
Nickel oxide nanocrystals as a lithium-ion battery

anode: structure-performance relationship

Abdullah Khalil1, Boor Singh Lalia1, and Raed Hashaikeh1,*

1Department of Mechanical and Materials Engineering, Institute Center for Water and Environment (iWATER), Masdar Institute of

Science and Technology, Abu Dhabi 54224, UAE

Received: 4 February 2016

Accepted: 30 March 2016

Published online:

18 April 2016

� Springer Science+Business

Media New York 2016

ABSTRACT

Highly crystalline NiO nanocrystals were fabricated via annealing electrospun

NiO nanofibers. The fabricated NiO nanocrystals were used as anode material in

lithium-ion battery. Electrochemical performance of the NiO nanocrystals was

compared with the NiO nanofibers. Differences in the electrochemical perfor-

mance of NiO nanocrystals and NiO nanofibers were co-related with their

morphology, crystallinity, and surface chemistry. NiO nanocrystals-based

anodes displayed a specific capacity of about 500 mAh/g under current den-

sities of 100, 200, and 500 mA/g i.e., the specific capacity was found to be

independent from current density. In contrast, the specific capacity in the case of

nanofibers was found to vary between 500 and 900 mAh/g depending upon the

current density. Better consistency was also observed for nanocrystals in terms

of long cycle life performance. The improved rate capability and consistency in

case of NiO nanocrystals was attributed to the formation of stable nickel phase

during the repeated cycling.

Introduction

Since its commercialization by Sony in 1991 [1],

lithium-ion battery (LIB) has emerged as the primary

source of power for variety of portable electronic

devices. The high energy density and minimum self-

discharge combined with consistency have made the

LIB as the most practical and attractive choice as

compared to various other kinds of batteries. Con-

stant and extensive research is being carried out on

the design and composition in order to maximize LIB

capacity. This involves engineering the anode, cath-

ode, and the electrolyte in between so as to optimize

the LIB performance. Among these three constituents

of LIB, the anode carries unique significance where

the Li ions are stored which travel toward the cath-

ode during the discharge cycle thus causing the flow

of current through the external circuit. The anode

material should, therefore, possess low reduction

potential and high specific capacity. From theoretical

perspective, pure Li metal is at the top of the list;

however, safety issues and dendrite formation during

repeated cycles make the use of pure Li impractical

[2]. Thus Li has been employed in various alloyed

forms such as Li3Sb, Li4.4Si, and Li4.4Sn. The alloying

gives better specific capacity; however, their
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significant volumetric expansion–contraction during

repeated cycling remains an issue [3]. This volumetric

instability has been overcome using other inter-

metallics such as InSb, Cu6Sn5, and Cu2Sb as anode

materials, however at the cost of reduced energy

density [4].

Recently, interest has been directed toward con-

version reaction where nanostructured metal oxides

are incorporated with a carbon-based support matrix

and employed as LIB anode. In this case, the fol-

lowing reversible reaction takes place:

MmOn þ 2nLiþ þ 2ne�\ ¼ [ nLi2O

þ mM M ¼ transition metalð Þ:

This reaction allows the storage of two or more Li

ions per molecule, thus offering high capacity and

good cyclability. The use of nano-sized metal oxides

in LIB anodes was first demonstrated by Poizot et al.,

[5] who employed various transition metal oxides

such as CoO, NiO, CuO, and FeO and reported

capacities up to 700 mAh/g with negligible capacity

fading up to 100 cycles. Since then, variety of metal

oxides in different nanostructured forms have been

employed as LIB anodes and the reported capacity

and cyclability has been remarkable [6]. The superior

performance of nanostructured metal oxides has been

attributed to their large surface area, short diffusion

lengths, and an ability to form hierarchical architec-

ture with the support matrix. Despite their excellent

performance, the nano-sized transition metal oxides

are yet to appear commercially in LIBs due to their

high synthesis cost and significant experimental

variation as found in the literature.

