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The oxalate-phosphate polyanion-mixed cathode materials are promising for sodium-ion batteries (SIBs)
due to their unique open-framework structures and high voltage property. However, materials of this
type generally contain crystal water molecules in the lattice frameworks, which may affect their energy
storage properties. This work aims to disclose the impacts of crystal water on physiochemical and electro-
chemical properties of Nay(VO),(HPO4),(C;,04)-2H,0 (NVPC-W). It shows that the water molecules can be
eliminated by vacuum drying at 150 °C. The elimination of water molecules does not change the crystal
phase of the material, while the obtained Na;(VO),(HPO4),(C;04) (NVPC) exhibits significant improve-
ments in cycling stability, Coulombic efficiency, as well as rate performances. Kinetics analysis indicates
that the existence of lattice water molecules hinders sodium-ion diffusion and promotes the degradation
of electrodes. We believe the findings can help to develop high-performance cathode materials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Compared to the well-studied lithium-ion batteries (LIBs),
sodium-ion batteries (SIBs) have been proposed as a better choice
for large scale energy storage due to the abundant sodium re-
sources and low cost [1-3]. Over the past decades, extensive ef-
forts have been made to explore high performance electrode ma-
terials for sodium storage, and thus promote the practical applica-
tions of SIBs [4-6]. However, developing an ideal cathode material
with high energy density, long lifespan, good rate capability, and
high safety is still challenging.

As a main category of cathode materials, the polyanion-
type compounds (PTCs) show great flexibility in crystal struc-
ture and composition for researchers to explore high per-
formance materials [7-9]. The diverse polyanions and differ-
ent connecting manners have led to the discovery of numer-
ous PTCs for sodium storage, such as NaFePO, [10], Na,MP,0,
(M: transition metals) [11,12], NaxM;M;(PO,4); [13-17]. Addition-
ally, different anion groups can also be combined together to
generate polyanion-mixed compounds, including NasV,(PO4),F;
[18,19], NazM3(PO,4),(P,07) [20,21], NazV(PO3)3N [22], etc. Re-
cently, the oxalate-phosphate polyanion-mixed materials, such
das N32[(VOHPO4)2(C204)]2H20 [23], L12(VO)2(HPO4)2(C204)6H20
[24] and K;[(VO),(HPO4),(C;04)]-4.5H,0 [25], have emerged as an
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attractive materials family. The materials demonstrate distinctive
features for alkali-ion storage. Firstly, the strong electronegativity
of (C;04)-(PO4) endows high voltage property of the materials.
Secondly, the open-framework structure allows facile charge carrier
migration. Notably, the oxalate-phosphate materials can be synthe-
sized at low-temperature through wet-chemical approaches, which
avoids high temperature calcination process and makes it easier to
control morphology. One key issue is the oxalate-phosphate mate-
rials show low cycling stability and poor rate performance, which
is imperative to be addressed.

Carbon coating, ion-doping, hierarchical structure construction,
etc. are general strategies to improve electrochemical performance
of PTCs [26-28]. Considering that most of the reported oxalate-
phosphate materials contains crystal water, which commonly show
negative impacts on organic battery systems [29], herein, we try to
eliminate the crystal water in the typical oxalate-phosphate ma-
terial Nay(VO),(HPO4),(C304)-2H,0 (NVPC-W) and investigate the
impacts of crystal water on material crystal structure, morphol-
ogy, and electrochemical performance. It is found that the two wa-
ter molecules can almost be fully removed and the elimination of
water molecules does not change the crystal phase of the mate-
rial. While the obtained Na,(VO),;(HPO4),(C;04) (NVPC) exhibits
significant improvements in cycling stability, Coulombic efficiency,
as well as rate performances. Kinetics analysis has been employed
to disclose the underlying mechanism. The discoveries deepen our
understanding about the effects of crystal water and should be
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Fig. 1. Crystal structure of the NVPC-W and NVPC materials. (a) TGA curve and temperature curve of the NVPC-W material under Ar atmosphere. The TGA was carried
out from room-temperature to 150 °C with a heating rate of 5 °C/min and kept at 150 °C for 1 h. (b) XRD patterns of the pristine NVPC-W and the NVPC. (c) Schematic

illustration of the crystal structure of NVPC-W and NVPC.

V 2ps2

(a)

V2piz

NVPC-W

526 1524 62 520 618 516
Binding energy / eV

526 524 522 520 518 516
Binding energy / eV

0

288
i Binding ene

290 288 286 284
Binding energy / eV

(b)

HIED]

Fig. 2. Physiochemical properties of the materials. The XPS spectra of (a) V 2p and (b) C 1s. SEM images of (c) NVPC-W and (d) NVPC. (e) Elemental mapping images of O,

Na, V, P, C and (f) the energy dispersive spectrometer (EDS) of NVPC.

helpful to develop advanced oxalate-phosphate electrode materi-
als.

