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Abstract

The development of sodium-ion batteries with higbwer density is highly
challenging yet critically important in many appglions. Herein, we develop
sodium-ion batteries with ultrahigh power density bsing N-doped hard/soft
double-carbon-coated B\ (POy); hybrid-porous microspheresas a cathode. A

higher working potential of 3.4 V, superior rateahility (93 mA h ¢ at 10 C, 81
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mA h g* at 30 C) as well as stable cycling performance9@@2capacity retention at
10 C after 1000 cycle) are simultaneously achieViedy impressively, it can deliver
pseudocapacitive behavior and a practical energgitjeof 317 W h kg at a power
density of 194 W kg, which also remains 73.5 W h kgven at an ultrahigh power
density of 12600 W K§ The superior performances can be ascribed to the
hybrid-porous microsphere structure, which provideorable kinetics for bath
electron and Na large cathode-electrolyte contact area, as veeliohust structural
integrity. This design provides a promising pathwhy developing low-cost
sodium-ion batteries with high energy densasywell as high power density.
Keywords: N-doped hard/soft double-carbon-coatedz\WéPO4Y; hybrid-porous
microspheres; high energy density; ultrahigh posersity

1. Introduction

The problem of environmental pollution drives peopb develop the clean energy
storage device such as lithium-sulfur batterieg][&and Li—Q batteries.[3] However,
the availability of lithium leads to a quickly ngj price of Li resources. In the recent
years, the development of high-energy and high-paleasity sodium-ion batteries
(SIBs) is a great challenge for modern electrockami|4,5]. Recently, many
spherical structure electrode materials, such g¥aPCo0O, microspheres [6],
carbon-coated NMnPO,F hollow spheres [7], mesoporous germanium phogphid
microspheres [8], hierarchical (Ni,Co}B&NT hybrid microspheres [9], and so on,
have been investigated for SIBs. Construction eséhspherical materials has been
demonstrated as an effective way to improve simaehasly the energy and power
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density, tap density, rate capability and cyclabgity of SIBs [10-13]. Among them,
mesoporous microsphere structure ogE\W&POy)s/carbon (NVP/C) nanocomposites
is considered to be one of the most effective waysigh energy/power density SIBs
[14,15]. Considerable research efforts have begntdd to the fabrication of NVP/C
mesoporous microspheres, in which many synthesthads, such as the solid state
synthesis [16], the sol—-gel method [17,18], th@salrsynthesis [19] and spray-drying
method [20-23], have been investigated. Howevasdhmethods cannot satisfy the
requirement for high power density and long cyifedf SIB cathodes.

Among the various researched cathodes, NASICON-N@E not only owns an
open three-dimensional (3D) framework structurd, fmssesses excellent structural
stability, high \V**/V** redox couple potential (about 3.4 V vs. KNa) and good
thermal stability. More importantly, it has a hititeoretical capacity of 117 mA h'g
and large theoretical energy density (about 394 kg [24-27]. However, NVP has
poor electronic conductivity, slower ion transpecause of larger radius of N4.02
A), more sluggish reaction kinetics and larger waduchange upon NéNa insertion/
extraction, which usually result in limited ratepeaility and Na storing reversibility.
Therefore, many attempts have been made to entla@adectrochemical properties,
including metal doping [28,29], various carbon aogt[30-33] and reducing the
particles size [34,35]. Among these strategies,oNed carbon coatinfg6-39] and
double-carbon coating [40-42] have been regardeth@snost facile and effective
routes to enhance the electrochemical property N®P. Our works have also
demonstrated that hard carbon nanospheres andccatibn material represent the
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most promising electrodes for SIBs due to its h&jbrage capacity and cycling
stability [43-46].

The researches show that the solvothermal prodagedan important role to
control the morphology and composition of electradaterials by changing the
concentration of catalyst and solvent [47,48]. liereN-doped hard/soft
double-carbon-coated B(POy)3 hybrid-porous microspheres (N-HSDC/NVP-HMs)
were prepared by a solvothermal-assisted carbo#ieaduction method. This unique
microsphere-like structure possesses excellenttstal stability, which can bear a
huge voltage change during Nextraction/insertion processes. Meanwhile, N-doped
carbon network and hybrid-porous can provide ebedion transport pathways.
Several merits of this work are as follows: (1) hgporous N-HSDC (about 5.71
wt.%) provides high interface areas for the insevgxtraction of Na ions and high
permeability of Na ions and electrolyte; (2) unigomcrosphere-like structure not
only is the most significant factor for improvingrailtaneously the energy and power
density and tap density, but could be used ashkdessaaffold for high rate capability
and cyclic stability; (3N-doping (0.83 wt.%) in N-HSDC/NVP-HMs can enhance
electric conductivity by adjusting the surface fiioical groups [36-39]; (4) not only
is the solvothermal process simple and cost effeciit is also the most effective
method to control the microsphere-like structureuir®@ to these merits, as cathode
for SIBs, N-HSDC/NVP-HMs shows superior rate pariance, remarkable power
density and excellent cycling stability (Table &1Supporting Information).