Various forms of nanostructured metal oxides such

as nanoparticles, nanorods, and nanofibers (NFs)

have been tested and compared as anode materials

for LIBs. For instance, Co3O4 NFs with 500 nm

diameter grown via template-free method have

shown better capacity and cyclability as compared to

commercially available Co3O4 nanopowder [7]. Sim-

ilarly, 60–80 nm Fe2O3 nanorods synthesized via

hydrothermal technique displayed better capacity

and cyclability as compared to their micro counter-

parts [8]. Nanoparticles of different metal oxides such

as Fe2O3 [9] and ZnO [10] have also shown capacity

up to 900 mAh/g with good retention up to 100

cycles. Other specialized morphologies such as hol-

low nanospheres and nanocubes of Fe3O4 [11] and

CuO [12], nanosheets of SnO2 [13] and NiO [14], and

hierarchical tubular structures of TiO2 [15] have also

been investigated as LIB anodes, and their observed

superior electrochemical performance has been

attributed to their unique architecture and much

higher surface area.

Like many other nanostructured metal oxides,

nickel oxide (NiO) has gained significant interest as

LIB anode material because of its low cost, ease of

synthesis, and environment friendly nature.

Nanoparticles of NiO have shown reversible capaci-

ties in the range of 600–800 mAh/g [16–18]. In case of

NiO nanotubes, capacity as low as 200 mAh/g was

observed [19]. Other nanostructured forms of NiO

such as nanosheets, nanofilms, and nanomembranes

have shown much higher capacity in the range of

800–1000 mAh/g with good cyclability [20–22]. Var-

ious researchers have also investigated the potential

of NiO NFs as LIB anode, and the results have been

very encouraging. Su et al. [23] reported the specific

capacity as high as 1200 mAh/g even after 100 cycles

in case of hydrothermally synthesized NiO NFs. On

the other hand, Hyams et al. [24] reported a specific

capacity as low as 100 mAh/g for electrochemically

grown NiO NFs. However, they also reported that

the capacity can be increased to 400 mAh/g, if the

NFs are synthesized with lower aspect ratio (i.e., in

the form of nanorods).

As far as the metal oxide NF synthesis is con-

cerned, ‘electrospinning’ has become a popular

technique due to its economic and scalable nature

[25]. In addition, the process provides excellent con-

trol over the morphology (diameter and roughness)

of the metal oxide NFs [26, 27]. Thus, NiO NFs have

been synthesized via electrospinning and tested as

LIB anodes. Aravindan et al. [28] reported the

reversible capacity of about 800 mAh/g for electro-

spun NiO NFs with average diameter of 100 nm.

Kundu et al. [29] reported the specific capacity of

about 600 mAh/g for electrospun NiO NFs with

diameter ranging between 200 and 300 nm. Recently,

we observed the specific capacity of about 450 mAh/

g with good retention up to 500 cycles for electrospun

NiO NFs with average diameter below 50 nm [30].

In the present work, we synthesized the NiO NFs

via electrospinning using a solution composed of

nickel acetate salt and PVA polymer. These NiO NFs

were found to be semi-crystalline and oxygen defi-

cient at the surface. Also, we converted these semi-

crystalline NFs into fully crystalline nanocrystals

(NCs) via prolonged annealing at high temperature.

This annealing also eliminated the oxygen deficiency
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leading to nearly stoichiometric surface of the

nanocrystals. The performance of these electrospun

NiO NFs and NCs was then compared as LIB anodes

by combining them separately with flexible and

conductive carbon nanostructures (CNS). Under-

standing the relative behavior of these two nanos-

tructural forms having different morphology,

microstructure and composition as LIB anode will

pave the way toward optimized performance and

hence the commercial usage of nanostructured NiO

and other metal oxides in LIBs.

Experimental procedures

Material synthesis

Nickel II acetate (NiAc) and poly(vinyl alcohol)

(PVA) (Mw = 61,000) provided by Sigma-Aldrich

were used as main chemicals. The solution for elec-

trospinning was prepared by mixing 0.25 g of NiAc

in 1 ml of water and 1 ml of acetic acid via magnetic

stirring for half an hour. Acetic acid was added to

avoid the hydrolysis of PVA. 5 g of 15 wt% aqueous

PVA solution was then added, and the solution was

left overnight for vigorous magnetic stirring until a

viscous and uniform solution was formed. The

obtained solution was transferred to a plastic syringe

having gage 20 (internal dia = 0.603 mm) stainless

steel needle at its end. A Nanon-01A electrospinning

setup (MECC, Japan) was used for electrospinning.

