) GRIVERS Ty

Adsorption energy engineering of nickel oxide hybrid nanosheets
for high areal capacity flexible lithium-ion batteries

Author

Huang, Yongchao, Yang, Hao, Xiong, Tuzhi, Adekoya, David, Qiu, Weitao, Wang, Zhongmin, Zhang,
Shanging, Balogun (Jie Tang), M-Sadeeq

Published
2020

Journal Title

Energy Storage Materials

Version
Accepted Manuscript (AM)

DOI

10.1016/j.ensm.2019.11.001

Rights statement

© 2020 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International Licence (http://creativecommons.org/licenses/by-nc-nd/4.0/)
which permits unrestricted, non-commercial use, distribution and reproduction in any medium,
providing that the work is properly cited.

Downloaded from
http://hdl.handle.net/10072/390819

Griffith Research Online
https://research-repository.griffith.edu.au


http://dx.doi.org/10.1016/j.ensm.2019.11.001
http://hdl.handle.net/10072/390819
https://research-repository.griffith.edu.au

Adsorption Energy Engineering of Nickel Oxide Hybrid Nanosheets

for High Areal Capacity Flexible Lithium-lon Batteries

Yongchao Huang ", Hao Yang !, Tuzhi Xiong ®!, David Adekoya®, Weitao Qiu ¢,

Zhongmin Wang®*, Shanging Zhang®*, M.-Sadeeq Balogun (Jie Tang) **
#College of Materials Science and Engineering, Hunan University, Changsha 410082, China.

®Institute of Environmental Research at Greater Bay, Key Laboratory for Water Quality and
Conservation of the Pearl River Delta, Ministry of Education, Guangzhou University,

Guangzhou 510006, People's Republic of China

‘MOE of the Key Laboratory of Bioinorganic and Synthetic Chemistry, The Key Lab of
Low-carbon Chemistry & Energy Conservation of Guangdong Province, KLGHEI of
Environment and Energy Chemistry, School of Materials Science and Engineering, School of

Chemistry, Sun Yat-sen University, Guangzhou 510275, China.

dCentre for Clean Environment and Energy, Griffith School of Environment, Gold Coast

Campus, Griffith University, QLD 4222, Australia.

School of Materials Science and Engineering, Guilin University of Electronic Technology,
Guilin, 541004, P.R. China.

Corresponding Authors E-mail: zmwang@guet.edu.cn; s.zhang@aqriffith.edu.au;

balogun@hnu.edu.cn



mailto:zmwang@guet.edu.cn
mailto:s.zhang@griffith.edu.au
mailto:balogun@hnu.edu.cn

Abstract

Enriching electrode materials with definite functions is of great influence but highly
challenging towards achieving high areal capacity lithium ion batteries (LIBs). Taking
transition metal oxides (TMOs) as a case study, several attempts have been employed to
demonstrate the large variations in lithium storage performance of TMOs, but explanation of
the adsorption capability is rarely reported. Herein, the Li-ion storage chemistry of NiO
nanosheets is successfully enhanced by modulating the position of the p-orbital energy level
via engineering with porous N-doped carbon fiber and carbon quantum dots (CDs). The as-
prepared monolithic NiO hybrid nanosheets (denoted CF/ECF/NiO/CD) exhibit high
reversible areal capacity of 3.97 mAh cm™ at 0.25 mA cm™, excellent cyclic stability with
capacity of 2.91 mAh cm™ at 3.0 mA cm™, as well as attractive rate capacity of 2.61 mAh
cm? at 6.0 mA cm™? In situ Raman analyses, XPS, and DFT calculations reveal that
performance enhancement is related to the electronic modulations between NiO, porous
carbon fiber and CDs that triggers the shift of the p-band towards accommodating interfacial
electron transfer that helps in promoting the Li storage activity. In addition, an all-flexible
lithium ion battery based on CF/ECF/NiO/CD anode is assembled and a volumetric energy
density of 619.9 Wh L™ is achieved (equivalent to an energy density of 201.7 Wh kg™). This
work opens an achievable approach for high-areal-capacity LIBs and provides relevant

understanding into designing other LIB electrodes and beyond.
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1. Introduction

Considering the future application of lithium ion batteries (LIBs) in the area of
consumer electronics, aerospace, vehicle electrification, LIBs with high areal
capacities require serious alleviation, but the main challenge is the electrode
materials [1-4]. Due to the high theoretical capacities of transition metal oxides
(TMOs) as anode materials for LIBs [5-7], extensive recognition has been
given to them but their dependability towards practical application relics a
critical challenge [8-10]. Especially in most cases that these TMO electrodes
are usually prepared in their powdery forms and their Li storage performance is
evaluated based on the active materials [11, 12], this could create undesirable
inactive volume and uneven electrochemical environment for Li storage
reactions. Additionally, it usually leads to the use of low mass loading of the
active materials, tediousness in battery electrode fabrication and as a result,
more-time consumption for electrode preparation and low areal capacity will be
achieved [11, 13]. In such condition, it remains a crucial challenge to
essentially design TMO electrode with distinct features that could display high
areal capacity coupled with stable cycle life [14, 15].

To embrace this challenge, most reports adopted the design of TMOs
nanostructures on three dimensional (3D) current collectors such as transition
metal foams, conductive carbon based substrates [11, 12, 16-20] etc. The major
contest is the issue of poor adhesion of active materials on these 3D substrates
due to weak interaction leading to peeling-off of active material from the
substrates after continuous lithiation processes [21, 22]. Taking NiO as a case

study, Li et al. recently constructed 3D layer-by-layer NiO-based freestanding
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structures obtained from partial oxidation of NF, which could reinforces
adhesion with active layer, contributes to the capacity of the whole electrode
and delivers an areal capacity of 1.98 mAh cm™ at 1.20 mA cm™ [11]. With the
impressive advancement accomplished with 3D NiO, their overall Li storage
performance still requires further improvement [11, 12, 15, 17]. In addition, a
large variation in performance of TMOs has been reported, but the underlying
mechanism towards understanding these variations, especially in terms of the
fundamental modulation and adsorption ability of the TMOs metal centers for
Li storage attracts less understanding.

