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Specific capacity (mMAhg")

A hierarchica hybrid nanocomposite of ultrafine ZnSe nanoparticles growing on/in
amorphous hollow carbon nanospheres (ZnSe@HCNS) has been prepared via simple
solution reflux and post-calcination in Ar/H,, The ZnSe nanoparticles grow on both
sides of HCNSs, thus preventing severe aggregation and stabilizing structures of
electrodes upon cycling. When used as a promising anode for SIBs, the hybrid

composites could manifest excellent electrochemical performance with high

Graphical Abstract

- Sodiation
. i,

“—
Desodiation

Mesopore
] HCNs Sodium ion I znSe

600 180

} ‘\ 1A gr'l v . 460
e e A S——

S 440
200 g —o——o— Charge capacity 4120

3 ———-—Discharge capacity ]

0 1 1 1 1 O
0 200 400 600 800 1000

Cycle number

reversible capacity, long-term cyclic stability and excellent rate capability.

Coulombic efficiency (%)



Construction of ultrafine ZnSe nanoparticles on/in amor phous
carbon hollow nanospheres with high-power-density sodium
storage

Shiyao L§, Tianxiang Zh&i Hu Wi, Yuankun Wan@ Jiao LF, Amr Abdelkadet®, Kai Xi® ", Wei
Wand, Yanguang L4, Shujiang Din§ Guoxin Gad ", and R. Vasant Kumfr

®Department of Applied Chemistry, School of ScierXign Key Laboratory of Sustainable Energy
Materials Chemistry, MOE Key Laboratory for Nonddurium Synthesis and Modulation of
Condensed Matter, Xi’an Jiaotong University, Xiah0049, People’s Republic of China

P Department of Materials Science and Metallurgy,versity of Cambridge, Cambridge CB3 OFS,
United Kingdom

¢ Department of Design and Engineering, Faculty ofesme & Technology, Bournemouth
University, Poole, Dorset, BH12 5BB, United Kingdom

4 Institute of Functional Nano&Soft Materials (FUNBK) Jiangsu Key Laboratory for Carbon-

Based Functional Materials and Devices, Soochoweisity, Suzhou 215123, China

* Corresponding author. E-mail addresses: gaogu@ximail.xjtu.edu.cn (G. X. Gao),
kx210@cam.ac.uk (K. Xi)




Abstract

Sodium-ion batteries (SIBs) are considered as miging candidate to lithium-ion batteries (LIBS)
owing to the inexpensive and abundant sodium reseiowever, the application of anode materials
for SIBs still confront rapid capacity fading anddesirable rate capability. Here we simultaneously
grow ultrafine ZnSe nanoparticles on the inner svalhd the outer surface of hollow carbon
nanospheres (ZnSe@HCNS), giving a unique hieraatlmgbrid nanostructure that can sustain a
capacity of 361.9 mAh §at 1 A g* over 1000 cycles and 266.5 mAR @t 20 A g. Our
investigations indicate that the sodium storagehaeism of ZnSe@HCNSs electrodes is a mixture of
alloying and conversion reactions, where ZnSe cdaswe NaSe and NaZp through a series of
intermediate compounds. Also, a full cell is consted from our designed ZnSe@HCNs anode and

NagV2(PQy)s cathode. It delivers a reversible discharge capadi about 313.1 mAh §after 100

cycles at 0.5 A g with high Columbic efficiency over 98%. The outstanding sodium storage of as-

prepared ZnSe@HCNs is attributed to the confinemehtZnSe structural changes both
inside/outside of hollow nanospheres during thaeatmoh/desodiation processes. Our work offers a

promising design to enable high-power-density eteles for the various battery systems.

Keywor ds: ZnSe; Hollow carbon spheres; Sodium-ion battery; ¢ail; Anode.

1. Introduction:

Rechargeable lithium-ion batteries are now onehaf most widely used power sources for
portable electronic devices, such as mobile phiaptop and digital camef&® LIBs are usually
composed of two electrodes: a graphite anode daglesed transition metal oxide (mostly cobalt-
based) cathod&. Both cobalt and lithium have limited supplies aheir prices are expected to
increase which raise concerns about the future ehat&mands for LIBS! Therefore, sodium-ion
batteries have rapidly evolved as an alternativielBs. While SIBs share the same architecture and

working principles with LIBs, they use low cost am@re abundant raw materials which make SIBs
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strong candidates for the next-generation largéesel@ctrical energy storaéﬁé.However, sodium
ions possess larger molar mass and ionic radiuslithéum ions, which limits the theoretical energy
density and the rate performance of SIBs as cordpaith LIBs!”® Therefore, it is crucial to
explore suitable Na-host electrode materials t@roodate the reversible insertion/deinsertion of
Na“ ions upon the continuous discharge/charge cyclifigglly aiming to obtain excellent
electrochemical performance.

