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HIGHLIGHTS

e Hierarchically porous and multicompo-
nent structure as anodes for Li ion
batteries.

e Nanostructure comprises N-doped gra-
phene and hollow layered double oxide
crystals.

e Detailed formation mechanism of the
nanofibers is investigated.

e Unique architecture shows excellent Li
ion storage properties.
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GRAPHICAL ABSTRACT

ABSTRACT

The growth of unique nanostructures with multicomponent systems is a renowned strategy for developing
advanced materials for various energy storage applications. Herein, we utilize a facile approach to synthesize
multicomponent high-performance nanofibers as anodes that comprises hierarchically porous and self-
supporting N-doped reduced graphene oxide (N-doped rGO) matrix grafted with metal-organic framework
(MOF)-derived hollow and ultrafine layered double metal (Ni and Co) oxide (LDO) nanocrystals [P-(Ni, Co)O/
rGO NFs]. The porous and highly conductive N-doped rGO scaffold not only provides structural integrity but also
offers short Li-ion diffusion pathways along with enormous conductive channels for rapid charge transfer during
cycling. The hollow and ultrafine LDO nanocrystals also provide sufficient space for rapid reaction sites and to
absorb the severe volume stress generated during repeated charge-discharge cycles owing to their rich oxidation
states. The Li-cell utilizing the P-(Ni, Co)O/rGO NFs as anodes exhibits overall enhanced electrochemical per-
formance with prolonged cycling stability (907 mA h g~! at the end of 500th cycle) and a satisfactory high-rate
capability (519 mAh g lat50Ag™).
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1. Introduction

The development of advanced rechargeable energy storage systems
is always a priority for matching the ever-increasing demand for energy
[1-4]. Recently, layered double hydroxide (LDH) nanostructures have
aroused considerable interests for a wide range of applications in elec-
trocatalysis, drug delivery, and supercapacitor due to their unique
structure characteristics [5]. The LDH nanostructures are considered as
two-dimensional (2D)-layered materials that are similar to
hydrotalcite-like structures and formed due to the intercalation of one
metal hydroxide layer within the second metal hydroxide. Such double
layered arrangement normally allows large accessible surface areas,
tunable morphology, and high charge density [5-7]. However, with
regard to lithium ion batteries (LIBs) anode materials, its poor electronic
conductivity (<103 S cm™!) and the severe aggregation of LDH layers
prohibit rapid Li-ion transfer, and therefore, slow redox processes [7].

To overcome these drawbacks, numerous efficient strategies have
been adopted which includes rational nanostructures with different
morphologies [8,9], different synthesis techniques [6,9], carbon mate-
rial coating, and carbon composites [10,11]. However, among all the
synthesis techniques, the metal-organic framework (MOF)-derived LDH
technique has been widely used owing to its simplistic approach [12].
MOFs are a class of three-dimensional (3D) porous materials comprising
a central core metal ion surrounded by organic molecules [13-17]. In
particular, MOFs act as sacrificial templates and sources of metal pre-
cursors for the formation of 3D hollow LDH frameworks comprising
ultrafine nanocrystals [12]. As an anode material, the MOF-derived LDH
framework possesses a large specific surface area, which not only pro-
vides enough space to absorb severe volume variations but also allevi-
ates particle agglomeration besides offering efficient electrolyte
penetration and short diffusion pathways during the charge-discharge
process [18]. Furthermore, the low electronic conductivity can be
increased by concomitant conversion of LDHs to layered double metal
oxides (LDO) using a simple low-temperature heat-treatment process in
air. During the oxidation process, LDHs compounds decomposes into a
mixture of oxides, in which one layered oxide is intercalated with
another layered oxide, generating a pattern that is similar to the LDH
pattern. Moreover, one-order higher electronic conductivity of the LDO
phases (1073-1072 S cm™!) compared to the LDH phase improves the
reaction kinetics and allows comparatively faster Li-ion diffusion [19,
20]. Additionally, the LDO nanostructure composed of binary transition
metal oxides such as Ni—Co oxides, believed to have high redox activities
owing to their rich oxidation states [21-24].

Herein, we utilized a combined strategy of synthesizing multicom-
ponent nanostructures containing hierarchically porous N-doped
reduced graphene oxide (N-doped rGO) matrixed nanofibers, which
comprise hollow and ultrafine layered double metal (Ni and Co) oxide
nanocrystals [denoted as P-(Ni, Co)O/rGO NFs] derived from the MOF-
based hollow LDH nanostructure. The unique nanostructure introduced
in this study was analyzed for its potential as a high-performance anode
material for LIBs. The stabilized (Ni, Co)-LDH nanostructure acted as a
precursor for the metal source, whereas a polystyrene (PS) nanobead
suspension (¢ = 40 nm) was used as a mesopore-forming agent. Like-
wise, graphene oxide (GO) nanosheets were used to form a self-
supporting matrix to enhance the integrity and electrical conductivity
of the nanofibers as anode materials during cycling. During the heat
treatment, the PS nanobeads were decomposed thus leaving pores
behind whereas the GO nanosheets were transformed into an N-doped
rGO skeleton comprising hollow ultrafine LDO nanocrystals obtained
from the stabilized LDH nanostructure. The hierarchical porous nano-
structure together with the hollow nanocrystals provides enough space
to channel off the volume variation stress during the redox processes and
also allows better electrolyte percolation to eventually enhance Li-ion
diffusion due to shorter diffusion pathways which subsequently resul-
ted in stable cycling performance [25,26]. Likewise, the N-doped rGO
matrix ensures high electrical conductivity and rapid charge transfer,
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thereby favoring fast electrochemical reactions.