2. Experimental Section
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2.1 Materials Synthesis

The N-HSDC/NVP-HMs were prepared by a solvotherasaisted carbothermal
reduction method. We used®s (99%, Tianjin Kermel Chemical Reagent Co., Ltd),
H2C204¢2H,0 (99.5%, Tianjin Bodi Chemical Co., Ltd),sPI0; (99.5%, Shanghai
Macklin Biochemical Co., Ltd), C¥COONa (99.0%, Tianjin Guangfu Technology
Development Co., Ltd), ethylene glycol (EG, 99.5%anjin Zhiyuan Chemical
Reagent Co., Ltd) and ethylenediamine (EN, AR, jiiaBDamao Chemical Reagent
Co., Ltd) as raw materials. The fabrication procegsusing EN and EG as mixed
solution (volume ratio of EG/EN=1:1) is illustratesh Fig. S1 (Supporting
Information). Firstly, 0.01 mol of M0s and 0.03 mol of gH,04¢2H,0 were dissolved
into 50 mL deionized water under stirring at 80fé€10 minto obtain a homogenous
and transparent VOO, precursor solutionThen HPO, (0.03 mol) and CECOONa
(0.03 mol) were dissolved into the V@, precursor solution with continuously
stirred for 30 min to form the NVprecursor solution. Whereafter, EG (5 mL) and EN
(5 mL) were dropwise added to the N@Recursor solution, respectively, vigorous
stirring for 30 min until a dark green solution wiasmed. After that, the dark green
mixed liquid was transferred into a 100 mL Teflomed stainless steel autoclaaed
kept at 180 °C for 12 I an electric oven, and then cooled naturally aonm
temperature. After the solvothermal reaction, a SBXC/NVP-HMs precursor
solution was collected and dried at 60 °C in aiermvThe N-HSDC/NVP-HMs
precursor powder after drying was preheated at°’@5f@r 5 h in nitrogen atmosphere.
After fully grinding, the preheated material wascoaed at 800 °C for 8 h in nitrogen
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atmosphere with a heating rate of 5 °C Tninto obtain the black
N-HSDC/NVP-HMs-1 (6 mL EG/EN mixed solution), N-HEINVP-HMs-2 (10 mL
EG/EN mixed solution) and N-HSDC/NVP-HMs-3 (16 mIGEN mixed solution).
For comparison, the NVP/C (1 g glucose as carbarcsd and pure NVP without any
carbon source were also prepared under the sarnedun@ that described above.
2.2 Characterization

The crystalline phase compositions of the as-switlbd samples were identified
by X-ray diffraction (XRD) analysis using a Cu-Kar&y diffractometer (PANalytical
X'Pert PRO; Netherlands). The diffraction pattewese collected over a diffraction
angle ® range of 10-60° with a scan rate of 5° per mine Thorphologies and
elemental distributions and composition of the \stsesized samples were measured
by scanning electron microscopy (SEM, JEOL JSM-FLAM Kv) with elemental
mapping. The fine microstructure was observed ontransmission electron
microscopy (TEM, JEM-2100). The property of carlvems investigated by a Raman
microscopic instrument (Renishaw) equipped withAah laser £=532 nm) at 50 x
aperture. An automatic surface area analyzer (Mieritics, Gemini V2380, USA)
was used to measure the specific surface area arel ize distribution of the
as-synthesized sampleBhe particle size distributions of the synthesizamnples
were measured by AS-2011 Laser diffraction parscte analyzer (LDPSA).
2.3 Electrochemical evaluation

The electrochemical performances were charactendéh CR 2032-type coin
cells assembled in high-purity argon filled glowexlwhere the concentration of both
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oxygen and moisture were kept below 1 ppm. In otdeprepare cathodes for SIBs,
80% active materials were mixed with 10% poly-vidghe fluoride (PVDF) and 10%
acetylene black in 1 mL N-methyl-2-pyrrolidone (NMRith continuously stirring
overnight. The mixed slurry was coated on alumirfoihwith a thickness of about
0.02 mm, dried at 110 °C for 12 h in a vacuum o&ed cut into circular strips with
diameters of 15 mm. The average load of cathodaisdat 1.22 mg cthl M NaCIQ,
was dissolved in ethylene carbonate (EC)/propyleardonate (PC) with a volume
ratio of 1:1 as the electrolyte. Glass fibers (Wheat) as the separator and sodium
metal as the counter anode. The galvanostatic iclyddischarging testings were
carried out in the voltage range from 0.5 to 4.@t\different current densities on
channels battery analyzer (CT3008W). The cyclictammograms (CV) and
electrochemical impedance spectroscopy (EIS) measmnts were performed on a
CHI-660e electrochemical workstation. All the testere performed at room
temperature.

3. Resultsand discussion

1.1 Structural characterization and synthesis mechanism

N-doped hard/soft double-carbon-coated Na(PQ,); hybrid-porous microspheres
(N-HSDC/NVP-HMs) were synthesized by a solvotheramdisted carbothermal
reduction method. In the synthesis of N-HSDC/NVP-4$]Mthylenediamine (EN) and
ethylene glycol (EG) are used as a multifunctideaiplate of mixed solution, carbon
source and structure-directing agent. Solvothetnegtment of the mixture solution
at 180 °C for 12 h leads to the formation of miptoere precursor. The morphology
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and the exact phase structure of NVP precursor #feesolvothermal treatment are
revealed by SEM images and XRD pattern, respegtiwdearly, the NVP precursor
displays a typical spherical morphology with theesrange from 4 to 1Qm (Fig.
lab). The enlarged SEM image (Fig. 1c) further aévethe features of the
microsphere morphology and hierarchical porousctire of the precursor, which are
composed of flakes loosely interconnected with egaaopen spaces between them.
In the @ range of 15-35°, the XRD pattern of NVP precuisiter the solvothermal
treatment shows a broad bump, indicating the anoupmature of NVP precursor
(Fig. S5A). The strong diffraction peaks in Fig.BS&how that the amorphous NVP
precursor spheres were transformed into the NVFPstaltine particles by the
solvothermal-assisted carbothermal reduction metfid@ successful formation of
the microsphere morphology is due to the self-abberfunction of the EG/EN
multifunctional template. The solvothermal treattnean create a spherical scaffold
geometry with a controlled, porous architectureaojusting the solvent molecules
[47,48].

