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ABSTRACT:

We demonstrate that the confinement effect of th® Bompound can directly enhance the
electrochemical performance upon cycling. Fabmgatithe core-shell C-coated Ni/NiO
nanofibers (e.g., Ni and NiO, nitrogen doped carbespectively) composite electrode largely
increases the capacity (1332 mAR gs 718 mA h @) and improve the long-term cycling
stability. The High Angle Annular Dark Field resuteveal that the doped pyridine-like nitrogen
shell will divide the NiO into smaller nanopartiaierring the charging and discharging process.
In addition, the density functional theory calcidat suggests the confined nanoscale NiO(Ni)
will absorb and react with Li ions more easily. Witycling, smaller NiO/Ni nanoparticle will
bring more active sites, leading additional inteidé lithiation capacity. At the same time, the

confinement effect of the NiO compound further eases the capacity of the nanocomposites.

Keywords: confinement effect, lithium ion battery, core-shrehostructure

1. Introduction

Li ion battery has been intensively utilized inrfable electronics and show significant
promise for applications [1-3]. The energy densatyd cycling performance of lithium ion
batteries depend on the physical and chemical piiepeof both cathode and anode materials.

Transitional metal oxides, such as NiO based natenass have attracted considerable attention



as potential substitutes for graphite because eir thumerous appealing features, including
abundance, low cost, environmental benignity, anidh htheoretical capacity [4-7].
Nanostructured coating can restrain the volumethiange in the electrode and prevent the
aggregation of the active materials which can eochahe cycling stability of batteries [8-12].
For lithium ion anode materials, an effective inmpéntation of this concept is to use a
multilayer thin film structure comprised of Si (ather high capacity materials) and inert metal
layers (e.g., Ti, Al, and Zn) [10, 13-15]. Stud&fsSi-based multilayer electrodes show strong
differences in reversible capacity and cycling #itgbas a function of the thicknesses of the
buffer and active layers. The technical challengkdi-alloying reactions (e.g., with Si) are
similar to those found in the conversion reactiohmetal oxides electrodes [10, 15]. As for the
NiO, study results [16] show that the lithiationNiO involve the formation and decomposition
of Li,O, with the reduction and oxidation of metal narotigles in the range of 5-10 nm in
diameter. In particular, nanoscale confinement oosezed metal oxide particles is believed to

improve the lithiation and delithiation electrochieah performance.

In order to explore the critical role of nanoscatafinement effect in electrochemical process
of the formation/decomposition of i@, we design a core-shell C-coated Ni/NiO nanofiber
composite electrode. In particular, NiO is a prangsanode material for LIBs due to its high
theoretical specific capacity (718 mA F)g abundant material supply and low cost. As Ni® ha
low electronic conductivity, it is always composit@ith conductive materials. These composite
anodes exhibited high reversible capacity and éxteélectrochemical performance. However,
the capacity of NiO based anode usually shows aedse during lithiation and delithiation
process due to the formation of the SEI layer [2B-Interestingly, the increase in cycling

induced capacity has been found in the NiO androtietal oxide electrodes upon long cycles.



These phenomena may partly attribute to the aaivaif the conductive materials. Its origin

arouses much attention and much effort has beeotel®vo the search. Nevertheless, the reason
for the increased capacity with the cycling sthmains unclear. One of the possible reasons is
the lack of an effective model which can explaie #ctivation mechanism based on experiment
and calculation results. On the other hand, NiGetaodes are usually composited with other

additives, increasing the difficulty to identifyeltonfinement effect in electrochemical process.

Here, we design a core-shell C-coated Ni/NiO ndravé composite electrode by employing
the electrospinning and Chemical Vapor Deposit@N' D) methods. With the N-doped carbon
coating, the core—shell C-coated Ni/NiO nanofibesghibits remarkable reversible capacity and
capacity retention. The formed nano reactor betwikennner cavity of C-coated layer and NiO
excludes other factor caused by the outside a@dgitignd give an isolated space to explore the
activation mechanism. The results find the nanatozacan facilitate effective lithiation and
delithiation processes as well as NiO/Ni redox bypfmement effect. In addition, the density
functional theory calculation suggests that thefioed NiO(Ni) can absorb and react with Li

ions more easily.