Up to now, many anode materials have also beerstigated, including metallic sulfidé$;*?
phosphide$§¥ and alloyd’¥ Among them, transition metal selenides (TMSs) haeeeived
considerable attention due to their high initialu@onbic efficiency, excellent electric conductiyity
and good cycling stabilit}y>*° However, as illustrated iRigure 1, bulk metal selenides still suffer
from dramatic volume variation and particles aggtoation during the repeated charge-discharge
process, thus causing severe polarization and rempecity fading problenf®?? One popular
strategy to decline the performance decrease ideggn suitable Na-host electrodes that can
accommodate the reversible insertion/desertion &Ff iins upon the repeated cyclifiy.?” The
carbon matrix is commonly adopted to alleviate gbeere volume expansion of electrode materials.
Nevertheless, the bulk composites still face craglduring extended cyclifg’ Other researchers
aim to construct hollow carbon materials to suppmhosized TMSs, which present enhanced
cycling performanc&® 2" But the unnecessary inner void space significaddgreases the tap
density and power density. Thus, designing a potmikw carbon material to load TMSs both
inside/outside could significantly enhance the ieggperformance and power density.

Zinc selenide (ZnSe) has a high theoretical capagsédsed on the alloying and conversion
reactiond®® 2! ZnSe is also widely used in various laser devi®semiconductor§ and solar
cells®? which may help the commercial use of it for enesggrage. Several researchers have
investigated the application of ZnSe-based eleesddr LIBs. For example, Wu and co-workers

reported that ZnSe composite with hollow carbonldaleliver a high reversible discharge capacity



of 1134 mAh & after cycled for 500 cycles at 0.6 A~§¥ Qian et al explained the reason for the
extra rising capacity by the generation and thivativn of Se during the electrochemical procé&s.
More recently, Mai and his group used ZnSe micresgh (ZnSe MSs)-CNT composite as an anode
for SIBs, and the results indicated the possibitifydelivering capacity of 387 mAh™gfor 180
cyclest® The ZnSe composite still showed aggregation proble some extent, which is expected
to reduce the cycle-life performance of electrodéserefore, it is essential to engineering a more
robust electrode that can accommodate the structananges in the ZnSe during the
insertion/desertion of Ndons.

In this research, we successfully developed a noeearchical hybrid nanocomposite of ultrafine
ZnSe nanoparticles directly growing on the outerfagie@ and in the inner cavity of amorphous
hollow carbon nanospheres (ZnSe@HCNSs) via a fdwydrothermal process using sulfonated
polystyrene (SPS) hollow nanospheres as templatdshagh-temperature calcination. The ZnSe
nanoparticles grow on both sides of HCNs walls tfog first time Table S1, see Supporting
Information), thus successfully preventing the sevaggregation and ensuring the structural
integrity of ZnSe@HCNSs electrodes during cyclingnipared to the aggregated ZnSe microspheres
(ZnSe MSs), numerous ultrafine ZnSe nanopartidieslyf anchored onto the conductive HCNs
provided a more accessible surface to carry out hatjo surface and near-surface redox reactions.
Therefore, the ZnSe@HCNs electrode demonstrated-term cycle stability and high-rate
performance. After 1000 cycles at 1.0 A ghe ZnSe@HCNs anodes can deliver a stable rélersi
discharge capacity of 361.9 mAH giith the capacity retention of 87.0% and Coulomfiiciency
above 99.9%. Even when cycled at a high currensitfeaf 20.0 A ¢, a discharge capacity of 266.5
mAh ¢! could stil be maintained, revealing excellent Higte capability. Moreover, the
subsequently assembled Na(POy); (NVP)//ZnSe@HCNSs full-cells also give an adequatpacity
of 313.1 mAh & after 100 cycles at 0.5 A'gThe well-designed ZnSe@HCNs hybrid anode shows

excellent promise in sodium-ion storage.



2. Experimental section:

2.1. Synthesis of hollow sulfonated polystyrene (SPS) nanospheres

All reagents were analytical grade and used witloriher purification. The hollow polystyrene
(PS) nanospheres were prepared by drying the esnul[EPRUI Nanoparticles & Microspheres Co.
Ltd). 35 mL of concentrated sulfuric acid and 2fd*& were mixed at 4%C for 12 h in an oil bath
with vigorous stirring. Then the precipitate wadlexied by centrifugation and washed with ice
water and ethanol. As a result, primrose yellowmdwISPS templates were obtained. After the
sulfonation treatment, the SPS templates are capaiblbsorbing metal ions and inducing the
growth of nanostructured metal selenides.