A possible formation mechanism for the precursocraspheres assembled by
flakes is showed in Fig. 1d-f. Fig. 1d shows a swdugc plot of the functional groups
of EN and EG. When EG and EN were dropwise addéldetdNVPprecursor solution,
respectively, the EN and EG molecules self-assemntdeinterconnect with V& and
PO,> ions due to strong electronic/chemical adsorptimue of the functional groups,
resulting in formation of spherical micelles (Fite). In the solvothermal reaction
process, several concurrent reactions, such asddsignation, condensation,
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hydrogen transfer and isomerization, occur at oetemperature and pressure, and
NVP crystal nucleus were formed by heterogeneouteation (Fig. 1f). In the heat
treatment process at high temperature, not onlytteeEN and EG in the spherical
micelles decomposed to form the network structdrbasd carbon and soft carbon,
but the residual N and H from the EN and EN wernpedbinto the network structure
in situ, leading to the formation of N-HSDC/NVP-HNBIig. 1g). N-HSDC can not
only restrict the growth of NVP nanoparticles amdvent their aggregation, but also
buffer the volume change of NVP particle duringiatidn/desodiation process. The
NVP nanoparticles are homogeneously embedded anboesd in the network
structure of N-HSDC (Fig. 1h), which can greatlyhance the electrochemical
performance because of the higher electrical candiycand fast transfer paths of
electrons and Ndons in the internal structure of microsphereg (Hi) .

The amount of EN/EG template will influence the miwal reaction and
coordination state of the various ionic groups Wi and EN molecules and OH
group, resulting in the formation of N-HSDC/NVP-HMsth different morphology
and structure. The SEM images of the different dammfter annealing under
nitrogen at 800 °C for 8 h are shown in Fig. 1ftlis found that all the sample
particles were spherical, with different degreesphericility, different dispersibility,
different porous structure and aggregation behafrigr 3k shows the SEM image of
the N-HSDC/NVP-HMs2 sample synthesized with 10 mL EG/EN mixed sotutib
is seen that the N-HSDC/NVP-HMs-2 sample can inhéhe microsphere
morphology of the precursors and exhibit good dega sphericility and

9



10

11

12

13

14

15

16

17

18

19

20

21

22

dispersibility, with a size of 4-8m, no obvious agglomeration occurred compared
with the N-HSDC/NVP-HMs-1 and N-HSDC/NVP-HMs-3. Serspherical primary
particles are uniformly located on the surfacehs microsphere (inset of Fig. 3k).
However, both the N-HSDC/NVP-HMs-1 and N-HSDC/NVR48t3 have different
degrees of agglomeration and larger particle st (jl).

The crystal structure, dispersibility and porousicure of the different samples
were characterized by X-ray diffraction (XRD), lddsorption/desorption isotherm
and laser particle size analyzer, respectivehshemvn in Fig. 2a-f. XRD patterns of
all the samples are displayed in Fig. 2a. The alifion peaks of all the samples can
be readily indexed to the rhombohedral;W#PQO,); phase (JCPDS No. 62-0345,
space group R3c) without impurities)dicating that pure-phased crystakere
synthesized [28,29]. The unit cell parameters @f different samples are given in
Table S2. From the calculated results, the celluva of spherical
N-HSDC/NVP-HMs samples are more smaller than tladsenspherical NVP/C and
NVP samples, which indicated thedlvothermal makes cell volume decline slightly.
Especially, N-HSDC/NVP-HMs-2 has the smallest agllume compared with the
other samples, indicating a more stable structyspraached to the standard
NASICON phase, which contributes to its cycling gedies [31]. Moreover, the
comparison of wunit cell parameters of N-HSDC/NVP-$i® and various
NagV2(POy)s (NVP) samples reported in the literatures is réedrin Table S3. The
result shows that the cell volume of N-HSDC/NVP-HRIs much smaller than those
reported in the literatures, showing that the spher NVP particles in

