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Na-ion batteries are considered as next-generation battery technology in light of the abundant
and low cost of sodium. Carbonophosphate compounds of NasMPO4CO; (M = Co/Ni) with a large
theoretical capacity of 191 mAh/g were successfully synthesized by the hydrothermal method and
their cathode properties were evaluated in Na-ion batteries for the first time. After high-speed ball
milling with acetylene black at 400 rpm for 4 h, Na;CoPO4COj; delivered a better initial capacity, 70
mAh/g. For NasNiPO4CO:s, electrochemical performance was not improved even after high-speed

ball milling.
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1. Introduction

After their commercialization, lithium ion batteries
(LIBs) have been widely used as energy storage system
for portable devices and electric vehicles. However, due
to the insufficient abundance of Li and minor metals in the
earth’ crust, LIBs are believed to be too expensive for
large-scale grid battery systems. Na-ion batteries (NIBs),
having an operating mechanism similar to that of LIBs,
are considered a next-generation battery technology 9.
Thanks to the abundance of sodium, NIBs have drawn
much interest as a low-cost, and low-environmental
impact power source. Among the cathode materials used
for NIBs, polyanionic compounds "~!® are more promising
for energy storage systems in terms of operation voltage,
structural stability, and safety compared with layered
oxides cathodes %%, which release oxygen easily by
charging. Recently, the thermodynamically stable
carbonophosphate Naz;MPO4CO3; (M = Fe/Mn/Co/Ni),
which was predicted by ab initio computations, has
attracted a lot of attention as a promising cathode for NIBs
duo to its large theoretical capacity of 191 mAh/g 29.
Na;MnPO4CO; and Na3;FePO4CO; were experimentally
synthesized by a hydrothermal method 2%, and they
achieved a discharge capacity of 125 mAh/g and 121

mAh/g under reversible intercalation and deintercalation
reactions, respectively 2529,

In this study, we used a hydrothermal method to
synthesize NasMPO4CO3 (M = Co/Ni) and investigated its
cathode properties in Na-ion batteries for the first time.
We also explored ball milling’s effect on the
electrochemical performance.

2. Experimental

NazMPO4CO3; (M = Co/Ni) was synthesized by the
hydrothermal method. First, 0.002 mol Co(NO3),6H,O
(Wako Pure Chemical Industries) as cobalt source was
dissolved into 5 ml DI (deionized water) to form a solution
A. Second, 0.002 mol (NH4),HPO4 (Wako Pure Chemical
Industries) as phosphate source and 2 g Na,COj; (Kishida
Chemical) as sodium and carbonate sources were
dissolved in 10 ml DI to form a solution B. Third, solution
A was mixed with solution B under magnetic stirring and
transferred to an autoclave, which was then heated in an
oven at 120°C for 20 h. After decreasing operating
temperature to 25 °C slowly, the final product was washed
by DI and methanol three times and then dried at 40 °C
for 12 h. The obtained product of Na3;CoPO4CO; was
denoted as NCPC. For the synthesis of Na;NiPO4COs, all
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the steps were the same as those for NCPC except that
Ni(NOs),6H,O was used as the starting material. The
obtained product of Na;NiPO4CO; was denoted as NNPC.
An easy carbon-coating was carried out to improve the
electron conductivity. The obtained NCPC or NNPC was
ball milled with AB (acetylene black; Denka) by the
weight ratio of 60:30 (wt%) at 200 rpm for 0.5 h in an Ar-
filled container. For comparison, a high-speed ball milling
at 400 rpm for 4 h was also carried out. The obtained
NCPC or NNPC was ball milled with AB by a weight ratio
0f 60:30 (Wt%), at 400 rpm for 4 h in an Ar-filled container.
Scanning electron microscopy (SEM) was used to confirm
the particle size and morphology of NCPC and NNPC
using a JSM-6340F JEOL. X-ray diffraction (XRD) was
used to characterize the structure of the final products with
a scan speed of 2 °/min using a Rigaku TTRII. The
obtained samples were mixed with binder of PTFE
(Daikin Industries) at a weight ratio of 90:10 (wt%).
Subsequently they were punched into pellets (ca. 30 mg
cm? weight loading), which then dried at 120 °C 12 h
under vacuum. The electrochemical performance of the
obtained sample was evaluated using coin cells (CR 2032)
and coin cells were assembled in an Ar-filled glove box. 1
M  NaPF¢EC(ethylene carbonate)/DMC(dimethyl
carbonate) (1:1 v/v) solution (Tomiyama Pure Chemical
Industries) was used as an electrolyte and Na metal
(Sigma Aldrich) was used as the anode.

3. Results and Discussion

XRD results and photos of Na3;CoPO4CO; and
Na3;NiPO4CO; synthesized by the hydrothermal method
are shown in Figure 1 and Figure 2. The peaks of obtained
samples fit well with the calculated patterns based on the
standard CIF cards of Na;CoPO4CO3 and Naz;NiPO4CO3
with the space group P2,/m in the literature 9. No peaks
from impurities were observed. The colors of the final
products were purple and light yellow, respectively. As
mentioned in the literature 2°, due to the low ionic and
electronic conductivity, high-speed ball milling process is
a key step to improving electrochemical performance of
the carbonophosphate compound. After the treatment of
ball milling, the contact area between cathode and
electrolyte solution was enhanced by decreasing the
particle size of cathode, which could significantly
improve cathode properties. Therefore, we also
investigated ball milling effect on the structure of the
carbonophosphate compound. The XRD patterns of
Na3;CoPO4COs after ball milling with AB at 200 rpm for
0.5 h and 400 rpm for 4 h are shown in Figure 1 (b - c).
No obvious changes in the peaks were detected, and the
intensities of the obtained samples decreased, indicating
the formation of small particles during ball milling. The
sample of Nas;NiPO4COs after ball milling also showed
the same changes in XRD patterns.
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Fig. 1: XRD patterns and photo images (insets) of
Na3CoPO4COs as-synthesized (a); after ball milling with AB at
200 rpm for 0.5 h (b); after ball milling with AB at 400 rpm for
4h (o).