The nozzle–collector distance, voltage, and solution

flow-rate were maintained at 10 cm, 29 kV, and

0.5 ml/h, respectively. The electrospinning was car-

ried out at room temperature (*25 �C), and the rel-

ative humidity of 50–60 % was recorded during the

process. The fibers were collected on an aluminum

foil and were left over night in a furnace at 80 �C to

remove the moisture. The fibers were then calcined in

the same furnace at 475 �C for 2 h under ambient

conditions to remove the polymeric phase. The

heating rate was 5 �C/min and once the calcination

cycle was over, the furnace was allowed to attain

room temperature before removing the samples. This

resulted in the formation of random networks of NiO

NFs lying on the aluminum foil. The choice of cal-

cining the nanofibers at 475 �C for completely

removing the polymeric phase is based on our pre-

vious work where we carried out the TGA analysis of

pure PVA and PVA/NiAc as-spun nanofibers [31].

To obtain the NiO NCs, the calcined fibers were

annealed at 1000 �C in an alumina crucible for 2 h

under ambient conditions. The heating rate was

maintained at 5 �C/min and once the annealing cycle

was over, the furnace was allowed to reach room

temperature before removing the samples. This

resulted in the formation of NiO NC clusters which

were disintegrated into individual NCs via probe

sonication in water for 15 min. The NCs were then

separated from water and dried overnight in a fur-

nace at 80 �C to obtain the NiO NCs in the dry

powdered form.

Material characterization

The morphology of the NFs and NCs was determined

using a high-resolution scanning electron microscope

(SEM) (Nova NanoSEM, FEI) operating at 5 kV,

whereas their microstructure was examined using

high-resolution transmission electron microscope

(HRTEM) (Tecnai F20, FEI) operating at 200 kV. The

crystallinity and purity was also determined through

X-ray diffraction (XRD) (Empyrean, PANalytical)

using Cu k-alpha radiation (0.154 nm). The surface

chemistry and composition of the material was ana-

lyzed using X-ray photoelectron spectroscopy (XPS)

(Versaprobe II, Physical Electronics). For XPS, the

analysis parameters were as follows: Al k-alpha

radiation = 1486 eV, pass energy = 23.5 eV, step

size = 0.1 eV, take off angle = 45�, X-ray spot

size = 200 microns.

Battery fabrication and testing

Carbon nanostructures (CNS) provided by Applied

Nanostructured Solutions (ANS) were used as the

support matrix for fabricating the electrodes. The

details regarding the CNS synthesis can be found

elsewhere [32]. The electrode slurries were prepared

by mixing 70 wt% NiO NFs or NCs, 20 wt% CNS, and

10 wt% PVDF in N-methyl-2-pyrrolidone for 24 h via

magnetic stirring to obtain a homogeneous suspen-

sion. The resulting suspension was then coated on

copper foil (acting as a current collector) using a

doctor blade and dried in vacuum oven overnight at

80 �C. Specific capacities of the cells were calculated

by using weight of the NiO NFs i.e., 70 wt%. The

geometric area of the electrode was 2 cm2 with active

material loading of 2–2.5 mg. The dried electrodes

were then transferred to argon-filled glove box in
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which the moisture and oxygen content was main-

tained below 0.1 ppm. Coin cell batteries were

assembled inside the glove box using NiO NFs or

NC-based electrode as an anode and lithium foil as

cathode. Glass fiber filter was used as a separator and

1 M(molar) LiTFSI solution in binary mixture of

EC:DEC (2:1 v/v) was used as a liquid electrolyte.

Cyclic voltammetry (CV) curves of the half cells

were obtained on PGSTAT302 N potentiostat/gal-

vanostat (Metrohm Autolab, Netherlands) in the

voltage range of 0.01–3.0 V (vs. Li?/Li) using a scan

voltage of 0.1 mV/s. Impedance spectroscopy curves

were also obtained for the batteries from the same

instrument in the frequency range of 100 kHz–

10 mHz at an AC amplitude of 10 mV. Charge–dis-

charge (C–D) cycling performance of the batteries

was determined via BT-2043 battery tester (Arbin

Instruments, USA) under different current densities.