Herein, we favourably modulate NiO nanosheets as flexible anode for high
areal capacity LIB by engineering the p-orbital through the design of monolithic
or all-in-one multishell architecture. The all-in-one architecture consists of
flexible carbon fiber coated with exfoliated porous N-doped carbon fiber
(denoted CF/ECF) current collector (as capacity contributor), NiO nanosheets
(as active layer) and carbon quantum dots (CDs) (as stabilizer) (denoted
CF/ECF/NiO/CD). The multishell CF/ECF/NiO/CD shows excellent Li storage
performance as anode material for LIB half-cell delivering an initial and
reversible areal capacity up to 4.33 and 3.97 mAh cm? at 0.25 mA cm?,
respectively, areal capacity of 2.91 mAh cm? at 3.0 mA cm? as well as
attractive rate capability capacity of 2.61 mAh cm™? at 6.0 mA cm™. In-situ
Raman spectra, XPS analyses and density functional theory (DFT) calculations
persistently show that the enhanced capacity, excellent conductivity and
outstanding stability of CF/ECF/NiO/CD electrode cannot be attributed only to
the synergistic effect, monolithic nature and capacity contribution from the
CF/ECF current collector, but also the shift of p-orbital center, which enables
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the modulation of Li-ion diffusion pathway and interfacial electron transfer.
This work provides helpful insights for enhancing the areal capacity of LIB and
interpreting the large variation in the performance of TMOs via orbital

engineering.

2. Experimental

2.1. Materials

Carbon textile was purchased from Fuel Cell Earth LLC, United States.
Ni(NO3), 6H,0, Hexamethylene, concentrated HNO3;, NH4V O3, sucrose and
ethanol (99.7%) were all purchased from Guangzhou Chemical Reagent
Factory and used as received without further purification.

2.2. Synthesis of the CF/ECF

CF/ECF was prepared according to our previous report. [22] In a typical
synthesis, after the cleaning of commercial carbon fiber (CF) in concentrated
HNOs, distilled water and ethanol for several times, the clean CF was immersed
in a 30 min well-stirred solution of 10 mmol Ni(NO3), 6H,O and 20 mmol
Hexamethylene (HMT) dissolved in 40 mL of deionized water and vigorously
stirred for another 10 min. The solution and CF were transferred to a 50 mL
Teflon-lined stainless-steel autoclave and heated in an electric oven with a
heating speed of 10 °C min™ to 120 <C and maintained in an oven for 10 h and
then allow naturally to cool to room temperature. After cooling down to room
temperature, the Ni precursor/CF was washed with water, ethanol for several
times and dried in 60 °C oven overnight and annealed in N, atmosphere at 900
°C for 90 min with heating speed of 10 °C min™ to 900 <C (1 bar, 200 sccm).

The product obtained after annealing was then immersed in conc. HCI for 12



hours to remove the Ni NPs and obtain porous exfoliated N-doped carbon cloth
(denoted as CF/ECF).

2.3. Synthesis of CF/ECF/NiO

CF/ECF/NIiO was formed by using as-prepared CF/ECF as a starting substrate
and the hydrothermal growth for the Ni precursor was repeated. The product
derived was then annealed in air at 500 <C for 3 h with heating rate of 10 <C
min* to obtain the final product CF/ECF/NiO.

2.4. Synthesis of CF/ECF/NiO/CD

First carbon dots (CD) solution was prepared according to a previous work. [23]
In a typical synthesis, 3.42g sucrose was dissolved in 100 mL of distilled water
and the solution was transferred to a 100 mL Teflon-lined autoclave. The
autoclave was heated in an electric oven at 160 °C for 3 h, and then allowed the
electric oven to cool to room temperature. Upon cooling, the solution undergoes
centrifugation and dried at 80 °C for 24 hours to obtain the CD powder. The CD
powder obtained was dispersed in ethanol (99.99%) through ultra-sonication,
and then centrifuged to collect the residue and precipitate solution.
CF/ECF/NIiO was immersed in the precipitated solution obtained for 6 h. After
6 h, the sample was removed from the precipitated solution and directly dried in
the electric oven at 60 °C overnight to obtain CF/ECF/NiO/CD.

2.5. Synthesis of CF/NiO

CF@NIO was prepared exactly the same way as the CF/ECF/NiO but CF was
used as the substrate instead of the CF/ECF.

2.6. Characterization

Field emission SEM (JSM-6330F) and transmission electron microscope (TEM)
(JEM2010-HR, 200 KV) were used to characterize the morphology, structure,
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and composition of the samples. X-ray Photoelectron spectroscopy (XPS,
ESCALab250) was used for element identification and heteroatom functional
group distribution. X-ray diffraction Spectrometry (XRD; Shimadzu X-ray
diffractometer 6000, Cu Karadiation, Shimadzu, Tokyo, Japan) and Raman
Spectroscopy (Renishaw inVia) were used to characterize the crystallographic
information and phase purity of the samples.

2.7. Electrochemical Measurement

The lithium storage performance tests were carried out via CR2032 coin type
cells. The electrodes were first cut into many smaller square pieces with the
diameter of area of 1.0 cm?. The working electrodes, CF/NiO, CF/ECF/NiO and
CF/ECF/NIO/CD, lithium foil (serving as the counter and reference electrode)
and Celgard 2400 separator to separate the electrodes. The mass loading of the
CF/NiO, CF/ECF/NiO and CF/ECF/NiO/CD electrodes based on the entire area
of 1.0 cm? are 12.20, 10.54 and 10.58 mg cm?, respectively. The batteries were
assembled in an argon-filled glove box [Mikrouna (China) Co., Ltd.] with an
organic liquid electrolyte that consists of 1 M LiPFgs in 1:1 by volume of
ethylene carbonate (EC)/dimethyl carbonate (DMC) was used. The cells were
aged for 8-10 h before electrochemical test. The discharge and charge
measurements were carried out on a Neware battery tester (CT-3008-164,
Shenzhen, China). The voltage range for the battery testing are 0.01-3.0 V (vs.
Li/Li") for the anode and 2.0-4.0 V (vs. Li/Li*) for the cathode. The storage
capacities were calculated based on current*hour per unit area i.e. mAh cm™.
Cyclic voltammetry (CV) were conducted on electrochemical working station
(CHI 1040c, Chenhua, Shanghai) at a scan rate of 0.1 mV s™. Electrochemical
impedance spectroscopy (EIS) was measured on an AC voltage of 5 mV
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amplitude in the frequency range from 100 kHz to 0.1 Hz using an
electrochemical workstation (CHI660D, Chenhua, Shanghai). The tests were
carried out after the cells were assembled before and after cycling.