2.2. Synthesis of ZnSe@HCNs

In a typical fabrication of ZnSe@HCNSs, 50 mg of SRS firstly dispersed in 20 mL of deionised
water by ultrasonication for 30 min to form a horapgous suspension, followed by the addition of
1.0 mmol of Zn(NQ@),- 6H,0, 1.0 mmol of Ng5eQ- 10H0 and 0.5 g of citric acid. After stirring for
30 min, 15 mL of hydrazine hydrate {y- H,O) solution (80 %) and 5 mL of ethylenediamine were
added dropwise into the mixture. The above suspansas continuously stirred for another 30 min
and then transferred into a Teflon-lined stainlgte®! autoclave (50 mL). The autoclave was sealed
tightly and heated at 180 °C for 24 h. After coglit®m room temperature naturally, the pale brown
precursor was centrifuged and washed thoroughli wéionized water and absolute ethanol for
three times, respectively. The as-prepared precwas subsequently dried in a vacuum oven at
60 °C overnight. Finally, the precursor was sirdea¢ 700 °C for 2h in Ar/K(90:10, v/v) mixing
flow to form the final product (ZnSe@HCNSs). For quamison, the aggregated ZnSe microspheres
(MSs) were also prepared via a similar procedube without adding SPS templates.

2.3. Material Characterization

The morphology and structure of the products weraracterized by Field-emission scanning

electron microscope (FESEM; JEOL JSM-6700F) andhdmassion electron microscope (TEM;



JEOL JEM-2100F and JEM-F200) with selected-areetrele diffraction pattern (SAED) function.
Energy dispersive X-ray spectroscopy (EDX) measerégmwere performed on a FEI Quanta 250
FEG SEM. The powder X-ray diffraction (XRD; Bruk&iXS D8 Advance) was used to detect the
crystallographic information of samples. Thermograatric analysis (Perkin-Elmer TGA 7) was
carried out under a flow of air with a rate of XD fin™ from room temperature to 700 °C. Raman
spectroscopy was performed on a Raman spectromitea backscattering geometry £ 633 nm;
Horiba JobinYvon, HR 800). The specific surfaceaaadd pore size of as-prepared ZnSe@HCNs
and aggregated solid ZnSe MSs were obtained pywddption measurement and BET analyser
(ASAP 2020 PLUS HD88). The chemical compositiond aalence states of resultant samples were
investigated by X-ray photoelectron spectroscoply $Xmeasurements on ESCA Lab 250 (USA) at
monochromatic Al K sources.

2.4. Electrochemical measurements

The electrochemical tests were conducted by assggnbbin-type half-cells (CR2032) in an
argon-filled glove box (Dellix, [gl<1 ppm, [HO]<1 ppm) with metallic sodium discs as the counter
and reference electrodes. The working electrodes weepared by mixing 80 wt% of electroactive
materials (e.g. ZnSe@HCNSs), 10 wt% of carbon bl&ikper-P-Li) and 10 wt% of polymer binder
(sodium carboxymethylcellulose; NaCMC) in deioniagdter. The obtained homogeneous slurry
was evenly pasted onto Cu foil (current collectoryl dried in a vacuum oven at 100 °C overnight.
The loading mass of active materials on the curmeléctor is about 1.5 mg ¢mThe electrolyte in
the cells was 1.0 M sodium trifluoromethanesulfen@laCRESGO;) dissolved in diethylene glycol
dimethyl ether (DEGDME). Glass fibre filter papeasvused as the separator. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopyS)(Elere carried out on CHI660D
electrochemical workstation. Galvanostatic dischagarge cycles were performed on a NEWARE

battery tester in a voltage range of 0.1 to 3.0 ¥ thermotank at the temperature of 28 °C.



For comparison, the carbonate-based electrolinekiding 1.0 M NaCIQ@ in propylene
carbonate (PC) with 5 wt% fluoroethylene carboné@&&C) and 1.0 M NaRFin ethylene
carbonate/dimethyle carbonate (EC/DEC; v/iv=1:1)ensdso used to investigate the cycle stability of
as-prepared ZnSe@HCNSs through assembling coinkglieells.

To further estimate the electrochemical performaotes-prepared ZnSe@HCNSs, flower-like
NasV2(POy)s (NVP) was used as cathodic materials to assemMB/MnSe@HCNSs full cells.
Before the preparation of full cells, ZnSe@HCNsde®were electrochemically activated for three
cycles. Then NVP cathodes and activated ZnSe@H@Ndes were paired in a weight ratio of 8:1

with 1.0 M NaCESG; in DEGDME as the electrolyte.

