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A High-Performance Sodium-Ion Full Cell with a Layered Oxide
Cathode and a Phosphorous-Based Composite Anode
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A low-cost sodium-ion full cell with a O3-type layered Na[Cug2(Fe13Mny/3)0.8]02 cathode and an alloy-type P-TiP,-C anode is
presented. The cathode is synthesized by an oxalate coprecipitation method and optimized cathodes shows a high specific capacity
of 135 mAh g~! at 0.1C rate with a high rate capability of 90 mAh g~! at 1C rate and 70 mAh g~ at 2C rate with good cyclability.
The full cell exhibits better capacity retention than the half cell with the cathode due to the elimination of the degradation caused
by sodium-metal anode. The dramatically enhanced electrochemical performance of the Na[Cug 2(Fe 3 Mny/3)0.8]02 / P-TiP,-C full
cell compared to that of the sample with no Cu is attributed to the structural stabilization imparted by Cu by suppressing the phase

change from the O3 structure to the P3 structure during cycling.
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As the demand for rechargeable batteries is increasing, the research
activities in the Li-ion battery area had grown exponentially during
the past 25 years."> However, due to the relatively low abundance
of lithium resources and the high cost, there is immense interest to
develop battery chemistries based on low-cost working ions, particu-
larly for large-scale applications. In this regard, Na-ion batteries are
emerging as an alternative due to the high abundance and low cost
of Na. In addition, the larger size of Na™ compared to Li* helps to
minimize the cation disorder between Na't and the transition-metal
ions. Therefore, various kinds of Na-based cathode materials have
been investigated with the O3-type layered,>'° P2-type layered,?'->
and polyanion-type structures.’*~*?> Among them, the O3-type cath-
ode materials are the most promising due to their similarity to the
well-known LiCoO, cathode used in lithium-ion industry. Also, as
has been reported in the literature, the O3-type cathodes have much
more stable crystal structure and capacity retention than the P2-type
cathode materials.”'3!°

With the above perspective, several O3 type cathode compositions
have been introduced, but they are generally based on expensive tran-
sition metal ions such as Ni and Co.”%!1%1517 To take the low-cost
advantage of sodium-ion batteries, it is critical to replace these expan-
sive transition-metal ions by low-cost transition-metal ions such as
Fe, Mn and Cu. In this regard, several research groups have focused
on the Fe-based O3-type cathode NaFeO,.** However, the high-spin
Fe¥':ty,e,? ions tend to migrate readily from the octahedral sites in
the transition-metal layer to the octahedral sites in the sodium layer
via a neighboring tetrahedral site as the Fe** ion has no particular
preference for octahedral sites.* Therefore, to overcome this diffi-
culty, it is necessary to mix Fe with other transition-metal ions such
as in Na(Fe,Co)O,, Na(Ni,Fe,Mn)O,, and Na(Fe,Mn)O, .310:11.17.18.35
Through this approach, the Fe migration problem has been suppressed
to some extent. Nevertheless, the use of expensive Co or Ni in those
compositions still works against the low-cost proposition of Na-ion
battery systems. Recently, Mu et al. reported the Cu-containing O3-
type cathode Nag o[Cug2:Feg 30Mng43]0,, displaying 98 mAh g~! at
0.1 C-rate. This material was synthesized by a solid-state reaction that
yielded a particle size of 10-30 pm.?

Despite an intensive investigation of cathode and anode hosts for
sodium-ion cells in recent years, full cell data with optimized cath-
ode and anode compositions and optimized particle size or morphol-
ogy are rarely available in the literature. Accordingly, we present
here the synthesis of Na[(Cuy(Fe;;3Mny3);x]0; with 0 < x < 0.2
by an oxalate method and their physicochemical and electrochemi-
cal characterization. Then, an optimized cathode composition with x
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= 0.2 is assembled into a full cell with a phosphorous-based alloy-
type anode P-TiP,-C developed in our group. The assembled full cell
Na[(Cug,(Fe;3Mny3)05]0, / P-TiP,-C exhibits better performance
than the half-cell with the Na[(Cug,(Fe;;3Mny3)05]0, cathode due
to the elimination of the degradation caused by sodium-metal anode
during cycling.