Benefitting from the unique nanostructure design, the P-(Ni, Co)O/
rGO NFs displayed a superior electrochemical performance with higher
rate capabilities and long-term cycling stability compared to the com-
posite nanofibers prepared without PS nanobeads, GO nanosheets, and
stabilized LDH nanostructures, that is, the filled-type (non-porous) and
biphasic structure [denoted as F-(Ni, Co)O)]. To the best of our knowl-
edge, such a rational nanostructure design strategy for obtaining hollow
layered double metal oxide nanocrystals encapsulated in a highly
conductive N-doped rGO framework as an advanced LIB anode has not
been reported to date. Therefore, we believe that the structural and
electrochemical results presented in this work will provide insight into
the fabrication of multicomponent and highly sustainable advanced
materials for various rechargeable energy storage systems.

2. Experimental section

Sample Preparation: Hierarchically porous N-doped rGO nanofibers
comprising hollow LDO nanocrystals were prepared using an electro-
spinning technique followed by post-treatment. For electrospinning so-
lution, 0.5 g of GO nanosheets were ultrasonicated in 30 mL of ethanol
for 6 h to form a homogeneous suspension. Afterward, a 20 mL PS
nanobeads suspension solution, 6.0 g of cobalt acetate tetrahydrate (Co
(Ac)2.4H20, Daejung, 98.0%, Mw = 291.02), and 3.0 g of polyvinyl
alcohol (PVA 2000, Kanto Chemical Co.) were sequentially added to the
suspension. The suspension was stirred for 24 h to obtain a uniform
dispersion. The size-controlled PS nanobeads (¢ = 40 nm) were pre-
pared using an emulsion-free polymerization technique [27]. GO
nanosheets were also obtained from graphite flakes using a modified
Hummer’s method that was reported previously [28]. The spinning so-
lution was then loaded into a plastic syringe pump (12 mL capacity)
fitted with a 21-gauge stainless steel needle. The spinning solution was
ejected at a speed of 4.0 mL h™! and the fibers were collected onto a
rotating drum (180 rpm) covered with Al foil, which was set at a dis-
tance of 15 cm from the tip of the needle. The voltage applied between
the collector and the needle was fixed at 20 kV. The as-spun Co
(Ac)2/PVA/GO/PS composite nanofibers were stabilized at 100 °C for
30 min in a hot air oven. To grow ZIF-67 polyhedra over the nanofiber
surface, 0.5 g of stabilized Co(Ac)2/PVA/GO/PS nanofibers were added
into 50 mL of a methanol solution mixed with 3.0 g of 2-methylimida-
zole (Wako Pure Chemical Industries Ltd., 98%) and were kept undis-
turbed for 24 h at ambient temperature. Afterward, the sample was
washed repeatedly with ethanol and stabilized at 150 °C for 3 d in an air
atmosphere to form ZIF-67/PVA/GO/PS composite nanofibers. A total
of 0.1 g of stabilized ZIF-67/PVA/GO/PS composite nanofibers were
treated with a stoichiometric amount (0.2 g) of nickel nitrate hexahy-
drate (Ni(NO3)3-6H20, Daejung, 98.0%, Mw = 290.79) dissolved in
ethanol (7 mL) and ultrasonicated for 1 h, followed by drying at 100 °C
for 1 h in an air environment. This process resulted in the formation of a
hollow (Ni, Co)-LDH nanostructure. The ZIF-67 derived hollow (Ni,
Co)-LDH nanostructures were then heat-treated at 250 °C for 3 h in an
air atmosphere to obtain hollow layered double oxide [(Ni, Co)-LDO]
nanocrystals. The final product obtained was denoted as P-(Ni, Co)
O/rGO NFs. A comparison sample was also prepared without PS nano-
beads, GO nanosheets, and LDH nanostructures using an electrospinning
technique with a spinning solution comprising stoichiometric amounts
of nickel (2.4 g) salt, cobalt (3.6 g) salt, and PVA (3.0 g) in ethanol (30
mL) as the solvent. The stabilized Co/Ni/PVA composite nanofibers
were subjected to single-step heat-treatment at 600 °C for 3 h in an air
environment, which results in the formation of a bi-phasic mixed metal
(Ni and Co) oxide nanostructure. This structure was abbreviated as
F-(Ni, Co)O NFs, where “F” stands for filled-type morphology.

Characterization Techniques: The microstructural features of the as-
prepared nanofibers were studied using field-emission scanning electron
microscopy (FE-SEM, Ultra Plus, Zeiss) and field-emission transmission
electron microscopy (FE-TEM, JEM-2100F, JEOL, KBSI). The phase
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analysis of the nanofibers was performed using X-ray diffractometer
(XRD, Bruker, D8 Discover) equipped with Cu K,; radiation (1.5405 A
at the Korea Basic Science Institute (Daegu). The thermal stability was
studied using thermogravimetric analysis (TGA, Pyris 1, PerkinElmer) in
the temperature range of room temperature to 600 °C at a heating rate of
10 °C min~! in an air atmosphere unless mentioned otherwise. The
surface chemistry and bonding environment analysis of all the elements
in the prepared nanofibers were carried out using an X-ray photoelec-
tron spectroscopy (XPS, K-Alpha, Thermo Scientific) instrument with Al
Ko radiation. The Brunauer-Emmett-Teller (BET) technique was
employed to determine the surface area and pore volume of the nano-
fibers using Ny adsorption-desorption isotherms. The structural prop-
erties and crystallinity of the carbonaceous material in the nanofibers
were measured using Raman spectroscopy (LabRam, HR800, Horiba
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Jobin-Yvon).