3. Result and discussion:

The fabrication process of the hierarchical hybdaSe@HCNs composite is illustrated
schematically irfFigure 2A. Briefly, the hollow polystyrene (PS) nanosphesese firstly sulfonated
by concentrated sulfuric acid to produce oxygercfiemal groups (-SeH). The oxygenated groups
could link both ZA* and Se@ ions to the carbon spheres which act as the stippokbone to
control the nucleation and the growth of ZnSe pre&mu During the nucleation process, hydrazine
hydrate was added to satisfy a reduction atmospaedeto avoid the back oxidation of ZnSe
precursor$®® Ethylenediamine was also added in the hydrothepr@miesses to create mesoporous
channels within the shell of the nanospheres thrdhg pyrolysis and the formation of gases such as
NH; and CQ. These mesoporous channels promoted the diffismionthe permeation of Zhand
SeQ? ions into the internal cavity of hollow PS spheradich led to the formation of ZnSe
nanoparticles inside the spheres califfyNext, the precursor was calcined at 700 °C for tweith
a ramping speed of 2 min® in Ar/H, mixture atmosphere (90:10, v/v). The calcinatisacess
converted the ZnSe precursor to crystalline nanmbes and at the same time carbonised the PS

templates into mesoporous HCNSs.



Field Emission Scanning Electron Microscope (FESEMY) Transmission electron microscopy
(TEM) were used to study the morphology of PS npheses before and after sulfonation. As shown
in Figure 2B and C, the sulfonated PS nanospheres still maintainedirttegrity of the spheres
without noticeable distortion. The size of the nggtteres was also similar to the pure PS nanosphere
(Figure S1, see Supporting Information), i.e. 400 nm averdigeneter and 50 nm shell thickness,
indicating that the sulfonating process does ntecafthe structure of the nanospheres. After the
hydrothermal reaction and the post-calcinationttneat in Ar/H, numerous fine ZnSe patrticles are
uniformly anchored on the surface of the HCNs waittiameter ranging from 10 to 80 nm as shown
in Fig. 2D andE. Interestingly, the TEM image§&igure 2F andG) and the high-angle annular dark
field scanning transmission electron microscopy ADX-STEM) image Figure 2J) of the
ZnSe@HCNs show that the ZnSe nanoparticles aveeatbedded within the internal cavity of the
HCNs. There are no obvious aggregation or clusie&nSe nanoparticles can be observed by the
TEM or FESEM images, confirming the uniform depasitof nanoparticles on and inside the
sulfonated nanospheres. Furthermore, elemental inqappages igure 2K-M) further confirmed
that the nanoparticles were growing outside anidlensf the HCNs. Whereas, without the support of
SPS templates, only aggregated solid ZnSe MSs el@ened with various diameters ranging from
200 nm to 8um (Figure S2, see Supporting Information). The Energy Dispersktray (EDX)
spectroscopy resultsigure S3A, see Supporting Information) of ZnSe@HCNs detedtede
elements: Zn, Se and C in the hybrid structureh) whie atomic ratio of Zn/Se close to 1:1, indiogtin
the nanopatrticles are ZnSe of almost the stoichieeneomposition. While only Zn and Se elements
are found in aggregated ZnSe MSs samgteguf e S3B, see Supporting Information).

The crystallinity of the hybrid composite was intigated using X-ray diffraction (XRD), high-
resolution TEM (HRTEM) and selected area electrdfradtion (SAED) techniquesFigure $4
(Supporting Information) shows the XRD pattern ld ZnSe@HCNs and the ZnSe MSs samples.

All the peaks can be assigned to the stilleite Zn8gestal structure peaks (JCPDS 88-2345),



demonstrating the high crystallinity and purity the compositeS” Figure S5 (see Supporting
Information) further discloses the correspondinfinesl structural model along different orientation.
Similar to previously reported literature, the ¢aystructure of stilleite ZnSe is consisted by $&)
stacks>®! Along the [110] direction, pyramidal [Zn@eunits exhibit an individual vertex-sharing
chains array to form a tunnel structure with a 2.48edge length, providing adequate space to
accommodate Naions (1.02 A) during the electrochemical procéBse HRTEM image of the
ZnSe@HCNs inFigure 2H shows an interplanar distance of 0.327 mm, coordipg to the
dominant (111) facet. The selected area electriradiion (SAED) patternKigure 2I) reveals a
polycrystalline feature and the intense diffractiorgs are readily indexed to cubic ZnSe crystallin
in good agreement with the above XRD results.