Intensity / a.u.

g = Cal. Na;NiPO,CO; based on Ref. 20
- —_— g —_ - —

I NN RN R RS B B
10 20 30 40 50 60 70 80
20 / degree
Fig. 2: XRD patterns and photo images (insets) of
Na3NiPO4CO; as-synthesized (a); after ball milling with AB at
200 rpm for 0.5 h (b); after ball milling with AB at 400 rpm for
4h(c).

Figure 3 and Figure 4 show SEM images of
Na3;CoP0O4CO; and NasNiPO4sCO; as-synthesized after
balling milling with AB at 200 rpm for 0.5 h and 400 rpm
for 4 h, respectively. Before ball milling, agglomeration
was observed in both samples, and the particles were
about ~100 um (Figure 3 (a) and Figure 4 (a)). After ball
milling at 200 rpm for 0.5 h, the particle size was reduced
to ~50 um (Figure 3 (b) and Figure 4 (b)). Furthermore,
after ball milling at 400 rpm for 4 h, samples had more
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irregular morphology and were smaller, ~10 um (Figure 3
(c) and Figure 4 (c)). The electrochemical performance of
the as-synthesized sample after 400 rpm for 4 h was
expected to have a better result.

Fig. 3: SEM images of Na3CoPO4CO; as-synthesized (a);
after ball milling with AB at 200 rpm for 0.5 h (b); after ball
milling with AB at 400 rpm for 4 h (c).

Fig. 4: SEM images of Na;NiPO4COs3 as-synthesized (a); after
ball milling with AB at 200 rpm for 0.5 h (b); after ball milling
with AB at 400 rpm for 4 h (c).

Initial charge-discharge curves of Na3;CoPO4CO; and
Na3;NiPO4CO; investigated between 1.5 - 4.5 V at 0.4
mA/cm? with are shown in Figure 5 and Figure 6.
Na3;CoPO4CO; ball milled with AB at 200 rpm for 0.5 h
delivered a small charge capacity of 74 mAh/g and a poor
discharge capacity of 30 mAh/g at the first cycle (Figure
5 (a)), due to a large overvoltage. However, the samples
after ball milling with AB at 400 rpm for 4 h delivered a
larger charge capacity of 163 mAh/g and a better
discharge capacity of 70 mAh/g due to the smaller particle
size, which increased the contact area among the cathode,
the AB, and the electrolyte (Figure 5 (b)). The decrease in
particle size confirmed in the SEM images in Figure 3. In
addition, two plateaus, which may be associated with the
redox pair of Co?>"/Co* and Co*"/Co*’, became more
obvious at the first cycle. This indicated that high-speed
ball milling activated the electrochemical performance of
Na;CoPO4CO;, which was similar to that of
Na;MnPO,CO; reported in the literature 2. The
cyclability of NCPC after 15 cycles was summarized in
Figure 5 (c). For the samples ball milled with AB at 400
rpm for 4 h and at 200 rpm for 0.5 h, the retention capacity
was 45 mAh/g, and 10 mAh/g, respectively. For
Na3;NiPO4COs;, the sample ball milled with AB at 200 rpm
for 0.5 h delivered a first charge and discharge capacity of
28 mAh/g and 10 mAh/g, respectively (Figure 6 (a)). Even
after a high-speed ball milling, the initial charge and
discharge capacity increased only to 70 mAh/g and 29
mAh/g, respectively (Figure 6 (b)). As a result, the
retention capacity of NazNiPO4CO; with and without
high-speed ball milling were 16 mAh/g and 5 mAh/g after
15 cycles, respectively (Figure 6 (c)). This may be
associated with the higher theoretical operation voltage of
Ni-based cathode materials, which could be larger than the

electrochemical  potential window of 1 M
NaPF¢/EC:DMC (1:1 v/v). The operation voltage of
Li3NiPO4CO;3, having a structure similar to that of the
sodium compound of Na3;NiPO4COs, was 4.8 V/4.8 V as
calculated by density functional theory (DFT) 27. For Co-
based and Mn-based cathodes, Li;CoPO4CO; and
LisMnPO4COj; had lower voltages of 4.1 V/ 4.6 V and 3.3
V/4.1 V respectively 7.
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Fig. 5: Initial charge-discharge curves of Na;CoPO4COs after
ball milling with AB at 200 rpm for 0.5 h (a); after ball milling
with AB at 400 rpm for 4 h (b); cyclability after 15 cycles (c).
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Fig. 6: Initial charge-discharge curves of Na;NiPO4CO; after
ball milling with AB at 200 rpm for 0.5 h (a); after ball milling
with AB at 400 rpm for 4 h (b); cyclability after 15 cycles (c).

4. Conclusions

We successfully synthesized the carbonophosphate
compounds of Na;CoPO4CO; and Na3;NiPO4CO; by a
hydrothermal method. For the first time, the cathode
properties of these compounds were evaluated for Na-ion
batteries. For Na;CoPO4COs, the first discharge capacity
was improved from 30 mAh/g to 70 mAh/g after high-
speed ball milling with AB at 400 rpm for 4 h, due to the
reduction in particle size. However, for NasNiPO4COs,
high-speed ball milling did not the improve the cathode
properties. This result may be associated with this
compound’s high theoretical operation voltage. The
electrochemical performance of NasNiPO4COj; could be

activated with a new electrolyte with a wide

electrochemical potential window.
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