2. Experimental

2.1. Synthesis of C-coated Ni/NiO nanofibers

Firstly, C-coated Ni/NiO nanofibers electrocatédysvere fabricated by electrospinning-
chemical vapor deposition method. In detail, 0.829gP and 0.45 g Ni(AG)4H,O were

dissolved in 10 mL ethanol and then magneticaliyrest at room temperature for 12 h.



Afterwards, the resulting homogeneous mixture wasléd into a spinneret which was linked to
a high-voltage equipment with 15 KV working voltagduminum foil was used as collector to
gain the spinning sample at the rate of 2 thbly syringe pump in the relative humidity of 30%,
and the primary spinning sample was heated at®66r 2 h at rate of 2C/min in a furnace.
After the heating treatment, sample was grinded taed placed on horizontal quartz tube of
furnace. The furnace reaction chamber was evacu@atédlushed with Blfor several times to
remove oxygen and moisture, then the reactor watetéo 800 °C at a rate of 10 °C/min ip N
10 mL pyridine as precursor was injected into tbaction chamber for about 30 min by. N
After the CVD reaction, a dark sponge-like produeis obtained and labeled as C-coated

Ni/NiO nanofibers .

2.2. Characterization

The morphology was observed with using field emisscanning electron microscopy (FE-
SEM; JEOL JSM-7001F) and high-resolution transroisselectron microscopy (HRTEM,
JEOL2011). The chemical component was investigégdX-ray diffraction (XRD, Rigaku
D/max-2500 instrument using CuaKadiation (40 kV) with a scanning rate of 0.063).°/The
chemical state was performed with X-ray photoetectspectroscopy (XPS, ultra-high-vacuum
ESCALAB 250Xi electron spectrometer). The bindimgrgies of XPS spectra refer to C 1s at

284.6 eV. Raman spectra were conducted on an INgEctrophotometer (Renishaw, UK).

2.3. Electrochemical test

CR2032 coin type half cells were fabricated in egoa-filled glovebox with Li metal as the
counter electrode. 1M LiRFn ethyl carbonate/dimethyl carbonate (1:1 by wod) was used as

electrolyte, and a porous polypropylene film (Ceig@400, Celgard Inc., USA) was used to



separate the two electrodes. Charge/dischargewestsconducted at different current densities
in a potential range of 0.01~3V vs. LilLwith a battery test system (C2001A, LAND, China).
Cyclic voltammograms (CV) measurements were cagigdat a scan rate of 0.1 mV between

0.01 and 3 V using CHI760 Battery Tester.

2.4. Calculation Method

The DFT calculations were performed by using thenviea Ab-initio Simulation Package
(VASP) [23] using local-density approximation (LDA) exclygacorrelation functional with
Projector augmented-wave method (PAW) [24-26]. Giieoff energy is set to be 450 eV and a
k-points mesh is set to be 6x6x1 including gammatpBuring the geometry optimizations, the
lattice constants were fixed. A vacuum buffer spat@0 A is set above lithium atoms. The
lithium atom adsorption was calculated on a siefa®x2 nickel (111) slab. For each ratio, we

calculated two or three possible arrangement laiulih atom on the surface.

3. Results and discussion

3.1 Structure and mor phol ogy of the C-coated Ni/NiO nanofibers nanofibers

The XRD patterns of NiO nanofibers and C-coateNXD nanofibers are shown in Fig. la.
It is seen that peaks for the two sample$ at 37.2°, 43.4°, 62.9°, 75.2° and 79.4°should be
assigned well to (111), (200), (220), (311) and2j2@ffraction of NiO (JCPDS 65-6920). After
CVD treatment, new diffraction peaks for C-coated\NND nanofibers can be seen at 44.2°,
51.6°, and 76.1° corresponding to (111), (200), @) of Ni (JCPDS 65-0380), respectively.

Moreover, the intensity of NiO diffraction peaks sm@duced over C-coated Ni/NiO nanofibers



due to the existence of Ni, indicating partial NMas reduced into Ni in the process of carbon
coating by the CVD treatment. The XRD diffractioaas for carbon layers can be probed at
21.2°, 30.3°, 31.6°, 76.1°, which may be attributedthe produced C-coated layer. Raman
spectroscopy is often used to investigate the mtimluand its graphitization structure of carbon
nano materials. As seen in Fig. 1b C-coated Ni/N@Dofibers sample presents two primary
peaks at 1342 and 1576 ¢rorresponding to the vibrations of carbon atomthindisordered
graphite structure (i.e., defects, named D band) the Ey mode of graphite (i.e., graphite
structure, named G band), and thus the intensity o G band to D band dllp) presents the
graphitization degree. In Fig. 1b, we can see tgd$ is about 0.6, indicating the existence of

poor graphite structure for C-coated Ni/NiO nanefg.