Results and discussion

Morphology and microstructure

The morphology of the as-synthesized NiO NFs and

NCs as observed from high-resolution SEM is shown

in Fig. 1. The NFs possess rough surface with diam-

eter below 50 nm. On the other hand, the NCs pos-

sess smooth surface with size ranging from 50 to

above 200 nm. Figure 2 shows the HRTEM images

along with the corresponding electron diffraction

patterns for the single NF and NC under same reso-

lution. It can be seen that the NF is composed of

10–20 nm crystallites held within an amorphous

matrix. The fast Fourier transform (FFT) insets also

support the presence of both the crystalline and

amorphous domains within the NF. The corre-

sponding electron diffraction pattern in the form of

concentric rings further confirms the polycrystalline

nature of NFs. As far as NCs are concerned, they

possess long-range crystallinity as evident from their

HRTEM image and the dotted electron diffraction

pattern. Figure 3 shows the XRD pattern for the NFs

and the NCs where much more intense and sharp

peaks for the NCs as compared to NFs confirm the

higher and long-range crystallinity in NCs as com-

pared to NFs. Also, a pronounced diffuse hump at

low 2-theta in case of NFs clearly reveals the presence

of significant amorphous content. Within this hump,

two sharp but very low-intensity peaks, at

2-theta = 21.5� and 23.8�, were found to be the rep-

resentative of (100) and (210) planes, respectively,

which is an indication of body-centered cubic (BCC)

component. Although NiO is an FCC system, the

presence of BCC peaks over an amorphous hump has

been reported earlier for NiO nanoparticles due to

the size effects [33]. The detailed explanations

regarding the possible origin of these peaks can be

found in our previous work [31]. Both the NFs and

NCs show the maximum counts for (200) plane

which is generally the preferred crystalline orienta-

tion for NiO crystals [34].

The microstructure of NFs, which is defined by the

small crystallites held within an amorphous matrix,

can be explained from two perspectives: First, the

concentration of NiAc in the solution is quite low i.e.,

NiAc/PVA ratio of 0.75 wt/wt. When the salt con-

centration is low, the deficiency of salt molecules will

restrict the crystal growth within the NFs and hence

smaller crystallites will be formed. Several previous

studies have also reported the decreasing crystallite

size with decreasing salt concentration [35, 36]. Also,

Figure 1 SEM images of

electrospun NiO a NFs and

b NCs.
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the low calcination temperature i.e., 475 �C employed

for polymer removal is another likely reason for

limited crystal growth. Second, the formation of

amorphous NiO can be explained in the context of

complex interaction between inorganic and organic

phases. It has been suggested that when inorganic

phases crystallize within an organic matrix, the

crystallization energy dominates over the organic–

inorganic interaction energy which does not only

stabilize the newly formed small crystal but also the

organic–inorganic interface, thus limiting further

crystallite growth [37]. When the proportion of

organic component is significantly high, such phe-

nomena happening throughout the NFs may cause

the formation of tiny crystallites separated by sig-

nificant volume of amorphous phase (NiO in the

Figure 2 HRTEM images of electrospun NiO a NFs (FFT insets) and b NCs. c and d Corresponding electron diffraction patterns of a and

b, respectively.

Figure 3 XRD patterns for electrospun NiO NFs and NCs.
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present case). Similar observation has been reported

earlier during the synthesis of mesoporous WO3

using block co-polymer as a structure directing agent

where the structure of WO3 was found to change

from large pore-highly amorphous to small pore-

highly crystalline with decreasing polymeric content

[38].

The transformation of thin and partially crystalline

NiO NFs to thick and fully crystalline NiO NCs upon

annealing at 1000 �C occurs due to accelerated dif-

fusion leading to merging of several tiny crystallites

into one large crystal. Also, the presence of amor-

phous content between the crystallites will further

aid the sintering process as reported elsewhere [39].

The greater size distribution in NCs is due to the

random merging of crystallites across the NFs and

the subsequent random collapse of the NF structure

at various locations. This leads to the formation of

NC clusters consisting of randomly sized NCs. Thus,

the current observation signifies the fact that the

electrospinning technique is not only capable of

producing ceramic NFs, but also the ceramic NCs

which can be obtained through appropriate heat

treatment of electrospun ceramic NFs. The narrow

size distribution of NCs, however, remains as a

challenge.