Experimental

Material synthesis.—The [Cu,(Fe;3Mn,;3);4]C,04 (x = 0, 0.1,
and 0.2) precursors were synthesized via a co-precipitation method.
CU.(NO3)2 . 6H20, FCSO4 . 7H20, MnSO4 . Hzo, (NH4)2C204, and
H,C,04 were employed as the starting materials. To synthesize
the (Fe;3Mny;3)C,04 - H,O precursor, stoichiometric amounts of
FeSO, - 7TH,0, and MnSO, - H,O were dissolved in distilled water
to a concentration of 0.5 mol dm~3. This metal solution was then
dropped into a continuously stirring solution of ammonium oxalate.
At the same time, an appropriate amount of NH,OH solution was
added into the beaker to adjust the pH value to 5. The concentration
of the solution, pH, temperature, and stirring speed were carefully
controlled. The co-precipitation solution was continuously stirred
for 3 h while keeping the temperature constant at 70°C. CuC,04
was synthesized using Cu(NO3), - 6H,0 and H,C,0, with the same
method described above. After the reaction, the precursor powders
were filtered, washed, and dried in a vacuum oven overnight at 110°C.
The Na[Cuy(Fe;3Mny;3)1x]C204 (x = 0, 0.1, and 0.2) samples were
prepared by thoroughly mixing the precursors (Fe;3sMn;;3)C,04 and
CuC,04 with Na,COs, heating at 900°C in air for 15 h with a heating
rate 3°C min~!, and quenching the sample to room temperature.

Physical properties.—The synthesized samples were character-
ized with powder X-ray diffraction (XRD, MiniFlex 600, Rigaku)
using Cu-Ka radiation. Particle morphologies of the precursor and
the as-synthesized powders were observed by scanning electron mi-
croscopy (SEM, Quanta 650 ESEM, FEI) equipped with energy dis-
persive spectroscopic (EDS) analysis. Chemical compositions of the
prepared powder were analyzed with an inductively-coupled plasma-
optical emission spectroscopy (ICP-OES). The oxidation state of each
ion in the samples was investigated with X-ray photoelectron spec-
troscopy (XPS, Kratos Analytical). High resolution transmission elec-
tron microscopy (TEM: JEOL 2010F) was used to analyze the surface
morphology and crystal structure of the powder samples.

Electrochemical properties.—Electrochemical testing was per-
formed with 2032R coin-type cells using Na metal (Alfa Aesar., USA)
as an anode. The cathodes were fabricated by blending the prepared
Na[Cuy(Fe 3Mny3); x]C204 (x =0, 0.1, and 0.2) powders (85 wt%),
carbon black (7.5 wt%), and polyvinylidene fluoride (7.5 wt%) in N-
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Figure 1. (a) SEM images and (b) XRD patterns of Na[Cux(Fe13Mny/3)1.x]02 (x = 0, 0.1, and 0.2). (c) Schematic crystal structures of the samples with x = 0

and 0.2.

methylpyrrolidinone. The slurry was then cast onto an aluminum foil
and dried at 110°C for 12 h in a vacuum oven, and then disks were
punched out of the foil. The electrolyte solution was 1.0 M NaClOy in
a 98:2 by volume mixture of propylene carbonate and fluoroethylne
carbonate (Aldrich). The electrolytes were carefully used inside an
Ar-filled dry box due to the air sensitivity of the NaClO, salt. The
active material loading in the cathode and anode were, respectively,
2 and 0.5 mg cm~2, with corresponding electrode thicknesses of 40
pm and 15 pm. All cells were prepared in an Ar-filled dry box. The
half cells were cycled in a constant current mode at a 0.1C rate in the
voltage range of 1.2—4.3 V versus Na (where 1C = 120 mAh g7 !).
For full cell test, P-TiP,-C was used as an anode. The negative and
positive electrode capacity ratio for full cell (N/P ratio) was 1.3.