To further investigate the surface composition afbNhanofiber and C-coated Ni/NiO
nanofibers , the XPS spectra (Fig. 1c) obNifor the two samples distributes the regionssar-8
857.5 eV and 857.5-866 eV, corresponding to Ni 2@8/d satellite peak. The Ni 2p3/2 peak of
two samples can be deconvoluted into two componeeatgered at 871.8 and 874.89 eV,
ascribable to the characteristic ofNand Ni species, respectively. A quantitative asialpased
on the integrated area of two decomposed peaks gieg rise to the relative proportion of Ni to
Ni?* species. The molar ratio of NifNiis 1.6:1 and 1:2.4 for NiO nanofiber and C-coated

Ni/NiO nanofibers , suggesting the existence o&fter coating.

Fig. 2a presents the morphologies and structuréiseosamples examined by TEM. We can
see that NiO nanofiber was coated with carbon. E\eg NiO nanofiber with length of 600-800
nm were continuous dispersed in the C-coated ldlgas the formed nano reactor between the
inner cavity of C-coated layer and NiO is benefite lithiation and delithiation processes as

well as NiO/Ni redox by confinement effect. In Fih, the lattice fringes with a spacing of 0.24



nm were observed in the C-coated Ni/NiO nanofihesrresponding to the (111) plane of NiO.
The ring-like mode in the selected-area electrdinadition (SAED) pattern can confirm the NiO

species in the C-coated Ni/NiO nanofibers .

3.2 Electrochemical performance

The electrochemical activity of the prepared aneléctrodes was firstly tested at a 200 nA g
in Fig. 3a. NiO nanofiber electrode can only achian initial charge capacity of 743 mAH,g
and the charge capacity continuously decreasel oyiling, and drop to 383 mAh'gfter 46"
cycle because of the growth of SEI film, with ttiearge capacity efficiency reduced by 52%.
Nevertheless, initial charge capacity of C-coateéNi® nanofibers electrode can reach at 545
mAh g*, moreover, the charge capacity efficiency contirglp increases by 22.4 %, and
reached 667mAhafter 40" cycle. Combined with Fig. 1 and 2, we can seeethetrocatalytic
activity of C-coated Ni/NiO nanofibers was enhahbg the improved composites, morphology,
and electronic characteristics by coating with oartayer. In Fig. 3b, the reversible capacities of
C-coated Ni/NiO nanofibers can reach to 1662 mAtaga current density of 0.1 A'gAs the
current densities varied from 0.1 to 2 A ,ghe specific capacity can be recovered to 133hmA
g ', which C-coated Ni/NiO nanofibers presents gobdrge-discharge capability. Fig. 3c
shows the potential versus capacity profiles ofo@ted Ni/NiO nanofibers during the 1st, 2nd,
and 3rd cycles at 100 mA'gThe charging/discharging profiles of C-coated\\D nanofibers
are similar in the cycles process. The first disgimy capacity of C-coated Ni/NiO nanofibers is
1600 mAh ¢, which is much higher than the previous reportiedteocatalysts. Moreover, the
potentials of C-coated Ni/NiO nanofibers at appmately 1.0 V in these cycles, indicate the

highly efficient conversion between NiO and NiN(O+2Li < Li,O+Ni ) due to the

confinement effect of C-coated layer.



To verify the assumption, Ni/NiO was fabricatect@ding to pulsed laser deposition and
used as the cathode in the charge and dischargeotesithium battery. The recycle
electrocatalytic performances of Ni/NiO and C-cdat#/NiO nanofibers were shown in Fig. 3d
at 200mA rate. The first discharge capacity ovéNND reached to 1092 mAH § however, the
capacity for Ni/NiO decreased to 907 mAR'gn the second recycle. More positively, compared
with Ni/NiO electrocatalyst, C-coated Ni/NiO narwdrs shows a higher reversible
electrocapacity and retention. In Fig. 3d, it cansken that the electrocatalytic capacity over C-
coated Ni/NiO nanofibers increased to 1046 mAF gfter 100 cycles. Therefore, C-coated
Ni/NiO nanofibers presents high electrocatalyitivety and stability due to the confinement
effect of C-coated layer on the redox of NiO/Nmesl as the adsorption and insertion of lithium

ion in the charge and discharge process of lithattery.