2.8. Assembling of the flexible lithium ion battery (FLIB) and storage
measurement.

Commercial LINiCoMnO; (LNCMO) purchased from Shenzhen Kejing Star
Technology Co., LTD, was employed as the cathode. 4 cm =< 6 cm Anodes
(CF/NiO and CF/ECF/NiIO/CD) and CF/ECF/LNCMO cathode with mass
loading of 81 and 222 mg was synthesised, respectively. Based on our previous
work, CF/ECF/LNCMO could deliver a capacity of 265 mAh g* [22]. The
theoretical capacity of NiO is 720 mAh g™. The criterion for the mass ratio
between is that we utilized about 3 folds of the LNCMO cathode material to
match the capacity of the anode. Nickel strip was attached to both electrodes as
current collectors. The electrolyte used is 1 M LiPFg in 1:1 by volume of
ethylene carbonate (EC)/dimethyl carbonate (DMC), while the separator used
to separate anode from cathode is also Celgard 2400 separator. All the battery
components assembled into aluminium bag and sealed in the argon-filled glove
box. The total weight of the FLIB device is 308 mg and the thickness is 0.1 cm.
The potential range for testing the FLIB is 2.0 - 4.0 V. Cyclic voltammetry (CV)
were conducted on electrochemical working station (CHI 1040c, Chenhua,
Shanghai) at a scan rate of 0.1 mV s™. The storage capacities were calculated
based on current*hour per unit area i.e. mAh g, mAh cm™? and mAh cm™. The
lithium storage measurement of the battery was tested by applying direct
current values of 5.0, 10.0 and 15.0 mA also using Neware battery tester (CT-
3008-164, Shenzhen, China). The batteries were first cycled for 10 cycles to
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maintain its stability and avoid other side reactions. The electrochemical data
reported for the FLIB are data recorded after initial 10 electrochemical cycles.
The volumetric and mass energy densities were also calculated.

2.9. Computational Methodology

The entire calculations have been performed with the Vienna ab initio
Simulation Package (VASP) [24]. 3D periodic boundary conditions were used
to simulate the infinitely large systems. The vacuum space between sheets was
adjusted to 20 A to prevent the two membrane layers interaction. The fibre
Brillouin zone was sampled by 1 x 3 x 1 k-points. The system electronic
structure was manipulated using the generalized gradient approximation with
the PBE functional [25]. The van der Waals interactions were added to the
standard DFT description by Grimme's D2 scheme [26]. All calculations
include spin polarization. During the entire calculations, the convergence
parameters were 10°° eV for the energy, 0.01 eV A for the forces and an
energy cut-off of 500 eV. A Gaussian smearing of 0.05 eV was also applied.
Charge analysis was performed via Bader analysis [27], which included the

core charges and charge density difference analysis within VASP.

3. Results

3.1. Morphological and Composition Characterization

CF/ECF/NIO/CD monolithic flexible anode was designed via hydrothermal,
annealing and chemical bath reactions so as to address the issue of developing
high areal capacity LIBs as shown in Figure la-i-ii. To achieve this,
CF/ECF/NIO/CD was designed using porous and N-doped exfoliated flexible

carbon fiber (CF/ECF) as substrate.
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Fig. 1. Synthesis and Morphological characterization of the hybrids. a) Synthetic
process of (i) NiO nanosheets on CF/ECF (CF/ECF/NiIO) and (ii) CDs on
CF/ECF/NiO (CF/ECF/NIO/CD). b) SEM image of CF/ECF/NiIO/CD. ¢) SEM image
of CF/ECF/NIO/CD showing the contact of CC@QEC and NiO nanosheets. d)
Magnified SEM image of CF/NiO and e) Magnified SEM image of CF/ECF/NiO/CD
showing the CDs. TEM images of f) CF/NiO and g) CF/ECF/NiO/CD. h) Low
magnification TEM image and i) corresponding SAED of CF/ECF/NiO/CD
nanosheets. j) HRTEM image of NiO nanosheet from CF/ECF/NiO/CD showing 2d
lattices. k) HRTEM image of CF/ECF/NiO/CD obtained from the dotted box in “h”
showing lattice fringes of 0.21 nm corresponding to (200) phase of cubic NiO. I-p)
Elemental mapping of CF/ECF/NiO/CD obtained from HRTEM image.

The porous and exfoliated surface of CF/ECF can be clearly seen and
identified in the Supporting Information, Figure Sla-b. We hypothesize that

CF/ECF should not only act as a current collector/substrate for the growth of



NiO nanosheets (Figure 1a) but also to contribute to the capacity of the battery
[22, 28]. The weight of CF reduces after treatments (Figure S1d-g), indicating
that the CF/ECF current collector is lighter in weight than bare CF, and does
not lose its mechanical and flexible properties either (Figure S1c). According to
scanning electron microscopy (SEM) analysis, uniform nanosheets of NiO were
formed on the CF/ECF current collector (Figure 1b). The fabrication process of
CF/NiO can be seen in Figure S2a. Similar nanosheets morphology was also
formed on the CF current collector (Figure S2b). The NiO nanosheets adhered
strictly to the surface of CF/ECF, indicating excellent binding interaction
between the current collector and the NiO nanosheets (Figure 1c) [22], while
the reverse remains the case for CF/NIO (details in Figure S3). For
CF/ECF/NiO and CF/NiO samples, the surface of the nanosheets are very
smooth (Figure 1d and S2b-c), respectively. After the insertion of CF/ECF/NiO
sample to CDs solution via simple chemical bath process, CDs were deposited
on the surface of the nanosheets (Figure 1e). The carbon dots were
characterized using photoluminescence (PL) emission spectra as shown in
Figure S4. The emission from the CDs continuously shifted to the higher
wavelengths and the intensities of the shifted wavelength also varies. Such shift
indicates emission of the surface-defects from the CDs. [29]