Results and Discussion

Determination of the chemical composition of the final products by
the inductively coupled plasma analysis (ICP) confirmed that the final
compositions were in agreement with the designed compositions (see
Table S1). Figures 1a—c shows that the morphologies and crystal struc-
tures of the synthesized samples. As seen in Figure 1a, all materials are
round-shaped with a particle size of 2 — 3 wm. No morphological dif-
ferences were found from the SEM results with Cu content. The X-ray
diffraction (XRD) patterns of the Na[Cu(Fe ;3Mny;3);4]0, (x = 0,
0.1, and 0.2) samples reveal that all samples have the well-crystalized
O3-type rhombohedral structure with the R-3m space group. The lat-
tice parameters of these samples calculated with the least squares
method are given in Table S2 (see supplementary material). Interest-
ingly, the main peaks that are around 20 = 30 to 40° are shifted to
lower angle with increasing Cu content due to an increase jn the lattice
parameters caused by a larger ionic radius of Cu®t (0.73 A) compared
to those of Fe** (0.645 A), Mn** (0.645 A), and Mn** (0.53 A).

We also recorded the SEM images and the EDS elemental map-
pll’lg of the Na[F61/3Ml'12/3]02 and Na[CU()_2(F61/3M112/3)0_8]02 pow-
ders. As seen in Figure 2a, the Na[Fe;3Mn,;3]O, sample with no
Cu shows a uniform distribution of Na, Mn, and Fe. Similarly, the
Na[Cug,(Fe;3Mny3)05]0, sample exhibits a uniform distribution of
Na, Mn, Fe, and Cu (Figure 2b).

The electrochemical performances of the samples were assessed
with coin type half cells assembled with Na metal as the anode. To
optimize the charge cutoff voltage, we tested the cells with differ-
ent voltage ranges as shown in Figure S4 (1.2 - 4.3 V and 1.2-4.4
V). However, the gain in capacity on increasing the cutoff voltage to
4.4 V was not significant, so we decided to keep the cutoff voltage
at 4.3 V to avoid aggravated electrolyte decomposition at higher volt-
ages. For the charge-discharge tests, therefore, all cells were charged
to 4.3 V and then discharged to 1.2 V at a constant current of 0.1C
rate at room temperature. As the Cu content increases, the specific
capacity in the first cycle increases dramatically (Figure 3a). The
Na[Cuy(Fey3Mny3);.x]0, sample with x = 0.2 shows the highest dis-
charge capacity of 135 mAh g~! at 0.1C rate in the first cycle and
the x = 0 sample shows the lowest discharge capacity of 60 mAh g~
at the same rate and cycle. We also compared the specific capacity
and synthetic condition of the Na[Cuy,(Fe 3 Mnys3)05]O, sample with
other Fe-containing materials in the literature as in Table S3. From
this comparison, we concluded that our synthetic method is effective
to make layered materials for sodium-ion battery.

The enhanced discharge capacity of the Cu-containing samples is
due to (i) the decreased amount of Fe in the sample and suppression
Fe migration to the Na sites during cycling due to Cu substitution and
(ii) the higher electrochemical activity of the substituted Cu>* ions.
As has been reported before, Cu?*, Fe3*, and Mn’* start to oxidize
to Cu**, Fe**, and Mn** during charge at about 2.4, 3.8, and 3.6 V,
respectively.'®** Additionally, we confirmed the oxidation and reduc-
tion state of each transition-metal ion with the differential capacity
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Figure 2. SEM and EDX mapping images of each ion in the (a) x = 0 and (b) x = 0.2 samples.

profiles of the first cycle (Figure S5). This means copper has an oxida-
tion state of 24 at the pristine state and that gets oxidized to 34 first
during charge compared with the other transition-metal ions. To verify
this assertion, XPS analysis was carried out and the results are shown
in Figure 3b. As seen in Figure 3b, the original oxidation state of each
transition-metal ion in the x = 0.2 sample is 2+ for Cu, 3+ for Fe,
and 3+4/4+ for Mn, which are well matched with the compositional
calculation of Cu**, Fe**, and Mn3** in the samples. The binding
energy of each transition-metal ion is shifted to higher values when
the cell is charged, indicating that all the three transition-metal ions
are electrochemically active during cycling. Among them, the Cu?*
ions start to oxidize to 3+ first from 2.4 V compared to the Fe** and
Mn** ions, which is consistent with the previous literature. Fe-ion
migration is a critical problem for O3-type Fe-containing materials,
so the decreased amount of Fe with the Cu substitution also helps
increase the specific capacity. From these data, we confirm our as-
sertion that the copper ions contribute to the increased capacity with
increasing Cu content in the samples.

