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Abstract

NaSn(PQy); has open framework, high ionic conductivity, low rkiag potential,
high theoretical capacity more than twice of grémhiHowever, its commercial
application is limited by its low electrical condivity and rapid capacity fading. To
overcome this challenge, we synthesize N#&3Dy); submicro-particles (around
100-300 nm in size) by hydrothermally assisted Iygi® reactions. The synthsized
NaSn(PQy); anode for Na/Li mixed-ion batteries delivers artrailigh initial

discharge capacities, excellent rate performancksaperior cycling stability. This
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design provides a promising pathway for developmgh performance mixed-ion
batteries.
Keywords. Lithium-ion batteries; lonic conductorsElectrochemistry; Na/Li

mixed-iondiffusion

Nanoscale domain structure manipulation can draalti improved energy
density and other properties, which may help theaterials be more competitive for
energy storage applications [1, 2]. To improve #hectrochemical performances,
nanostructure anode materials have achieved theedegoals, such as to achieve
high specific energy, enhance the rate capabihity abtain a long cycle life [3-5].
Lithium ion batteries (LIBs) with relatively highnergy density and long-cycle
stability become one of the most promising enertpyragie systems for electric
vehicles and portable electronic devices [6]. Hosvelithium metal has the low mass
fraction (~20 ppm) in the earth’s crust, resultintp the continuous increase of LIB
cost based on the high demand of Li-based raw matgr]. And lithium metal has
safety issues due to the formation of lithium déedr[8]. Compared to LIBs,
sodium-ion batteries (SIBs) offer multiple advamtaguch as abundant sodium raw
material source, evenly geographical distributiod distinctly lower cost, but there
are still many problems for SIBs, such as low reN@e capacity, low available
energy density and rapid capacity decay [9]. Theergence of Li/Na mixed-ion

batteries (LNMIBs) balances the advantageous feataf SIBs and LIBs, which



10

11

12

13

14

15

16

17

18

19

20

21

22

combine the high energy density of LIBs with théesaand low cost of SIBs [10].
Hence, the study of LNMIBs operating at room-tenap@re has become an important
research direction and aroused wide attention [11].

In design and fabrication of high-performance LNMJBt is highly imperative
to develop superior anode materials. Among a lang®mber of anode materials
Sn-based materials are environmental friendlines$ law cost. However, some
Sn-based materials such as $n&nS, and Sn-based alloys, suffer from enormous
volume expansion~300%) during the charge-discharge process andmetdinte
dissolution, resulting in poor cycling stabilitycanapacity retention [20]. In a number
of Sn-based materials, Na super ionic conductor SNAON)-type Sn-based
phosphates, such as $6R [12,13], LiSn(POy);[14-16], NaSa(POy); [17-19] etc,
have many advantages, such as natural abundagbeiohic conductivity (about 1.5
x 10° S cm'), low working potential (less than 0.6 V vs. Lif),i high theoretical
capacity (993 mA hgfor Sn), more than twice of graphite (372 mAH.gCompared
to Sn-based alloys, NagRQOy); (NSP) not only owns an open three-dimensional
(3D) framework structure, but possesses excell¢nictsiral stability and good
thermal stability, resulting in smaller volume charduring the charge-discharge
process However, the commercial application of NSP is leditby their low
electrical conductivity and rapid capacity fadingp improve the electrochemical
performances, a variety of nanostructural Sn-basedtrodes have achieved the
desired goalf20-24]. Especially NSiRano-particles can offer some advantages for
Li/Na mixed-ion storage, such as shortening théusiibn length and facilitating the
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insertion/extraction of mixed-ions, having minimsttess gradient induced by the

volume change during the charge/discharge cycles.

The attainment of both excellent rate performamzksperior cycling stability in
anode materials is highly challenging yet critigalihportant in the applications of
LNMIBs. As seen from Table S1, although the somidipations on various Sn-based
phosphate anodes have been reported in the pasiydarg, the results of these
publications, such as rate performance and cystiagility, are not pretty. At present,
the synthesis methods of Sn-based phosphate negatctrodes mainly include
solid-state and sol-gel methods. Although hydrattedr methods for synthesizing
electrode materials have been widely studied [254& hydrothermal methods for
synthesizing Sn-based phosphate anodes have aitibeen reported. The results of
our test have shown thidie hydrothermal process played an important leohtrol
the morphology and crystal structure of electrodatemals by controlling the
synthesis conditions. Here, we propose a novel iNafked-ion battery based on NSP
anode. The NSP submicro-particles (100-300 nm) @RN are synthesized by
hydrothermally assisted pyrolysis reactiofts the first time and the synthesis
conditions are optimized. The NSP submicro-pasiplessess better electrochemical
performances than the bare NSfthesized by sol-gel method (B-NSP), exhibiting
significantly enhanced storage capacity and rebditgi of Na/Li mixed-ions.
Experimental details (material synthesis, charadgon and electrochemical
evaluation) of NSP samples are reported in Suppiéamg S1. The challenge of this