Electrochemical Measurements: The prepared composite nanofibers
were employed as anodes inside CR2032-type coin cells for electro-
chemical analysis. Briefly, a homogeneous slurry was prepared by
mixing the composite nanofibers as active material, carbon black
(Super-P) as a conductive agent, and sodium carboxymethyl cellulose as
a binder in a 7:2:1 ratio in an appropriate amount of deionized water.
The slurry was then cast on a copper current collector sheet using the
doctor blade technique and dried at 60 °C overnight in a hot air oven to
remove the solvent. Subsequently, circular discs (¢ = 14 mm) were
punched and used inside the coin cell as advanced anodes, with Li metal
as the counter electrode and a microporous polypropylene film as the
separator. The electrolyte used was 1.0 M LiPF¢ in a 1:1 v/v mixture of
fluoroethylene carbonate and dimethyl carbonate (FEC/DMC). The cell

Scheme 1. (a) Schematic representation of the formation mechanism of the hierarchical porous N-doped rGO nanofibers comprising hollow and ultrafine layered
double metal oxide nanocrystals and (b) detailed formation mechanism of the hollow layered double metal oxide nanocrystal as a precursor.
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assembly was performed inside a glove box filled with high-purity argon
gas. Cyclic voltammograms (CVs) were obtained at a scan rate of 0.1 mV
s~! using a WBCS3000 battery cycler (WonATech). The active material
loading in the working electrode was fixed at ca. 0.5 mg cm 2
throughout the electrochemical tests. The galvanostatic discharge-
charge characteristics of the nanofibers were acquired at different cur-
rent densities from 0.5 to 5.0 A g1 in the voltage window of 0.001-3.0
V. An electrochemical impedance spectrum (EIS) was obtained using an
impedance analyzer in the frequency range of 100 kHz to 10 mHz with a
pulse amplitude of 10 mV.

3. Results and discussion

Hierarchical porous N-doped rGO nanofibers comprising MOF-
derived hollow and ultrafine LDO nanocrystals were synthesized using
the electrospinning technique and subsequent post-treatment. The syn-
thesis mechanism of the rational nanostructure is presented in Scheme
la. First, the as-spun nanofibers comprising a uniform dispersion of Co
(Ac)2, GO nanosheets, and PS nanobeads in the PVA matrix were ob-
tained using the conventional electrospinning technique (Scheme 1la-
®). Thereafter, the stabilized Co(Ac)2/PVA/GO/PS composite nano-
fibers were treated with 2-methylimidazole in methanol, which resulted
in the uniform growth of the ZIF-67 nanocrystal all over the nanofiber
surface owing to the strong interaction between the positively charged
Co ions and the negatively charged 2-methylimidazole ligands (Scheme
la-®@). This interaction resulted in the formation of ZIF-67/PVA/GO/PS
composite nanofibers with all the cobalt species were consumed during
the growth of the ZIF-67 nanocrystals. Subsequently, the ZIF-67/PVA/
GO/PS nanofibers were treated with nickel nitrate in ethanol, which
resulted in strong coordination between ZIF-67 and Ni ions. The coor-
dination between the different ionic species resulted in the formation of
a hollow (Ni, Co)-LDH nanocrystal through chemical reactions induced
by the self-sacrificing nature of the ZIF-67 template (Scheme la-®). A
schematic representation of the detailed formation mechanism of the
hollow (Ni, Co)-LDH and subsequent (Ni, Co)-LDO nanocrystal is pre-
sented in Scheme 1b. The Ni(NO3)2-6H20 in ethanol solvent disinte-
grates into Ni2* and NO3 ™~ ions in the presence of the ZIF-67/PVA/GO/
PS composite nanofibers. The hydrolysis of Ni>* ions in ethanol gener-
ates protons (H") that bonded with NO3~ ions to form a slightly acidic
medium. In addition, the NO3™ ions also react with the ZIF-67 poly-
hedron that results in the oxidation of Co ions (from Co®* to Co®™) [29].
This persistent consumption of H' ions leads to an increased number
density of -OH’ species leading to a higher concentration of divalent and
trivalent ions around the ZIF-67 surface. The coprecipitation of the
metal ion species leads to the formation of an LDH layer with one metal
hydroxide layer intercalated within another metal hydroxide layer. As
the reaction proceeded, the inner core of the ZIF-67 nanocrystals was
consumed during the process and resulted in the formation of a hollow
nanocrystal surrounded by a layer of (Ni, Co)-LDH. Therefore, hollow
(Ni, Co)-LDH/PVA/GO/PS nanofibers were obtained via
MOF-sacrificing chemical reactions (Schemes 1a-® and 1b). During the
heat treatment of (Ni, Co)-LDH/PVA/GO/PS nanofibers in an air at-
mosphere, the hollow layered double hydroxide nanostructure was
converted to ultrafine layered double metal (Ni, Co) oxide nanocrystals
well-embedded in the composite (Schemes 1a-®@ and 1b). In addition,
the N-rich ligand groups of the (Ni, Co)-LDH nanocrystal act as a pre-
cursor for the N-doping source after the removal of organic linkers [30].
Therefore, the GO nanosheets in the composites were converted into
N-doped rGO. Additionally, the PVA polymer was carbonized into
amorphous carbon (AC) and finally burned off selectively, leaving
mesopores. Likewise, the uniformly dispersed size-controlled PS nano-
beads (¢ = 40 nm) decomposed completely into gaseous products, thus
forming numerous mesopores. Finally, hierarchical porous N-doped rGO
nanofibers comprising hollow and ultrafine LDO nanocrystals, denoted
as P-(Ni, Co)/rGO, were successfully obtained (Scheme 1a-®).

To understand the formation mechanism of the unique structured
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nanofibers, we carried out a systematic investigation of the micro-
structural and phase variations after each step. The morphological and
phase analyses of the as-spun Co(Ac)2/PVA/GO/PS composite nano-
fibers after stabilization at 150 °C are shown in Fig. S1. The composite
nanofibers exhibited a continuous 1D fibrous morphology (Fig. Sla)
with an average diameter of ca. 1.0 pm. In addition, a smooth nanofiber
surface along with a filled cross-sectional image is also evident in
Fig. S1b, which clearly suggests a homogeneous distribution of the metal
salt, GO nanosheets, and PS nanobeads in the nanofiber structure.
Notably, an efficient interaction among the acid-functionalized GO
nanosheets, PVA, and PS nanobeads also resulted in highly integrated
nanofibers. The XRD patterns of the composite nanofibers shown in
Fig. Slc reveals a broad peak around 20 = 24°, highlighting the amor-
phous nature of the composite nanofibers. The presence of the GO
nanosheets inside the fiber structure was further confirmed by Raman
spectra, as shown in Fig. S1d, which clearly have broad peaks that are
typical signatures of the D-band (1346 e¢m 1) and G-band (1600 cm™ 1)
of the GO phase [30]. Moreover, a relative intensity ratio (i.e., Ip/I)
value of 0.99 is also indicative of the amorphous nature of the carbon.