10



10

11

12

13

14

15

16

17

18

19

20

21

22

N-HSDC/NVP-HMs-2 have more stable structure. Theiga size distributions of
the different samples were measured by LDPSA, aswvshin Fig. 2b-d and
summarized in Table S4. The N-HSDC/NVP-HMs-2 santpe a smaller particle
size distribution, and the particle size has arognal distribution with an average
diameter of 4.7lum (Fig. 2c) compared with the N-HSDC/NVP-HMs-3. Haxer,
the N-HSDC/NVP-HMs-3 has two particle size disttibaos (3—-&m and 12-9m),
indicating that there exist obvious aggregationg(F2d). Fig. 2e shows that the
nitrogen adsorption-desorption sorption isothernisdifferent samples. All the
samples show the same isotherms (type-1V) and iH8-tysteresitoop caused by
non-uniform wormlike pores, implying the typical supore characteristics [43,44].
The pore-size-distributions of these samples wetsthér investigate by
Barret-Joyner-Halenda (BJH) model, all showing thve pore size distributions of
1.75-2 nm (micropore structure) and 2-4.5 nm (mesmys structure) (Fig. 2f). This
hybrid-porous structure of the N-HSDC/NVP-HMs-2 watso observed with
HRTEM (Fig. 3b).These micropores can provide strain space to bttieervolume
expansion/contraction of NVP, sequentially leadim@ good cycling stabilityThese
mesopores are mainly contributed from the inteestimmong the assembled
nanoparticles, not only can be well permeated legtedlyte, but also can act as
efficient transfer channels of N§43]. Brunauer-Emmett-Teller (BET) surface area of
different samples is measured and summarized Table S5. The
N-HSDC/NVP-HMs-2 has the highest specific surfaneaa of 40.5 Ag™ owing to
good degree of sphericility and dispersibility (Fitj). The lower EG/EN added
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volume result in poor uniformity (Fig. 1k), so thdie specific surface area of
N-HSDC/NVP-HMs-1 is undesirable (13.5°gi"). However, severe agglomeration
was occurred because of adding EG and EN overnsidwfh in Fig. 11 and Fig. 2d),
so that the specific surface area of N-HSDC/NVP-HBVIsecame lower compared
with N-HSDC/NVP-HMs-2. It is well known that highpscific surface area of
cathode material can increase the contact areabatthe cathode and the electrolyte,
which is beneficial to improve its rate performan{43,44]. Therefore, the
N-HSDC/NVP-HMs-2 cathode possesses the best rat®orpmnce than other
samples at higher rates of 20-50 C (Fig. 5d).

The element content in the different samples wasroened by a Vario EL
[ICHN elemental analyzer and summarized in Tabfe Bhe results show that the
element contents of C, N and H elements all ineesish the additive amount of
EG/EN mixed solution, which indicates that C, N &hélements both come from EG
and EN. Among them, C element is the main compootdbuble-carbon structure,
while most of H element exists at the border ofdbable-carbon structure to saturate
the carbon bond, which is favorable to increasectmeentration of itinerant electrons
and improve electrochemical activity of carbon stuwe [49]. The structure of N
element in N-HSDC/NVP-HMs-2 sample was further stigated by using XPS N1s
spectrum (shown in Fig. 2j). The carbon conten{flSDC/NVP-HMs-2 sample is
4.88 wt%. The deficiency and over capacity of carbgontent in the
N-HSDC/NVP-HMs samples all affect the high ratefpenance and long circle life
of cathodes (Fig. 5). Raman spectrum was alsoechout to further investigate the

12



10

11

12

13

14

15

16

17

18

19

20

21

22

nature of the carbon-network in N-HSDC/NVP-HMs-2g(F2g). Two broad peaks
which were found at the ranges of 1200-1800"aran be deconvoluted by three
Gaussian peaks. The Gaussian peaks located atdad®60 and 1600 crare
assigned to the D (disordered carbon) and G (gtiaptli carbon) bands of carbon,
respectively. The value of the peak intensity ratfoD to G band {/lg) is 1.57,
indicating that the disordered hard carbon hagldmifraction (about 55.05% area) in
the residual carbon [50]. The third Gaussian peakiral 1530 cnl is attributed to
soft carbon according to the previous reports [Bhjich has a fraction of about 33.67%
(area) in the residual carbon. In addition, somakagands located around 1000tm
belong to the stretching vibrations of PO

The X-ray photoelectron spectroscopy (XPS) wasezhmwut to characterize the
elemental components and chemical state of N-HSD@ANMs-2. As shown in Fig.
2h, P, C, N, V, O and Na are discovered in theeuspectrum, which is consistent
with the elemental constitute of N-HSDC/NVP-HMs-Eig. S2 shows the
deconvolution results of XPS V2p spectrum by uswg Gaussian curves fitting. The
peaks located at 523.8 and 517 eV are assignedt®@p/, and \** 2ps in the
N-HSDC/NVP-HMs-2, respectively [51]. The high rasitbn XPS C1s spectrum (Fig.
2i) of N-HSDC/NVP-HMs-2 can be resolved into fouegis at 284.6, 285.8, 286.9
and 289.6 eV (Table S7), which are assigned to @@y, C-O and O-C=0
configurations, respectively [28]. The nitrogen ddpcarbon was further evidenced
by the XPS N1s spectrum of N-HSDC/NVP-HMs-2 (Fig. Zhe XPS N1s spectrum
can be divided into three peaks at 398.6, 401.1 4688.4 eV (Table S8),
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corresponding to pyridinic nitrogen (N1), pyrrolimitrogen (N2) and graphitic
nitrogen (N3), respectively [52]. On the one hahld, and N2 were formed by
replacing C atom with N atom in hexagonal and pgonal rings, respectively.
Meanwhile, these two kinds of replacements couklltelittte damage to carbon
skeletons and bring some “holes” structures or ahmus carbon. N2 contributes one
pair of lone electrons to the matrix carbon whicin cimprove the electronic
conductivity of amorphous carbon. On the other hahe formation of N3 via
substituting C atom by N atom accompany withouttrdesion to carbon skeletons
[55]. In order to clearly describe the mechanisnNedoped carbon, the model of the
N-modificatory carbon matrix is exhibited in thesaét of Fig. 2j. Besides, the peak
relative intensity of N1 and N2 are much highemtlizat of N3, indicating that large
amount of N1 and N2 are embedded into N-HSDC nétwaccording to the XPS
data, the atomic percentage of N1, N2 and N3 a:@14at%, 46.48 at% and 9.51 at%,
respectively.