As already reported in the literature, iron migration during cycling
is a critical problem with Fe-containing cathode materials for sodium-
ion batteries.*®'® Therefore, we recorded the ex-situ XRD patterns of
both the x = 0 and 0.2 samples during the first cycle to explain the im-
provement in the discharge capacity from a structural stability perspec-
tive. Figure 3c and Figure S1 (see supplementary material) show the
ex-situ XRD results of Na(Fel/gMn2/3)02, Na[Cuo,l (FC]/3MH2/3 )0'9]02,
and Na[Cug,(Fe;3Mny/3)0 3]0, electrodes at different states of charge

(SOC) and depths of discharge (DOD). In the case of O3-type cath-
ode materials, the intensity of the main peak at around 20 = 41°
generally decreases and the peaks detected at 20 = 30 — 35 shift
to lower angles and the peaks at 20 = 35 — 40 shift to higher
angles during charge, indicating that the crystal structure changes
from the O3-type rhombohedral structure to the P3-type mono-
clinic structure.'® As we anticipated, the Na[Cu(Fe;3Mny3)05]0,
electrode with 20 atom% Cu shows less structural change than
the Na[Cug ;(Fe;;3Mny;3)09]0, and Na(Fe;;3Mn,/;3)0, electrodes dur-
ing cycling. The Na[Cug,(Fe;;3sMny3)05]0, electrode slightly trans-
formed to P3-type phase when the cell was charged to 4.3 V and
then returned to the original O3-type structure when the cell was dis-
charged. On the other hand, the Na(Fe;;;Mn,;3)0, electrode shows
a rapid phase change from the O3-type rhombohedral to the P3-
monoclinic structure during charge and the peaks become broadened
when the cell was discharged. From these crystal structural change
results, we confirm that the Cu substitution enhances the structural
stability by suppressing the iron migration, which leads to an increase
in specific capacity.

We also evaluated the cycle performances and rate capabilities
of the samples to assess the benefits of Cu substitution (Figures 4a
and 4b). For the cycle performance tests, all cells were tested with
a constant current of 0.2C rate at room temperature. For the rate
capability tests, all cells were charged to 4.3 V with a constant cur-
rent of 0.1C rate and then discharged to 1.2 V with various currents
from 0.1C rate to 2C rate. From these results, we could find that the
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Figure 3. (a) Comparison of the first charge-discharge curves of Na/Na[Cux(Fe13Mny/3)1.x]07 cells (x = 0, 0.1, and 0.2). (b) XPS results of the x = 0.2 sample
with different states of charge (SOC) in the first cycle (Black: pristine state, Red: middle of charge, Blue: end of charge in Fig. 3(a)). (c) Comparison of the
structural change of the x = 0 and 0.2 samples with different SOC and depths of discharge (DOD) in the first cycle.

Na[Cuy2(Fe13sMnys3)05]0; electrode exhibits the best cycle retention
of 70% during 30 cycles and good rate capability (124 mAh g=' at
0.2C rate and 70 mAh g~! at 2C rate) compared to the other samples.
The Na(Fey;3Mn,3)0, sample shows disappointing results in both
cycle and rate performances.