The as-spun Co(Ac)2/PVA/GO/PS composite nanofibers were
employed as a self-supporting matrix for the efficient formation of ZIF-
67 nanocrystals on the surface of the nanofibers. The Co(Ac)2/PVA/GO/
PS composite nanofibers were reacted with a 2-methylimidazole solu-
tion and dried to remove the solvent. The resulting ZIF-67/PVA/GO/PS
nanofibers were analyzed using various physical characterizations to
elucidate the changes they underwent, as shown in Fig. 1. The composite
nanofiber 1D morphology (Fig. 1a and b) remained intact with an in-
crease in mean diameter (ca. 2.0 pm) owing to the growth of numerous
nanocrystals on the fiber surface. Besides, the presence of the GO sheets
was also evident, as shown in the cross-sectional FE-SEM image of ZIF-
67/PVA/GO/PS nanofiber (Fig. S2). ZIF-67 nanocrystals (¢ = 70 nm)
(Fig. 1c) grew homogeneously throughout the nanofiber surface, as
shown in Fig. 1c and d. This could be attributed to the strong interaction
between the negatively charged 2-methyimidazole units as organic
linkers and the positively charged metallic Co ions as central atoms,
which were present in the Co(Ac)2/PVA/GO/PS composite nanofibers
and collectively enabled the growth of ZIF-67 nanocrystals. The XRD
pattern shown in Fig. 1f has sharp peaks associated with phase-pure ZIF-
67 nanocrystals [31]. Furthermore, the elemental dot mapping results
presented in Fig. 1g suggest uniform dispersion of Co, O, C, and N along
the fiber length, indicating homogeneous deposition of the ZIF-67
nanocrystals over the fiber nanostructure.

The ZIF-67/PVA/GO/PS composite nanofibers with well-grown ZIF-
67 nanocrystals over the fiber surface were further treated with an
ethanol solution containing an appropriate amount of Ni salt, as
described in Scheme 1a-® and 1b to obtain hollow (Ni, Co)-LDH/PVA/
GO/PS. The Ni-salt-treated composite nanofibers with the ZIF-67
deposited nanocrystals are shown in Fig. 2. The composite nanofibers
maintained their 1D nanostructure (Fig. 2a and b) with a mean diameter
of ca. 2.0 pm. However, uniform deposition of the well-grown layered-
structured (Ni, Co)-LDH hollow nanocrystal (¢ = 100 nm) over the
nanofiber surface was observed, as shown in Fig. 2b and c. The TEM
images shown in Fig. 2d-f clearly have dark and bright regions corre-
sponding to the (Ni, Co)-LDH and hollow regions, respectively. The (Ni,
Co)-LDH nanocrystals with clear lattice fringes separated by 0.25 nm for
the (012) crystal plane are evident in the HR-TEM image shown in
Fig. 2g. Furthermore, the selected area electron diffraction pattern
(SAED) (Fig. 2h) and XRD pattern in Fig. 2i further indicate the for-
mation of the (Ni, Co)-LDH phase only, which matches well with pre-
viously published studies [32-35]. The elemental-mapping images
presented in Fig. 2j indicate the homogeneous dispersion of Ni in the
nanofiber structure along with Co, O, C, and N, thus suggesting the
uniform formation of the layered (Ni, Co)-LDH over the nanofiber sur-
face. Additionally, the carbon content of the composite was quantified
using TG analysis (Fig. S3a), and ca. 81 wt% primarily due to the PVA
and GO nanosheets in the structure.
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Fig. 1. Morphological and phase analysis of the ZIF-67/PVA/GO/PS composite nanofibers: (a, b) FE-SEM micrographs, (c) high-resolution FE-SEM image, (d, e) TEM

images, (f) XRD pattern, and (g) elemental dot mapping images.

Hierarchically porous N-doped rGO nanofibers comprising hollow
and ultrafine LDO nanocrystals [P-(Ni, Co)O/rGO NFs] were finally
obtained after heat treatment of the hollow (Ni, Co)-LDH/PVA/GO/PS
composite nanofibers at 250 °C, as shown in Fig. 3. During the oxida-
tion process, the hollow (Ni, Co)-LDH nanocrystals were converted into
a layered double metal oxide [(Ni, Co)-LDO] in air. Additionally, the
PVA polymer was converted to amorphous carbon and subsequently
burned off. The selective decomposition of PVA via CO; release form
voids in the nanostructure. Likewise, the decomposition of the PS
nanobeads resulted in a hierarchical porous structure with mesopores
(10 nm) uniformly distributed in the structure. The rGO nanosheets act
as a self-supportive matrix that guarantees the structural integrity of the
nanofiber structure and allows rapid charge transfer during electro-
chemical processes owing to its high electrical conductivity. The FE-SEM
micrographs shown in Fig. 3a and b indicate that the final nanostructure
still maintains a 1D fibrous morphology even after oxidation, with the
nanofiber surface covered with hollow (Ni, Co)-LDO nanocrystals, as
shown in Fig. 3c. The TEM images shown in Fig. 3d-f again confirm the
fibrous nanostructure with a diameter of 400 nm and deposited with
ultrafine hollow (Ni, Co)-LDO nanocrystals (Fig. 3f). During oxidation at
250 °C, both the removal of PVA in the composite and the simultaneous
sintering process resulted in shrinkage of the nanofibers from 2.0 pm to
400 nm. The HR-TEM image shown in Fig. 3g clearly indicates a lattice
fringe separated by 0.21 nm for the lattice plane (200) corresponding to
the hollow (Ni, Co)-LDO ultrafine nanocrystals. The SAED (Fig. 3h) and
XRD (Fig. 3i) patterns further confirm the successful formation of the
(N1i, Co)-LDO phase only, which is consistent with previous reports [36].
The elemental mapping images presented in Fig. 3j indicate homoge-
neous distribution of Ni, Co, O, C, and N along the fiber length,