The microstructure of N-HSDC/NVP-HMs-2 sample isuccterized by HRTEM.
The TEM images of N-HSDC/NVP-HMs-2 sample show thtst hierarchical
hybrid-porous microsphere structure is compositieth® spherical primary particles
to adhere to each other and (Fig. 3ab). The s@iepgmary particles have an
average diameter of about 100 nm (Fig. 3b). Thargal TEM image (Fig. 3c)
further reveals the detailed features of a pringasticle in the microsphere structure.
Fig. 3c clearly shows the lattice fringes with 8pace of 6.2 Acorresponding to the
(102) crystal plane of NVP, also demonstrates tiratsoft carbon and spherical hard
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carbon nanoparticles (aboutZ» nm) are well decorated on the surface of NVP
crystal. Fig. 3c also displays the disordered stmgcof hard carbon and vermicular
texture of soft carbon on certain orientation. $hanning electron microscopy (SEM)
and X-ray energy dispersive spectrometry (EDS) yaeasl were used to further
characterize the components in the microspheres.elémental mapping images of
the N-HSDC/NVP-HMs-2 sample confirrfurther the existence and uniform
distribution of N, Na, O, P, V and C in a microsphethe carbon-coating and
nitrogen-doping (Fig. 3d-j).

The effect of the carbon’s microstructure on the ™ Niiffusion and
electrochemical performances is schematically desdrin Fig. 4. According to the
previous report, the ordered carbon clusters witlarged interlayer distance play a
critical role to the rapid Nasolid diffusion in carbon structufg3] The soft carbon
with ordered N-doped carbon clusters are favorableeducing the ion diffusion
resistance (Fig. 4a). Besides, hard carbon witbdaarty oriented graphitic layers and
short-range ordered structure in plane can adt@superior conductive intermediary
for charge transmission (Fig. 4b) [5#4s expected, the N-HSDC/NVP-HMs has the
lower ion diffusion resistance (Table S9) and siguéMa’-storage performances (Fig.
6) compared with NVP/C sample because of the ctangs of hard carbon and soft
carbon (Fig. 4c).

3.2 Electrochemical measurements
In order to optimized preparation conditions, thec&ochemical performances of the
different cathodes were investigated by assembial§cells using sodium metal as
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Galvanostatic charge-discharge tests, CV and EtBntgues are employed to
evaluate the electrochemical reaction kinetics Ibicathodes. The electrochemical
property comparisorof different cathodes synthesized with differentcamt of
EG/EN mixed solution is shown in Fig. 5. Fig. 5awsftthe first charging/discharging
profiles of different cathodes at a current ratd @fC (1 C refers to a current density
of 117 mA ¢ over a voltage range of 240 V. All cathodes exhibits a
charging/discharging plateau at around 3.4 V, wisatonsistent with the that of NVP
cathode reported previously [28,29]. A reversibiarcity of 92.9mA h g* for
N-HSDC/NVP-HMs-2 can be acquired under a curretg oh 10 C, corresponding to
about 91.3% of the initial capacity at 0.5 C. Theé €lirves of different cathodes at a
scanning rate of 0.1 mV'sn the potential region of 2:8.0 V are shown in Fig. 5b.
All cathodes have an oxidation peak locateet3ab0 V and a distinct reduction peak
at=~3.28 V, which can be assigned to the de-interaalétitercalation of Nacaused
by the reversible transformation of YA/** redox reaction. However, the split peaks
located at3.12 V and=3.28 V for N-HSDC/NVP-HMs-1 and N-HSDC/NVP-HMs-3
are probably associated with a local redox envireminrearrangement from the
transfer of Na(1) to Na(2), which has been foundother NASICON materials
structured frameworks, such aszNa(POy)s (M: Sc, Cr, Fe) [55,58].

The Nyquist plots of the different cathodes befaycling for the frequencies
ranging from 10 Hz to 100 kHz during the dischastge are displayed in Fig. 5¢c. A
semicircle in the high frequency region and a gtraline in the low frequency region
were found in each of the Nyquist plots for allhmates. The EIS results imply that
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the electrochemical process is controlled by bdtarge transfer impedancB.{ on

the cathode/electrolyte interface and sodium-idfusion impedanceZ,) in the bulk

of the cathode materials. It is obvious that thelBBC/NVP-HMs-2 cathode exhibits
much lower Ry (R=122 Q) than that of N-HSDC/NVP-HMs-1 (4212) and
N-HSDC/NVP-HMs-3 (314Q) cathodes, indicating that the proper content of
N-doped carbon is beneficial for the efficient spart of electronand leads to lower
resistance. And the Naliffusion coefficient Dna+) could be calculated as:

R2T?
D = 1
Na+ ™ 5 p2papec2q2 (1)

Z' =Ry + Ry + ow™1/? (2)
whereR is the gas constanl,is the absolute temperatufejs Faraday constand is
attributed to area of electrode surfa€eis concentration of Nan is the number of

electrons. The inset in Fig. 5¢ shows the ling#in§j of Z.ea Vs o™

at low frequency
region for the three samples. And the Warburg iraped coefficient ) can be
obtained by calculating the relationship betweeal renpedance 4) and the
reciprocal square-root of frequenay {?), from the eq (2). Furthermore, tRg and
Dna+ Of different cathodes are listed in Table S9. Asswrevealed,the
N-HSDC/NVP-HMs-2 cathode behaves the high@.. (2.67x10" cn? s?),
indicating that the N-HSDC can effectively improsiectrochemical kinetics. Fig. 5d
and Fig. S3a-c compare the rate property of theréifit cathodes at various current
rates. The results show that the N-HSDC/NVP-HMsathade shows the higher
initial specific discharge capacity (Fig. S3a) hetlower rate range of G:10 C.