Furthermore, the total carbon content was calcdl&tem the thermogravimetric analysis (TGA)
curves to be 23.0 wt% in the ZnSe@HCNs compogitEgire S6, see Supporting Information). The
typical Raman spectra of ZnSe@HCNs, HCNs and agtgdgZnSe MSs are shown kingure S7
(see Supporting Information). The Raman spectr&Zmfe@HCNs and HCNs show two bands
centred at 1337 and 1598 ¢ntorresponding to the disordered amorphous cafbdrand) and the
crystalline graphitic carbon (G band), respectivéliso, two intensive Raman peaks at about 202
and 249 crit on the Raman plots of ZnSe@HCNs and aggregatee KAt can also be detected
distinctly, which are well indexed to the repres¢ive 1LO bands of ZnSe phase. The chemical
composition and valence states of the as-prepare8e@HCNs were detected by X-ray
photoelectron spectra (XPSfigure S8, see Supporting Information). The survey scan tspec
indicates the presence of Zn, Se and C elemé&igsre S8A). The high-resolution spectrum of the
Se 3d Figure S8B) shows two dominant peaks located at 55.2 eV d@ndl &V corresponding to Se
3dk,, and Se 3gh, respectively, suggesting the presence 6f'8&The zZn 2p high-resolution XPS
spectrum Figure S8C) also demonstrates the characteristic signalsnoi,, peak at 1045.2 eV

and Zn 2p, peak at 1022.1 eV, confirming the valence statZrgf.**! The high-resolution C 1s



spectrum Figure S8D) can be divided into three components: C-C pedk84t8 eV, C-O peak at
285.7 eV and C=0 peak at 287.4 eV. The detectionadbon-oxygen bonds suggests that ZnSe
nanoparticles are linked chemically to the carbpineses through some oxygen functional groups.
The pore structure and the surface area of the @h8&Ns hybrid were evaluated by the N
adsorption/desorption analysis kiigure S9A (see Supporting Information). The distinct hystese
loops between the adsorption and desorption cuokZgaSe@HCNSs in the medium to high-pressure
regions (P/Prange 0.4-1.0) is typical for type IV isothelil. The pore size distributiorF{gure
S9B) shows that the mesopores peaked at ~2.2 nm. dlhelated Brunauer-Emmert-Teller (BET)
surface area of the of the ZnSe@HCNSs is 24129 This value is five times higher than the
aggregated sample, indicating the success of syisthg a porous structure by directing and
controlling the deposition of ZnSe nanoparticlesclElarger surface area can highly increase the
surface and near-surface reactions of active nadégeduring the discharge/charge process, thus
guaranteeing the excellent electrochemical perfacaaf the ZnSe@HCN¥!

To distinguish the density difference of as-prefarmSe@HCNs and HCNs, we filled their
powder in a quartz tube respectively with an ingldeneter of 4 mmHKigure S10A, see Supporting
Information). As a result, the filled length of ki) with 0.4 g of ZnSe@HCNSs powder is about 5.4
cm, while the filled length of tube (ii) with thase mass HCNs reaches to 6.7 cm, implying the tap
density of ZnSe@HCNSs higher than that of HCNs sihesdensity ratio of ZnSe@HCNs to HCNs
is around 1.24:1. Namely, the density of HCNs ghty enhanced after growing some fine ZnSe
nanoparticles on their outer/inner surfaces. Ineortb further calculate the tap density of
ZnSe@HCNs and HCNs, respectively, we pasted thef@wfoil with a diameter of 12.6 mm and
conducted the FESEM observation to verify the théds of active layer as shownHkigure S10B
and S10C (see Supporting Information). And the correspogdilata are listed i able S2 (see
Supporting Information). After calculated, the tdgnsities of ZnSe@HCNs and HCNs are about

1.38 and 1.08 g ct respectively. The ZnSe@HCNs possesses highetetagity than pure HCNs,
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disclosing our fabrication strategy can improve t#e density of hollow carbon materials through
growing fine ZnSe nanoparticles onto the outeriandr interfaces of HCNs.

Subsequently, we investigated the electrochemiedlopnance of the ZnSe@HCNs hybrid in
two-electrode configurationgigure 3A reveals the galvanostatic discharge and chargdgsof
the ZnSe@HCNSs cycled at a constant current density0 A g*. The initial discharge and charge
capacities are 445.6 and 410.7 mAh espectively, yielding a high initial Coulombitfieiency of
92.2 %. The irreversible capacity loss (about 7.8%he first cycle is attributed to the irreveisib
decomposition of electrolyte and the formation bé tsolid-electrolyte interface (SEI) layé¥.
Similar to other metal selenides like Ce8ad FeSg the initial discharge and charge profiles are far
different from the following one. *® “2 The formation of SEI layer is not only the irresigle
reaction in the initial cycles, but some other srgactions resulted from the activation of the
selenides, which make the initial sodiation andodeion processes unstabf8.To bring more
insights on the electrochemical sodiation and desiott mechanism, we further used cyclic
voltammetry (CV) techniques. The representative @dfiles of ZnSe@HCNSs recorded for thd 1
2"%and 4 cycles are shown iRigure S11 (see Supporting Information). In the first cathoséan, a
strong reduction peak at 0.30 V and a weak reducpeak at 0.92 V are observed. The
corresponding anodic scan shows three oxidatiokspiathe first cycle at 0.90 V, 1.56 and 1.92 V.
These CV results are in good accordance with thialinlischarge/charge platforms. After the first
cycle, the ZnSe@HCNSs electrodes undergo a serieomiplicated activation processes. Three
discharge platforms at round 1.58, 0.94 and 0.@&h¥ two charge platforms at about 1.51 and 1.85
V can be maintained after 100 cycl&sgure 3B reveals long-term cycle stability of ZnSe@HCNSs.
Benefiting from the unique hierarchical nanostroefihe ZnSe@HCNs show an excellent cycle
stability. Even after 1000 cycles at 1.0 and 10.§"Athe ZnSe@HCNSs electrodes can still deliver
high reversible discharge capacities of 361.9 aBBl® mAh ¢', respectively, corresponding to a