suggesting the formation of hollow (Ni, Co)-LDO ultrafine nanocrystals
throughout the nanostructure. Overall, the systematic synthesis design
resulted in nanofibers that primarily comprised hierarchically porous
MOF-derived hollow (Ni, Co)-LDO ultrafine nanocrystals and a
self-supportive N-doped rGO matrix as an advanced anode for LIBs.
The surface chemical environment of the various elements in the
prepared P-(Ni, Co)O/rGO NFs was studied using XPS, as shown in
Fig. 4. The XPS survey spectrum in Fig. 4a shows photoelectron signals
corresponding to the Ni 2p, Co 2p, O 1s, N 1s, and C 1s chemical states.
The Ni 2p XPS spectrum in Fig. 4b indicates the existence of well-
resolved Ni 2p3/5 (853.9 eV) and Ni 2p;,5 (872.2 eV) peaks arising
from spin-orbit splitting [37-39]. The deconvolution of Ni 2p3,, and Ni
2p1,2 indicates further peak splitting, which suggests the presence of
Ni%* and Ni®* oxidation states [40-42]. Moreover, the appearance of
two shakeup satellite peaks (denoted as “Sat.”) at 860.8 and 879.1 eV
confirms the presence of NiO species [43-45]. Furthermore, similar
results were observed for the Co 2p XPS signal (Fig. 4c), which had two
well-separated photoelectron peaks for Co 2ps,2 (779.6 eV) and Co 2p; 2
(795.6 eV) flanked by the respective satellite signals at 785.4 and 802.2
eV, thus suggesting the formation of Co304 [30,46,47]. In addition, the
existence of divalent and trivalent Co species is also evident from the
splitting of Co 2p3,5 and Co 2pj /2 [48]. These results are consistent with
the previously reported XPS profiles of the (Ni, Co)-LDO nanostructure
[49]. The C 1s XPS profile in Fig. 4d has three well-fitted peaks at
binding energies of 284.1, 285.1, and 288.0 eV that could be assigned to
-C=C-, -C-N/C-C-, and -C=0-, respectively [30,46]. In addition, the
deconvoluted -C-N/C-C- peak signifies N-doping in the nanostructure,
which offers improved electrical conductivity due to the high electro-
negativity of the N atom [30]. This observation was further supported by
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Fig. 2. Morphological and phase analysis of the (Ni, Co)-LDH/PVA/GO/PS composite nanofibers: (a, b) FE-SEM micrographs, (c) high-resolution FE-SEM image,
(d-f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental dot mapping images.

the N 1s XPS spectrum (Fig. 4e), which indicates the existence of four
peaks with different nitrogen environments, that is, pyridinic N (398.5
eV), pyrrolic N (399.7 eV), graphitic N (401.0 eV), and oxidized N
(403.2 eV) [50]. In general, N doping enhances the electrical conduc-
tivity, which results in fast charge transfer during the redox processes.
The quantity of N in the composite was 2.7 wt% from the elemental
analysis (EA) results (Table S1). The crystallinity of the carbon products
of the P-(Ni, Co)O/rGO NFs was also analyzed using Raman spectros-
copy (Fig. 4f), which indicated a typical D-band (1353 cm™') and
G-band (1600 cm’l) [51]. The relative intensity ratio (Ip/Ig) determines
the nature of the carbonaceous material in the sample. The Ip/I; ratio of
0.87 indicates that the carbon products in the prepared nanofibers are
mainly graphitic in nature, which induces high electrical conductivity.
Furthermore, the C content in the nanofibers was determined by TG
analysis, as shown in Fig. S3b, which was ca. 34 wt% and matches well
with the EA results shown in Table S1. The BET surface area of the P-(Ni,
Co)O/rGO NFs was 59 m? g’l, as shown in Fig. S4a. In addition, the
Barrett-Joyner-Halenda pore-size distributions (Fig. S4b) indicates the
presence of a broad peak for mesoporous reason in the structure. The

broad distribution of mesopores was formed primarily due to both the
decomposition of the PS nanobeads and the uniform distribution of the
PVA matrix during oxidation.

For better comparison, composite nanofibers without LDH nano-
crystals were prepared using the electrospinning technique. The as-spun
Co/Ni/PVA composite precursor nanofibers stabilized at 150 °C were
subjected to oxidation at 600 °C, and the resulting nanofibers are shown
in Fig. S5. The 1D fibrous morphology is evident in the FE-SEM micro-
graphs shown in Figs. S5a and S5b, with an average diameter of 400 nm.
The TEM image in Fig. S5c displays nanofibers with a filled morphology,
which is consistent with the FE-SEM micrographs. The HR-TEM image in
Fig. S5d indicates a lattice fringe that is sufficiently separated by 0.21
nm and 0.29 nm for the (012) and (220) crystal plane of the NiO and
Co304 phases, respectively. The SEAD patterns shown in Fig. S5e clearly
displays the diffraction planes corresponding to both the NiO and Co304
phases. Furthermore, the XRD pattern in Fig. S5f is in good agreement
with the SAED pattern, exhibiting sharp peaks attributed to the NiO and
Co304 crystal structures. The elemental dot mapping images (Fig. S5g)
suggest the homogeneous dispersion of the Ni, Co, and O elements in the
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Fig. 3. Morphological and phase analysis of the P-(Ni, Co)O/rGO NFs: (a, b) FE-SEM micrographs, (c) high-resolution FE-SEM image, (d—f) TEM images, (g) HR-TEM

image, (h) SAED pattern, (i) XRD pattern, and (j) elemental dot mapping images.

prepared nanofibers. Moreover, the carbon was completely removed
from the structure at 600 °C. The C element visualized in the elemental
mapping image is due to the presence of a carbon grid for TEM work,
which is confirmed by the TG data, as shown in Fig. S6. Overall, the
above results suggest a bi-phasic nickel and cobalt oxide structure for the
comparison sample that primarily comprised oxide phases only.