design is the attainment of both excellent ratefoperance and superior cycling
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stability in NSPsubmicro-particle anode at the same time. The ptegerk is among
the best thus far reported for N&Rodes (Table S1). This provides a new strategy for
developing LNMIBs, highlighting the enormous potaht of NaSn(POs)s;

submicro-particle anodes in the applications of LIBM

B-NSP
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Fig. 1. (ab) SEM images of B-NSP sample synthesized bygsblmethod. (c)
SEM-EDS mapping image of Na, Sn and P elementgdnzbrresponding spectrum
of B-NSP sample(ef) SEM images of A-NSP sample synthesized by diyermally
assisted pyrolysis reactionsnder optimized conditions. (g) SEM-EDS mapping
image of element Na, Sn and P and (h) corresporgtiagtrum of A-NSP sample. (i)
XPS survey spectrum of B-NSP sample and high résalXPS spectra of Nals (j),
Sn 3d (k) and P 2p (l). (m) XPS survey spectrumAaNSP sample and high
resolution XPS spectra of Nals (n), Sn 3d (o) agg Bp).

The morphology, elemental composition and fine opstucture of the

as-prepared samples were investigated by field soms scanning electron
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microscopy (FE-SEM), X-ray energy dispersive speugtry (EDS) and
high-resolution transmission electron microscopR{IEM), respectively. The SEM
images in Fig. 1lab show that the B-NSP sample sgithd by the sol-gel method
consists of many irregular agglomeration partieled these hard agglomerations are
formed by the accumulation of many thin slices (Fif). The elemental mapping
image (Fig. 1c) and corresponding spectrum (Fig.afdhe B-NSP sample confirm
the existence and distribution of Na, Sn and P etdés¥ig. 1le and Fig. 1f are the
SEM images of the A-NSP sample synthesized by tydrothermally assisted
pyrolysis reactions. It can be seen that the A-N&Rple contains submicro-particles
(around 100-300 nm in size) without hard aggre(fatg 1f). The elemental mapping
image (Fig. 1g) and corresponding spectrum (Fig.ofthe A-NSP sample verify the
homogeneous distribution of Na, Sn and P eleméntsrder to further prove the
existence of elementnd their chemical states, the X-ray photoelecsmectroscopy
(XPS) was carried out. As shown in Fig. 1i and Higy, Na, Sn and P are discovered
in the survey spectra of both B-NSP and A-NSP saspVhich is consistent with the
elemental constitute of NagR0Oy)s. The High-resolution XPS spectra of Nals (Fig.
1j), Sn 3d (Fig. 1k) and P 2p (Fig. 1l) correspaadNa’, S and B*, respectively
[21,29], confirming the elemental chemical states B¥NSP. Compared the
high-resolution XPS spectra of B-NSP and A-NSP dasypall peak positions of
A-NSP sample shifted slightly toward lower bindiegergy, suggesting that the
A-NSP has the higher electrochemical activity tBaNSP. These submicro-particles
can shorten the pathway lengths of the ion diffusédfectively during the LCiNa

6



1

10

11

12

13

14

15

16

17

insertion/extraction processes [30].

Fig. 2. TEM image (a), HRTEM image (b) and correspondialgcted area electron
diffraction (SAED) pattern (c) of B-NSP sample. TEMage (d), HRTEM image (e)
and corresponding SAED pattern (f) of A-NSP sample.

Fig. 2a is TEM image of a thin slice particle ilNSP sample, which consists of
hard agglomerated nanoparticles. Its HRTEM imagarty reveals lattice fringes of
0.44 nm, corresponding to the (104) plane of B-Ma&mple (Fig. 2b). The selected
area electron diffraction (SAED) pattern showsgular diffraction spots of hard
agglomeration particle (Fig. 2c). The TEM image ANSP sample shows that a
single dispersed submicro-particle has relativeyutar grain shape, denser structure
and smoother surface (Fig. 2d). As revealed byHR&EM image, lattice fringes of
0.42, 0.36 and 0.21 nm are clearly observed, wtichespond to the (110), (113) and
(306) planes of A-NSP sample (Fig. 2e). Combinetth whe SAED pattern (Fig. 2f),
all thesdiffraction rings confirmed the successful preparat of A-NSP

submicro-particles.
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Fig. 3. XRD patterns of A-NSP synthesized by hydrothermabgisted pyrolysis
reactions and B-NSP samples synthesized by sohgghod. (a) The samples
synthesized by hydrothermal reaction for 24 h drehtwith different heat treatment
temperatures for 8 h undep HMtmosphere. (b) The samples synthesized withrdifte
hydrothermal reaction times at 180 °C and then @@ & for 8 h under B
atmosphere.