high capacity retention of 87.0% of the secondeyfdr 1.0 A ¢'). However, without the support of
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HCNs, the solid ZnSe MSs anodes reveal inferiactedehemical performance. As shownFigure
S12A (see Supporting Information), the discharge cdpabecreases sharply from 349.4 to 198.2
mAh g' after 550 cycles at 1.0 A'gThe activation process of solid ZnSe MSs eleesateed more
than 150 discharge/charge cycles, thus leading uohnsluggish voltage platform transformation
especially on the charge branchEg(re S12B, see Supporting Information).

We further investigated the rate performancehef ZnSe@HCNSs hybrid electrode at various
current densities ranging from 0.2 to 20.0 A és shown inFigure 3C, the ZnSe@HCNs anodes
provide excellent high-rate capability and stableul@mbic efficiency of about 98.7%. With the
current density gradually increasing from 0.2 ta02@ g', the reversible discharge capacity
decreases from 484.2 to 264.1 mAh gespectively. Interestingly, once the currentsities come
back to 10.0 and 1.0 A'gafter more than 40 cycles, the corresponding disghcapacities can be
rapidly recovered to 340.1 and 444.5 mAh mespectively. The detailed discharge/charge leofif
the ZnSe@HCNs at different current densities aresgmted inFigure S13 (see Supporting
Information). On the other hand, the solid aggregainSe MSs demonstrate poor rate performance
with lower discharge capacity and unsteady Coulenddficiency figure Sl14, see Supporting
Information). To highlight the outstanding higheaierformance of the ZnSe@HCNSs, the discharge
capacities of other reported metal selenides &rdifit current densities are summarizedrigure
3D andTable S3 (see Supporting Informatiorf; % 1215 17: 19, 22,24, 42, 44-4flh e 7n5e @HCNS hybrid
anode demonstrates a more competitive rate cagyawith high reversible discharge capacity than
reported metal selenides, particularly at highereni densities. Such higher capacity retention of
the ZnSe@HCNSs anode can be attributed to the abtisdaface and near-surface reactions since
there are numerous ultrafine ZnSe particles firratychored on/in the HCN&*Y Also, the
conductive and flexible HCNs backbone ensures rfasliectrons/ions transport, more sufficient
electrolyte-electrode contact area and more beakfitructure buffeF” It should be noted that the

capacity contribution of pure HCNs is meagre, andld be omitted when calculating the total
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discharge capacity of the ZnSe@HCNSs. As showfigure S15 (see Supporting Information), the
pure HCNs can only deliver a low discharge capasfigbout 18 mAgat 1.0 A g-

The high-rate performance of electrode materialselated to the potential pseudocapacitive
behaviour upon the continuous discharge/chargengy/¢f’ To explore the electrochemical reaction
dynamics, we further measured the CV curves of EoiBe @HCNs and ZnSe MSs at various scan
rates from 0.2 to 1.0 mV’s The corresponding results are presentefigunre 3E andFigure S16

(see Supporting Information). Generally, the peakent () and the scan rate)(obey the following

equationd®!!
i—a/ (1)
log (i) =b-log{) + log (@) 2)

wherea andb stand for the adjustable parameters, landlue is determined from the slope of idg(
vs. log{) plot. The value ob gives a good indication of the determining stephefelectrochemical
process. Usually, whdmis equal to 0.5, the electrochemical sodium s@ragction is controlled by
the ionic diffusion. While wheib approaches to 1.0, the sodium storage processnimndted by
pseudocapacitané®' As shown inFigure 3F, theb-values (fitted slopes) of seven peaks are ranged
between 0.7 to 1.04, suggesting a mixed procesls thi¢ surface controlled pseudocapacitive
process as the predominant mechanism on the ZnS&@Htirthermore, we have calculated the
pseudocapacitive contribution from the equation:k;v + kv*>, wherek,v andk,\" represent the
pseudocapacitive and ionic diffusion contributiorespectively? Figure 3G shows the calculated
pseudocapacitive contributions of ZnSe@HCNs anodduglly increase from 70.9% to 85.5% at
the scan rates growing from 0.2 to 1.0 mi¥/ $he unique design of the electrode materialsspkay
major role of minimising the diffusion limitatiorparticularly in the high scan rate. The open
structure leads to the fast Niatercalation/extraction and durable cyclic stiéjitthus facilitating the