To validate the structural merits of the hierarchically porous N-
doped rGO nanofibers comprising hollow and ultrafine LDO nano-
crystals as an advanced anode for LIBs, the electrochemical performance
was analyzed using CR-2032 coin-type cells. The cyclic voltammetry
(CV) curves for the cell utilizing P-(Ni, Co)O/rGO NFs were recorded for
the initial 5 cycles at 0.1 mV s~ ! in the voltage window of 0.001-3.0 V
vs. Li*/Li, and the results are presented in Fig. 5a. During the first CV
scan, three reduction peaks were observed at 1.1, 0.85, and 0.45 V that
correspond to three different redox processes: reduction of Co>" to Co?*
at 1.1 V, conversion of NiCo204 into their respective metal species at
0.85 V, and further reduction of (Ni, Co)O phases to metallic species at
0.45 V [52,53]. However, during the anodic scan, the CV curve exhibits
two broad peaks at 1.48 and 2.24 V, which correspond to the oxidation

of metallic-Ni to NiO and metallic-Co to CoO, respectively [53,54]. From
the second scan onward, only slight changes appeared in the CV profile,
which was only observed in the cathodic region. For instance, the two
cathodic peaks at 1.1 and 0.85 V during the first scan were merged into a
single peak whereas the peak at 0.45 V disappeared completely, indi-
cating a complete reduction of the oxide phases to their respective
metallic species [55]. Afterward, almost overlapping and symmetrically
shaped CV curves suggest highly reversible electrochemical processes
inside the cell. In contrast, the CV profile for the F-(Ni, Co)O NF, that is,
without LDH nanocrystals, is presented in Fig. S7. Compared to the
P-(Ni, Co)O/rGO NF, the pristine sample displays two closely spaced
cathodic peaks at 0.74 and 0.40 V, during the cathodic scan, which are
attributed to the reduction of NiO and Co304 nanocrystals to their
respective metallic species. Moreover, during the anodic scan, the two
well-resolved peaks at 1.6 and 2.2 V are attributed to the oxidation of
metallic species, similar to the P-(Ni, Co)O/rGO NF. Subsequently, the
overlapping CV curves suggest similar electrochemical reaction pro-
cesses. The CV results were further validated by analyzing the initial
charge-discharge profiles at 1.0 A g~! for P-(Ni, C0)O/rGO and pristine
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Fig. 4. (a) XPS survey spectrum, deconvoluted (b) Ni 2p, (c) Co 2p, (d) C 1s, (e) N 1s XPS spectra, and (f) Raman spectrum of the P-(Ni, Co)O/rGO NFs.

F-(Ni, Co)O NFs, as shown in Fig. 5b. The P-(Ni, Co)O/rGO NFs display
two sloppy discharge plateaus at 1.1 and 0.85 V, which is consistent with
the CV results. Furthermore, a third discharge plateau was observed at
0.57 V, suggesting the reduction of oxide species to their respective
metallic nanograins and agrees with the CV results. In addition, a rela-
tively longer discharge plateau length indicates that the majority of the
redox processes took place at this potential. However, during the charge
profile, no obvious plateaus were observed besides two short-length
sloppy plateaus at 1.4 and 2.1 V, implying the oxidation of metallic
species to their corresponding oxide phases. In contrast, the pristine
F-(Ni, Co)O NFs exhibit two discharge plateaus at 0.89 and 0.56 V with
shorter plateaus length, indicating their discharge capacity values will
be lower than those of the P-(Ni, Co)O/rGO sample. Likewise, during the

charge, the plateau at 2.13 V is in good accordance with the CV results.
The charge/discharge capacities of the P-(Ni, Co)O/rGO and pristine
F-(Ni, Co)O NFs were observed to be 1057/1534 and 597/959 mA h g_l,
respectively, with an initial Coulombic efficiency (CE) of 68.9 and
62.2%, respectively. In addition, the lower polarization potential of the
P-(Ni, Co)O/rGO NFs (AV = 0.68 V) compared to that of the pristine
F-(Ni, Co)O NFs (AV = 1.71 V) suggests it has comparatively better
redox reaction kinetics. Overall, the CV and initial charge-discharge
results suggest that the P-(Ni, Co)O/rGO NFs would exhibit enhanced
electrochemical performance compared to the pristine F-(Ni, Co)O NFs.

To further explore the electrochemical stability of the P-(Ni, Co)O/
rGO NFs, the long-term cycling performance was evaluated at 1.0 A g%,
as shown in Fig. 5c. The cell with P-(Ni, Co)O/rGO NF anodes exhibited
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Fig. 5. Electrochemical performances of the P-(Ni, Co)O/rGO and F-(Ni, Co)O NFs as anodes: (a) cyclic voltammetry (CV) curves at 0.1 mV s~ ! for initial five cycles
for P-(Ni, Co)O/rGO NFs, (b) initial charge-discharge profiles at current density of 1.0 A g%, (c) long-term cycling performances at current density of 1.0 A g™, and

(d) rate capability test at various current density rates.

a stable discharge capacity of 907 mA h g ! at the end of the 500th cycle,
which was exceptionally higher than that of the F-(Ni, Co)O NF anode,
which displayed a discharge capacity of 345 mA h g™! at an identical
current density. Moreover, a low average discharge capacity decay rate
of 0.08% signifies the structural merits of the P-(Ni, Co)O/rGO NF. In
addition, a high Coulombic efficiency of 99.58% at the 500th cycle in-
dicates highly reversible redox processes. The stable cycling perfor-
mance of the P-(Ni, Co)O/rGO NFs could be attributed to the highly
conductive self-supportive N-doped rGO matrix, which provides highly
conductive channels for fast charge transfer. Additionally, the hierar-
chical porous structure offers sufficient space for efficient electrolyte
percolation and channelizes the severe volume variation during
repeated cycling. The rate performances of the two anode materials at
various current densities in a stepwise manner are shown in Fig. 5d. The
initial discharge capacity values for P-(Ni, Co)O/rGO NF were observed
to be 1534, 1070, 904, 751, 625, and 519 mA h g’l at current densities
of 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A g’l, respectively. In contrast, the
pristine F-(Ni, Co)O NF anode exhibits comparatively lower discharge
capacities of 1077, 706, 607, 493, 396, and 327 mA h g’1 at current
densities of 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A g’l, respectively. The
exceptionally high discharge capacities of P-(Ni, Co)O/rGO NF, even at
high current densities, clearly suggests that the structural benefits offer
better electrolyte diffusion along with enhanced redox reaction kinetics,
which validates the applicability of the sample as an advanced anode for
LIBs. In addition, the electrochemical performance obtained in the
present work is superior to that of previous studies, as shown in
Table S2. It should also be noted that the obtained electrochemical