Surface analysis

Figure 4 shows the XPS spectra corresponding to O1s

and Ni2p3/2 electronic transitions for the NiO NFs

and NCs. Significant differences can be observed

between the NFs and NCs in terms of peak position

as well as the peak shape for both the O1s and Ni2p3/

2 transitions. Table 1 shows the corresponding rela-

tive surface composition of Ni and O for the NFs and

NCs where it can be seen that the relative percentage

of Ni and O on the surface of the NFs and NCs is

noticeably different. In the O1s spectra for NFs, the

shift in peak toward lower binding energy (BE) of

528.5 eV followed by a low-intensity peak at 530.5 eV

suggests that the charge state of O is closer to that of

atomic O [40], and that O exists in multiple oxidation

states [41]. In case of NCs, the O1s peak lies at nearly

530 eV which corresponds to fully bonded lattice O

with oxidation state of -2. In addition, a diffuse

shoulder at around 531.5 eV suggests the presence of

chemisorbed O at the surface [42]. As far as the

Ni2p3/2 spectra are concerned, the NFs again show

the slight peak shift toward lower BE of 853 eV, fol-

lowed by a low-intensity peak at higher BE of about

855 eV. In case of NCs, the high-intensity Ni2p3/2

peak lies at nearly 854 eV, with a diffuse shoulder at

about 855 eV. These similar observations for Ni2p3/2

and O1s spectra for the NFs and NCs suggest

incomplete bonding and a more non-stoichiometric

surface of the NiO NFs as compared to the NCs.

For various ceramic nanostructures, such as TiO2

[43] and Fe2O3 [44], it has been shown that if the size

is quite small, the surface usually contains large

number of uncoordinated sites resulting in a surface

full of point defects. In general, the surface of ceramic

nanostructures is O deficient causing an imbalance in

surface stoichiometry, whereas the core remains

unchanged with nearly perfect stoichiometry [45].

Table 1 Relative surface composition of NiO NFs and NCs as

determined via XPS

NiO type Ni (wt%) Ideal O (wt%) Ideal

NFs 81.95 (±2.31) 78.60 18.05 (±2.31) 21.40

NCs 77.02 (±2.52) 22.98 (±2.52)

Figure 4 XPS spectra

corresponding to a O1s and

b Ni2p3/2 transitions for NiO

NFs and NCs.
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Such disturbance in surface stoichiometry leads to

nearly amorphous surface making the nanomaterials

much more active as compared to their bulk coun-

terparts. Our HRTEM observation in Fig. 2a clearly

reveals that the NiO NFs are formed through the

merging of nanocrystalline domains held together via

an amorphous interface. This amorphous part also

dominates on the NF surface leading to thermody-

namically instable and O-deficient surface. On the

other hand, the relative proportion of Ni and O in the

NCs in a perfect stoichiometric ratio suggests their

thermodynamically stable surface which is same in

composition and structure as that of the bulk which is

also evident from the HRTEM image in Fig. 2b. Thus

the high temperature and prolonged annealing in

ambient air does not only transform the semi-crys-

talline NiO NFs into fully crystalline NCs but also

eliminates the O vacancies leading to perfectly stoi-

chiometric NiO NCs.

Cyclic voltammetry

Figure 5 presents the (CV) curves for NiO NFs/CNS

and NiO NCs/CNS as LIB anode material. During

the first cycle, an intense irreversible peak at 0.25 V

for both materials is due to the formation of solid-

electrolyte interphase (SEI) layer formation on the

electrodes surface which is a common phenomenon

in LIBs [46]. This peak, which also represents the

anodic current peak (Ipa), shifts to 1 and 1.2 V during

the next cycles for the anodes based on NiO NFs and

NCs, respectively. Also, the value of Ipa is much

lower and more consistent for NCs as compared to

NFs for the 2nd and 3rd cycles. This shows that the

reaction between NiO and Li? ions is less intense but

more consistent for NiO NCs as compared to NiO

NFs. The redox peak at 2.3 V which also represents

the peak cathodic current (Ipc) for both the NFs and

NCs correspond to the conversion reaction between

NiO and Li [47]. Again, the consistency in case of

NCs is evident showing more consistent electro-

chemical performance of fully crystalline NiO NCs as

compared to semi-crystalline NFs.