According to previous reports, the pristine NVPC-W that syn-
thesized by hydrothermal method contains two crystal water
molecules per formula [30]. The existence of crystal water, which
may trigger unfavorable side reactions, is commonly deleterious for
electrode materials, especially in organic electrolyte [31,32]. High
temperature treatment can remove the crystal water, but it may
also destroy the original crystal phase [33]. The possibility of elim-
inating crystal water has been primarily studied by Thermogravi-
metric analysis (TGA) and X-ray diffraction (XRD). TGA test under
Ar shows a two-step water molecules extraction process. The first
weight loss of 3.66% can be assigned to one water molecule ex-
traction, and the second weight loss of 3.62% indicates extraction
of the other water molecule (Fig. 1a). So, the two water molecules
can be fully extracted from the lattice at 150 °C. To check the crys-
tal phase evolution, NVPC-W was put into an oven at 150 °C under
vacuum overnight to obtain anhydrous NVPC. XRD shows that the
crystal phase of NVPC has no changes compared to pristine NVPC-

W (Fig. 1b). Both of the NVPC-W and NVPC can be indexed to a
monoclinic phase (S.G.: P2;) [30,34]. Crystal phase of the materi-
als are schematically illustrated. As shown in Fig. 1c, the materials
possess a layered structure, which is distinctive as most PTCs gen-
erally present a three-dimensional framework structure. In detail,
the [VOHPOy4] infinite chains along a-axis direction is constructed
by corner-shared VOg octahedra and PO4H tetrahedron. And the
(C,04) groups links these [VOHPO,4] chains along b-axis direction.
Sodium-ions and crystal water molecules reside in the vacancy
space. Since no significant crystal phase change is observed, the
extraction of crystal water in NVPC-W can be a topologic process,
which is consistent with previous reports [30].

After confirming the crystal phases, the impacts of the crystal
water removal on chemical bonding and morphologies of the ma-
terials were then investigated. Chemical states and bonding struc-
ture of the NVPC-W and NVPC were probed by X-ray photoelec-
tron spectroscopy (XPS). As shown in Fig. 2a, the bonding energy
of V 2p;p, (517.3 eV) and V 2p;, (524.6 eV) peaks has no signifi-
cant changes in the two samples, and the valence state of V is +4.
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Fig. 3. Electrochemical performance of the materials. (a) Discharge capacity of the
materials at 0.1 C. (b) Coulombic efficiency of the materials at 0.1 C. (c) Rate per-
formance and (d) the corresponded charge/discharge profiles of the materials from
0.2 C to 2 C. (e) Cycling performance at 0.5 C.

The C-0O bond and C=0 bond that derived from the (C;04) group
are identified in the C 1s spectra (Fig. 2b) [34]. As the C 1s profiles
of the NVPC-W and NVPC are similar, the bonding structure that
associated with the (C,04) group keeps stable after crystal water
elimination. The same phenomenon is also observed in the O 1s
and P 2p spectra (Fig. S1 in Supporting information). Morphology
of the NVPC-W and NVPC were investigated by scanning electron
microscopy (SEM). Both of the two samples demonstrate uniform
micron scale plate-like shapes (Figs. 2c and d, Fig. S2 in Supporting
information). These observations verify the topologic process of the
crystal water removal, which shows negligible influence on phys-
iochemical properties of materials. Chemical contents and distri-
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(Figs. 2e and f). The atomic ratio of Na:V:P (5.50%:5.69%:5.76%) is
close to the theoretical ratio in NVPC phase. Besides, it can be ob-
served that the O, Na, V, P, C elements are evenly distributed, indi-
cating high purity of the NVPC material.