performance is much better than the single metal oxide nanofibers (i.e.,
Co304) prepared using the identical synthesis process, as shown in
Fig. S8.

The enhanced electrochemical performance of the P-(Ni, Co)O/rGO
NF anode was further verified using the Li-ion kinetics studies shown in
Fig. 6. The CV curves were obtained for the Li-ion cell employing P-(Ni,
Co)O/rGO NF as an advanced anode at different voltage scan rates in the
voltage window of 0.001-3.0 V (Fig. 6a). Furthermore, the graphs be-
tween the redox peak current (i) and scan rates (v) were plotted using the
obtained CV curves to distinguish the surface-controlled processes from
the diffusion-controlled process. The i versus v relationship was exam-
ined using the following equation: i = o’ and log(i) = b log(v) + log(a),
where a and b are variables that were determined from the graphs [56].
The b values indicate whether the reaction processes are
surface-controlled or diffusion-controlled. It has been reported that a b
value close to 0.5 implies reaction kinetics dominated by diffusion
processes, whereas a b value of 1.0 implies surface-controlled or
capacitive processes [30]. The CV curves shown in Fig. 6a indicate that
the anodic and cathodic peak pairs are symmetrically positioned, even at
a high voltage scan rate of 2.0 mV s~ '. In addition, the b values for the
redox peaks 1, 2, 3, and 4 (Fig. 6b) were determined using the log (i) vs.
log (v) slope and found to be 0.82, 0.70, 0.84, and 0.85, respectively,
which are close to 1.0, implying that the redox processes are mainly
dominated by surface-controlled effects. In contrast, the CV curves for
F-(Ni, Co)O NF display slightly unresolved anodic/cathodic peaks with b
values close to 0.5 (Figs. S9a and S9b), suggesting diffusion-induced
kinetics. Furthermore, it has been reported that capacitive-induced
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reaction kinetics are more favorable than diffusion-controlled kinetics
for the overall enhanced electrochemical performance of the cells.
Therefore, it is imperative to separate the capacitive-controlled pro-
cesses from the diffusion-controlled processes in the total storage charge
to analyze the transport kinetics in a more detailed manner. The quan-
titative analysis of the surface-controlled processes was performed using
the following relation: i = k;v + kzvl/ 2, where kiv and kzvl/ 2 represent
the contributions from the capacitive and diffusion-controlled processes,
respectively [30]. As shown in Fig. 6¢, the capacitive contribution of
P-(Ni, Co)O/rGO NF was ca. 84%, which is consistent with the high b
values in Fig. 6b. On the other hand, the percentage of the capacitive
process in pristine F-(Ni, Co)O NF was very low (only 43%, which is
almost half of the main sample), as shown in Fig. 6e. Likewise, the
capacitive contributions of the P-(Ni, Co)O/rGO NF at different scan
rates were determined and are summarized in Fig. 6d. High capacitive
contribution values of 54%, 56%, 61%, 68%, 76%, and 84% at scan rates
of 0.1, 0.4, 0.8, 1.2, 1.6, and 2.0 mV s_l, respectively, were obtained for
the P-(Ni, Co)O/rGO NF while low capacitive contribution values of
16%, 18%, 24%, 31%, 37%, and 43% were obtained for pristine F-(Ni,
Co)O NF (Fig. 6f) at identical voltage scan rates. The relatively higher
percentage of the capacitive-controlled contribution of P-(Ni, Co)O/rGO
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Fig. 6. Redox reaction kinetics of the (a-d)
P-(Ni, Co)O/rGO NF and (e, f) F-(Ni, Co)O
NF: (a) CV curves at different scan rates, (b)
plot between log (i) vs. log (scan rate) for
each redox peak, (c) capacitive contribution
highlighted in red color area at 2.0 mV s,
(d) bar graph showing the capacitive frac-
tion at various scan rates, and (e, f) capaci-
tive  contribution and bar  graph
representation at 2.0 mV s~ and different
scan rates, respectively for F-(Ni, Co)O NF.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)

-1

NF clearly indicates that its structural supremacy will eventually result
in kinetically favored fast ionic transport, thereby enhancing the rate
capability and long-term cycling performance. The synergistic effects of
the hierarchical porous and highly conductive nanostructure simulta-
neously provide numerous channels for efficient electrolyte percolation
and faster Li-ion diffusion during the redox processes owing to the short
diffusion pathways.