Transmission electron microscopy (TEM) studies were performed to
investigate the core-triple layer architecture of CF/ECF/NiO/CD. According to
Figure 1f, the nanosheets have no intimate interaction with the CF in the
CF/NiO sample. However, the TEM image of CF/ECF/NiO/CD shows that the
nanosheets are strictly bound and connected to the ECF (Figure 1g and enlarge
image in Figure S5). The HRTEM images collected from CF/ECF/NiO/CD
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nanosheets (Figure 1h) shows the 2d lattices of NiO nanosheets (Figures 1j, S6a
and S6c¢), while that of CF/NiO also displays similar trend (Figure S2d-e).
Selected Area Electron Diffraction (SAED) collected from the entire NiO
nanosheets confirms the polycrystalline nature of the nanosheet (Figures 1i, S6b
and S6d), while SAED collected from each different NiO nanoparticles shows
the single crystalline nature of the nanoparticles (Figure S6e) with lattice
fringes of 0.21 nm corresponding to the (200) phase of NiO (JCPDS N: 47-
1049) (Figures 1k and S6f). Moreover, atomic number of CD is much less than
the average atomic number of NiO. According to the contrast mechanism in
TEM, while the CD overlaps with NiO, it should not be observable. Moreover,
results from the energy dispersive X-ray spectrometry (EDS) mapping analysis
also affirmed the layer by layer architecture of CF/ECF/NiO/CD hybrid (Figure
11-p). The entire SEM, TEM and EDS results justified the formation of the
CF/ECF/NiO/CD nanosheets hybrid.

X-ray diffraction (XRD) pattern of CF/NiO, CF/ECF/NiO and CF/ECF/NiO/CD
are shown in Figure S7 and confirmed the presence of both carbon and NiO phases in
all the samples. Compared to the pristine CF/NiO, the three major XRD phases of
NiO shifted to the higher degree theta in both CF/ECF/NiIO and CF/ECF/NiO/CD,
suggesting electronic interaction between the current collector and NiO. [22]
Additionally, the results obtained from the Raman spectra revealed that the ratio of
the defect carbon (D band) and graphitic carbon (G-band) i.e. D:G value of
CF/ECF/NIO is significantly higher than that of CF/NiO due to the more defects and
modification of the CF/ECF current collector (Figure S8) [22, 28]. Furthermore, X-
ray photo spectroscopy (XPS) analyses of the three samples affirmed the presence of
C, Ni and O (Figure S9a) but both CF/ECF/NiO and CF/ECF/NiIO/CD are
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characterized with N 1s peak confirming the presence of N in the complex hybrids
originating from the formation of CF/ECF substrate (Figure S9b). The results
obtained from the O 1s XPS spectra of the three samples show that apart from the
characteristics peaks of lattice oxygen (Ni-O) and defect oxygen (defect O), the O 1s
XPS spectra of CF/ECF/NiO/CD possesses a new peak at 533.3 eV assigned to C-OH
from the CDs [30, 31] and confirm the formation of CDs (Figure S9c). The entire
XRD, Raman and XPS studies also affirmed the successful formation of

CF/ECF/NIO/CD.

3.2. Lithium Storage Properties

The lithium storage properties of CF/NiO, CF/ECF/NiO and CF/ECF/NiO/CD were
studied using them as working electrode and Li-foil as both counter and reference
electrode. The 1%-3" cyclic voltammetry (CV) curves of the electrodes at scan rate of
0.1 mV s were compared in Figure S10. The CV curves of the electrodes were
used to discuss the mechanism of lithium intercalation. Owing to the capacity
contribution from CC substrate, the three electrodes (CF/NiO, CF/ECF/NiO and
CF/ECF/NIO/CD) displayed both Li-ion conversion and insertion reactions
from the NiO and CF or CC/ECF, respectively. Thus, the Li-ion conversion and
insertion reactions of NiO and CF are displayed in eq. 1 and 2 [17, 32];

NiO + 2Li* + 2¢” = Ni + Li,O 1)

Ces+ Li" +e = LiCq ()

In eq. (1), according to the 1% electrochemical discharge cycle, elemental Ni
and Li,O were formed indicating the conversion reaction from NiO. [17, 32] In
addition, both CF and CF/ECF exhibits full insertion mechanism [22, 28]. For
the 1%-3 curve, the CV curve surface area and peak current densities of

CF/ECF/NIO/CD is the highest and strongest among the electrodes (Figure S1la-c)
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indicating higher electrochemical reactivity and capacity than both CF/NiO and

CF/ECFINIO.
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Fig. 2. Capacity contribution of CF/ECF and NiO. a) 1% and 2" discharge profiles of
CF/NiO. b) Discharge profiles between 0.5 V and 0.01 V showing the capacity
contribution of CF/ECF/NIO electrode. ¢) 1% and 2" discharge profiles of
CF/ECF/NIO. d) Discharge profiles between 0.5 V and 0.01 V showing the capacity
contribution of CF/NiO electrode. €) 1% and 2" discharge profiles of
CF/ECF/NIO/CD. f) Discharge profiles between 0.5 V and 0.01 V showing the
capacity contribution of CF/ECF/NiO/CD.
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Moreover, the 2" and 3" cycle CV curves of CF/ECF/NIO/CD electrodes are
nearly the same suggesting high coulombic efficiency (CE). It should be pointed out
that initial CE is one of the major problems of conversion reaction-based electrode
materials owing to the formation of solid electrolyte interface (SEI) layer formation
that causes large volume expansion and irreversible capacity loss [33-35]. Thus, the
CE of CF/ECF/NIO/CD is about 87% during the first electrochemical cycle and
increases to nearly 98% after subsequent cycling (Figure S11a), which is higher than
those of CF/ECF/NIO (Figure S11b) and CF/NiO (Figure S11c) confirming the CV
results in Figure S10. Hence, the multihybrid CF/ECF/NiO/CD system addresses the
issue of poor initial CE.