Charge–discharge performance

Figure 6 presents the charge–discharge (C–D) curves

for the NiO NFs/CNS and NiO NCs/CNS as LIB

anode material cycled at a current density of

200 mA/g. It can be seen that the maximum specific

capacity obtained after 10 cycles for NFs and NCs is

about 700 and 500 mAh/g, respectively. The capacity

loss from first cycle to tenth cycle is much higher in

case of NCs as compared to NFs which shows greater

structural changes in NC-based anode during the

repeated cycling. The specific capacity for the first 50

cycles at different current densities for the NFs and

NC-based anode is presented in Fig. 7. It is evident

that the specific capacity, in case of NFs, does not

only vary significantly from cycle to cycle but also

strongly dependent upon the current density. As can

be seen, after 50 cycles, the capacity is only about

400 mAh/g when charged at the current density of

500 mA/g which increases to nearly 900 mAh/g

when charged at the lower current density of

100 mA/g. In contrast, the capacity in case of NCs

does not only remain similar from cycle to cycle but

also interesting to observe is the near independence

of capacity from the current density. After 50 cycles,

the capacity remains at nearly 400 mAh/g at differ-

ent current densities.

Figure 8 compares the Coulombic efficiency for the

NiO NFs and NC-based anodes under different cur-

rent densities during the first 10 cycles. The efficiency

Figure 5 CV curves for

a NiO NFs/CNS and b NiO

NCs/CNS as anode with Li

metal as cathode.
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is slightly higher for the NFs as compared to the NCs

(60 vs. 55 %) during the first cycle which is due to

their greater reactivity and better charge transfer

capability. This is also supported by a slightly higher

specific capacity for the NFs as compared to the NCs

during the first discharge (1300 vs. 1200 mAh/g).

Greater consistency in efficiency for the subsequent

cycles under different current densities in case of NiO

NCs can also be observed. Figure 9 compares the rate

capability for the two materials where it can be seen

that the capacity in case of NFs drops from about 900

to 500 mAh/g as the C-rate increases from 0.1 to 0.6.

In contrast, the capacity remains at about 400 mAh/g

irrespective of the C-rate in case of NCs. These

observations strongly support the more consistent

and repeatable performance of NiO NCs as Li-ion

battery anode material.

Figure 10 compares the long cycle life performance

for the NFs and NC-based anodes. For NFs, the

capacity fades to nearly half during the first 100

Figure 6 C–D curves for

a NiO NFs/CNS and b NiO

NCs/CNS as anode with Li

metal as cathode.

Figure 7 Specific capacity

under different current

densities for a NiO NFs/CNS

and b NiO NCs/CNS as anode

with Li metal as cathode for

the first 50 cycles.

Figure 8 Coulombic

efficiency under different

current densities for a NiO

NFs/CNS and b NiO NCs/

CNS as anode with Li metal as

cathode for the first 10 cycles.
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cycles after which it increases again and reaches a

maximum of 600 mAh/g followed by again a

decrease to about 450 mAh/g after 500 cycles. In case

of NCs, the capacity continues to fade from 600 to

about 250 mAh/g during first 200 cycles after which

it starts increasing and reaches a maximum value of

about 550 mAh/g after 500 cycles. It is interesting to

note that the capacity in case of NCs remains lower as

compared to NFs till about 420 cycles after which the

capacity for NCs exceeds that of NFs. This anomalous

behavior of electrodes during cycling is mainly due

to the continuous microstructural changes within the

electrodes. During each charge–discharge cycle, the

conversion reactions occur, leading to the modifica-

tion of electrode at the microstructural level. As a

result, the electrodes do not exhibit a consistent

specific capacity over the large number of cycles as

evident from Fig. 8. Similar behavior for NiO-based

anodes has been reported in literature even for 50–00

cycles [48–51]. To the best of our knowledge, long

cycle life behavior up to 500 cycles or more for NiO

has not been studied so far.

Impedance spectroscopy

Figure 11 shows the impedance curves in the high

and low-frequency regimes for the batteries which

were freshly fabricated from NiO NFs and NC-based

anodes. As evident from the intercept of semicircle on

the real axis in the low-frequency region, the charge

transfer resistance in case of NCs is nearly five times

as compared to NFs (250 vs. 50 X). This difference

clearly shows much higher charge transfer resistance

in case of NCs leading to their lower specific capacity.

However, slightly higher slope of the line in the low-

frequency region for NF-based anode shows its

greater ion diffusion resistance (Warburg’s resis-

tance) within the electrode. The obtained impedance

spectroscopy results are comparable to the results

obtained previously by Yuan et al. while studying the

electrochromic performance of porous and dense

NiO films fabricated via self-assembled monolayer

electrodeposition [52]. They found that both the

charge transfer and Warburg’s resistance are much

higher in case of dense NiO films as compared to

porous NiO films which signifies the importance of

high surface area for improved charge transfer per-

formance. In our case, the average specific surface

area of NiO NFs measured via BET was found to be

19.2 m2/g as compared to only 4.1 m2/g in case of

NCs. Such high surface area of NiO NFs as compared

to NCs also explains their lower charge transfer

resistance and hence improved capacity as also

observed in several studies related to NiO films [53,

54].