However, the N-HSDC/NVP-HMs-2 cathode displays mugigher reversible
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capacity than the N-HSDC/NVP-HMs-1 and N-HSDC/NVRI43 cathodes at the
high rate range of 280 C (Fig. 5d).

In order to evaluate the potential for practicaplagations, we calculated the
power and energy densities of the different cateddam the discharge curves based
on the capacities at various rates, working poaéamd the mass of cathode material.
The power density (P, W Ky of cathodes is calculated by the following foraeil
[57]:

__ Ex3600

P=—" 3

E is specific energy (W h k§ and At is the time of discharge (s). By comparing the
rate property and energy density of different cdésoat various C-rate, it can be seen
that the N-HSDC/NVP-HMs-2 cathode not only has higte property at the high
C-rate range of 260 C (Fig. 5d), but it also delivers surpassingrgnelensity (Fig.
5e). Fig. 5f shows the Ragone plot (energy densitypower density) of different
cathodesn the voltage range of 2.0-4.0 V. The results slioat the energy density
and power density of N-HSDC/NVP-HMs-2 cathode arpesior to other cathodes.
The N-HSDC/NVP-HMs-2 cathode has a high energy itens 317 W h kg* at a
power density of 194 W kf(0.5 C), which also remains 73.5 W hkeven at an
ultrahigh power density of 12600 W kgTable S10). Furthermore, Fig. 5g shows the
long-life performance comparison of different cates at a current density of 10 C.
The N-HSDC/NVP-HMs-1, N-HSDC/NVP-HMs-2 and N-HSDG/R-HMs-3
cathodes display the discharge capacities of 1@28 and 85.3 mA hjat first
cycle, respectively. However, the N-HSDC/NVP-HMs&2hode shows the highest
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capacity retention (72.9 %) over 1000 cycles, bhe torresponding capacity
retentions of N-HSDC/NVP-HMs-1 and N-HSDC/NVP-HMsa8& only 28.2 % and
29.0% over 1000 cycles, respectively.

In order to verify the advantage of the unique wsphere-like structure of the
N-HSDC/NVP-HMs-2 cathode, the Ratorage performances of the
N-HSDC/NVP-HMs-2 cathode were investigated by thecteochemical property
comparison of different cathodes with differentusture. Fig. 6a shows the initial
discharge-charge curves of different cathodesza€dn the voltage range from 2.0 to
4.0 V. The N-HSDC/NVP-HMs-2 cathode shows a flaltage plateau with smaller
polarization around 3.3 V and the higher initiaésific discharge capacity (101.8 mA
h g%), which is characteristic of the two-phase Na iftise/extraction reactions.
However, both the NVP/C and bare NVP cathodes ayspul sloping discharge/charge
profiles with larger potential range and the lowiescharge capacity at the same rate.
Fig. 6b and Fig. 6¢c compare the rate property &edenergy density of the different
cathodes at various current rates, respectivelg NFHSDC/NVP-HMs-2 cathode
displays much higher reversible capacity and endemgity than the NVP/C and bare
NVP cathodes at the same rates. Especially when ¢toerent rates
increaseontinuously from 0.5 C to 30 C, the attenuatiote raf its discharging
capacity and energy density is very low. Fig. 6dveh the initial discharge-charge
curves of N-HSDC/NVP-HMs-2 cathode were also ingeséd at the different
current rates in a relatively wide voltage rang®.6+4.5 V. The discharging capacity
of N-HSDC/NVP-HMs-2 can reach 180 mA H gt 0.1 C, which is much higher than
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the theoretical capacity of NVP (117 mAf)g

Fig. 6e displays that the CV curve of N-HSDC/NVP-BHZI cathode has a
couple of more symmetrical redox peaks than the lV&hd bare NVP cathodes at
the same scanning rate and the potential regionis Tdhows that the
N-HSDC/NVP-HMs-2 cathode exhibits high kinetic beio&a owing to its high
conductive network of N-HSDC in the microspherecture. To better understand the
improved performance by N-HSDC, EIS of the diffdareathodes were carried out
after the first discharge (Fig. 6f). Obviously, tieHSDC/NVP-HMs-2 cathode
exhibits much loweR (122 Q) than that of NVP/C (438) and NVP (921Q). The
results obtained from inset in Fig. 6f show that Ef.. value (2.6%10" cn? s?) of
the N-HSDC/NVP-HMs-2 cathode is much high than tfalVP/C (5.83%10™ cn?
s and NVP (1.7%10™ cnt? s%), indicating that the electrochemical kinetics of
N-HSDC/NVP-HMs-2 is easier with Naextraction than NVP/C and NVP. These
results further prove the advantage of the uniquerasphere-like structure of the
N-HSDC/NVP-HMs-2 cathode. Additionally, the N-HSINO/P-HMs-2 cathode also
exhibits exceptionally high coulombic efficiencyhieh is close to 100%, indicating
its superior phase reversibility during repeatetragtion/insertion of Naeven at
long-term high-rate cycling (8898 cycles at 10 @is structural stability is further
confirmed by the XRD pattern of N-HSDC/NVP-HMs-2eafundergoing 8898 cycles,
as seen in Fig. S5C. In the XRD pattern the majftnadtion peaks of NVP are almost
visible, demonstrating this electrode material meersibly cycle in a relatively wide
potential window of 0.5-4.5 V. However, it has loweyclability at long-term
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high-rate cyclingshowing only a discharge capacity retention of %38 after 8898
cycles at 10 C (Fig. 6gfurthermore, the N-HSDC/NVP-HMs-2 cathode displdngs
initial discharge capacity of 91.5 mA Rt @t 20 C and keeps a capacity retention of
46.4% after 600 cycles (Fig. 6h). The excellent hhigate capability of
N-HSDC/NVP-HMs-2 cathode can be ascribed to theaathges of its unique
microsphere-like structure as a stable scaffoldyridyporous structure as efficient
transfer channels of NaN-HSDC with high conductivity and interface areasd
high active NVP nanopatrticles with the large eledé—electrolyte contact area and
short ion diffusion distance.