Due to the higher electrochemical reactivity of CF/ECF/NiO/CD, the 1% and 2"
cycle discharge capacities of CF/ECF/NiO/CD are 4.33 and 3.97 mAh cm™ which are
slightly higher than those of CF/ECF/NiO (3.93 and 3.36 mAh cm™) and undoubtedly
higher than that of CF/NiO (2.97 and 2.05 mAh cm™), respectively (Figures 2a,c,e
and Sl1ld-e). We believe that the higher capacity of CF/ECF/NiO/CD and
CF/ECF/NIO can be associated with the capacity contribution from CF/ECF. To
verify this, firstly, the Li-ion storage properties of CF and CF/ECF were also carried
out to have detail information on the contribution of the carbon fiber. According to
Figure S12, the storage performance of CF/ECF is better than that of pristine CF. The
results suggest that CF/ECF did not only displays superior performance than CF but
will also contribute to the performance of CF/ECF-based electrodes than pristine CF-
based electrodes. Further analysis upon intercalation of Li-ion into the CF and
CF/ECF below 0.5 V are studied using 1% and 2" discharge processes because Li-ion
are usually intercalated into CF matrix below 0.5 V [36-39]. The loss in the capacity
contribution of carbon fiber current collectors (denoted as QC1-QC2ng) in CF/NIO is
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0.58 mAh cm™ (Figure 2b), which reduces to 0.42 mAh cm™ in CF/ECF/NiO (Figure
2d) and 0.40 mAh cm™ in CF/ECF/NIO/CD (Figure 2f) indicating the CF/ECF is
highly resistant to losing much capacity upon SEI layer formation [22, 28, 40]. The
results also imply that the capacity contributed from NiO nanosheets (denoted as
QT20¢-QCong) increases from 1.21 mAh cm? in CF/NiO to 1.97 mAh cm? in
CF/ECF/NIO and 2.36 mAh cm™ in CF/ECF/NiO/CD. Despite both CF/ECF/NiO and
CF/ECF/NIO/CD electrodes benefit from the capacity contribution from CF/ECF
current collectors, the areal capacity of CF/ECF/NiO/CD tends to be higher than
CF/ECF/NIO, which can be attributed to the coating of CDs on the nanosheets surface.
As it is well known that most TMOs exhibits poor conductivity and stability [6, 41],
the coating of CDs could not only be used to enhance the conductivity of NiO
nanosheets but also as a stabilizer for the entire multihybrid system. [23, 42] This
further identifies that coating of CDs could enhance the CE and capacity of
CF/ECF/NIO/CD and also helpful in enhancing its conductivity and stability. Hence,
the capacity loss after the 2" discharge cycle is 91% for CF/ECF/NiO/CD electrode
(Figure 2e) and unquestionably superior to those of CF/NiO (69%, Figure 2a) and
CF/ECF/NIO (86%, Figure 2c).

High-rate capability and excellent stability are crucial factors towards achieving
high areal capacity LIBs. According to Figure 3a, CF/ECF/NiO/CD displayed
continuous superiority in performance over CF/NiO and CF/ECF/NiO at different
current densities ranging from 0.25 mA cm™ to 6.0 mA cm™. Both CF/ECF/NiO and
CF/ECF/NiO/CD display nearly the same capacity at current density of 0.25 mA cm™.
However, CF/ECF/NiO/CD delivers a high areal capacity of 2.61 mAh cm™ at current
density of 6.0 mA cm™, which outshine that those of CF/ECF/NiO (1.25 mAh cm™),
CF/NiO (0.24 mAh cm™) and recently reported areal capacity-based electrodes [11,
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20, 43]. The excellent rate performance of CF/ECF/NiIO/CD is associated with

enhanced and rapid kinetics owing to the coating of the CDs that could act as useful

stabilizer.
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Fig. 3. Lithium storage Properties. a) Rate capability, b) Nyquist plot and c) cyclic
stability of CF/NiO, CF/ECF/NiO and CF/ECF/NiO/CD electrodes.

The electrochemical impedance spectroscopy (EIS) analysis provide further
information on the kinetics of the electrodes revealing that the semi-circle in the
Nyquist plots of the electrodes represent the charge transfer resistance (R, i.e. the
smaller the semi-circle, the better the kinetics). Thus, CF/ECF/NiO/CD cell displayed
the smallest R¢; (64.5 Q) compared to CF/ECF/NiO (119.1 Q) and CF/NiO (255.1 Q)
(Figure 3b) suggesting superior kinetics of CF/ECF/NiO/CD over its counterparts.
The EIS results additionally affirm that CDs coating could be the reasons for high-rate
performance in CF/ECF/NiIO/CD electrode. Furthermore, CF/ECF/NiIO/CD electrode

continues to display outstanding stability up to 250 cycles at current density of 3.0
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mA cm™ retaining an areal capacity of 2.91 mAh cm™ and outperformed those of
CF/ECF/NIO (1.92 mAh cm® and CF/NiO (0.71 mAh cm?) (Figure 3c).
One important factor is that compared to CF/NiO (displaying continuous and drastic
capacity deterioration between the 1% and 50" electrochemical cycling) and
CF/ECF/NIiO (showing slow capacity deterioration between the 1% and 50™
electrochemical cycling), CF/ECF/NiO/CD could achieve no capacity deterioration
upon the entire electrochemical stability cycles. By comparing the SEM
morphological images of both CF/NiO and CF/ECF/NiIO/CD after stability test, the
nanosheets morphology of NiO can still be maintained justifying the excellent
stability of CF/ECF/NIO/CD electrode (Figure S13a), while those of CF/NiO have
been destroyed (Figure S13b). These results also confirms that the NiO
nanosheets have intimate interaction with the CF/ECF but have little or no
intimate interaction with the CF. Likewise, there exists less variation in the kinetics
of CF/ECF/NiO/CD electrode as well (Figure S14). Hence, the excellent Li-storage
performance of CF/ECF/NiIO/CD electrode can not only be credited to the capacity
contribution and excellent conductivity of the CF/ECF current collector but also the

introduction of efficient CDs stabilizer.

3.3. In situ Raman Study

To have further insight on the capacity contribution from CF/ECF towards achieving
high areal capacity LIBs, in situ Raman spectra analysis was performed for CF/NiO
and CF/ECF/NIO/CD cells during the 2" discharge cycle. The in situ Raman spectra
analysis could be simultaneously used to study the degradation mechanism for the
discharge capacity of CF/NiO. Firstly, according to Figures 2 and 3, electrochemical
analyses have shown that the CF/ECF/NiO and CF/ECF/NiO/CD shows better

performance than CF/NiO.
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Fig. 4. In-situ Raman spectra of a) CF/NiO and b) CF/ECF/NiO/CD at different
intercalated voltages. c) Plot of the ID/IG vs. intercalated voltages of CF/NiO and
CF/ECF/NIO/CD cells.