high-rate and long-term cycle performance of apared ZnSe@HCNs. For instance, the detailed
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pseudocapacitive fraction at 1.0 mVis demonstrated iRigure 3H. This result is analogous to the
case of other metal sulfides/selenitfés?!

In addition to the pseudocapacitance storage mérhathere is also a possibility for slower redox
reactions that could take place in the anode. QOsioe reactions and alloying reaction are
commonly reported for most anode materials in SIB®se types of reactions are usually associated
with more serious structural changes than the amagsociated with the pseudocapacitive storage.
To study the phase changes during the dischargelarde, ex-situ XRD, SAED and HRTEM were
performed at different stagedtigure 4A presents the ex-situ XRD patterns at various
discharge/charge stages. The typical diffractioakpeof the cubic ZnSe diminish gradually and
disappear completely with the discharge voltageedesing from 1.5 V to 0.1 V. In the meantime,
the weak diffraction peaks of Zn andJSa can be detected when the discharge voltagesiatéeto
1.0 and 0.4 V. After fully discharged to 0.1 V, semew characteristic peaks located at 32.4°, 35.6°
and 69.6° emerge, which can be assigned to the),(42P2) and (753) crystal planes of cubic
NaZn s phase (JPCDF no. 03-1008), confirming the presehd®éaZn alloy in the final discharge

§28- 2% During the subsequent charge process, the strioakacteristic diffraction peaks of

product
ZnSe are recovered gradually, and the diffractieaks of Zn, NgSe and NaZsy vanish completely.
Also, the intermediates were verified further bystxi SADE and HRTEM images. As shown in
Figure 4C, the hierarchical hybrid structure of the ZnSe@ @&l can be well retained when the
fresh cell was discharged to 0.2 V. The ex-situ &A[Figure 4D) clearly discloses the
polycrystalline diffraction rings of (111) and (22planes of NgSe, (420) plane of Na4s and
(101) plane of Zn. Besides, the lattice fringestltdse discharge intermediates are also found in
Figure 4E. After the tested cell was charged to 2.6 V orgaraFigure 4F), the distinct structural
changes of the ZnSe@HCNs hardly happen, confirntimg robust hybrid structure of the

ZnSe@HCNs. The ex-situ SADIEiQure 4G) and ex-situ HRTEMKigure 4H) reveal the typical

diffraction rings and lattice fringes of (111) a(2R0) planes of ZnSe, respectively, indicating the
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main charge product is ZnSe. Therefore, based enatiove results, the phase changes of the
ZnSe@HCNSs electrode materials are governed byotlewing equations:

Conversion reactions: ZnSe + ZNa2€ < NaSe +Zn (3)

Alloying/dealloying reaction: 13Zn + Nar € <> NaZns 4)

It should be mentioned here that detecting thessgschanges does not exclude the storage via the
pseudocapacitive process, which usually limitedh® surface and do not cause severe structural
changes. Also, from a pure kinetic point of vielag small particle size of the ZnSe in the novelnope
ZnSe@HCNSs structure shorten the diffusion pathwaag, hence the constant b in equations 1 and 2
are shifted toward more diffusion independent valuigne theoretical capacity calculated based on
reactions (3) and (4) is 402.9 mAH while the recorded value for the ZnSe@HCNSs revadliggher
capacity of 484.2 mAh f§at 0.2 A @, clearly confirming the role of the pseudocapaeiti
contribution.

It is well known that the electrolyte plays arsfgcant role in determining the electrochemical
performance of SIB§? Thus, we have compared the ether-based electrflly@eM NaCESO; in
diethylene glycol dimethyl ether (DEGDME)) with tvkinds of carbonate-based electrolytes; (i) 1.0
M NaClQ, in propylene carbonate (PC) with 5 wt% fluoroeémg carbonate (FEC); and (ii) 1.0 M
NaPFk in ethylene carbonate/dimethyl carbonate (EC/DB@G;=1:1). We first carried out
electrochemical impedance spectroscopy (EIS) measnts for half-cells using the different
electrolytes and the ZnSe@HCNSs electrodes. Ther-btsed electrolyte possesses the lowest
charge-transfer resistance, thus efficiently enimgnthe electrochemical reaction kinetics of the
ZnSe@HCNSsKigure S17, see Supporting Information). Also, the contaglameasurements also
reveal that ether-based electrolyte processesrbettdability than carbonate-based electrolytes
(Figure S18, see Supporting Information), which is expectedfdoilitate the reactions on the
electrode/electrolyte interface. The electrochemicgclic performance of the ZnSe@HCNs