In order to confirm effective redox capability bewsn NiO to Ni with the aid of C-coated
layer confinement effect, the morphology and contosof C-coated Ni/NiO nanofibers were
investigated after charge-discharge recycle. TAABF result shows that, compaed with the
size before lithiation, Ni/NiO NPs were smaller lwihe size of 5-180 nm, as illustrated in Fig.
4a, and the corresponding TEM and HRTEM show thAtli® species diffused into nano layer
of C-coated layer, as confirmed by EDS characteomf7]. Moreover, we investigated the
adsorption behavior of Lion Ni (111) crystal surface by calculating bindieergy between Li
atoms and nickel clusters. In Fig. 5, it is seet the binding energy is -1.37eV when the ratio of
Li*/Ni is 0.25, indicating Li ions were preferentialisorbed on the surface of Ni. Furthermore,
the binding energy remain negative when increagiegatio of Li/Ni from 0.25 to 2.5. When
the ratio of Li/Ni increased to 2.75, the binding energy showsptbsitive value, suggesting the

accumulated Li ions enhance the adsorption eneagyel. The calculation results show that the



nano scale Ni/NiO can store 25 percent Li more tieoretical value. On the other hand, the
result indicates the reaction of,0 to Li,O,. Usually, the reaction of k® to Li,O, does not

happen because the highly insulatingQ.i can automatically shut down the reaction [28].
However the smaller NiO particle upon the cyclingymacts as catalyst in such a reaction.
Therefore, the smaller NiO patrticles provide morgva surface area and may act as catalyst in

the reaction of LiO to LixO,.

4. Conclusions

In summary, the C-coated Ni/NiO nanofibers wereppred by a simple electrospinning
approach followed by CVD reaction. The specific tamation of composition shows superior
features with a specific discharge capacity of 2L66A g* at a current density of 0.1 A'g
Experimental evidence confirm the N-doping bringsltifold revolutionary effects on the Li
storage of Ni/NiO hybrid composite electrodes. Tin@easing active sites of NiO serves as a
major contributor to the enhanced capacity upomg loycling. The confinement effect of the
nano scale NiO effectively enhancing the electratgbhal performance and showed a better
characteristic in storing lithium. Our finding wi$hed new light on understanding of oxide
conversion reactions in lithium ion batteries, gugdnew nanostructure design of N-coating
metal-oxide-based electrodes. The possibility ohosaale NiO promoting the reversible

formation and decomposition of X3, may inspire the study of the Li,©ells.
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Figure caption
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Figure 1 (a) XRD patterns and (b) Raman spectra of C-coliédiO nanofibers array; (c)

XPS spectra of NIO@Ni before and after coating @efd right).
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Figure 2 (a) A TEM image of C-coated Ni/NiO nanofibers ;,(b) HRTEM image of C-

coated Ni/NiO nanofibers ; InsetSAED of C-coated Ni/NiO nanofibers .
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Figure 3 (a) Cycling performance at 200 mAg' of C-coated Ni/NiO nanofibers
NiO@Dopamine, NiO(b) Rate performance of C-coated Ni/NiO nanofibatdifferent current
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coated Ni/NiO nanofibersat 100 mA g (d) Cycling performance at 200 mg* of C-coated

Ni/NiO nanofibers array. Inset: SEM images of i@NiO arrays.
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Figure 4 (a) HAADF images of the C-coated Ni/NiO nanofibeafter the lithiation; (b) TEM
images of the C-coated Ni/NiO nanofibers after littgation; (c) TEM image and the EDS

elemental mapping of the C-coated layer@NiO@Ni.
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Figure 5 Binding energy with different lithium surface-nalkatom ratios. The inset figures
indicate configurations of different lithium atormambers. Different nickel atoms are in different

colors according to their positions.
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® The core—shell Carbon-coated Ni/NiO exhibits theaskable
reversible capacity and capacity retention.

® The confinement effect of coating layer brings rihoikd
revolutionary effects on the Li storage.

® The density functional theory calculation suggekes confined

nanoscale NiO(Ni) will be easier to absorb andtreait Li ions