The inferior performance of CF/NiO can be attributed to the little or no capacity
from the CF current collector electrode. Raman analysis is one of the most vital
parameter to study the variation in the D and G bands of carbon materials [22]. Hence,
we utilized Raman spectra analysis to study the variation of D and G bands
during Li-ion reaction with the both CF/NiO and CF/ECF/NiO/CD. Figure 4a
and 4b display the Raman spectra of CF/NiO and CF/ECF/NiO/CD at different Li-ion
insertion voltages ranging from 3.0 V to 0.01 V, respectively. The D:G value
collected at each voltage were plotted against the corresponding voltages. Figure 4c
shows that upon Li-ion intercalation into both CF/NiO and CF/ECF/NiO/CD between
3.0 and 1.5 V, the voltage-D:G plots almost remain the same for both cells
(approximately 2.0). Between 1.5 V and 1.0 V, the D:G values are zero for CF/NiO
cell due to Li-ion intercalation into the NiO structure. This indicates that the CF
displays little or less contribution to the Li-storage process of CF/NiO. However, the
D:G values at these voltages for CF/ECF/NIO/CD slightly reduces (1.77 and 1.68)
indicating that CF/ECF greatly contributed to the Li-storage process of
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CF/ECF/NiO/CD anode and also suggesting the interaction between CF/ECF and NiO.
Our previous work shows that the D:G value during Li-ion intercalation at 1.0 V is
also zero [22] and we could relate such phenomenon to the slight loss in the cell
capacity due to the poor conductivity and stability of such TMO. However, we
address such phenomenon in this present work by coating CDs on the nanostructure
interface to relief the poor conductivity and stability of NiO, which could reduce
capacity loss, improve electrochemical reactivity and enhance CE towards achieving
highly stable and highly conductive monolithic electrode [44]. As the discharge
process proceeds to 0.5 V and below, the D:G values of CF/ECF/NiO/CD increases
and maintains the same values with those of high voltage region indicating capacity
contribution from CF/ECF substrate. However, reverse is the case for CF/NiO
because the D:G value reduces to 0.4 upon complete discharging process, which can
be observed from the weak D and G peaks according Figure 4a compared to that of
CF/ECF/NIO/CD. Low D:G value at low discharge voltage in CF/NiO cell indicates
that intercalation of Li-ion into the CF cavity shows less capacity contribution to the
entire electrode. Hence, the in situ Raman spectra results confirmed CF/ECF

contributed to the high areal capacity of CF/ECF/NiO/CD electrode.

3.4. Electronic Interaction Study

The synergistic effect between CF/ECF and NiO coupled with coating of CDs plays a
crucial part on the excellent Li storage performance of CF/ECF/NiO/CD. Such
synergistic effects have been proven to originate from the change in the electronic
structure within the hybrids during the electrode design [11, 22]. To confirm this, XPS
spectra analyses were employed for further verification. According to C 1s XPS
spectra, the C-C bond of both CF/ECF/NiO and CF/ECF/NiO/CD exhibited a positive

binding energy shift (Figure 5a), while the entire Ni 2p XPS spectra exhibited a
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negative binding energy shift (Figure 5b) and CF/ECF/NiIO/CD is characterized with

the most positive and negative shifts.

a b C

Ni 2p

1

-0.5F

t

e
o

NBO charge

Intensity (a.u.)
Intensity (a.u.)

[e]

i CFiNiO

t

CF/ECF/NIO/CD o 3

CF/ECFNI0O o[ ——}

(Y10 Jo] m—

CF/NiO

CF/NiO

280 282 284 286 288 290 292 852 855 858 861 864 867
Binding Energy (eV) Binding Energy (eV)

Fig. 5. Electronic interaction characterization. a) C 1s and b) Ni 2p XPS spectra of
CF/NiO, CF/ECF/NiO and CF/ECF/NiIO/CD. c) NBO Charge density redistributions
on CF/NiO, CF/ECF/NiO and CF/ECF/NiIO/CD obtained from the theoretical
calculations.

Such shifts in the XPS spectra of C and Ni imply a change in the electronic
configuration of the samples upon continuous hybridization and created strongest
electronic interaction in CF/ECF/NiO/CD when compared with CF/NiO and
CF/ECF/NIO. Moreover, it was noted that the characteristic Raman peak around 534
cm™, which is assigned to the Raman band of NiO [17], as well as those of D and G
bands show red-shifts (Figure S8) indicating that the state of bonding in the double-

hybrid samples changes due to electronic interactions between CF/ECF, NiO and CD

[45].

3.5. Natural Bonding Orbital (NBO) Charge Distribution
The change in the electronic structure and interaction among the samples can further
be verified by the variation in the charge distribution of the samples, which can be

determined by Density functional theory (DFT) calculations. NiO was also introduced
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for basic comparisons. The structure model for the DFT calculations of CF, ECF, NiO,
CF/NiO, CF/ECF/NIO and CF/ECF/NiO/CD can be found in Figure S15a-f,
respectively. The natural bonding orbital (NBO) distribution of the samples is
displayed in Figure 5c and the covalent bonding between the C and O functional
groups of CF/ECF and NiO is clearly identified in Figure S16. In the electronic
structure of CF/ECF/NiIO/CD, the charges on both Ni and O becomes less
electropositive and less electronegative, respectively (Figure 5c¢), while the charge on
C becomes more electropositive (Figure S17), and reverse is the case for other
samples, meaning that the electropositivity and electronegativity in Ni and O
increases in the order of CF/ECF/NiO/CD < CF/ECF/NiO < CF/NiO < NiO and the
electropositivity in C decreases in the order of CF/ECF/NiO/CD > CF/ECF/NiO >
CF/NiO. These results is in accordance with our XPS results further affirming that
there exists stronger electronic interaction between each materials in CF/ECF/NiO/CD
and the strongest electronic interaction is in the order of CF/ECF/NiIO/CD >
CF/ECF/NiIO > CF/NiO > NiO. Hence, such interaction is responsible for the rapid
Li-ion transportation pathway and favorable kinetics in CF/ECF/NiO/CD electrode

system.