The superior Li-ion kinetics for P-(Ni, Co)O/rGO NF were further
supported by the Nyquist plots obtained using the EIS measurements of a
fresh cell and one subjected to different cycling numbers at a current
density of 1.0 A g~1. The equivalent circuit model used for the Nyquist
plot fitting is shown in Fig. S10. The various fitted parameters for the
Nyquist plots of the two samples are listed in Table S3. The Nyquist plots
of the fresh cell in Fig. 7a exhibit a similar low-frequency intercept on
the x-axis, which is the solution resistance (R;) of the cell and suggests
similar electrode-electrolyte interface characteristics [57]. In addition, a
depressed semicircle in the mid-frequency region can be used to measure
the charge-transfer resistance (R.) of the cell, which was 230 Q for the
P-(Ni, Co)O/rGO NF and 180 Q for the pristine F-(Ni, Co)O NF. The
higher R, of the P-(Ni, Co)O/rGO NF is attributed to its higher surface
area compared to the F-(Ni, Co)O NF, which subsequently resulted in
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slightly larger polarization in the OCV state [58,59]. However, the R
values after the 5th cycle (Fig. 7b) decreased sharply for both the sam-
ples, with P-(Ni, Co)O/rGO NFs displaying a lower value (25 Q) than the
F-(Ni, Co)O sample (40 Q), which was due to the formation of a stable
solid electrolyte interphase (SEI) layer in the P-(Ni, Co)O/rGO NFs [60].
Furthermore, after the 100th cycle (Fig. 7c), the R, of the F-(Ni, Co)O NF
was significantly higher than that of the P-(Ni, Co)O/rGO NFs, which
clearly demonstrates the structural superiority of the P-(Ni, Co)O/rGO
NFs over prolonged cycling. These results indicate that the high elec-
trical conductivity of P-(Ni, Co)O/rGO supports faster charge transfer
properties in addition to increasing the structural integrity of the

Journal of Power Sources 523 (2022) 231030

nanofibers. This could be attributed to the highly conductive N-doped
rGO matrix, which also acts as a self-supportive scaffold to prevent the
nanostructure from collapsing during repeated cycling. The plot
describing the relationship between Z,, and w2 in the low-frequency
region is shown in Fig. 7d. The plots indicate that the P-(Ni, Co)O/rGO
NFs exhibit a less steep slope compared to the F-(Ni, Co)O NF, implying
that they experience a higher Li-ion diffusion owing to their porous and
highly conductive nanostructures. To validate these results, Li-ion
diffusion coefficient (D;;") values were calculated using the following
relation: D = 0.5R2T2 /A2F*C26%, where D is the Li-ion diffusion (Dy;")
coefficient, R is the gas constant (8.314 J mol ! K’l), T is the absolute

Fig. 7. Nyquist impedance plot comparison for different anodes: (a) For fresh cell, (b) after 5th cycle, (c) after 100th cycle, (d) relationship plot between real part of
the impedance (Z) and w~'/? at the end of 100th cycle, and (e, f) FE-SEM morphologies of the cycled electrodes after 100th cycle for (e) P-(Ni, Co)O/rGO and (f) F-

(Ni, Co)O NFs.
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temperature (298 K), A is the area of the electrode (1.5386 cmz), Cisthe
Li-ion concentration (1.0 mol L_l), F is the Faraday constant (96,485 C
mol ™), and oy is the Warburg impedance factor, which can be calcu-
lated from the slope of the following equation: Z'= Rs + Ryt + ow w0 %°
[61]. The diffusion coefficient values obtained using the above equa-
tions were 2.5 x 10712 and 2.6 x 10~ ®> em? s~ for P-(Ni, Co)O/rGO NF
and F-(Ni, Co)O NF, respectively. Therefore, the two-order higher Dy; *
value for P-(Ni, Co)O/rGO NF compared to F-(Ni, Co)O NF clearly
suggests enhanced Li-ion diffusion occurs in the P-(Ni, Co)O/rGO NF,
which eventually results in improved redox reaction kinetics. This is
attributed to the highly conductive N-doped rGO matrix that provides
conductive pathways during the redox processes and, hence, higher
Li-ion diffusivity. Moreover, the D;; * values in the present work are
either comparable or better than those reported in previous studies on
various anode materials [62,63]. To investigate the structural stability
of the NFs, the post-cycling morphologies of the P-(Ni, Co)O/rGO NF and
F-(Ni, Co)O NF were examined after 100 cycles, as shown in Fig. 7e and
f. The P-(Ni, Co)O/rGO NF maintained its fibrous morphology (Fig. 7e)
even after continuous cycling. This proves that the integrity of the robust
structure remains intact, which is due to the rGO matrix that acts as a
self-supporting skeleton and prevents the nanostructure from collapsing
during repeated cycling. In contrast, the pristine F-(Ni, Co)O NF displays
aggregated particle-type morphologies, implying that the nanostructure
breaks down owing to the severe volume stress it experiences during
cycling. Therefore, the above results imply that the structural supremacy
of the P-(Ni, Co)O/rGO NF resulted in an improved electrochemical
performance, with high rate capability and considerable cycling
stability.

Overall, the unique structural design strategy adopted to obtain hi-
erarchically porous N-doped rGO nanofibers comprising MOF-derived
hollow and ultrafine LDO nanocrystals resulted in an enhanced overall
performance. The robust structure based on the self-supporting N-doped
rGO nanofiber framework not only provides structural integrity to the
nanostructure to prevent it from collapsing during the redox process but
also offers enormous conducting channels for fast charge transfer ki-
netics. In addition, the porous structure guarantees short diffusion
pathways, which eventually allows efficient Li-ion diffusion owing to
the better penetration of the electrolyte and, therefore, superior reaction
kinetics.

4. Conclusions

In summary, we developed multicomponent and hierarchical porous
N-doped rGO nanofibers comprising MOF-derived hollow and ultrafine
LDO nanocrystals [denoted as P-(Ni, Co)O/rGO NF] as an advanced
anode for LIBs. The rational nanostructure contains highly conductive
and hierarchically porous N-doped rGO as a self-supporting scaffold that
provides mechanical integrity to the nanofibers and offers numerous
conducting pathways together with efficient electrolyte penetration.
Furthermore, the hollow and ultrafine layered double metal (Ni, Co)
oxide nanocrystals derived from the MOF-based hollow-LDH nano-
structure as a precursor provide sufficient space for substantial ion-
exchange sites and the alleviation of severe volume stress. Benefitting
from the unique nanostructure synthetic strategy, the robust nanofiber
displays an exceptional electrochemical performance, a stable cycling
performance, and considerable rate capabilities, which are primarily
attributed to the high Li-ion diffusion coefficients. The design of the
novel structure presented in this work will instruct the design of porous
and highly conducting advanced materials for various energy storage
systems.
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