The X-ray diffraction (XRD) patterns of the samp$smthesized at different heat
treatment temperatures (Fig. 3a) and with differeydirothermal reaction time at
180 °C (Fig. 3b) reveal their crystallographic mhasd crystallinity, respectively. It is
clear that the sharp and intense peaks of all ssrggree well with the standard card
(PDF# 49-1198) of NaS(POy)s, which indicate that all the samples have well
crystallized characteristic of R-3C space grouprtmimbohedral lattice with a=b=
8.507 A and c= 22.467 A [17]. The A-NSP sample gsized by hydrothermal

8
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reaction for 24 h and then at 600 °C for 8 h hapeaks of any mixed phase, while
the A-NSP sample synthesized at 700 and 500 °Cacmnthe diffraction peaks of
NagPO, impurity phase (PDF# 30-1232) (Fig. 3a). Suppletawgn Tables S2-S4
present the summary of the lattice parameters efdifferent samples synthesized
with different conditions calculated by using J&I¥RD pattern-processing software,
respectively. The results show that the crystajliof A-NSP-24h sample synthesized
by hydrothermally assisted pyrolysis reactions ighér than that of B-NSP
synthesized by sol-gel method, and the strain @d)%f A-NSP sample is obviously
smaller than that (0.375%) of B-NSP (see Table A#)ough the A-NSP-12h sample
shows the smallest strain, it has lower crystajlirend smaller crystallite size
compared with A-NSP-24h sample. So the A-NSP sutmparticles have good
structural stability, which has benefits for enhiagcelectrochemical cycling stability,
showing the best electrochemical performances coedpaith other samples [30].
First, optimization studies are carried out for SR submicro-particle anodes
synthesized by hydrothermally assisted pyrolysiactiens under the different
preparation conditions by using the galvanostati@arge-discharge test. The
electrochemical properties were evaluated in thé btells assembled with the
different anodes and Li metal catho@g. 4 shows the charge-discharge curves of
the A-NSP anodes synthesized under the differegpgration conditions. Fig. S3
shows the rate performances of the A-NSP anodethesimed under the different
preparation conditions. The results show that Itle¢hheat treatment temperature and

the heat treatment time have a great impact orretdgremical performances than
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Fig. 4. Charge-discharge curves of the A-NSP anodes ssiatte under the different
preparation conditions at 0.1 and 2 A ga and d) Hydrothermal treatment at £80
for 24 h and then heat treatment at different teatpees for 8 h. (b and e)
Hydrothermal treatment at 18C for 24 h and then heat treatment at 8Q0for
different heat treatment time. (c and f) Hydrothaktneatment at 188C for different
hydrothermal treatment time and then heat treatmaie®®0°C for 8 h.

hydrothermal reaction time. Fig. 4c shows that hieat reaction time has a small
impact on the initial discharge/charge specificamay and the plateau at 1.25 V.
However, the hydrothermal treatment time also playsimportant role in forming

submicro-particles and improving the high rate genance (Fig. 4f). The A-NSP
anodesynthesized by hydrothermal treatment at 180 °C2fbrh and then by heat
treatment at 600 °C for 8 h has the highest diggaharge capacities and the best
rate performanceslhis is because it has small strain, appropriaetalization

degree and crystalline size (Table S3 and S4). $y.shows the electrochemical
performances of the B-NSP anodes synthesized atditferent heat treatment
temperatures. The results show that the B-NSP asyittbesized at 600 °C for 8 h