We believe that these improved performances originate from the
structural stability and suppression of Fe migration facilitated by Cu
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doping. We also confirmed the structural stability of the Cu-doped
samples by ex-situ XRD after 30 cycles. As shown in Figure 4c, the
crystal structure of the Na(Fe;;3Mny/3)O; electrode partially changed
to P3-type monoclinic phase but the Na[Cug,(Fe;3Mn;3)05]0, elec-
trode shows a single O3-type rhombohedral phase after 30 cycles. For
further investigation of crystal structural changes after 30 cycles, we
recorded the ex-situ HR-TEM and the corresponding electron diffrac-
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Figure 4. (a) Cycling performance and (b) rate capability of the Na/Na[Cuy(Fej/3Mny/3)1x]02 cells (x =0, 0.1 and 0.2) charged with a current density of 12 mA
g~! (0.1C rate) and discharged with different current densities (0.1C rate for cycle test, 0.1C to 2C rates for rate test) at 25°C. (c) Comparison of the ex-situ XRD

results of the x = 0 and 0.2 electrodes after 30 cycles.
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Na(Fe,;;Mn, )0,

Figure 5. HR-TEM bright field images and the corresponding electron diffrac-
tion patterns from each particle.

tion patterns (Figure 5). The Na(Fe;;3Mny;3)O, particle shows the
P3-type monoclinic phase with the space group of C2/m after 30 cy-
cles, while the Na[Cug(Fe;3Mnys;3)05]0, sample still preserves the
original O3-type rhombohedral phase. Through these electrochemical
performances and characterization data, we conclude that the Cu dop-
ing provides good structural stability and thereby leads to improved
electrochemical performance.

As already shown by several groups, Na metal involves an unsta-
ble SEI layer and can be easily oxidized than Li metal during cycling,
which can affect the electrochemical performances of the cathode
materials.**7 To measure the exact electrochemical characteristics of
Na[Cug,(Fe3Mny;3)05]0,, therefore, we assembled a full cell with
the P-TiP,-C alloy-type anode material that was developed by our
group.™ This material has nano-size particles and the SEM and XRD
data of the samples are shown in Figure S2 (see supplementary ma-
terial). This anode shows a high specific capacity of 733 mAh g~' at
0.1C rate with excellent cycle retention at 0.2C rate during 100 cycles
(see Figure S3). As shown in Figure 6a, we designed the ratio between
the negative and positive electrode capacities (N/P ratio) as 1.3: 1 and
the cutoff voltage as 1.2 — 4.2 V for the full cell. This full cell shows
a reasonable specific capacity of 130 mAh g~! at 0.1C rate and 118
mAh g! at 0.2C rate in the first cycle at room temperature (Figure
6b). The remarkable point is good capacity retention during 100 cycles
which is much better than half-cell results. Through the full cell test,
therefore, we could confirm the real electrochemical performances of
the cathode materials.

Conclusions

Although various types of cathodes and anodes are being inten-
sively studied for sodium-ion cells, full cell data are rarely available
in the literature. We presented here the performance of a full sodium-
ion cell fabricated with a O3-type layered Na[Cuyg(Fe;3Mnys3)05]02
cathode and an alloy-type P-TiP,-C anode. To optimize and select the
cathode composition for full cell, Na[Cuy(Fe;3Mnys;3),4]C,04 sam-
ples with 0 < x < 0.2 were synthesized and characterized. SEM
EDX mapping confirmed that Cu is uniformly distributed in the sam-
ple. The x = 0.2 composition Na[Cug,(Fe;;3Mny;3)05]0, showed a
reasonable specific capacity, good cyclability, and high rate perfor-
mance than the Na(Fe;3Mn,;3)0, sample with no Cu. Through ex-
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Figure 6. (a) Comparison of the first charge-discharge curves of the cathode,
anode, and full cell at 25°C. (b) Long-term cycle performances of the P-TiP,-C
/ Na[Cug 2 (Fej3Mny3)08]0; full cell charged to 4.2 V and discharged to 1.2
V with a constant current of 12 mA g~! (0.1C rate) and 24 mA g~' (0.2C rate)
at 25°C.

situ XRD and XPS studies, we confirmed the electrochemical ac-
tivation and structural stabilization effect by Cu ions, which lead to
good electrochemical performances. The enhanced performance of the
Na[Cuy,(Fe3Mnys;3)05]C204 /P-TiP2-C full cell compared to that of
the cathode with no Cu is due to the suppression of the phase transition
during cycling from O3 to P3 structure imparted by Cu.
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