4. Discussion

4.1. Electron Charge Density and Adsorption Capability

In order to study the adsorption behavior of Li on CF/NiO, CF/ECF/NiO and
CF/ECF/NIO/CD hybrids, the difference in the electron density for Li-ion on these
hybrids were studied using DFT calculations. Different from CF/NiO hybrid, the

slices on oxygen surface in both CF/ECF/NiO and CF/ECF/NiO/CD show
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accumulation of electrons around the ECF, indicating stronger charge transfer than
those of CF/NiO (Figure 6a-c).
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After CD introduction, the slice on CD surface in the CF/ECF/NiO/CD shows
more charge accumulation around the Ni (Figure 6¢), implying an enhanced binding
energy between the adsorbates and the hybrid surface allowing CF/ECF/NiO/CD to
exhibit the strongest charge transfer and adsorption of Li-ion [46]. During Li-ion
transportation within the hybrids, the optimal Gibbs free energy change (AGLx)

requires for the Li-ion discharge process were determined. The closer the AGyix (E,,

eV) value to zero (0 eV), the faster the transportation of Li-ion and Kinetics [47, 48].
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The simulations for Li-ion intercalation in CF/NiO, CF/ECF/NiO and
CF/ECF/NIO/CD are depicted in Figure S18a-c, respectively. According to Figure 6d,
there are two peak regions representing the AGy = for both NiO and C. The AGy ;- for
Li-ion intercalation into NiO-region (denoted as ts-1/3/5 for the 3 electrodes,
respectively) reduces in the order of CF/ECF/NiIO/CD (0.04 eV) < CF/ECF/NIO (0.26
eV) < CF/NIO (0.33 eV) (Figure 6d). This result implies that the coating of CDs on
NiO allows CF/ECF/NIO/CD to attract less adsorption energy leading to enhance
rapid transportation of Li-ion and high capacity. Additionally, the AGy;~ for Li-ion
intercalation into C-region (denoted as ts-2/4/6 for the 3 electrodes, respectively) also
reduces in the order of CF/ECF/NiO/CD (0.31 eV) < CF/ECF/NiO (0.40 eV) <
CF/NIiO (1.33 eV) (Figure 6d). It can be observed that the AG;~ values of Li-ion
intercalation into C are higher than that of NiO, suggesting the lower capacity
contribution from C-region compared to that of NiO-region. Moreover, both
CF/ECF/NIO/CD and CF/ECF/NIO requires much lesser free energy due to the
excellent properties of CF/ECF compared to bare CF and its derivative (CF/NiO).

4.2. Density of States (DOS)

The density of states (DOS) of Li-ion transportation near the Fermi level (Ef) that
majorly originates from the p-band adsorption energy state [49], were further
analyzed to solidify the electronic interaction between the CF/ECF and the active
material NiO (Figure S19). According to Figure S20, the d-orbital center relative to
Er are calculated to be in the order of CF/NIO (-8.77 eV) > CF/ECF/NIO (-7.43 eV) >
CF/ECF/NIO/CD (-5.13 eV). However, the p-orbital center relative E¢ are determined
to be in the order of CF/ECF/NIO/CD (-17.23 eV) > CF/ECF/NIiO (-15.11 eV) >
CF/NiO (-11.61 eV) (Figure 6e). From these results, we deduced that the introduction

of CDs allows the p-band center of CF/ECF/NIO/CD to be far away from E;,

23



suggesting strong adhesiveness of bonding states and strengthening of the electronic
interaction within the CF/ECF/NiO/CD matrix [49]. Impressively, as the relationship
between the d-orbital center and E¢ of CF, CF/ECF and CDs are zero (Figure S21) the
p-orbital center of CF, CF/ECF and CDs relative to E; are derived to be -2.75 eV, -
5.54 eV and -6.03 eV, respectively (Figure 6f), showing that CF/ECF and CD are
farther from the Ef than CF. Such phenomenon further explains the reason why
CF/ECF/NIO/CD, designed with both CF/ECF and CD, could exhibit the farthest p-
orbital center relative to E:; Hence, the excellent Li storage performance of
CF/ECF/NIO/CD emanates from the p-orbital shift, which grants the modulation of
the electrochemical behaviour of NiO to be high areal capacity anode for LIBs.

4.3. Mechanism

The schematic representation of the Li-ion transfer depicted in Scheme 1 explained

the proposed mechanism for lithium storage capacity enhancement.

Scheme 1. Simplified interpretation of CF/ECF/NiO/CD anode with bicontinuous Li
ion and electron transfer routes.
The CF/ECF/NIO/CD core-multishell battery electrode is designed to allow

continuous transfer of electron through CF/ECF, NiO and CD. (a) The porosity of the
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3D CF/ECF attracts higher surface area which is beneficial for the introduction of
more active sites as well as the interface of electrode/electrolyte towards easy and
rapid absorption of Li-ion and electron transfer. The CF/ECF plays the role of current
collector/substrate, capacity contributor and excellent lighter free-standing and
flexible scaffold. (b) The good adhesion of the porous NiO nanosheets to the porous
exfoliated surface of CF/ECF allows strong electronic interaction between the
CF/ECF and NiO nanosheets, which could enhances the diffusion of ion and kinetics
of charge transportation towards high-rate performance and applications. (c) The
coating of CDs that serves the following functions; (i) Because most TMOs are well
known to exhibits poor conductivity and stability [6, 41], CDs enhances the
conductivity of NiO nanosheets, which is very essential for further improving the
kinetics of the entire electrode architecture leading to excellent cyclic and rate
capability. (ii) as a protector for both the NiO nanosheets and entire multihybrid
system i.e. protecting the NiO nanosheets from easy agglomeration leading to the
minimization of active materials dissolution during cyclic stability performance and
(iii) improves the coulombic efficiency (CE) and capacity of CF/ECF/NiO/CD. Hence,
such architecture is monolithic in nature allowing easy entrance of electrolyte to both
sides of the nanosheets during Li-ion intercalation process, which create more

opportunity for Li-ion and electrons to directly react with NiO.

