
~62% of its initial capacity at 24 mA/g. In addition, we conducted
cyclic voltammetry test on a-c-CPO electrode at 1 mV/s in the
voltage range of 1.0e4.0 V and clear cathodic and anodic peaks
were observed during cycle (Fig. S4). Furthermore, the cycle per-
formance of a-c-CPO was also remarkable. For 100 cycles at
240 mA/g, the specific capacity was retained up to 90% of the initial
capacity with high Coulombic efficiency (CE) of above 99% (Fig. 4e).
In addition, as presented at Fig. S5, a-c-CPO exhibited outstanding
electrochemical performance when compared to other cathodes in
the RSBs system. Specifically, a-c-CPO demonstrated a superior
energy density compared to intercalation-type cathodes for RSBs,
indicating its high potential as a promising cathode [45e50]. On the
other hand, bare Cu(PO3)2 delivered poor electrochemical proper-
ties, such low capacity of ~20 mAh/g at 24 mA/g. Through various
measurements, we verified that the a-c-CPO electrode stably
remained without critical damage despite the significant volume
expansion typically experienced by conversion-type cathodes
during prolonged cycling (Fig. S6). These observations suggest that
x-situ XRD patterns of a-c-CPO electrodes at various voltage. (cee) HRTEM images and
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the amorphous phase and the carbon coating in a-c-CPO played a
critical role in enabling the electrode to withstand severe volume
changes. The superior electrochemical performance of a-c-CPO
than bare Cu(PO3)2 suggests that the amorphous phase and the
carbon-coating of a-c-CPO facilitated faster Naþ diffusion and
tolerance for severe volume change under the conversion reaction
during charge/discharge process. The electrochemical impedance
spectroscopy (EIS) (Fig. S7) was performed to compare the diffusion
kinetics of both a-c-CPO and bare Cu(PO3)2. The size of the semi-
circle for a-c-CPO (144 U), which is related to the charge transfer
resistance of Naþ, was much smaller than that of bare Cu(PO3)2
(1005 U), implying much faster Naþ diffusion through the amor-
pholization of a-c-CPO and supporting the enhanced electro-
chemical performances. The a-c-CPO electrode also evaluated the
electrochemical performances in a full-cell test using a sodiated
hard carbon anode (Fig. S8). It was known that the hard carbon
anode exhibits the large irreversible capacity at the initial cycle,
therefore, we prepared a pre-cycled hard carbon electrode. In
addition, the hard carbon was sodiated to provide the Na source to
alternate Na metal as an anode electrode during cycling. In the
voltage range of 1.9e3.9 V at 240 mA/g, the a-c-CPO||hard carbon
cell delivered ~186 mAh/g of initial capacity and maintained 85%
capacity retention after 100 cycles at 240 mA/g. The outstanding
cyclability results of the a-c-CPO||hard carbon cell indicate that a-c-
CPO can be considered as a promising conversion-type cathode for
RSBs.

Various analyses were used to verify the conversion reaction of
Cu(PO3)2 phase in a-c-CPO under the RSB system (Cu(PO3)2
þ 2Naþ þ 2e� 4 Cu þ 2NaPO3). The a-c-CPO electrode was
charged/discharged to various cut-off voltage with the current
Fig. 6. Ex-situ analyses of a-c-CPO electrodes on (a) Cu K-edge XANES spectra, (b) Cu K-edg
during charge/discharge.
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density of 24 mA/g, and various ex-situ analyses were performed
(Fig. 5a). Firstly, we investigated the structural change during
charge/discharge using ex-situ XRD analysis (Fig. 5b). Although the
XRD patterns of the entire samples were difficult to distinguish due
to the amorphous phase, the (111) plane of metallic Cu0 at 43� (2q)
clearly appeared as sodiation (discharge) progressed to 1.0 V. This
implies that the Cu(PO3)2 phase was decomposed, and the metallic
Cu0 phase was formed through a conversion reaction. The metallic
Cu0 phase disappeared as the desodiation (charge) progressed to
4.0 V, indicating that the metallic Cu0 was gradually diminished,
and the Cu(PO3)2 phase was restored. Unfortunately, it was difficult
to observe the NaPO3 phase at discharge through XRD analysis
because the formed/restored phases were low-crystallite or amor-
phous phases. To clarify the demonstration for the existence of the
NaPO3 phase at discharge and conversion reaction of Cu(PO3)2,
HRTEM and SAED analyses were performed (Fig. 5cee). At the as-
prepared electrode, there was one ring pattern corresponding to
(022) plane of Cu(PO3)2 phase. After discharging, the ring patterns
corresponding tometallic Cu and NaPO3 phases were detected. And
then, it was verified the charged electrode exhibited similar ring
pattern with the as-prepared sample. Therefore, these results
provide strong evidence for a reversible conversion reaction, sup-
porting the ex-situ XRD patterns.