Microstructural analysis of anodes

In order to understand the difference between the

electrochemical performance of NFs and NCs, SEM

and TEM analysis were carried out for the cycled

electrodes. Figure 12 shows the SEM images of

Figure 9 Rate capability for NiO NFs/CNS and NiO NCs/CNS

anodes.

Figure 10 Long cycle life performance for NiO NFs/CNS and

NiO NCs/CNS anodes.
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freshly prepared and 50 cycles undergone NiO NFs/

CNS and NiO NCs/CNS electrodes. In case of NFs, it

can be seen that the NF structure is lost after cycling

and the CNS merge with NFs to form an integrated

network of NiO and CNS. As far as NiO NCs/CNS

electrode is concerned, the NCs also do not exist

anymore and the electrode seems to comprise of CNS

uniformly coated with Ni. An important observation,

however, in case of NCs is the extensive cracking of

electrode causing frequent macroscopic separation

across the electrode. This may be attributed volu-

metric expansion–contraction during cycling and the

failure of NCs to sustain the cyclic strain [55]. On the

other hand, the NFs effectively sustain the cyclic

strain due to their flexible architecture formed by

impregnation of the NFs within the CNS network

[56]. The greater morphological stability of NF-based

electrode and hence better electron transport can be

considered as the primary reason for its higher

capacity as compared to NC-based electrode. Fig-

ure 13 shows the TEM images and the corresponding

SAED patterns of the cycled electrodes. As can be

seen, the NF-based electrode is characterized by the

formation of NiO crystallites impregnated within

CNS. The average size of the crystals, as evident from

TEM images, is between 15 and 20 nm which is the

same as the individual crystallite size within the NiO

NF, Fig. 2a. Also, the indexed SAED pattern corre-

sponds to polycrystalline FCC NiO which shows that

the polycrystalline NiO NFs disintegrate into indi-

vidual crystals during the cycling process. As far as

NC-based electrode is concerned, no individual

Figure 11 Impedance curves for NiO NFs/CNS and NiO NCs/

CNS anodes.

Figure 12 SEM images of fresh a NiO NFs/CNS and d NiO NCs/CNS electrodes. b and e after 50 cycles of a and d, respectively. c and

f are magnified images of b and e, respectively.
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crystallites exist and the NiO NCs completely trans-

formed to Ni which is coated all over the CNS net-

work. Extremely tiny Ni crystallites of size below

5 nm can, however, be observed. The corresponding

indexed SAED pattern consisting of diffuse rings

corresponds to polycrystalline FCC Ni [57] which

shows that the NiO NCs permanently transform to

Ni and forming a composite with CNS during repe-

ated cycling. This also explains the more consistent

electrochemical performance of NC-based electrodes

which permanently transform to Ni-CNS composite

as compared to NF-based electrode where the NiO

continues to exist even after repeated cycling and

hence exhibits more variation between the cycles and

strong dependence on the current density during C–

D process.

The significant difference in the performance of

semi-crystalline NiO NFs and fully crystalline NiO

NCs can be explained in terms of their microstructure

and surface chemistry. In case of NF-based anode, the

key observation is the disintegration of NiO NFs into

individual NiO crystallites during repeated cycling.

Moreover, these crystallites do not transform to Ni

even after repeated cycling and remain dispersed

within the CNS network. Contrary to that, in the

anode based on NiO NCs, the repeated cycling cau-

ses the permanent transformation of NiO NCs into

tiny Ni crystallites which become integrated with

CNS network. This transformation of pure and crys-

talline NiO into Ni crystallites during repeated C–D

cycles which has been frequently observed and

reported [28, 58] occurs via following reaction:

NiO þ 2Li þ 2e�\ ¼ [ 4Ni0 þ Li2O:

The lack of such conversion in case of NiO NFs can

be attributed to their surface chemistry. As shown

previously via XPS spectra and the corresponding

surface composition, the surface of NFs was found to

be O deficient (or Ni rich). When compared with the

XPS spectra of various NiO species [59], the XPS

spectra of NiO NFs closely match with the NiO–

Ni2O3 dual-phase system, whereas the XPS spectra of

NCs closely match with the two Ni–O systems i.e.,

monolithic NiO and NiO–NiO(Oadsorbed)-Ni2O3 tri-

phase system. This strongly suggests the significant

concentration of Ni2O3 phase in the NFs which were

Figure 13 TEM images of a NiO NFs/CNS and d NiO NCs/CNS electrodes after 50 cycles. b and e are magnified images of a and d,

respectively. c and f SAED pattern for b and e, respectively.
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treated at lower temperature (475 �C). Although the

Ni2O3 phase is less likely to exist owing to its lower

thermodynamic stability, various studies have

reported the existence of Ni2O3 at lower temperatures

[60–62] and its existence has been attributed to a

cation defect-induced formation of Ni?3 [63]. Under

prolonged high temperature (1000 �C) annealing in

air, the defect restoration leads to the formation of

thermodynamically stable NiO phase with some

possible surface adsorbed O [42], as observed in case

of NCs. Thus, in case of polycrystalline NFs, the

amorphous region holding the small NiO crystallites

and forming the surface is essentially Ni2O3 rich. It

has also been observed that when the polycrystalline

NiO is used as LIB anode, the Ni nucleation prefer-

entially occurs at the grain boundary due to excess

energy [64]. Thus, during the repeated cycling, the

preferential formation of metallic Ni at the interface

of NiO crystallites will lead to the complete elimi-

nation of the amorphous region with in the NFs.

Since the amorphous part is responsible for holding

the crystallites within the NF, the ultimate result will

be the complete disintegration of polycrystalline NiO

NF into individual NiO crystallites. However, these

small NiO crystallites with size 15–20 nm remain

integrated within the CNS framework causing mini-

mal electrode cracking during repeated cycling and

thus continue to deliver higher capacity [65]. Also,

the inverse relation between the current density and

specific capacity in case of NFs can be attributed to

the incomplete conversion of NiO to Ni when

charged at higher current density. In addition, the

Ni2O3-rich amorphous region surrounding the NiO

crystallites may hinder the smooth NiO to Ni con-

version leading to inconsistent electrochemical per-

formance during the repeated cycling. In contrast, the

highly crystalline NiO NCs transform to Ni during

the initial cycles and form one single permanent Ni-

CNS composite leading to consistent specific capacity

independent of current density. Another important

observation in Fig. 8 is the break even at about 420

cycles in the specific capacity of the NFs and NC-

based anodes after which the capacity of NCs exceeds

the capacity of NFs. This decline in the capacity of

NFs which starts from nearly 250th cycle can be

attributed to the complete extinction of Ni2O3 phase

and the permanent transformation of NiO crystallites

into Ni which occurs during the early cycling in case

on NiO NCs. The continuous increase in capacity in

case of NCs after 200 cycles can be attributed to

decrease in the NCs size due to consumption of

surface NiO in the relatively large NCs (*200 nm)

leading to net increase in the effective NiO surface

area and hence an increased capacity.

Conclusions

In summary, the present work demonstrates the

importance of morphology, microstructure, and

composition of electrospun NiO nanostructures for

their performance as LIB anode. In the form of non-

stoichiometric semi-crystalline NFs dispersed within

flexible CNS matrix, NiO displays maximum dis-

charge capacity of nearly 700 mAh/g with strong

dependence upon the current density. Whereas, in

the form of stoichiometric and fully crystalline NCs,

it displays maximum discharge capacity of about

500 mAh/g with near independence from the current

density. The difference in the electrochemical per-

formance can be attributed to the difference in the

microstructure and composition of the electrospun

NiO NFs and NCs causing different mechanisms of

interaction/reaction with Li ions during C–D process.

The NFs which contain significant amorphous con-

tent and Ni2O3 phase, disintegrate into individual

crystallites during repeated cycling and remain

impregnated within the CNS network leading to their

increased capacity. On the other hand, the fully

crystalline NCs transform to Ni during repeated

cycling and form a single Ni/CNS composite phase

which leads to their decreased capacity. At the same

time, the NFs were dependent on the current density,

while the NCs were independent. The present work

also provides a unique insight into NiO microstruc-

ture evolution as a result of its electrochemical

interaction with Li ions.
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