has the best rate performances (Fig. S4b).
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The A-NSP anodsynthesized under the optimized conditions exhibitdtrahigh
initial discharge/charge specific capacity of 1868028.9 mAh ¢ at a current
density of 0.1 A g (Fig. 5a), which are much higher than that (85%66/3 mAh @)
of B-NSP anode synthesized by sol-gel method usalere conditions (Fig. S4b). The
theoretical capacity of the first discharge of NgBf); is about 826 mAh §
according to the literature [18]. The initial disebe specific capacity of the A-NSP
anode is 1868.5 mAh™gat 0.1 A @, exceeding the theoretical capacity by 1042.5
mAh g*. The exceeding capacity can be ascribed to theddon of SEI layer on the
surface of electrode [18]. Its discharge/chargeactigs still remain at 502.6/383.6
mAh g even at a higher current density of 5 A @ig. 5b), and the B-NSP anode
only has the discharge/charge capacities of 2181011mAh ¢'at 5 A g* (Fig. S4b).
The compare results show that the A-NSP anodelasdhe superior rate capability
than that of B-NSP anode. When the current derisitfrom 0.1 to 5Ad, the
discharge capacity of A-NSP anode is from 1868.%@8.6 mAh ¢ (Fig. 5b).
However, the rate performance of B-NSP anode iy y&or and only has the
discharge capacity of 218 mAh*gat 5 A g* (Fig. S4b). Fig. S5 shows the
electrochemical performance comparison of the ¢&lls assembled with the different
anodes. The result shows that the A-NSP anodeeadslimuch better long cycling
performance than the B-NSP anode (Fig. S5e).

Fig. 5a also shows that the A-NSP anbds a clear plateau at approximately
1.25 V in the first discharge process, which resirtirreversible capacity of 35.8%
and low initial Coulumbic efficiency. The dischargapacity (about 625 mAhY of

11
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this plateau corresponds to some parasitic surietions, such as the formation of
Li salt inactive matrix and the irreversible decasition of electrolyte [14]. This
plateau seems to be influenced by synthesis condit{Fig. 4a-c), and the A-NSP
anode synthesized under optimum conditions hasgeki plateau at 1.25 V. After
this plateau, the sloping plateau from 1.0 V to ¥ with the discharge capacity of
1068 mAh g correlates to the reversible alloying reactionoacganying Li/Na
mixed-ion insertion into Sn and the formation ofl &yer on the surface of electrode
[18]. The charge/discharge profiles overlap aftee first cycle indicating good
reversibility and Coulumbic efficiency. The corresping charge-discharge curves at
different current densities show that their chadgeharge plateau (about at 0.5 V)

increases slightly with the increasing charge-disgl current densities (Fig. 5b),
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indicating that the A-NSP anode has fast kineticgerty and weak electrochemical
polarization [32]. To further confirm the electrashical reaction of A-NSP anode,
the cyclic voltammogranCV) measurements were carried out in the voltaggeaf
0.0-3.0 V (Fig. 5c). In the CV curve at a scan @t®.1 mV &, a voltage plateau
appears at 0.22 V in the discharge process andtagelateau appears at 0.54 V in
the charge process correspond to the alloying aaflaing process [14]. With an
increasing scan rate, the CV curves of A-NSP ardgcally keep the shape and
contour, indicating the high reversibility and wgaiarization of the electrochemical
reaction in the battery. The excellent long cyclistgbility and high Coulombic
efficiency of A-NSP anode were verified at the lEgleurrent densities of 2 and 5 A
g for 200 cycle (Fig. 5d), which are much higher thaevious reported results
[12-19]. It is interesting that, when the A-NSP daavas cycled at the higher current
density of 5 A &, its capacity displays a good cyclability for first 100 cycles, and
very little change, but continuously increasesraf@ cyclesAfter 200 cycles at 5 A
g, the reversible capacity still reaches 465 mAh gorresponding to capacity
retention of 106% and Coulombic efficiency of 9986 the first cycle. This may be
because the electrochemical active sites on thfacguof the submicro-particles are
more easily activated at high current density [@3Y. 6f). Moreover, the nanosized
Na substituted 15PO; (LisNaPOy) material with high ionic conductivity (6.5x2
cm?) was more easily formed in-situ on the surfaceti® submicro-particles,
providing a better matrix and more electrochemiaetive sites. Therefore, these
reasons lead to that the capacity retention isdnighan 100% in Fig. 5d.
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The SEM images of A-NSP and B-NSP anodes at theehigurrent densities of
2 A g'after 50 cycles are shown in Fig. S6. The restitvsthat A-NSP anode has
more compact and uniform microstructure (Fig. S&d)l nanostructure (Fig. S6f)
than B-NSP anode (Fig. S6a-c). It also further cord that the A-NSP anode has
better structural stability during the cycle. Thene two main reasons: (1) in the
preparation process of anode, the A-NSP submicricjes with different size
(100-300 nm) without hard aggregate can tightlykptugether; (2) the A-NSP
submicro-particles possess higher crystallinity anghller strain than B-NSP (see

Table S2). So the A-NSP anode shows better raferpgance and cycling stability

than B-NSP.
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Fig. 6. (a-d) Synthetic mechanism diagrams of A-NSP submicrokpast (e) Crystal
structure of NSP. (f) Surface structure of A- N&Bmicro-particle