Moreover, we demonstrated the changes in the valence states
and local structure of Cu(PO3)2 phase through synchrotron-based
X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) analyses (Fig. 6aeb). The Cu
K-edge spectra changed to a lower energy state during discharge,
indicating the reduction from Cu2þ to Cu0. After charge, the Cu K-
edge spectra returned to the Cu2þ state, similar to the as-prepared
e EXAFS spectra, (c) XPS-Cu 2p spectra, (d) XPS-O 1s spectra, and (e) XPS-P 2p spectra
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electrode. These results indicate the reversible conversion reaction
of Cu(PO3)2 phase in the a-c-CPO under the RSB system. This trend
was also observed in ex-situ EXAFS analysis. The CueO bond
decreased and the CueCu bond increased as discharge progressed,
indicating the decomposition of Cu(PO3)2 and the formation of
metallic Cu0. As charge proceeded, the CueO bond was restored
and the CueCu bond diminished, indicating the restored Cu(PO3)2
from decomposed metallic Cu0. Additionally, the changes in the
chemical bonds during the conversion reaction of Cu(PO3)2 phase
in the RSB system were verified through XPS analyses (Fig. 6cee).
After discharge, the peak in the Cu 2p XPS spectra shifted from
934.2 eV (Cu2þ) to 932.6 eV (metallic Cu0), which implies the for-
mation of metallic Cu0. In the O 1s XPS spectra, the peak at 531.1 eV
(CueO) disappeared, and only a single peak at 532.9 eV (PO3

�)
corresponding to NaPO3 was maintained. After charge, the peaks
returned to the same position as the as-prepared sample in both
the Cu 2p and O 1s spectra. In the P 2p XPS spectra, the peak at
134.6 eV (PO3

�) did not shift and change during charge and
discharge, since the (PO3

�) polyanion always exists in the as-
prepared and the charged electrodes (as Cu(PO3)2) and the dis-
charged electrode (NaPO3). These various ex-situ analyses clearly
show occurrence of the reversible conversion reaction of Cu(PO3)2
phase in a-c-CPO under the RSB system.

4. Conclusion

This study proposes a method for developing an amorphous
Cu(PO3)2 with conductive carbon nanocomposite (a-c-CPO) as a
conversion-type cathode for RSBs. The amorpholization and ho-
mogeneous carbon-coating by the high energy ball-milling process
resulted in successfully enhanced kinetics on the conversion reac-
tion of Cu(PO3)2 phase in a-c-CPO under the RSB system. At the
current density of 24 mA/g, a-c-CPO delivered the large specific
capacity of ~232 mAh/g, whereas bare Cu(PO3)2 with high crys-
tallinity just showed ~20 mAh/g at the same conditions. Particu-
larly, its average operation voltagewas ~2.0 V (vs. Naþ/Na), which is
much higher than those of general metal-oxide-based conversion
electrode materials. The high redox potential of the conversion
reaction on Cu(PO3)2 was attributed to the inductive effect by
phosphorus ions with high electronegativity. Furthermore, the ca-
pacity of a-c-CPO was retained to ~90% of its initial capacity after
100 cycles at 240 mA/g, indicating occurrence of reversible and
stable conversion reaction during charge/discharge. In addition,
through various ex-situ experiments such as XRD, TEM, XANES,
EXAFS, and XPS, it was clearly demonstrated the Cu(PO3)2 phase in
a-c-CPO undergoes the following conversion reaction under the
RSB system; Cu(PO3)2 þ 2Na4 Cu þ 2NaPO3. This research on a-c-
CPO can suggest an effective strategy to overcome the drawbacks of
conversion-type cathode and provide significant insight into the
study of amorphous cathode.
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