After checking the physiochemical properties, we then cast our
eyes over the electrochemical performance of the materials in
sodium-ion batteries. As shown in Fig. 3a, the initial discharge ca-
pacity of the NVPC-W and NVPC is 90.2 mAh/g and 97.3 mAh/g,
respectively, but the capacity of NVPC-W decreases very fast. Af-
ter 20 cycles at 0.1 C (1 C=100 mA/g), the discharge capacity of
NVPC-W decreases to 56.5 mAh/g, while 75.3 mAh/g remains in
the NVPC. The low Coulombic efficiency (CE) in NVPC-W should
be a key reason for the fast capacity loss. As shown in Fig. 3b, the
initial Coulombic efficiency (ICE) of NVPC (84.09%) is much higher
than the NVPC-W (73.40%). Besides, although the CE gradually in-
crease as the cycling goes on, CE of the NVPC-W can only reach
to around 90%. Such low CE is fatal to cycling stability. In the con-
trast, the CE in NVPC shows a substantial improvement, reaching to
around 96%. Of note, the materials demonstrate a redox platform
centered at around 3.8 V (Fig. S3 in Supporting information). Such
a high voltage derives from the redox of V4+/V>+ which is veri-
fied by ex-situ XPS (Fig. S4 in Supporting information). Rate perfor-
mance of the materials are shown in Figs. 3¢ and d. The NVPC can
deliver discharge capacity of 78.4, 70.5, 61.3, 48.6 and 32.9 mAh/g
at 0.2, 0.3, 0.5, 1 and 2 C, respectively. While the crystal water con-
tained material shows inferior rate performance, with a discharge
capacity of 71.1, 60.6, 51.4, 37.3 and 17.7 mAh/g at the correspond-
ing C-rates. Of note, when the current turns back from 2 C to 0.2
C, 88.7% of the initial capacity can be obtained in NVPC, which
is much higher than that of the NVPC-W (79.1%). Cycling stability
of the materials was also studied. As shown in Fig. 3e, NVPC and
NVPC-W exhibits a capacity retention of 81.4% and 68.0%, respec-
tively, after 100 cycles at 0.5 C. Therefore, the existence of crystal
water does have fundamental influence on electrochemical perfor-
mance of the materials.

The poor CE and rate performance of NVPC-W implies that ex-
istence of crystal water is negative for the electrode reaction kinet-
ics. Because the crystal water molecules occupy the lattice vacan-
cies of NVPC-W, it may affect sodium diffusion and limit sodium
accommodation, thus leading to sluggish reaction kinetics. To ver-
ify this hypothesis, cyclic voltammetry (CV) was used to study the
reaction kinetics of the NVPC-W and NVPC electrodes. Based on
the Randles Sevchik equation [35,36]:
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Fig. 4. Kinetics analysis. (a) CV plots of the NVPC and (b) NVPC-W at different scan rate from 0.2 mV/s to 0.5 mV/s. (c) The I,-v%> plots in cathodic and (d) anodic processes.

(e) EIS plot of the fresh electrodes and the electrodes after 100 cycles at 0.5 C.
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where n, A, Cy, Dy, and v represent the number of electrons trans-
ferred, surface area of the electrode, concentration of Na, apparent
sodium diffusion coefficient, scan rate, and value of peak current.
Dy, is proportional to the slope of fitting straight-line of I,-%3. CV
curves of the two electrodes at different scan rates are depicted in
Figs. 4a and b, and the corresponded fitting results of I,-v*> plots
are displayed in Figs. 4c and d. Obviously, the slopes of NVPC in
both the cathodic and the anodic processes are larger than that
of NVPC-W, indicating that the sodium diffusion kinetics is greatly
enhanced in NVPC. Besides, the contribution of pseudocapacitance,
another important parameter that associated with the rate perfor-
mance of electrode materials [37] was also calculated based on CV.
While it shows that the crystal water has little influence on the
pseudocapacitance behavior (Figs. S5 and S6 in Supporting infor-
mation). Therefore, kinetics is the key factor that determines rate
performance of the NVPC-W and NVPC. Of note, the difference of
CV curves between NVPC-W and NVPC, especially during the an-
odic process, may be accounted to the crystal water involved side
reactions and the difference of electrode kinetics [38].

Apart from kinetics, stability of the electrodes is another is-
sue that affects electrochemical performance [39]. In organic elec-
trolyte systems, the crystal water in materials may trigger side re-
actions and generate HF, which greatly accelerates electrode degra-
dation and reduces cycling stability of the materials [31,40,41]. To
verify it, the NVPC-W and NVPC electrodes before and after cy-
cling were investigated by electrochemical impedance spectroscopy
(EIS). The equivalent circuit diagram is presented in Fig. S7 (Sup-
porting information). As shown in Figs. 4e and f, a significant
charge transfer resistance increase from 1651.2 © to 4269.5 2 is
observed in NVPC-W after the cycling. In the contrast, the charge
transfer resistance increase is much smaller in NVPC (from 1450.3
Q to 2119.7 Q). Therefore, the elimination of crystal water is im-
portant to ensure the cycling stability of electrode.

In summary, the crystal water in the oxalate-phosphate NVPC-
W material is proven feasibly to be removed by vacuum drying
at 150 °C. The removal process shows no harm to physiochem-
ical properties of NVPC, including the crystal structure, chemical
bonding, and morphology. While the crystal water is found to fun-
damentally affect electrochemical performance of the materials, as
the crystal water elimination enables substantial improvements of
the NVPC material in terms of CE, rate, and cycling performance. It
is suggested that the crystal water hinders sodium diffusion, lim-
its sodium accommodation, and damages electrode stability, lead-
ing to sluggish reaction kinetics and reduce cycling stability. The
discoveries should be helpful to further develop advanced oxalate-
phosphate electrode materials.
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