The synthetic mechanism of A-NSP submicro-partigdegroposed as shown in
Fig. 6a-d. In the synthesis, Sn ion solution,®&; and NHH,PO, were mixed to

form the mixture solution of precursor (Fig. 6alr). the hydrothermal treatment
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process, ST ions are oxidized to $hions, leading to the formation of precursor
particles (Fig. 6c). After the heat treatment theN8P submicro-particles were
obtained (Fig. 6d). The crystal structure of NgBf))sis shown in Fig. 6e. This
structure consists of a three-dimensional framewofk corner-sharing slightly
distorted Sn@octahedra and PQetrahedra [19]. Fig. 6 e shows the surface siract
of A-NSP submicro-particle. The insertion/extranti@actions of Na/Li mixed ions in
the processes of charging and discharging candsepted as below equations:
Na,_,Li,Sn, (PO,); + (8 — x)Li* + xNa*8e~ — 3Li;_,Na, PO, + 25n 1)
55n 4+ (22 — x)Li* + xNa* + 22e~ & Liy,_,Na,Sns (2)
Our previous results have prove the Na/Li mixed-@ectrolyte and the active
LisxNaPO, with high ionic conductivity are formed by ion dwemnge during the
charge/discharge process [34,35]. Moreover, thee sigffect of A-NSP
submicro-particles can greatly enhance the tramspofr Li/Na® mixed-ions and
electrons to keep the charge balance and relievestthin caused by the volumetric
change [36].

In summary, the A-NSP submicro-particle anode sssitted by hydrothermally
assisted pyrolysis reactions has better electroa¢mperformances than the B-NSP
anode synthesized by sol-gel method. The A-NSP gubsarticle anode for
LNMIBs not only exhibits an ultrahigh initial disalge capacities and excellent rate
performance, but also shows superior cycling stgl@ihd high Coulombic efficiency.
This structure design provides a promising pathfeaydeveloping high performance
Na/Li mixed-ion battery anodes.
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Fig. 1. (ab) SEM images of B-NSP sample synthesized bygsblmethod. (c)
SEM-EDS mapping image of Na, Sn and P elementgdnzbrresponding spectrum
of B-NSP sample(ef) SEM images of A-NSP sample synthesized by diydrmally
assisted pyrolysis reactionsnder optimized conditions. (g) SEM—-EDS mapping
image of element Na, Sn and P and (h) corresporspagtrum of A-NSP sample. (i)
XPS survey spectrum of B-NSP sample and high résalXPS spectra of Nals (),
Sn 3d (k) and P 2p (). (m) XPS survey spectrumAalNSP sample and high
resolution XPS spectra of Nals (n), Sn 3d (o) agg B).

Fig. 2. TEM image (a), HRTEM image (b) and correspondialg&ed area electron
diffraction (SAED) pattern (c) of B-NSP sample. TEMage (d), HRTEM image (e)
and corresponding SAED pattern (f) of A-NSP sample.

Fig. 3. XRD patterns of A-NSP synthesized by hydrothermalgisted pyrolysis
reactions and B-NSP samples synthesized by sohwggthod. (a) The samples
synthesized by hydrothermal reaction for 24 h drehtwith different heat treatment
temperatures for 8 h undep Mtmosphere. (b) The samples synthesized withrdifte
hydrothermal reaction times at 180 °C and then @@ & for 8 h under N
atmosphere.

Fig. 4. Charge-discharge curves of the A-NSP anodes ssimttte under the different
preparation conditions at 0.1 and 2 A ¢a and d) Hydrothermal treatment at £80
for 24 h and then heat treatment at different teatpees for 8 h. (b and e)
Hydrothermal treatment at 18C for 24 h and then heat treatment at 8G0for
different heat treatment time. (c and f) Hydrothaktneatment at 188C for different
hydrothermal treatment time and then heat treatme®®0°C for 8 h.

Fig. 5. Electrochemical performances of the A-NSP anodeth®gized under
optimum conditions. (a) The charge-discharge cufwethe first three cycles at 0.1 A
g*. (b) The charge-discharge cunesiifierentcurrent densiés from 0.2 Ag' to 5Ag™.
(c) The CV curves at various sweep rates in théagel range of 0.0-3.0 V. (d) Long
cycling performanceomparison at differerurrent densiés.

Fig. 6. (a-d) Synthetic mechanism diagrams of A-NSP submicroxpeast (e) Crystal
structure of NSP. (f) Surface structure of A- N&Bmicro-particle
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