electrode in the three different electrolytes isveh in Fgure S19 (see Supporting Information). As
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expected, the cells with carbonate-based eleca®lgtiffer from severe capacity decay. For example,
when using 1.0 M NaClgin PC with 5 wt% FEC as the electrolyte, the alitlischarge capacity of
the ZnSe@HCNSs electrode was about 400 mAhagd it decreased quickly to 95 mAHh after 100
cycles at 1 A d. The performance of the cell with 1.0 M NaR#& DC/DEC (v/v, 1:1) electrolyte
showed slightly better performance, but the disgharapacity was still low after 100 cycles (170.0
mAh ¢'). Figure 5A schematically illustrates the sodiation and destimh process of hybrid
ZnSe@HCNs. As shown ifigure 5B, the ZnSe@HCNSs still maintain their conformal hghbr
structure even after 500 cycles at 1.0"A ljo apparent structural collapse or severe putien can

be observed, benefiting from the support and cenfient of flexible HCNs to ultrafine ZnSe
particles. Nevertheless, the aggregated solid 2vSe suffer from serious structural collapse and
pulverization Figure 5C). The EIS measurements of above two samples Wsoecanducted. The
impedance of ZnSe MSs samples reveal an obviousase after 500 cycles, indicating undesirable
cycling performanceRigure 5D-E).

Inspired by the excellent electrochemical perianoe of the Na//ZnSe@HCNSs half-cell, we
further constructed sodium-ion full cells using sMgPQOy); (NVP) as the cathoderigure 6A
schematically illustrates the structure and contpmsiof the NVP//ZnSe@HCNSs full cells. The
selection of NVP was based on its excellent perforoe in SIB&* In this research, NVP
microflowers were firstly synthesised via a hydesthal procesS> The phase purity of the
prepared NVP was confirmed by XRD analysis and riwphology was investigated by SEM
images Figure S20, see Supporting Information). We first investightbe NVP cathode in a half-
cell, which exhibits a stable reversible dischazgpacity of about 104.7 mAHK'after 100 cycles at
1C (1C=117 mA §). Then we evaluated the performance of the NVEB&@HCNSs full cells. The
initial three galvanostatic discharge and chargéage profiles of the full cell cycled at 0.5 A'g
between 0.1 and 3.0 V are displayedFigure 6B. Remarkably, the full cell has a Coulombic

efficiency of about 98.2% and can deliver a stableersible discharge capacity of about 313.1 mAh
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g™ after 100 cycles at the current density of 0.5 A(Gigure 6C), providing more evidence of the

potential of the ZnSe@HCNSs as anodes for high-pedoce sodium ion batteries.

4. Conclusion

In summary, we successfully developed a novelahthical hybrid nanostructure of ultrafine
ZnSe particles growing on/in hollow carbon nanospbederived from the carbonation of SPS
spheres (ZnSe@HCNS) as a promising anode for SiBhé first time. In this tailored structure, the
SPS templates can absorb ultrafine ZnSe precuisticlps both on/in their surface, significantly
inhibiting the volume expansion during the repeagediation and desodiation process. When used
as anodes for SIBs in the ether-based electrotyie, ZnSe@HCNs exhibits a high reversible
capacity of 361.9 and 285.9 mAH gt 1 and 10 A § after 1000 cycles, respectively. Thanks to the
enhanced surface and near-surface reactions alghgtive high pseudocapacitive behaviours of
ZnSe@HCNs samples, a remarkable rate performaramhisved as well (264.0 mAR'@git 20 A g
Y. In addition, we further demonstrate that the @@8{CNs could be coupled with NVP to assemble
full batteries, which also delivers a specific tiame capacity of 313.1 mAh'gAbove results
provide a new strategy to construct nanosized itransnetal chalcogenides, phosphides or alloys

with carbon matrix, revealing highly enhanced sodion storage.
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Highlights

ZnSe nanoparticles grow on both the inner walls and the outer surface
of hollow carbon nanospheres (ZnSe@HCNS)

The sodium storage mechanism of ZnSe@HCNSs electrodes is a
mixture of alloying and conversion reactions.

A full cdl constructed from the ZnSe@HCNs anode and
NagV,(PO,); cathode was demonstrated.

ZnSe@HCNSs exhibit long-cycle and high-rate sodium storage.

The robust structure can accommodate the large volume and

structural changes.
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