Fig. S3a-e deliver the charge-discharge curveglitbérent cathodes in the
voltage range of 2.0-4.0 V at various current rét@s 0.1 C to 10 C. The curves of
N-HSDC/NVP-HMs-2 cathode show a low dropping ofctigrge capacity and small
polarization. The CV curves of different cathodéslifferent scanning rates in the
potential region of 2.0-4.0 V are shown in Fig. €4a#s the scan rate increase, the
double reduction peaks of all cathodes disappesiugily and anodic potential shifts
to higher voltages and cathodic potential shiftdotwer voltages. We supposed this
phenomenon can be attributed to the activé iNa sites cannot be clearly identified
any more with high scan speed and the increasedipation at higher scan rates due
to kinetic limitations associated with Naiffusion through the active material. The
N-HSDC/NVP-HMs-2 cathode shows a battery-like bétvago its total charge came
mainly from the diffusion-controlled process in th&ential region of 2.0-4.0 V.

To get further insights into the influence of thgbhd-porous microsphere
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structure and N-HSDC on the electrochemical peréomees, the CV curves of
different cathodes were also measured at diffegseanning rates from 0.1 to 1.0 mV
s’ in a lower voltage range (0.01-1.2 V) (Fig. S4dAflj CV curves exhibit a nearly
rectangular morphology without distinct redox peakshowing similar
electrochemical behavior of electric double laydtDI) capacitors. This is
characteristic of a surface-confined charge trangfecess [57]. Hence, they also
possess intercalation pseudocapacitive of surfangaled processes due to the
emergence of extrinsic faradaic reactions in thibarastructure [57].
Pseudocapacitive behavior enables ultrafast cldisgbarge kinetics and
substantially higher energy storage. [38]order to understand well the excellent rate
capability and power density of N-HSDC/NVP-HMs-2thaade, the CV curves in a
wide voltage range (0.5-4.5 V) are also be usedl¢atify the pseudocapacitive
behavior by changing scanning rate from 0.2 tord\6s* (Fig. 7a). The capacitive
contributions of total stored charge can be desdrity (4):
i=av? (4)
wherei andv are the measured current and versus sweep rate@ko data.a andb
are the adjustable parameters, whdreis quite pivotal. b = 0.5 reflects a
diffusion-controlled process, while = 1.0 implies a surface-controlled process.
Generally,b value locates between 0.5 and 1.0, suggestingxadhgontribution of
both processes. The valuelntan be obtained by the slope of the plot ofileg. log
v according to the equation (5).
logi =blogv+loga (5)
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In our casebp values of the cathodic and anodic peaks are h@890a/3 (Fig. 7b),
indicating that a part of capacity contribution wesm a surface-controlled process.
The capacity contribution from capacitive and difin-controlled charge could be
defined on the basis of the relationship

i = kv + kyv'/? (6)
wherek,v is the contribution from surface capacitances st is the contribution
from diffusion-controlled processes. Using the equa(6), we can identify the ratio
of the two processes in the entire potential windds shown in Fig. 7c, with the
increase from 0.2 to 0.5 mV'sn the sweep rates, the contribution of capacitive
charge rises from 6 % to 13.8%. The results shawNRHSDC/NVP-HMs-2 cathode
displays battery-like and pseudocapacitive behaviputhe refined control of the
working potential due to its unique hybrid-porougmsphere structure.

With the above consideration, we can expatiateg¢hetion mechanism for the
"pseudocapacitive behaviour" of Natorage in N-HSDC/NVP-HM ( Fig. 8). This
reaction mechanism contains intrinsic battery b&hrasf NVP microsphere and
extrinsic pseudocapacitive behavior of N-HSDC. NEMS provides extra Na ion
intercalation via adsorption and electrostatic awgation of charges (Fig. 8a).
During the charge/discharge processes, bulk reeaations occur at the battery-type
NVP microsphere, showing high energy density. Thrargement of the charges in
N-HSDC results in a displacement current and facadsactions with fast charge
transfer, increasing the power density becaus@efshort ion and electron transport
paths [57], at the meantime, the electrons flowosgrthe external circuit (Fig. 8b).
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Therefore, different charge storage mechanisms -$1SWC/NVP-HMs cathodes
contribute to the excellent rate capability, higbwer density and long life span,
revealing its wide application in SIBs with highvper [59,60].This is of particular

interest for designing high-power energy storageicgs based on traditional
high-energy density NVP via controlling differentriace intercalation reactions and

morphology.