5. Full-cell Lithium lon Batteries

Based on the fact that CF/ECF/NiO/CD exhibits the excellent areal capacity as
anode material for LIBs, we utilized CF/ECF/NiO/CD anode in the fabrication
of full coin-cell LIBs and compare their performance with that of CF/NiO
anode. Commercial LNCMO casted on CF/ECF (denoted CF/ECF/LNCMO)

was employed as cathode for reasonable comparison. Our previous work has
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shown that LNCMO casted on CF/ECF displayed better Li-storage performance
than that casted on CF as cathode material for LIBs [22].
CF/ECF/NiO/CD//CF/ECF/LNCMO battery was then scaled-up to 45.0 cm?
soft-pack flexible battery design. The electrolyte/electrode ratio is 2.3 g Ah™
indicating that 2.3 g of 1 M LiPFg (containing 1:1 by volume of EC/DMC) is
required to achieve 1 Ah specific capacity. The digital image of the scale-up
soft-pack flexible battery shows that the thickness of the battery is 0.10 cm as
shown in Figure S22. According to the charge-discharge curves (Figure 7a) and
CV curves (Figure S23) of devices, the working voltages of both CF/NiO-based
and CF/ECF/NiO/CD-based batteries are 3.50 V. The
CF/ECF/NiO/CD//ICF/ECF/LNCMO LIB could achieve an areal capacity of
41.33 mAh cm™ at current density of 5 mA, which is significantly higher than
the CF/NiO-based LIB (30.68 mAh cm™). The energy efficiency of the two
batteries, which depends on the overpotentials of galvanostatic curves in Figure
7a (i.e. the area beneath the galvanostatic curves) and were calculated based on

the formula below[50-52];

.. Energy density g;
Energy efficiency = ——————(dlchaide) y 10005 (3)
Energy density charge)

Thus, the energy efficiency of the CF/ECF/NiO/CD-based LIB is 93%,
which is also higher than the CF/NiO-based LIB. At current value of 5 mA, the
CF/ECF/NiO/CD-based LIB exhibit excellent stability capacity of 40.89 mAh
cm™ (i.e. retaining 98% of its initial capacity at 41.62 mAh cm™) after 300
electrochemical cycles, unlike that of CF/NiO//CF/ECF/LNCMO, which could
only deliver a capacity of 19.56 mAh cm™ (i.e. 63% of its initial capacity at
30.68 mAh cm™ (Figure 7b). Thus, the superior stability of CF/ECF/NiO/CD

over CF/NiO can both be confirmed in the half and full cell LIBs.
26



& 50 e e e S e T R R 100
E Coulombic Efficiency e
5.0 mA S
P 1) g
=~ = CF/ECF/NiO/CD-CF/ECF/LNCMO-Charge 5
2 304« o CF/ECF/NiO/CD-CF/ECF/LNCMO-Discharge 60 '©
R :
SRR ITAN N e Tt - (2]
8 20 wesiaeR R e e 40 =
g’ = CF/NiO-CF/ECF/LNCMO-Charge _g_
£ 10 CF/NIO-CF/ECF/LNCMOH y l20 3
2 3
a
04 T T T T T T 1 0
0 50 100 150 200 250 300 350
c Discharge Capacity (mAh cm?) Cycle Number
Coulombic efficiency |

+100

¢ Charge -

20 60

Flat Oh }Hat @12h35m Bend@12h45€ \Bend@27h05m

|| T

Discharge Capacity (mAh cm?)
Coulombic Efficiency (%)

20

N

0 20 40 60 80 100 120 140
Cycle Number

Fig. 7. Flexible full cell properties of the soft-pack flexible LIB soft-pack flexible LIB.
a) Charge-discharge profiles and b) cyclic stability of CF/NiO//CF/ECF/LNCMO and
CF/ECF/NiO/CD/ICF/ECF/LNCMO full coin-cell batteries. c) Cycling rate capability
of CF/ECF/NiO/CD//CF/ECF/LNCMO soft-pack flexible LIB at the applied currents
of 5.0, 10.0 and 15.0 mA. Inset in “c” is the potential application of the soft-pack
flexible LIB powering a wall-clock for 27 h at both flat and bending states.

Finally, the CF/ECF/NiO/CD//CF/ECF/LNCMO FLIB was subjected to
different current values of 5.0, 10.0 and 15.0 mA for 50 cycles each at after 50
folding and at 180° bending angle. The flexible battery still retain its capacity
delivering a high areal capacity of 41.33 mAh cm™ when current of 5.0 mA was
applied, which are equivalent to 413.3 mAh cm™ (based on the thickness of the
soft-pack battery, 0.1 cm) and 134.5 mAh g™ (based on the entire weight of the
battery, 308 mg) Figure S24, S25 and Table S1]. The battery could also operate

successfully at increasing current value up to 15 mA retaining an areal capacity

of 12.59 mAh cm™ (125.9 mAh cm™ and 115.8 mAh g™?). The flexible battery
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also maintained outstanding flexible stability up to 150 cycle (Figure 7c) and
could also achieve a 201.7 Wh kg™ (619.9 Wh L™) based on the entire weight
of the battery. The CF/ECF/NiO/CD//CF/ECF/LNCMO LIB could power a
wall-clock at the flat and bending states for more than 27 h after stability test
owing to the flexibility of both the anode and cathode materials (Figure 7c
inset). This suggests great potential application for flexible energy storage
devices. Video demonstration of the device driving a wall clock at the flat and
bending conditions before and after 27 h can be found in Figure SV1 and

Figure SV2, respectively.

6. Conclusions

In conclusion, we have successfully established that constructing 3D self-
standing and monolithic electrode could enhance the areal capacity of LIB not
only due to the capacity contribution from the surface functionalized flexible
carbon fiber but also by tailoring the p-orbital center. The 3D monolithic
flexible anode that consists of carbon fiber coated with N-doped porous
exfoliated carbon fiber, NiO and CDs (denoted CF/ECF/NiO/CD) exhibits a
high reversible areal capacity of 3.97 mAh cm™ at 0.25 mA cm, excellent rate
performance capacity of 2.61 mAh cm™ at 6.0 mA cm™ and impressive stability
retention capacity of 2.90 mAh cm™ after 250 electrochemical cycles. In-situ
Raman, XPS and DFT studies persistently confirm that the improved Li-storage
performance can be related to the capacity contribution from the flexible
carbon-based current collector, coating of the CDs and shift in the p-orbital
leading to strong electronic interaction within the CF/ECF/NiO/CD systems.

Moreover, CF/ECF/NiO/CD was easily scaled-up as anode material to design a
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45.0 cm? soft-pack full LIB battery using commercial LNCMO as cathode. The
soft-pack CF/ECF/NiO/CD-based LIBs delivers a high areal capacity,
volumetric capacity and mass capacity of 41.33 mAh cm, 413.3 mAh cm™ and
134.5 mAh g, respectively (equivalent to high energy density at 619.9 Wh L™
or 201.7 Wh kg™) at high current density of 5 mA, showing a great potential

application in developing high areal capacity flexible energy storage devices.
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