4. Conclusion

In summary, low-cost N-dopedhard/soft double-carbon-coated MNa(POy)s;
hybrid-porous  microspheres (N-HSDC/NVP-HMs) were egared by a
solvothermal-assisted carbothermal reduction methdel studied the Nastorage
property of N-HSDC/NVP-HMs, which can function agperfast cathode materials
for high-energy and high-power density sodium-icattéries (SIBs). Moreover, a
pseudocapacitive behavior of N-HSDC/NVP-HMs wasdpaed by the refined
control of the working potential. Remarkably, theH$DC/NVP-HMs not only
deliver higher working potential, superior rate @bitity as well as stable cycling
performance, but also exhibit an exceptional comtitom of energy and power
densities among existing batteries and capacitdie;ing an ultrahigh power density
of 12600 W kg while maintaining an energy density of 73.5 W h'*kghese
excellent electrochemical performances could bebated to the synergistically
enhance of microsphere structure and N-dopaxtl/soft double-carbon-coated layer.
This work not only presents a highly promising gyestorage paradigm for low-cost

and scalable higher-power application of SIBs, @lsb could be extended to the
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design of other cathode materials.
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Fig. 1. (a-c) SEM images of the pecursor sample afteratbérmal treatment at
different magnifications. (d-g) A schematic diagrarh the formation process for
N-HSDC/NVP-HMs, (d) structural representations dhy&ene glycol (EG) and
ethylenediamine (EN), (e) self-assembly of EG ahtviith some kinds of ions, (f)
structure model of the precursor of N-HSDC/NVP-HMter solvothermal treatment,
(g) structure model of N-HSDC/NVP-HMs after caldinas. (hi) Inner structure
models of a N-HSDC/NVP-HM. (j-) SEM images of N-BS/NVP-HMs-1(j),

N-HSDC/NVP-HMs-2 (k) and N-HSDC/NVP-HMs-3 (1).

Fig. 2. Structure and chemical state characterizatiordiftdrent samples. (a) X-ray
diffraction patterns of different samples. (b-dytiRée size distribution curves of the
different samples. (e) The Nitrogen adsorption/dasan isotherms of different
samples and their corresponding pore-size distabuturves (f). (g) The Raman
spectrum of N-HSDC/NVP-HMs-2 sample is deconvolutgdhree Gaussian peaks.
(h) XPS survey spectrum of N-HSDC/NVP-HMs-2 samgbel high resolution XPS

spectra of C1s (i) and N1s (j) with N-doped carbohematic inset.

Fig. 3. Microscopic structure and element compositional alygsis of
N-HSDC/NVP-HMs-2. TEM image (a) and HRTEM images c)(b of
N-HSDC/NVP-HMs-2. (d) EDX mapping area of a sinfleHSDC/NVP-HM and
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corresponding elemental distribution mappings togen (e), carbon (f), oxygen (g),

phosphorus (h), vanadium (i) and sodium (j).

Fig. 4 Schematic illustration of Na-ion storage and diitun in N-doped soft carbon,

N-doped hard carbon and N-doped hard/soft doublzooa

Fig. 5. Electrochemical property comparison of differenthcales synthesized with
different amount of EG/EN mixed solution in SIBa) (The initial charge-discharge
curves of different cathodes in the voltage ranj2.0—4.0 V at 10 C. (b) The CV
curves of different cathodes at the scan rate bV s*. (c) The Nyquist plots of

different cathodes before cycling for the frequesaianging from 10 Hz to 100 kHz
during the discharge state. Rate capability corspari(d) and energy density
comparison (e) of different cathodes at differeates. (f) Ragone plots (energy
density vs. power density) of different cathodeg. Capacity retentions of different

cathodes for 1000 cycles at 10 C.

Fig. 6. Electrochemical property comparison of N-HSDC/NVRK42, NVP/C and
NVP cathodes in SIBs. (a) The initial charge-disghacurves of different cathodes in
the voltage range of 2.0-4.0 V at 0.5 C. Rate déipabomparison (b) and energy
density comparison (c) of three samples at differeates. (d) The initial
charge-discharge curves of N-HSDC/NVP-HMs-2 in whide voltage range of 0.5—
4.5V at different rates. (e) The CV curves of elifint cathodes at the scan rate of 0.1
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14

mV s™. (f) The Nyquist plots of different cathodes befarycling for the frequencies
ranging from 10 Hz to 100 kHz during the dischasggte. (g) Long-term cycling
performance of the N-HSDC/NVP-HMs-2 at a curren¢ @af 10 C over 8898 cycles.
(h) Cycling performance of the N-HSDC/NVP-HMs-2aahigh current rate of 20 C

over 600 cycles.

Fig. 7. () CV curves of N-HSDC/NVP-HMs-2 at sweep ratesrf 0.2 to 0.5 mV'$§
between 0.5 and 4.5 V. (b) Determination of b-valseng the relationship between
peak current and sweep rates. (c) Diagram of capadontribution (the red zone) to

the total capacity at different sweep rates.

Fig. 8. Schematic diagrams of the reaction mechanismthHer "pseudocapacitive

behaviour" of N4 storage in N-HSDC/NVP-HMs.
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Highlights

» N-doped hard/soft double-carbon-coated NagV »(PO,)3 hybrid-porous microspheres
were synthesi zed.

» The EN/EG mixed solution controlled the formation of the hybrid-porous
microspheres.

» The microsphere cathode shows superior rate capability and high energy density.

» It also exhibits ultrahigh power density due to pseudocapacitive behavior.
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